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KURZFASSUNG

Kurzfassung

Im Rahmen dieser Arbeit wurde ein Konzept zur experimentellen Realisierung der lasergetriebe-
nen Beschleunigung spinpolarisierter Protonen erarbeitet. Dieses umfasst neben umfangreichen
3D Particle-In-Cell (PIC)-Simulationen einschließlich Spindynamik auch den Aufbau und die
Inbetriebnahme eines polarisierten Targets.

Zur erstmaligen numerischen Vorhersage des Grades der Strahlpolarisation eines lasergetrie-
benen Plasmabeschleunigers wurden 3D PIC-Simulationen unter Berücksichtigung von Spin-
effekten auf dem Jülicher Supercomputer JURECA durchgeführt. Dazu wurde die Thomas-
Bargmann-Michel-Telegdi (T-BMT)-Gleichung, die die Spinpräzession in elektromagnetischen
Feldern beschreibt, in den Virtual Laser Plasma Lab (VLPL)-Code implementiert. Analytische
Abschätzungen zeigen, dass der Sokolov-Ternov-Effekt und der Stern-Gerlach (SG)-Effekt einen
vernachlässigbaren Einfluss auf die Spindynamik bei der laserinduzierten Protonenbeschleuni-
gung haben.

Die Simulationsarbeiten beinhalten mehrere Studien, anhand derer untersucht wurde, welche
Laser- und Targetkonfigurationen, sowie welche Beschleunigungsmechanismen zu Energien im
MeV-Bereich bei möglichst hoher Strahlpolarisation führen. Ein wesentliches Ergebnis dieser
Simulationen ist, dass, unter experimentnahen Voraussetzungen im Intensitätsregime eines Multi-
PW-Lasers, eine Energie von etwa 100 MeV durch eine zweistufige Beschleunigung in Gas bei
einem Polarisationsgrad von bis zu ∼ 80 % erreicht werden kann.

Insbesondere zeigen die Simulationen, dass die Protonenspins bereits vor dem Beschleuni-
gungsprozess ausgerichtet sein müssen, um polarisierte Protonenstrahlen zu erzeugen. Dies
erfordert ein vorpolarisiertes Gastarget, das in einem für die Laser-Plasma-Beschleunigung
geeigneten Aufbau experimentell realisiert wurde.

In Anlehnung an die Arbeiten der Gruppe von T. P. Rakitzis von der Universität Kreta wurde
ein Gastarget, basierend auf der dynamischen Polarisation von Halogenwasserstoffen, hier HCl-
und HBr-Gas, von Grund auf neu konzipiert und in Betrieb genommen. Unter Verwendung einer
nicht-magnetischen Gasdüse mit einem Hochgeschwindigkeits-Piezoventil wird das Gas in eine
Interaktionskammer injiziert, wobei eine Gasdichte von etwa 1019 cm−3 erzielt wird. Durch die
Wechselwirkung der Fundamentalwellenlänge des JuSPARC Mira Nd:YAG-Lasersystems und
seiner zirkular polarisierten fünften Harmonischen mit dem Gas werden spinpolarisierte Wasser-
stoffatome mittels Photodissoziation erzeugt. Infolge von Hyperfeinstruktur-Oszillationen wird
die Polarisation zwischen den Elektronen und Protonen binnen 350 ps übertragen. Erste Mes-
sungen zu ihrer Kernpolarisation wurden mit einem Lamb-Shift Polarimeter (LSP) durchgeführt.
Machbarkeitsstudien zum erstmaligen Nachweis von laserbeschleunigten polarisierten Protonen-
strahlen im 100 MeV-Bereich werden nun für den 10 PW Laser der Shanghai super-intense Ul-
trafast Laser Facility (SULF) vorbereitet.

Basierend auf den gewonnenen Erkenntnissen mit Protonen wurde abschließend ein Konzept
zur Erzeugung von polarisierten Elektronenstrahlen mittels Plasma-Wakefield-Beschleunigung
ausgearbeitet, mit dem langfristigen Ziel, einen polarisierten Multi-GeV Elektron-Positron-
Collider zu entwickeln.
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ABSTRACT

Abstract

Within the scope of this thesis, a scheme for the experimental realizability of spin-polarized laser-
driven proton acceleration has been worked out, involving extensive 3D Particle-In-Cell (PIC)
simulations incorporating spin dynamics as well as the setup and commissioning of a polarized
target.

3D PIC simulations including spin effects have been performed on the Jülich supercomputer
JURECA to numerically predict the degree of beam polarization from a laser-driven plasma
accelerator for the first time. To do so, the Thomas-Bargmann-Michel-Telegdi (T-BMT) equa-
tion characterizing the spin precession in arbitrary electromagnetic fields has been implemented
in the Virtual Laser Plasma Lab (VLPL) code. Analytical estimates show that the Sokolov-
Ternov effect and the Stern-Gerlach (SG) effect have negligible influence on the spin dynamics
in laser-induced proton acceleration.

The simulation work includes a set of several studies clarifying which laser and target con-
figurations, as well as which acceleration mechanisms, result in acceleration energies in the MeV
range at preferably high beam polarization. A crucial result of these simulations is that under
near-experimental conditions in a multi-PW laser intensity regime, an energy of about 100 MeV
can be achieved by a two-stage acceleration in gas, while maintaining the polarization at a degree
of up to ∼ 80 %.

Thus, to produce polarized proton beams, the proton spins must already be aligned before
the acceleration process, as further simulations demonstrate. This requires a pre-polarized gas
target to be experimentally implemented in a setup suitable for laser-plasma acceleration.

Following the studies published by the group of T. P. Rakitzis from University of Crete, a
gas-jet target, based on the dynamic polarization of hydrogen halides, i.e., HCl or HBr gas,
has been designed from scratch and commissioned. Applying a non-magnetic nozzle with a
high-speed piezo valve, the gas is injected into an interaction chamber to create a gas density
in the range of approximately 1019 cm−3. The interaction of the fundamental wavelength of
the JuSPARC Mira Nd:YAG laser system and its circularly polarized fifth harmonic with the
gas generates spin-polarized hydrogen atoms in a photo-dissociation process. Due to hyperfine-
structure oscillations the polarization is transferred between the electrons and protons within
350 ps. First measurements on their nuclear polarization have been carried out with a Lamb-
Shift Polarimeter (LSP). Proof-of-principle demonstrations for the first-time detection of laser-
accelerated polarized proton beams in the 100 MeV range are now being prepared for the 10 PW
laser at Shanghai super-intense Ultrafast Laser Facility (SULF).

Based on the gained experience with protons, a concept for the generation of polarized
electron beams via plasma wakefield acceleration has been developed, with the long-term goal
to pave the way towards a polarized multi-GeV electron-positron collider.
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1 Introduction and Motivation

Spin-polarized particle beams are of outstanding importance in nuclear and particle physics as
they are commonly used for scattering experiments to explore the structure and interaction of
matter or to test the standard model [1–3]. Especially, the composition of sub-atomic particles
like protons is investigated to gain further knowledge of QCD as our standard theory of the strong
interaction [4] or to probe the nuclear spin structure [5]. Beyond that, polarized particle beams
are beneficial to get additional insights of nuclear reactions [6], to study symmetry violation
and evaluate new asymmetries, to quantify quantum numbers of new particles [3, 7–9] or to
investigate the dynamics of molecules [10, 11].

The technique for generating polarized beams depends largely on the type of particles and
their energies. For stable particles, like electrons or protons, polarized sources with subsequent
acceleration in a linear accelerator or a synchrotron can be employed. During the acceleration
of polarized beams in conventional circular accelerators, depolarizing spin resonances have to be
balanced by the use of complex correction techniques maintaining the beam polarization [12, 13].

In any case, the acceleration of charged particles still relies on conventional particle accel-
erators, which are normally very large in budget and scale. Following the argumentation of
Schlenvoigt et al. in Ref. [14], the method of acceleration bases on the use of longitudinal electric
fields oriented along the beam direction, induced via either capacitors or microwaves in RF cavi-
ties. Such accelerators, however, are limited by their surface damage thresholds: once the electric
field in the cavities overruns about 50 MV/m, conduction band electrons from the material are
field-ionized, resulting in a performance reduction of the accelerator. High particle energies can
in fact only be achieved by the additional acceleration length, the reason for the often strik-
ingly large dimensions of state-of-the-art accelerators. In contrast to conventional accelerators,
laser-induced plasmas, created during the interaction of ultra-short, ultra-intense laser pulses
with a suitable target, may lead to electric field strengths up to TV/m. As a consequence of the
extremely high energy density of such ultra-short pulses, the particles to be accelerated interact
directly with the strong electromagnetic fields of the laser and the energy coupling between the
laser field and the plasma is very efficient. Thus, the particles obtain significant kinetic energies
over sub-mm distances, by many orders of magnitude shorter than in conventional RF-driven
accelerators. Therefore, the goal is to develop and bring into operation the next generation of
highly compact, cost-effective accelerators that use plasma as the accelerating medium [14–16].

To date, laser-plasma based particle accelerators are capable of generating both, high-
energetic electron and proton beams: in 2019 the production of electron beams with quasi
mono-energetic peaks up to 7.8 GeV using a 20 cm long laser-heated capillary discharge wave-
guide was demonstrated with intense laser pulses of 0.85 PW peak power at the Lawrence Berke-
ley National Laboratory [17]. For protons, up to now, only acceleration energies approaching
the 100 MeV range have been achieved [18–20]. While most of the experimental results were ob-
tained in the Target Normal Sheath Acceleration (TNSA) regime (cf. Sec. 3.2.1), higher energies
are expected to be produced by using innovative target technologies ranging from nm-scale solid
density foils to near-critical density slabs, gas, and liquid jets as well as employing advanced
regimes of laser-particle acceleration [21]. As an additional advantage, these laser-induced beams
meet a number of extraordinary properties like ultra-short pulse duration in the order of the
laser pulse [22–24], outstanding emittance values [25] and high peak currents [14].
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1 INTRODUCTION AND MOTIVATION

Although concepts based on laser-driven wakefield acceleration have been strongly advanced
in recent years, one largely unexplored aspect is how the particle spins are affected by the
enormous electromagnetic fields associated with the plasma, and the principal mechanisms that
may lead to the generation of highly polarized beams. There are several possible scenarios,
for example: i) the spin of the accelerated beam particles can be aligned by the magnetic
fields, ii) a spin alignment due to the asymmetric spin-flip amplitudes in the radiation reaction
regime, or iii) the spins are too inert and, thus, a short acceleration has no impact on the
spin alignment. If the latter applies, throughout the whole acceleration process the polarization
would be conserved, but a pre-polarized target is required. Within the context of the JuSPARC
project at Forschungszentrum Jülich (FZJ), the production of laser-driven polarized particle
beams is being pursued together with the development of advanced target technologies [26–32].

For the buildup of a nuclear polarization in the plasma, two effects are currently discussed:
i) the polarization is produced by a spin-flip according to the Sokolov-Ternov effect, which is
induced by the magnetic fields of the incident laser pulse (cf. Sec. 4.3.2). ii) The magnetic field
gradients of the SG force may also yield the generation of polarization for two opposite beam
trajectories (cf. Sec. 4.3.3) [33]. Besides these two phenomena, all particle spins precess around
the laser or plasma magnetic fields, as specified by the T-BMT equation (cf. Sec. 4.3.1).

Within the scope of this work, polarized laser-induced proton acceleration is addressed since
i) our group has already gained experience with polarized proton acceleration [34], ii) protons
are potentially less depolarized during acceleration as compared to electrons due to their higher
mass, and, iii) a suitable tool for proton polarimetry is at hand.

The goal of this PhD thesis is the elaboration of a concept as well as first experimental tests
towards the experimental realization of a laser-plasma based accelerator for polarized proton
beams. To do so, the following tasks have been set to deal with within this dissertation:

• Numerical studies of which laser and target parameters as well as which acceleration
mechanisms yield higher energies in laser-induced proton acceleration.

• Clarification of the questions: how can polarized beams be generated? Which target
technology is promising and how can it be implemented experimentally?

• Identification of the mechanisms that could lead to polarization and depolarization effects
during laser-plasma based acceleration and classification of their relevance for the planned
experiments on polarized proton acceleration.

• Implementation of the identified mechanism into a PIC code and tests of correct operation.

• 3D PIC simulations accurately predicting the experimental results to the planned experi-
ment for the production and observation of a polarized laser-accelerated proton beam.

• Development of a novel experimental setup for a polarized target including all relevant
components, commissioning of the whole setup as well as first tests and measurements on
the degree of proton polarization using an adequate tool for polarimetry.

• Identification of a suitable laser system for the acceleration of the polarized proton beam.

After an introduction into the theoretical background relevant for this thesis, these tasks will
be elaborated and suitable solutions will be presented in Secs. 5 ff.
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2 Modern High-Intensity Lasers

Not least because of the 2018 Nobel Prize in Physics being awarded to Professors Donna Strick-
land and Gerard Mourou for the development of the technique of Chirped Pulse Amplifica-
tion (CPA) [35], scientific questions concerning laser applications have received more public
attention than ever before. In the framework of this thesis, laser-accelerated protons are inves-
tigated in terms of their acceleration mechanism and the gained energy. This chapter provides
a short overview of the laser principle as well as the technological development of high-intensity
lasers worldwide which is necessary to emphasize the importance of laser-induced particle ac-
celeration as a decisive alternative to conventional accelerators. In this context, the Shanghai
super-intense Ultrafast Laser Facility (SULF) will be presented, where one of the most powerful
systems worldwide with 10 PW will soon go into user operation, so that our group can perform
its experiments on polarized proton acceleration there.

2.1 The laser principle

Lasers are used as radiation sources mainly in science, medicine and technology. The term
laser is an acronym for light amplification by stimulated emission of radiation. Nowadays, the
expression laser also represents a technical device using the mentioned principle.

The elementary process for realizing a laser is the stimulated emission, which was first
postulated by Albert Einstein in 1917. Together with absorption and spontaneous emission, it
is one of the three fundamental interactions between quantum mechanical systems and photons.
A photon is the light quantum carrying the smallest energy possible Eph = hν with Planck’s
constant h and frequency ν. Regarding a two-level system, an incoming photon generates a
resonant transition from excited state |1〉 with discrete energy E1 into ground state |0〉 with
lowest possible energy E0, whereby emitting a second photon with energy Eph. Because photons
are bosons, both photons can be identical with respect to their frequency, phase, polarization
and direction of propagation. Thus, increasing the number of photons leads to an amplification
of light [36, 37].

Depending on the transition probabilities, the atom drops from the excited state |1〉 into the
ground state |0〉 releasing the energy ΔE = hν = E1 − E0 because of energy conservation in a
process called spontaneous emission. In contrast to stimulated emission, spontaneous emission
occurs randomly without any external influence and induces incoherent radiation. Thus, stimu-
lated emission has to be the dominant process for a certain light amplification since absorption,
spontaneous emission and stimulated emission occur simultaneously.

However, when the laser medium is in thermal equilibrium, the photon density in the exited
state N1 is smaller than in the ground state N0 due to Boltzmann statistics and, thus, the
photon number decreases exponentially with time. Only if N1 > N0, i.e., a so-called occupation
inversion prevail, the number of photons can increase with time and the light can be amplified,
as applies

N1 = N0 exp
(

−(E1 − E0)
kBT

)
, (2.1)

where kB is the the Boltzmann constant and T is the temperature. Since in a pure two-level
system only a direct excitation from E0 to E1 is possible, no population inversion can be achieved
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2 MODERN HIGH-INTENSITY LASERS

by optical pumping. Therefore, a laser has to be operated in non-equilibrium (T < 0) to reach
population inversion. This can be realized with multi-level systems, e.g., with a four-level system,
in which most laser systems are operated today [38].

The first laser ever built was a ruby solid-state laser realized by Theodore Maimann in 1960.
Besides gas and dye lasers, solid-state devices belong to the most commonly used lasers. The
active medium of such lasers is made of crystals or glasses with the size of a few centimeters. They
are doped with optically active ions, such as transition metals like Cr3+ or rare earths like Nd3+.
Laser transitions take place between the energy levels of inner unfilled electron shells. These
transitions are quite sharp because they are unaffected by the field of the surrounding crystal.
Using solid-state laser systems, one can obtain extremely high powers up to 10 PW, e.g., with a
Ti:Sa laser system at the Shanghai Institute of Optics and Fine Mechanics (SIOM) [38, 39].

According to Schlenvoigt et al. [14], today’s state-of-the-art laser systems have the capability
to apply about 300 J of energy within a pulse duration of about 30 fs and a focal spot size of
about 5 μm, achieving ultra-high light intensities IL exceeding the 1022 Wcm−2 range according
to

IL =
EL

tLAfoc
, (2.2)

with the released amount of laser energy EL in a very short time interval tL to a very tiny
spot size Afoc. Until today there is only one technique that makes it possible to generate
such high intensities, the so-called Chirped Pulse Amplification (CPA) [35]. Here, ultra-short
but spectrally broad laser pulses having pulse durations in the range tL ∼ 10 fs and initially
containing only nano-joules of energy are produced by a mode-locked, dispersion-compensated
optical oscillator. To amplify these pulses without damaging the amplifier by excessive pulse
power or energy, they are first temporally stretched in dispersive elements by imprinting a
positive chirp (similar to 2nd-order dispersion) onto the pulse. This leads to pulse durations of
100’s of ps such that the now long and less intense pulses can be amplified to several joules. In
order for the pulses to be re-compressed to ultra-short durations, all spectral components must
receive the same gain during the amplification procedure. Only a few available laser media meet
this requirement, such as Ti:Sa, Nd:Glass or Yb:CaF2, which limits the laser wavelengths λL to
the near-infrared. By applying the inverse dispersion, the pulses are finally compressed back to
ultra-short durations. The pulses generated in this way can have multi-TW power and find a
wide range of applications, such as laser-induced particle acceleration [14].

2.2 High-intensity laser facilities

The scientific quest for ever higher laser powers and intensities has led to more and more high-
intensity laser systems being built and operated worldwide. Already in 1996, the world’s first
petawatt laser was put together while re-purposing one beamline of the existing Nova Nd:glass
laser facility at Lawrence Livermore National Laboratory (LLNL). The system operated for
three years and delivered 1.5 PW with an energy of up to 680 J to target [40]. Figure 2.1 depicts
a world map of ultrahigh intensity laser facilities in 2020 taking into account all labs operating
systems, which have a peak power of at least 10 TW or produce light that can be focused to an
intensity of 1019 Wcm−2 or higher [41].
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2.2 HIGH-INTENSITY LASER FACILITIES

Figure 2.1: World map of ultrahigh intensity laser facilities in 2020. All represented labs
operate laser systems, which have a peak power of at least 10 TW or produce light that can be
focused to an intensity 1019 Wcm−2 or higher [41].

It is remarkable that this map was practically empty just a few years ago. In 2009, there
were only a few ultra-high intensity laser systems throughout the world: 16 in the USA, 13 in
Europe and Russia and 12 in Asia. There are now 174 such systems worldwide. Also evident is
the leading role of Europe in this field with respect to the number of facilities. However, also
Asia has a long history of operating ultra-high power facilities and has been pioneers in their
development and application. Particularly China has seen the greatest growth internationally
in the development of such systems and their implementation. Looking into the future, special
attention will have to be paid to the further development of the following two aspects: delivering
higher peak powers for fundamental research and higher average powers crucial for applications
[42].

Modern high intensity lasers can be characterized by several properties, like e.g., laser power
PL, peak intensity Ipeak, pulse duration tL, wavelength λL or repetition rate, to mention just a
few. Table 1 exemplifies four multi-TW/PW laser facilities with their current properties. For
comparison, the JuSPARC Mira system is listed, which is operated at FZJ and is used in the
course of this work to polarize an initially unpolarized proton beam (cf. Sec. 8). The generation of
secondary particles results from the interaction of the respective laser system with a target. The

Table 1: Examples for today’s multi-TW/PW laser systems with current properties. The
JuSPARC Mira system is listed for comparison.

JuSPARC Vega SULF PHELIX ARCTURUS JuSPARC Mira

amplifier Ti:Sa Ti:Sa Nd:glass Ti:Sa Nd:YAG
PL [TW] 1 10000 500 300 3·10−6

Ipeak [Wcm−2] 3·1018 > 1022 2·1021 4.5·1019 ≈ 1013

tL [ps] 0.03 0.03 0.5 − 20 0.025 170
λL [nm] 800 800 1053 800 213, 1064

rep. rate [Hz] 1000 1/180 single shot 10 5
2ry particles γ (XUV), e− p (MeV) p, ions (10 MeV) p (MeV) p (eV)
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2 MODERN HIGH-INTENSITY LASERS

JuSPARC Vega laser is the first TW system that was put into operation at FZJ during my time
as a PhD student and is used at the PGI-6 for investigating higher harmonics generation and
electron acceleration [31]. At the PHELIX laser as well as at the ARCTURUS system essential
research results have been acquired in recent years (cf. Sec.4.5), on which this work is based. The
ARCTURUS laser is a two-beam Ti:Sa system operated by the institute for laser and plasma
physics at Heinrich Heine University Düsseldorf (HHUD), and can deliver a total system power
exceeding 200 TW onto target [43]. At the Helmholtz Centre GSI, the Petawatt High-Energy
Laser for heavy Ion eXperiments (PHELIX) kilojoule glass laser system is especially used for
ion acceleration experiments [44]. The 10 PW laser at SULF, described in detail in the following
section, is of particular interest since the experimental work and theoretical studies in this thesis
will be used to prepare for the final experiments at this laser facility (cf. Sec. 2.2.1).

2.2.1 Shanghai super-intense ultrafast laser facility at SIOM

Substantial advances in ultra-short and ultra-intense laser technology have led numerous labo-
ratories to develop PW-class laser systems with the challenging goal to investigate laser-matter
interactions in a relativistic regime. In a joint effort of SIOM and ShanghaiTech University, a
new laser facility has been brought to operation. The Shanghai super-intense Ultrafast Laser
Facility (SULF), also known as Xi-He laser facility, is located in the Pudong District of Shanghai
and aims to generate the most powerful laser pulse with peak power up to 10 PW. It contains a
10 PW, an 1 PW and a 100 TW beamline. Each beam is guided to one out of three target areas
constructed underground for the study of the dynamics of materials under extreme conditions,
ultra-fast sub-atomic physics and ultra-fast chemistry. The 10 PW ultra-intense laser facility can
provide physical conditions for research on nonlinear strong-field optics, laser-plasma physics,
nuclear photonics and strong-field QED. It should be mentioned that another 10 PW laser sys-
tem pursuing similar science goals is already in operation at the Extreme Light Infrastructure -
Nuclear Physics (ELI-NP) facility [45].

The designed focused laser intensity of the 10 PW laser is above 1022 Wcm−2. Thus, a high
temporal contrast of about 10−11 is required at full peak power. A suitable simplified layout of
the 10 PW laser system at SULF is shown in Fig. 2.2. The system is based on a double-CPA
scheme. A pulse from a commercial Ti:Sa CPA laser with kHz repetition rate passes through
a nonlinear pulse cleaner, which links the two CPA stages. Then, it is stretched to approxi-
mately 2 ns by an Öffner stretcher in order to reduce chromatic aberrations and improve the
temporal contrast. Next, a Dazzler is implemented, to perform simultaneous and independent
spectral phase and amplitude shaping of ultra-fast laser pulses. After the Dazzler, four Multi-
pass Amplifiers (MAs) intensify the signal beam to 8 J with 1 Hz repetition rate. Using two
Power Amplifiers (PAs) and a final Booster Amplifier (BA), the signal beam is further ampli-
fied, achieving a maximum energy of 339 J. For this purpose, six high-energy pump lasers with
output pulse energy of about 100 J and repetition rate of one shot per 3 minutes have been
developed and are used as pump sources for the power amplifiers and the booster amplifier.
They support an amplified energy beyond 300 J and a pulse duration of ∼ 25 fs. Finally, the
vacuum compressor compresses the pulse duration to 21 fs and the maximum pulse peak power
can reach 10 PW [42, 46].
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Figure 2.2: Layout of the SULF-10 PW laser system including Multi-pass Amplifiers (MAs),
Power Amplifiers (PAs) and a Booster Amplifier (BA), adapted from Ref. [46].

Back in 2017, pulses with 5.4 PW peak power were reported in a specifically developed
prototype facility [47]. Already about one year later, an amplified pulse energy of 339 J from the
Ti:Sa amplifiers was achieved, which can support a peak power of 10 PW [48]. Meanwhile, the
1 PW laser system with repetitive rate of 0.1 Hz and a nanosecond 300 J Nd:glass laser system
has been built and put into trial experimental operation.

Figure 2.3: Schematic view of the setup for laser proton acceleration at SIOM. The ultra-
intense laser is focused onto the target by the Off-Axis Parabola (OAP). Diagnostics include a
RadioChromic Film (RCF) stack, a Thompson Parabola (TP) spectrometer, Image Plates (IPs)
and an associated Electron Spectrometer (ES) [49].

Besides the development of state-of-the-art laser systems, SIOM also has great expertise in
the research field of laser-induced proton acceleration, both theoretically and experimentally.
On the experimental side, the group has demonstrated ∼ 10 MeV laser-driven proton acceler-
ation using a 800 nm circularly polarized laser pulse with a peak intensity of 6.9·1019 Wcm−2

interacting with an ultra-thin plastic foil target. A mono-energetic peak at 9 MeV of high flux
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has been observed. The optical setup inside the interaction chamber and various diagnostics
tools including a RadioChromic Film (RCF) stack, a Thompson Parabola (TP) spectrometer,
Image Plates (IPs) and an associated Electron Spectrometer (ES) have also been developed
(cf. Fig.2.3) [49]. These will be used in the first phase of our joined experiments to evaluate
both, the energy and the angular distribution, of the accelerated protons. In the second phase
a polarimeter for the measurement of the degree of polarisation will be mounted similar to the
experiments at the ARCTURUS laser system (cf. Fig. 4.8).
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3 High-Intensity Laser-Plasma Acceleration

This section focuses on the physical background of high-intensity laser-plasma interactions.
First, a short description of the fundamentals of laser-plasma physics is provided, which is the
basis for understanding the acceleration mechanisms in laser-induced plasmas. In the following,
the three mechanisms of laser-driven proton acceleration, which are of relevance for this thesis,
are introduced: Target Normal Sheath Acceleration (TNSA), the acceleration in the bubble
regime, and Magnetic Vortex Acceleration (MVA). In this context, the current status of the
laser-driven proton acceleration is outlined. Subsequently, each mechanism is characterized, the
corresponding regimes are defined with regard to laser and target parameters, and finally, the
advantages and disadvantages are evaluated.

3.1 Fundamentals of laser-plasma physics

The acceleration of particles in laser-plasma accelerators is often based on the generation of so-
called plasma waves. A plasma is defined as a (partly) ionized gaseous, electrically conductive
and outwardly electrically neutral mixture of charged and uncharged particles, which interact by
collisions. It is created under the condition that a fraction of the electrons has kinetic energies,
which exceed the ionization potential, i.e., above a few eV. In plasmas, there is a weak coupling
between pairs of particles, but there are strong collective interactions as can also be concluded
from the following three properties: i) the Debye length λD, defining the characteristic length,
over which the electrical potential will decrease in magnitude by 1/exp(1), is small compared to
the typical size of the plasma. ii) The plasma parameter Λ ≡ n · 4/3 · πλ3

D, i.e., the number of
particles in a sphere with radius equal to the Debye length, is large. Here, n defines the particle
density of the plasma. iii) The time between collisions is long as compared to the period of
plasma oscillations since the electron plasma frequency is large in comparison to the electron-
neutral collision frequency (see, e.g., the textbook by K. Nishikawa and M. Wakatani [50]).

With a focused, highly energetic and very short pulsed laser, plasma waves can be induced,
which are driven by the so-called ponderomotive force: averaged over one laser cycle, the pon-
deromotive force pushes electrons away from regions of high intensity. After the pulse, the
electrons strive back to the remaining ions. However, the electrons are not completely stopped
again, partly shoot beyond the focal region and then return. This oscillating dipole creates an
electrostatic Langmuir plasma wave for a very short time. The ponderomotive force can be
derived from the equation of motion of a single point-like particle with mass m and charge q

according to the Lorentz force law (cgs units)

dp
dt

= q
(
EL +

p
mc

× BL
)

, (3.1)

where p(t) = γmv is the relativistic momentum, γ the relativistic Lorentz factor, v the particle
velocity and EL and BL are the electric and magnetic fields of the laser pulse. Throughout
this thesis bold symbols are used for vector quantities. As it is assumed that a laser has a
pure electromagnetic potential, EL = −∂AL/∂t applies and BL = ∇ × AL with the laser po-
tential AL = A0 cos (k · r − ωLt)e⊥. Here, A0 = (c/ωL)E0 with the electric field amplitude E0,
ωL = 2πc/λL is the laser frequency with the laser wavelength λL and k is the wave vector, which
absolute value is 2π/λL.
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In the non-relativistic limit (β = v/c � 1 or γ ≈ 1) the influence of the magnetic field on the
motion of the electron can be neglected and as a result the vector product in Eq. 3.1 becomes
small. Hence, only the electric force Fel = e · EL determines the equation of motion of the
oscillating electron and the normalized vector potential a is given by

a =
eAL

mc2 . (3.2)

It is smaller than one by definition and equal to the normalized transverse quiver momentum
pq of the plasma electron in the laser field, i.e., a = pq/(mc). The laser strength parameter
a0 = eA0/(mc2) is the dimensionless peak amplitude of a and commonly used as it represents
the “relativisticness” of the motion and is directly related to the laser intensity IL by

IL = πc ·
(

a0mec
2

cλL

)2

⇐⇒ a0 = 0.85 ·
(

ILλ2
L,μm

1018 Wcm−2

)1/2

, (3.3)

where λL,μm is the laser wavelength given in μm. In the non-relativistic regime a0 � 1 and one
finds that a0 is the ratio of the amplitude of the quiver velocity vq to c. Intensities a0 ≥ 1 are
considered as “relativistic intensities”.

Averaging the Lorentz force in time over the fast oscillatory contributions from the laser,
i.e., regarding just the pulse envelop, the second order motion gives the 3D ponderomotive force
Fpond in the non-relativistic limit. If considering that the electron momentum splits up according
to p = pq + δp, for Fpond it holds

Fpond = −1
2

mec
2∇a2 . (3.4)

Here vq ≈ pq/me, ∂pq/∂t ≈ −e ·EL and γ ≡ 1. Thus, in the non-linear regime, the quiver motion
is still the leading order transverse motion of an electron, if rL > λp � λL. rL is the laser focal
spot size, λp = 2πc/ωp is the plasma wavelength and ωp = (4πnee

2/me)1/2 is the electron plasma
frequency with ne being the number density of electrons [51, 52]. The related ponderomotive
potential reads as

Φpond =
a2

0
4

mec
2 . (3.5)

From this equation it can be concluded that the envelope of the focused laser pulse effectively
dominates the shape of the ponderomotive potential. The ponderomotive force causes a net push
in the direction away from high intensities. In this way, a net momentum can be transferred
to the electrons, particularly in laser propagation direction. The ponderomotive pressure is one
of the main mechanisms for electrons to gain kinetic energy at relativistic intensities and, thus,
plays a key role in both, electron and ion acceleration [14].

Laser-plasma interactions strongly depend on the plasma properties, in particular, the plasma
frequency ωp and, hence, the electron density ne. The condition ωL = ωp = ω defines the critical
density nc as

nc =
me

4πe2 · ω2 . (3.6)

A laser with a given frequency ωL can propagate through the plasma only when the plasma
density does not exceed the critical value nc (ωL > ωp). In that case the plasma is called un-
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derdense (ne � nc), and plasma waves can be induced. An example are gas-jet targets with a
typical electron density of ne = 1018 − 1019 cm−3. In case of overdense plasmas (ωp > ωL), the
laser pulse is reflected partially, while the absorbed component exponentially decreases. Here,
laser-plasma interactions can lead to the generation of quasi-static fields, for example behind
thin foil targets [52].

For relativistic intensities time-scales larger than the laser period lead to a relativistic mass
increase of the electron. Thus, the electron rest mass me has to be replaced by the average
relativistic mass γme with γ = 〈γ〉 ≈ (1 + a2

0/2)1/2. In addition, the ponderomotive force causes
a local change of the plasma electron density [53]. The ponderomotive potential changes to

Φpond =
(√

1 + a2
0 − 1

)
mec

2 , (3.7)

which is equal to the electron’s relativistic kinetic energy gained from the laser field. Both afore
mentioned effects modify the optical properties of the plasma at regions, where the laser pulse
interacts with the plasma. This can result in an alternation of the laser pulse propagation and
finally in a change of the laser pulse shape. In this context self-focusing and self-modulation are
the most noteworthy mechanisms [14].

The 10 PW laser at SULF, for example, is designed to deliver pulses with an intensity of
IL > 1022 W/cm2 at a wavelength of λL = 800 nm. Here, the laser strength parameter a0 ≈ 70
yields a ponderomotive potential of at least Φpond ≈ 5·10−12 J ≈ 31 MeV.

3.2 Laser-driven acceleration mechanisms for protons

Based on simulations and theoretical work, in 1979 Tajima and Dawson have first demonstrated
for electrons that an intense electromagnetic pulse induced by the linear ponderomotive force
can create a wake of plasma oscillations [54]. They concluded that a laser-driven relativistic
plasma can be appropriate for the development of compact accelerators, such as laser-driven
ones. With the improvement to build more powerful lasers, concepts and first experiments on
laser-induced particle acceleration have also been pushed forward since the 1990s.

High-intensity
laser pulse

Target

μm-sized
relativistic

blow-off
plasma

Forward ac-
celerated ions

Hot electron cloud

Electric field

Figure 3.1: Simple scheme of a laser-driven ion accelerator.
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In Fig. 3.1 a simple scheme of a laser-driven ion accelerator is presented. The main com-
ponents of this kind of accelerator are a high-intensity short-pulse laser beam and a suitable
target, e.g., a gas jet or a thin foil, positioned in a vacuum chamber. Due to the interaction
of the laser with the target, a μm-sized relativistic plasma is generated. While plasma waves
in under-critical gas targets can be used for particle acceleration, acceleration from foil targets
is generally achieved as a result of the generated quasi-static fields. Due to their 2000 times
higher mass, proton acceleration has so far been performed from schemes with quasi-static fields.
In general, a distinction is made between two main forces induced by the laser beams in the
plasma, which make it possible to accelerate ions to high velocities over short distances, namely
the electromagnetic and the hydrodynamic forces. The latter dominate at low laser intensities
(∼ 1010 − 1015 Wcm−2) and long laser pulses (from tens of ps to tens of ns), while the space-charge
force induced by presence of strong laser field plays the decisive role at high (> 1015 Wcm−2) and
relativistic (> 1018 Wcm−2) laser intensities. This thesis focuses on laser-driven particle accel-
eration at high and relativistic laser intensities and, hence, the acceleration by electromagnetic
forces. The origin of the electromagnetic forces is the Lorentz force (cf. Eq. 3.1), which interacts
with both, the plasma electrons and the plasma ions, whereas it is about 2000 times weaker for
the latter. As the field strength generated during the acceleration process is extremely high,
in the range of up to tens or even hundreds of GeV/cm, the particles are accelerated to high
velocities (vi ≈ c) over sub-mm distances. This is many orders smaller compared to conventional
RF-driven accelerators paving the way to compact or even table-top setups. Further advantages
of laser-driven accelerators over conventional accelerators, which can be directly attributed to
the very dense and compact accelerated ion bunches, are the very high ion beam intensities and
powers as well as the very short pulse duration of the ion pulse [55].
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Figure 3.2: Development and status of laser-driven proton acceleration making use of quasi-
static field and/or thin target foils (cf. App. A).

The investigation of generating energetic ions from laser-induced plasma has a long tradition
and goes back to the 1960s [56, 57]. However, it was only at the turn of the millennium
that a real breakthrough was achieved by demonstrating collimated forward-emitted proton
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beams in the MeV range from thin foil targets irradiated by a short (≤ 1 ps) and high-intense
laser pulse [55, 58–60]. Figure 3.2 displays the development and status of laser-driven proton
acceleration concentrating on the energy of the accelerated protons since then. In the majority
of the experiments shown, a foil target was used and the ions were accelerated according to the
TNSA mechanism (cf. Sec. 3.2.1). Though, until today the 100 MeV energy level could not be
broken. As a result, there is great demand for further acceleration mechanisms that promise
higher energies (cf. Secs. 3.2.2 and 3.2.3).

In order to actually compete with conventional accelerators, laser-driven ones absolutely have
to accelerate polarized particles. However, this has never been demonstrated experimentally so
far and we are one of the few research groups that are not only working on theoretical but also
on experimental objectives. For the various acceleration mechanisms, it is therefore mandatory
to check that the polarization is maintained.

3.2.1 Target normal sheath acceleration

The Target Normal Sheath Acceleration (TNSA) mechanism was first proposed by Wilks et
al. in 2001 [61]. It is most effective for the acceleration of light ions, especially protons, and is,
generally speaking, a consequence of the large charge separation created by the hot electrons
penetrating through the foil target and reaching its back side (cf. Fig. 3.3). In this most widely
investigated scheme the acceleration process is based on three steps:

1. A high-intensity laser pulse having an incident angle α of typically 30◦ to 60◦ is first focused
onto the target [62]. Due to the interaction with the overdense plasma, an energetic, hot
electron contribution with a temperature of Thot ≈ 0.1 − 10 MeV is created.

2. The electrons propagate into the plasma and through the target. Typically, the foil targets
are made from insulators, such as plastic, or metals with a thickness ranging from about
2 μm to 20 μm. Solid metal targets are preferred due to the better transport of electrons
resulting in an increased ion energy and higher ion beam quality.

3. On the rear surface electrons leave the target and form a Debye sheath resulting in a kind
of capacitor. The induced electric field is Eind ≈ Thot/(eλD) ≈ 1 − 100 GeV/cm, where λD is
the Debye length. Hence, atoms at the rear surface are ionised and the generated ions are
accelerated over distances lacc ≈ 10 − 50 μm to high energies. However, in reality usually
only ions from a very thin layer (≈ 2 − 10 nm) are accelerated. To gain high ion beam
intensities (≈ 1018 Wcm−2) and/or energy fluencies (≈ 1 MJcm−2) either fairly high ion
energies need to be achieved (≥ 100 MeV) or the total number of accelerated ions needs to
be very large (≈ 1012 − 1013). The maximum ion energy Emax in Mora’s one-dimensional
model including plasma expansion by charge separation [63–65] is given as

Emax = 2kBThot ln2 (τ +
√

1 + τ2) , (3.8)

where τ = ωp,it/
√

2 exp(1) with the ion plasma frequency ωp,i, the Boltzmann constant kB

and the hot electron temperature Thot. For the acceleration time tacc is follows

tacc = 1, 3 · (tL + tmin) , (3.9)
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with the laser pulse duration tL and the constant value tmin = 60 fs, which defines the min-
imum time the energy transfer from the electrons to the ions takes for laser intensities
IL ≥ 3·1019 Wcm−2. Thus, for the 10 PW laser at SULF the acceleration time would be
about 78 fs. Although the Mora model is only one-dimensional, it was applied to experi-
mental data generated at more than ten high-intensity short-pulse laser systems over the
world and can, therefore, be considered as a reference model [24, 55, 61, 66–69].

High-intensity
laser pulse under
incidence angle α

blow-off
plasma

Hot electron
propagation

Absorption
layer

Hot electron
cloud

Target-normal quasi-
static electric field

Accelerated
protons

Target foil

Figure 3.3: Simplified scheme of ion acceleration by the TNSA mechanism.

Like every scheme, the TNSA mechanism also has its pros and cons. The main advantages,
also proven experimentally, are given in the following [55].

• The transverse intensity distribution of the ion beam is of extraordinary quality.

• The transverse emittance of the beam is fairly low.

• Requirements for the laser beam intensity and quality are moderate.

There are also considerable disadvantages of this acceleration mechanism [55].

• The ion energy spectrum is comparatively broad (quasi-Maxwellian like).

• The maximum ion energy scales with the laser intensity as Emax ∝ I0.5
L . Thus, Emax is

limited to a few hundred MeV, since with this method a laser intensity of 1022 Wcm−2

cannot be exceeded.

• The areal ion density σi < 1017 cm−2 at the source is relatively small.

• The laser-to-ions conversion efficiency η is just a few percent.

• The ion beam parameters and the laser-to-ions conversion efficiency η depends very much
on the target rear surface quality.

• The very thin targets are difficult to handle, in particular regarding the precise positioning
of the foils relative to the laser focus.
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3.2.2 Bubble regime for particle acceleration

Laser-plasma interactions in the so-called “bubble” regime were first described for electrons
by Pukhov et al. in 2002 [22]. They demonstrated in 3D PIC simulations that the interaction
of a Laser WakeField Accelerator (LWFA) having ultra-relativistically intense pulses with an
underdense gas plasma results in a breaking of the formed plasma wave already after the first
oscillation [70]. For this to happen, a few further conditions have to be met: i) the laser pulse
has to be shorter than the plasma wavelength λp = 2πc/ωp, where ωp = (4πnee

2/m)1/2 is the
plasma frequency and ne denotes the electron density. ii) The excitation of the plasma wave is
most efficient if the laser pulse completely fits into the first half of the wave. iii) The FWHM
of the laser pulse should be equal to one-half of the plasma period. Thus, a plasma cavity –
the bubble – can be generated given that the laser ponderomotive force and the electromagnetic
fields define the electron dynamics as depicted in Fig. 3.4 [22, 70, 71].

• At the beginning of the interaction no bubble is formed yet since the shape of the cavity
is only defined by the ponderomotive potential of the laser pulse.

• During the interaction, the electron-plasma cavity with a large ion charge located at its
front is created. The bubble itself is virtually free from cold plasma electrons. While the
cavity in the plasma nearly runs with the speed of light, the ions inside are immobile.

• The bubble boundary is limited by the electron sheath around the cavity.

• Near the middle plane passing through the cavity center, the transverse size of the cavity
has its maximum. At the intercept with the bubble boundary the electron sheath contains
a return current carried by the weakly relativistic electrons.

• A bunch of accelerated electrons is accumulated in the cavity behind the laser pulse at its
central horizontal axis.

Regarding this density structure, three key features of the bubble regime emerge [22, 70, 71].

1. Instead of a periodic plasma wave as it applied to many other acceleration schemes, a
cavity free from cold plasma electrons is created behind the incident laser pulse: during
the laser-plasma interaction, the transverse ponderomotive force of the laser pulse expels
the plasma electrons from the high intensity region, leaving behind the laser pulse and
the plasma cavity, which is almost free from plasma electrons. As the ions barely move,
a transverse quasi-static electric field is formed due to the charge separation. Thus, in
the stationary lab frame, the background electrons mainly move sideways, while electrons
trapped in the bubble follow the laser pulse. A return current sheath is generated and the
bubble-like structure is stretched. At the boundary in the middle of the bubble the Lorentz
forces from the cavity and from the bunch electrons compensate each other. After having
overcome this balancing point, the electrons are now attracted by the Lorentz force. At
the wave breaking region of the cavity they are pulled onto the central laser axis forming a
channel. The trapping for electrons occurs most probably at the boundary of the domain
since here the wake potential Φ = γ−1

0 < 1 is minimal, where γ0 is the Lorentz factor of
the bubble [70]. As the electrons are trapped inside the accelerated phase of the bubble
plasma field, an efficient acceleration to high energies inside the channel gets very likely.
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Figure 3.4: Simplified scheme of electron acceleration in the bubble structure. The black line
in the insert shows the longitudinal (accelerating) electric field distribution on the symmetry
axis.

2. A quasi mono-energetic spectrum from a dense bunch of relativistic electrons is generated.
It has been found that the maximum energy of the accelerated electrons peaks at the
cavity center and scales like [70]

γmax � 2γ2
0

(
1 +

R2

4

)
�

1
2

γ2
0R2 . (3.10)

The expression in the brackets represents the Hamiltonian describing the longitudinal
motion of the trapped electrons, γ0 is the Lorentz factor of the bubble and R is the radius
of the cavity approximated by an ion sphere. In the trapping process the laser field is
negligible as the trapping happens when the laser pulse has already passed and, thus, the
laser field is small. The acceleration is a result of the longitudinal electric field of the plasma
wave travelling with the laser pulse group velocity vwake

ph = vg = c · (1 − ω2
p/ω2

L)1/2 with the
laser frequency ωL. Thus, a relativistic electron can ride this plasma wave while it stays in
phase with the electric fields pointing into the laser propagation direction. However, the
velocity of the cavity at its front is larger compared to that of its base because the sheath
electrons near the base are collected by the bunch.

3. The high-intense laser pulse propagates in the homogeneous underdense plasma for many
Rayleigh lengths without substantial spreading.

In 2007 Shen et al. extended the bubble acceleration scheme for ion acceleration in laser-
driven plasma [72]. Compared to the bubble scheme for electrons, high-energetic ion beams
in the so-called electron bubble-channel structure can be produced if i) a multi-petawatt laser
system (a0 ≥ 25) is combined with ii) a gas target containing hydrogen and another ion species
with a larger A/Z ratio (like, e.g., HCl or HBr gas).
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Electrons

(a) Electron density contour plot at a simulation
time of 854 fs.

Protons

(b) Proton density contour plot at a simulation
time of 854 fs.

Figure 3.5: Principle of the electron bubble-channel structure shown in a 3D simulation using
the PIC code VORPAL. For the simulations a hydrogen density of 1·1020 cm−3 and a tritium
density of 1.4·1021 cm−3 has been chosen. The circularly polarized laser pulse has a wavelength
of 0.8 μm, a normalized peak amplitude of a0 = 316/

√
2, a length of 10 μm, and a FWHM spot

size of 16 μm while entering from the left side of the simulation box and propagating in the
x-direction, adapted from Ref. [72].

With foresight for the next generation of PW classes laser systems, Shen et al. carried out
3D simulations with the code VORPAL for a laser pulse of wavelength 0.8 μm, normalized peak
amplitude a0 = 316/

√
2, length 10 μm, and FWHM spot size 16 μm. The circularly polarized

laser beam enters the simulation box of size 400 μm · 80 μm · 80 μm from the left side interact-
ing with a plasma of electron density 1.4·1021 cm−3, hydrogen density 1·1020 cm−3 and tritium
density of 1.4·1021 cm−3. For each species two particles per cell were simulated and there are
1200 · 100 · 100 cells in the simulation window. Under these conditions it was found that the pro-
tons are accelerated in the electron bubble-channel structure. As can be seen from Fig. 3.5, the
plasma density structure is a combination of an electron bubble and an ion channel with a low-
density tail, extending to the plasma edge. The accelerated electrons are trapped at the rear and
in the center of the bubble-like structure (cf. Fig. 3.5a), whereas protons are wakefield-trapped
and accelerated at the high-density front of the ionic channel as depicted in Fig. 3.5b.

As the heavy ions react with some delay to the built up charge-separation field, an ultra-
intense electrostatic field is generated as a result of electron charge-depletion at the channel
centre. Not the heavy ions are trapped, but only the protons, moving with and surfing on
the longer-lasting electric field. Like that, the proton acceleration time is prolonged and they
achieve large energy gain. Thus, the heavy ions in the plasma are a crucial component for proton
acceleration to happen. An acceleration of unpolarized protons to a maximum energy of several
GeV is predicted, e.g., Shen et al. found protons being accelerated to up to 27 GeV in a H/T
plasma [72].

In another simulation study with comparable parameters and a H/T gas with 5.2·1020 cm−3

background plasma density, Shen et al. show that protons in a small target located in an under-
dense high-mass plasma can be accelerated by the wakefield to energies of 38 GeV with small
divergence angles [73]. Moreover, it was proven that near the front electron layer the transverse
space-charge field is radially inward, while the direction is contrary elsewhere. The self-generated
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Figure 3.6: 2D simulation of the quasi-static self-generated magnetic field Bz with similar
parameters compared to these ones presented in Fig. 3.5 and a H/T gas with 5.2·1020 cm−3

background plasma density using the PIC simulation code VORPAL, adapted from Ref. [73].

and quasi-static magnetic field Bz in the simulation window with a maximum of Bz ≈ 2.8·105 T
is presented in Fig. 3.6. From that the interaction time tint of the accelerated protons with the
magnetic field can be estimated as

tint =
s

v
=

target length
vproton

=
1 μm

c
= 3.3 ps . (3.11)

For comparison, the typical time scale tspin for the spin motion is given by

tspin = ν−1
Larmor =

2π

γB
=

2π

2.7 · 108 (Ts)−1 · 280000 T
= 0.08 ps , (3.12)

where γ is the Lorentz factor and B = Bz from Fig. 3.6. Already from these calculations it is
obvious that the interaction time between the magnetic field and the protons is sufficiently long
to have spins aligned. Detailed information about the spin and its peculiarities are summarized
in Sec. 4.

Note that these pioneering simulations from Ref. [72, 73] have been carried out more than
a decade ago with very limited statistical accuracy. These simulations wait for using higher
particle numbers and a higher resolution.

In the following, advantages of ion acceleration in the electron bubble-channel structure are
presented.

• Possibility to also accelerate nuclear polarized ions due to the use of a gas target (cf. Sec. 9).

• Compared to other acceleration schemes, e.g., light pressure acceleration, much larger
proton energies at the same laser intensity are predicted, which represents a major step
towards the realization of laser-based accelerators.

• No sharp laser pulse front is needed, which facilitates the experimental realization.
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There are also some considerable disadvantages, which have to be considered.

• Multi-petawatt laser systems (a0 ≥ 25) are required, which are only just being put into
operation at a few institutes worldwide.

• There are no experimental confirmations of this mechanism yet.

3.2.3 Magnetic vortex acceleration

In 2D and 3D PIC simulations the MVA mechanism has been identified as an interaction of
a laser pulse with a near-critical density target that is much longer than the laser pulse it-
self. Subsequently, a quasi-static magnetic field is created at the plasma-vacuum interface by
the acceleration of electrons and the rise of the return current, resulting in efficient forward
acceleration and collimation of ions as can be seen in Fig. 3.7 [74–76].

Escaping electrons

Electron re-
turn current

Ion density
filament

Cold
electrons

Electron density

B

B E

E

Figure 3.7: Simplified scheme of ion acceleration in the MVA mechanism.

Due to the interaction of a strongly focused laser pulse with the target, the ponderomotive
force expels electrons and drives electron cavitation. It is suggested that near-critical density
plasma targets have the advantage of higher laser-plasma coupling over other target types.
Thereby, along the laser propagation axis, a low density channel is created in the electron plasma
component. Ions remain at their initial position because of their larger mass. While the laser
pulse propagates through this self-generated channel, electrons are trapped and accelerated in
its wake. These fast electrons fall behind the laser front and form a thin filament on the central
horizontal axis. They carry a strong axial fast current having an average of several MA as a
result of the plasma lensing effect. In order to balance the fast current, a cold electron return
current is generated maintaining the plasma quasi-neutrality. The magnitude of the strong
azimuthal magnetic field caused by the rise of the return current is in the order of thousands of
teslas. When leaving the channel at the back, the magnetic field expands into vacuum in the
transverse direction and the electron current is dissipated. This magnetic field has the shape of
a dipole in 2D and of a toroidal vortex in 3D and is generated along the channel and plasma-
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vacuum interface. Following, the magnetic field displaces the electron component of the plasma
causing a decrease of the electron density. As the responds of ions is much slower than that of
electrons, a long-living positively charged region results. The corresponding electrostatic sheath
has an electric field E �∇B2/(8πene) accelerating and collimating the ions near the channel
axis. In addition, the collimation is enhanced by the effect of forming an ion density filament
in the paraxial region of the channel. The ions are accelerated at both sides of the plasma slab
but in opposite directions due to the existing quasi-static magnetic field. The ion energy Ei per
nucleon can be estimated by [77]

Ei

A
≈ Z

A

mc2aL

2
√

2
n1

n2
, (3.13)

where A and Z are the ion mass number and the ion charge, aL = eAL/(mc) is the vector potential
of the laser pulse (cf. Sec. 3.1) and n1/n2 is the density ration of the near-critical density plasma,
respectively. To realize a long-living dipole vortex, n1/n2 = 8 is chosen, resulting in a simple
energy scaling

E(MeV) = 16.7
√

PL , (3.14)

with the laser power PL given in units of TW. Thus, a 100 TW-class laser is predicted to generate
protons of about 200 MeV energy in the MVA mechanism. Hence, optimal parameters for the
acceleration depend on the coupling of the laser energy to the self-generated channel in the target,
the plasma slap density and thickness as well as on the laser pulse intensity [21, 74, 76–78].

It is important to note that the vortex structure is very different from the bubble structure,
which is generated by electrons kicked aside by the high-intense laser pulse and recaptured by
the electric field (cf. Sec. 3.2.1) [77].

Advantages of the MVA mechanism are among others:

• Good ion energy scaling with laser intensity comparable to TNSA.

• Good energy conversion efficiency.

For sure, there are also disadvantages like:

• Requirement of near-critical targets.

• No conclusive experimental demonstrations yet. In particular, it is difficult to discriminate
MVA against TNSA.
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The experiments with laser-accelerated polarized particle beams aim at the investigation how
particle spins are influenced by the huge electromagnetic fields, which are inherently present in
the plasma and what fundamental mechanisms may lead to the production of highly polarized
beams. Firstly, the spin formalism and the polarization as a property of the entire particle beam
are introduced. In the following, a detailed description of the three relevant mechanisms leading
to a polarization buildup is provided: the T-BMT equation, the Sokolov-Ternov effect and the
Stern-Gerlach (SG) effect. In order to measure the demonstrated effects, the so-called Lamb-
Shift Polarimeter (LSP) is presented, which already has a long tradition at FZJ to measure
the nuclear spin polarization. Finally, the status quo of experiments on laser-accelerated spin-
polarized proton beams are outlined so that these results can be referred to in the next sections.

4.1 Spin formalism

As early as 1921, the so-called “quantization of direction” was discovered by Stern and Gerlach as
a further property of atoms besides, e.g., mass and charge. In their famous experiment they sent a
beam of atomic silver through an inhomogeneous magnetic dipole field and observed two discrete
lines on a screen instead of the expected continuous distribution [79]. It prompted Goudsmit
and Uhlenveck to suppose a “spin”, another reason for the development of the quantum theory
at these days in order to explain the fine structure of atomic spectra quantum-mechanically.
They assigned a spin s, similar to an intrinsic angular momentum s = (sx, sy, sz) of the electrons
of the atomic shell, which couples with the orbital angular momentum L to the total angular
momentum J = s + L [80]. The spin operator s can be understood as normal angular momentum
in the sense that the orbital angular momenta and spins satisfy the same (SO (3) or SU (2)) Lie
algebra [81]. Thus, they are hermitian and unitary: [si, sj] = εijksk with the Levi-Civita tensor
εijk. For the corresponding eigenvalue equations with eigenfunctions |sm〉 applies:

sz|sm〉 = �m|sm〉 and s2|sm〉 = �
2s(s + 1)|sm〉 . (4.1)

m and s(s + 1) are eigenvalues to sz and s2 = s2
x + s2

y + s2
z , where s = 0, 1/2, 1, . . . denotes the

spin quantum number and m = −s, −s+1, . . . , +s the magnetic spin quantum number, whereby
there are always 2s + 1 possible values for m. In the simplest case, i.e., s = 1/2, as it is the case
for protons or electrons, there are only two eigenfunctions along the z-axis, namely those with
m = + 1/2 for spin projection “up” and m = − 1/2 for spin projection “down”. Using the Pauli
matrices σx, σy, σz, which form a basis of the hermitian and unitary 2 × 2 matrices, the effect of
the angular momentum operators on spin 1/2 states, si = �/2 · σi, i ∈ x, y, z, can be investigated
[82–84].

4.2 Polarization of a particle beam

While the spin is a property of an individual particle, the polarization is a property of an entire
ensemble or beam. Thus, the polarization vector P = (Px, Py, Pz) is defined as the statistical
average of an ensemble of classical spin vectors P = 〈s〉. In the quantum mechanical view, the
polarization component Pi, i ∈ x, y, z, of an ensemble of particles is the expectation value 〈σi〉
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of the Pauli operator σi over all particles

Pi = 〈σi〉 = tr(ρσi) . (4.2)

Here, ρ =
∑n

i=1 Pi · |smi〉〈smi| is a density operator, by which information about the quantum
statistical ensemble are specified. The trace of the density operator is normalized to unity
and evidently, 0 ≤ Pi ≤ 1. n characterizes the number of pure states, i.e., n = 2 for protons and
electrons, and Pi is the probability of finding the i-th state in the ensemble. For a magnetic field
aligned in z-direction, the polarization Pz of such an ensemble is given by

Pz = 〈σz〉 = tr(ρσz) = p+〈+|σz|+〉 + p−〈−|σz|−〉 = p+ − p− =
N+ − N−
N+ + N−

, (4.3)

where p± is the probability to find a particle in the quantum state |1/2, ± 1/2〉, i.e., p± =
N±/(N+ + N−), where N = N+ +N− is the amount of all particles in the beam. If p+ = p−, N± for
m = ± 1/2 are also equal representing a particle beam of zero polarization, i.e., Pz = 0 [83–85].

Furthermore, it is obvious that the polarization vector of several particles P is therefore a
weighted sum of classical spin vectors si

P =
1
N

N∑
i=1

si , (4.4)

with N defining the number of particles in a given volume, e.g., a simulation cell, within a
certain energy range, if the action angle

αmax = max
i

[
arccos

(
P0 · si,f

|P0| · |si,f |

)]
(4.5)

between the initial polarization P0 and the finial spin vectors si,f stays small [85].

4.3 Polarization and depolarization effects

In order to clearly characterize both, polarization and depolarization effects, a consistent de-
scription of the relevant mechanisms involved is important. After a brief overview, the three
decisive mechanisms, namely

• the spin precession according to the Thomas-Bargmann-Michel-Telegdi (T-BMT) equation

• the Sokolov-Ternov effect

• the Stern-Gerlach effect

are outlined within the following three sections. For a better readability the formulas are given in
cgs units. A schematic overview over these three polarization processes is presented in Fig. 4.1.

If the individual particle spins are treated in a semi-classical limit, it is the T-BMT equation
(cf. Sec. 4.3.1) that describes the spin precession around the local electromagnetic field lines in
dependence of the single particles’ motion. As soon as further physical processes are considered,
the link to the particle motion and the temporal spin evolution must be defined. Figure 4.2
shows the schematic overview of the interplay between the single particle trajectory (blue),
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Δt
T-BMT

Δt Sokolov-
Ternov
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Figure 4.1: Schematic overview of the basic (de-)polarization processes for laser-driven particle
beams. The red and blue spheres indicate the spin up and down states, respectively.
Top: time evolution for an initially fully polarized particle beam. The black arrows indicate the
single particle spins, which are treated in a semi-classical limit following the T-BMT equation.
The initial precession angles are observed under the action of a homogeneous magnetic field.
Middle: initially unordered spins individually flip in z-direction resulting in a certain polarization
build up. The corresponding mechanism is known as the Sokolov-Ternov effect and is observed
in circular electron accelerators.
Bottom: If the SG force acts constantly on an initially unpolarized and spatially unordered
ensemble, the emergence of two polarized beams due to a spatial separation is expected.

the spin (green) and the radiation (yellow). In the non-QED regime, there is indeed a theory
including the T-BMT equation that self-consistently describes the particle and spin motion in
electromagnetic fields.

A direct coupling between single particle spins and radiation fields is covered in the con-
text of quantum field theory. Within this theory, the mechanism describing the spontaneous
self-polarization of an accelerated particle ensemble is known as the Sokolov-Ternov effect
(cf. Sec. 4.3.2). The stochastic spin diffusion from photon emission is a non-deterministic process.
It results in the rotation of the spin vector in the presence of a magnetic field by emitting a pho-
ton. The Sokolov-Ternov effect, which causes a spin flip, is widely used in classical accelerator
physics to polarize electron beams in circular accelerators.

The Stern-Gerlach (SG) force (cf. Sec. 4.3.3) primarily effects the trajectory of a particle. If
the particle energies are very high, radiation effects must also be taken into account. In most
cases, the radiation-reaction force exceeds the SG force by far if the particles are relativistic
(kinetic energies well above 1 GeV) or even ultra-relativistic (above 1 TeV). But for some cases,
depending on the field configuration, the radiation-reaction force can be neglected compared
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to the SG force (see e.g., Ref. [86]). The acceleration of charged particles is treated within the
framework of the classical field theory in the classical and semi-classical limit. In this theory
the back action of radiation on the particle motion as a result of the radiation-reaction force is
explained.

Apart from that, spin precession is a deterministic process and, thus, can be investigated by
treating the spin as an intrinsic electron magnetic moment [28, 30]. Another possible interpreta-
tion of this basic process is to introduce a spin-dependent radiation-reaction force analog to the
Sokolov-Ternov effect, which characterizes a beam-filter mechanism similar to a combination of
the SG and the radiation-reaction force [87].

radiation trajectory spin

radiation
reaction T-BMT

SG forceclassical
field theory

quantum field theory
(including Sokolov-Ternov)

quantum field theory

Figure 4.2: Schematic overview of the relations between radiation (yellow), single particle
trajectory (blue) and spin (green). The black arrows indicate the basic physical process that
connects two of these colored particle properties [30].

4.3.1 T-BMT equation

The classical dynamics for a charged spin particle is defined by the Thomas-Bargmann-Michel-
Telegdi (T-BMT) equation for spin precession [88]. It was first introduced by Bargmann, Michel
and Telegdi in 1959 using the Thomas approach and refers to the interaction of the magnetic
dipole moment with external electromagnetic fields. Usually, the Foldy-Wouthuysen method is
a matter of choice to understand the non-relativistic limit of the Dirac equation for problems,
where the particle velocity is small. But it cannot be applied in presence of intense electromag-
netic fields [89]. Another method would be the semi-classical limit [90] of the Dirac equation,
given that the particle wavelength is small compared to the characteristic distance of the electro-
magnetic potential. It leads to a trajectory determined by the Lorentz force and an additional
spin precession described by the T-BMT equation. Since the latter is preferred when dealing
with relativistic velocities [91] it can be applied also for particles in laser fields to predict the
rate of spin precession. In the following the T-BMT equation is derived for charged particles.

Following the discussion of Mane et al. in Ref. [85] for the derivation of the spin precession
equation, the spin motion in any magnetic field B is a precession according to the interaction of
the magnetic moment μ of spin s with this field. In the relativistic case this assumption leads to
the T-BMT equation, which describes the spin motion in arbitrary electric and magnetic fields.
The equation of motion for an expectation value is given by the so-called Ehrenfest theorem
[92]. Ehrenfest’s theorem is a fundamental theorem of quantum mechanics valid in both, the
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Schrödinger and the Heisenberg picture, in which the expectation value 〈Â〉 = 〈ψ|Â|ψ〉 of the
quantum operator Â for a system in state |ψ〉 in the generalized from is

d〈Â〉
dt

=
〈

∂Â

∂t

〉
+

1
i�

〈[Â, Ĥ]〉 , (4.6)

where Ĥ is the Hamiltonian operator. Considering Â being the spin operator ŝ for the Hamil-
tonian applying the Ehrenfest’s theorem it follows

Ĥ = −μ̂ · B̂ = Ω̂ · ŝ . (4.7)

Here B̂ is the magnetic field, which is in principle also an operator, and Ω̂ is the spin precession
vector operator. Taking into account the commutator relation [ŝ, Ĥ] = [ŝ, Ω̂ · ŝ] = i�Ω̂ × ŝ and
∂Â/∂t = 0 yields

d
dt

〈ŝ〉 = c . (4.8)

If Ω̂ is constant, e.g., Ω̂ = Ωe, where e is a fixed unit vector, Eq. 4.8 simplifies to the equation
of motion for a rigid-body spin precession

d
dt

〈ŝ〉 = Ωe × 〈ŝ〉 , (4.9)

with the solution starting from t = 0

〈ŝ〉t = e · 〈ŝ〉0 e + sin(Ωt) e × 〈ŝ〉0 − cos(Ωt) e × (e × 〈ŝ〉0) . (4.10)

This corresponds to a rotation around the axis e by the angle Ωt. Thus, the precession of a
classical spin vector 〈ŝ〉 describes the evolution of a spin state of a quantum system.

In classical accelerator physics, the spin depends on the orbital dynamical variables x̂ and p̂
(quantum operators) as follows

d
dt

〈ŝ〉 = 〈Ω̂(x̂, p̂) × ŝ〉 . (4.11)

To calculate the expectation value Ω̂ an auxiliary condition, the semi-classical approximation,
is used. This approach refers to a theory, in which one part of a system is described quantum-
mechanically, whereas the other is treated classically, e.g., external fields are treated to be
constant, or when changing classically described as [93]

〈Ω̂(x̂, p̂)〉 � Ω̂(〈x̂〉, 〈p̂〉) , (4.12)

with the c-number expectation values of the position and momentum operator 〈x̂〉 and 〈p̂〉. 〈x̂〉
and 〈p̂〉 can be visualized by specifying a classical orbital theory, i.e., x ≡ 〈x̂〉, p ≡ 〈p̂〉 and
s ≡ 〈ŝ〉. Transferred to the semi-classical approximation Ωsc ≡ Ω(x, p) is obtained, from which
it follows that

ds
dt

� Ωsc × s . (4.13)

Thus, the spin motion of a quantum system can be described by the classical spin vector s and
the semi-classical spin precession vector Ωsc.

25



4 SPIN AND POLARIZATION OF PARTICLE BEAMS

For a non-relativistic spin s the Hamiltonian is given by

H = −μ · B = − ge

2mc
s · B . (4.14)

The magnetic moment μ is an axial vector, which is proportional to the particle spin s. The
proportionality factor is determined by the mass m, the speed of light c, the charge e and the
Landé factor of the particle g, respectively. For the spin precession movement yields

ds
dt

= μ × B . (4.15)

Hence, the interaction of the magnetic moment μ of a particle in an external magnetic field B
causes a torque and, thus, a change of the particle spin over time. From the Dirac equation
of quantum electrodynamics, which is valid for point-like particles, g ≈ 2 results. With com-
posite particles like the proton, additional magnetic moments occur due to the finite charge
distribution, which are described by the gyromagnetic anomaly G, so that g = 2(1 + G), with
Gproton = 1.792846. Thus, gproton = 5.585694. However, the g-factors of nucleons cannot be cal-
culated precisely due to the non-perturbative nature of Quantum Chromodynamics (QCD).
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v0

v0
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C

v0

v0
v1
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v = v0 + dv

γ dα

dα

dα

Figure 4.3: Coordinate system and initial frames for spin motion according to the T-BMT
equation, adapted from Ref. [85].

Considering a particle with charge e moving with the relativistic velocity v in an electric
field E and a magnetic field B in the laboratory system on a trajectory described by the Lorentz
equation, for the momentum p considering β = v/c it follows

dp
dt

= e (E + β × B) , (4.16)
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so that
dβ

dt
=

e

mcγ
(E − E · ββ + β × B) , (4.17)

with the Lorentz factor γ = 1/
√

(1 − β2). For both frames the C and the I coordinate origins
coincide with the laboratory frame L at t = 0, as depicted in Fig. 4.3. The spin s is defined
only for the particle rest frame C. That is why another rest-frame C

′ is introduced, defined as
follows: first, a boost from the laboratory frame L to an intermediate frame F at velocity v1

(arbitrary) is performed. Then, a second boost with velocity v2, so that the combined Lorentz
boost L(v2)L(v1) gives the final particle velocity vt = 0. But the rest-frame spin s is not well-
defined unless the Lorentz transformation from the laboratory frame to the particle rest frame is
accomplished by a single boost. The particle then rotates under an angle dα at an infinitesimal
time t = dt later, considered as a kinematic effect

dα =
β × dβ

β2 =
β × β̇

β2 dt . (4.18)

Here,
β × β̇

β2 = − e

mcγ

[
B⊥ − β × E

β2

]
, (4.19)

for a motion in prescribed external electric and magnetic fields with

B‖ =
B · ββ

β2 , B⊥ = B − B‖ =
β × (B × β)

β2 . (4.20)

B‖ denotes the components of the magnetic fields parallel and B⊥ perpendicular to the velocity
v, respectively. Under a Lorentz boost with the relativistic factor γ from the laboratory system
to the moving systems at t = 0 applies

BC = γ [B⊥ − β × E] + B‖ . (4.21)

The spin changes in a certain time interval dτ = dt/γ according to Eq. 4.15, by

(ds)I = − ge

mc
BC × s dτ , (4.22)

with the two introduced frames, the particle rest frame C and an initial frame I moving with
particle velocity vt=0. In order to determine the spin change in the particle rest frame, it must
be taken into account that C itself rotates relative to the initial frame under the angle dφ. This
is obtained by subtraction

ds = (ds)I − dφ × s . (4.23)

Since the rest frame is oriented at the angle − dα at time dt relative to the new velocity v + dv

and since both directions rotate γ times faster in the moving initial system than in the laboratory
system, one finds for the angle dφ

dφ = γ dα − dα = (γ − 1) dα . (4.24)
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Summing up the findings from the last equations yields

ds =
[

− e

mcγ
BC × s − γ − 1

β2 (β × β̇) × s
]

dt , (4.25)

which can also be written in the form

ds
dt

= −Ω × s . (4.26)

Here, Ω is the spin precession vector, which is defined as

Ω = μ · Bc

γ
+ ωT , (4.27)

with the Thomas precession vector ωT given by

ωT = −γ − 1
β2 β × β̇ = − γ2

γ + 1
β × β̇ . (4.28)

The spin precession vector Ω in Eq. 4.27 consists of two terms. The first one describes a magnetic
dipole interaction with the magnetic field of the rest frame, time-delayed by the factor γ. In the
second term the Thomas precession (cf. Eq. 4.28), which occurs due to relativistic dynamics, is
presented [88]. This term is independent of electric and magnetic fields and, thus, would even
exist if the acceleration v̇ were caused due to gravitation or other non-electromagnetic forces
[85, 94].

If particles with mass m, charge q · e, magnetic moment anomaly a = 2g −1 and velocity
v move in an electromagnetic field B, E with vanishing gradient, their spin vectors si precess
around the local electromagnetic fields and evolve according to the T-BMT equation as

Ω = −q · e

mc

[
ΩBB − Ωv

(v
c

· B
) v

c
− ΩE

v
c

× E
]

, (4.29)

where
ΩB = a +

1
γ

, Ωv =
aγ

γ + 1
, ΩE = a +

1
1 + γ

. (4.30)

Considering an N -particle ensemble, where all spin vectors precess coherently, a certain polar-
ization changes its orientation in space but its absolute value is conserved provided that all
particles saw the same electromagnetic field and moved on similar trajectories [30, 95, 96].

4.3.2 Sokolov-Ternov effect

The spontaneous buildup of self-polarization via the emission of spin-flip synchrotron radiation
of relativistic and charged particles moving at high energy in a background guiding magnetic
field is called radiative polarization, also known as the Sokolov-Ternov effect [85, 97–99]. The
theoretical formulation of this effect was first developed by Ternov et al. in 1962 for large-
scale storage rings stating that the photon emission couples to the particle-spin operator at the
higher orders of Quantum Electrodynamics (QED) perturbation theory [97]. In 1964, Sokolov
and Ternov expanded their theory and established a quantitative solution based on calculating
the Dirac equation for the electron motion for initially unpolarized particles in a homogeneous

28
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magnetic field [98]. They presented an exponentially behaving polarization buildup (starting
from zero) in the vertical direction

P (t) = Ps · (1 − exp(−t/τpol)) (4.31)

converging to the asymptotic (equilibrium) degree of the polarization Ps = 8/5
√

3 � 0.924 %
with a strongly energy dependant polarization buildup time τpol ∝ B−3E−2 for a beam of energy
E circulating in a uniform magnetic field B. Thus, the beam polarization can and does approach
the theoretical limit. For positrons, the direction of the asymptotic polarization is parallel to the
guiding magnetic field, while it is anti-parallel for electrons. Within their approach Sokolov and
Ternov describe the radiation intensities for the spin-flip terms taking into account the spectral
power density P(ω), summing over the σ and π modes, as

W ↑↓(ζ) =
∫ ∞

0
P↑↓(ζ, ω) dω , (4.32)

where ζ = ±1 is the initial spin state and ω is the unit frequency. Accordingly, the number of
spin-flip photons emitted per unit frequency per unit time is given by

N ↑↓(ζ, ω) =
P↑↓(ζ, ω)

�ω
. (4.33)

From that, the spin-flip transition probabilities per unit time, from up to down and vice-versa,
are calculated as

p± =
∫ ∞

0
N ↑↓(ζ = ∓1, ω) dω . (4.34)

Finally, the equilibrium degree of polarization is

Peq =
N+ − N−
N+ + N−

=
p+ − p−
p+ + p−

, (4.35)

where the “up” and “down” spin populations are denoted by N+ and N−. In equilibrium,
N+p− = N−p+. Thus, the equilibrium polarization is only determined by the spin-flip ampli-
tudes [85].

The Sokolov-Ternov effect was first experimentally observed with just a low polarization [100,
101] and later on optimized at several electron rings to generate a highly polarized beam during
storage [102–107]. Thereby, it was also discovered that spin-polarized beams are subject to
depolarizing resonances. Until today it is a great scientific challenge of spin dynamics to calculate
the strengths of these depolarizing resonances, and to devise the ways, both theoretically and
experimentally, to avoid, overcome and eliminate them [85].

Unlike electrons, protons emit no significant synchrotron radiation and, therefore, do not
polarize spontaneously according to the theory of Sokolov and Ternov for large-scale storage
rings. An interesting question is whether this also applies to the acceleration of particles in
laser-plasma accelerators. The corresponding answer is given in our publication (Ref. [30]) and
in Sec. 5.2.
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4 SPIN AND POLARIZATION OF PARTICLE BEAMS

4.3.3 Stern-Gerlach effect

In the original experiment by Stern and Gerlach [79] silver atoms from a source first were
collimated with an aperture to shape a regular beam before they move through a spatial region,
where an inhomogeneous magnetic field B(r) was applied. For the sake of simplicity, it is
assumed that the components of the field and its gradients along one direction – hereafter the
z-axis – are much larger than the components perpendicular to it, thus B(r) = Bzez. In the
inhomogeneous magnetic field every (silver) atom experiences a force

F = −∇(μ · B) � μz
∂Bz

∂z
ez ∝ sz

∂Bz

∂z
ez , (4.36)

where μ = − g μB
�

s is the magnetic dipole moment of the atom, μz is its z-component and sz is
the z-component of the spin with the Landé factor g, μB is the Bohr magneton, � the reduced
Planck’s constant and s the spin vector.

Classically, one would expect that the orientation of the spins of the atoms at the exit of the
source is arbitrary – no spatial direction is preferred. Accordingly, the z-component of the spin
vector should take any value in a continuous interval smin ≤ sz ≤ smax, i.e., a continuous deflection
spectrum is expected. This “classic” scenario is not confirmed experimentally. Instead, in an
experiment with silver atoms only two spots were observed, which correspond to the values
sz = ± �/2 of the spin component. Thus, in the SG experiment the quantization of the spin – or
more precisely the value of the component of the spin along an (arbitrary) direction – is proven.

However, decades of experience with subatomic beams in conventional particle accelerators
demonstrate that beams do not separate into spin “up” and “down” beamlets since the SG force
is dominated by the Lorentz force for charged particles, even for non-relativistic systems. In
relativistic systems, the magnitude of the SG force decreases very fast with increasing Lorentz
factor γ and is completely dominated by the Lorentz force [85].

It is discussed in Sec. 5.3 if there is any chance to build up a certain polarization due to a
beam separation according to the SG effect in a laser-plasma based accelerator.

4.4 Measurement of nuclear spin polarization

The measurement of the nuclear spin polarization of hydrogen atoms is a crucial research ob-
jective for the construction of a pre-polarized target for laser-induced proton acceleration. For
this purpose the so-called Lamb-Shift Polarimeter (LSP) [108] is a very useful tool, since on the
one hand the degree of polarization can be measured directly, i.e., within a few seconds, with
high absolute accuracy and on the other hand a complete LSP is available for the execution
of experiments. The LSP consists of six components shown in Fig. 4.4 and is based on the
measurement of Lyman-α transitions after Stark quenching of meta-stable atoms whose Zeeman
hyperfine states have been selected using a spin filter. In the following, the exact function of
this polarimeter is explained in detail.

To measure the occupation numbers of the Lyman-α substates, the transition of all Zeeman
states into the ground state 2S1/2 using the Lamb shift is required. Besides the fine structure
and hyperfine structure splitting, the Lamb shift is a correction that was not predicted by the
Dirac equation. This theory says that states with the same main quantum number n and the
same total angular momentum quantum number j in the hydrogen atom are degenerate with
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respect to the orbital angular momentum quantum number l. However, in 1947 Willi Eugene
Lamb and Robert Curtis Retherford measured an energy difference between the 2S1/2 (l = 0)
and 2P1/2 (l = 1) energy levels of the hydrogen atom of 1058 MHz = 4.4·10−6 eV [109]. This
can be explained with an electromagnetic interaction of the orbiting electron with the virtual
photons. Compared to the harmonic oscillator in quantum mechanics, the zero-point energy
of the electromagnetic field deviates from the defined zero in QED. Thus, a perturbation of
the Coulomb potential results in a change of the effective potential close to the nucleus (r = 0).
That is why mostly those orbitals with a large probability of the electron being located close to
the nucleus, namely the s-orbitals, are affected. Today, the QED permits to calculate the Lamb
shift more precisely than it can be measured.

Glavish ionizer

Ionizes (polarized)
atoms and molecules
with strong B-field

Wien filter

Acts as a mass filter
with B- and E-field

Cs cell

Transforms protons
into metastable atoms

Spin filter

Filters metastable atoms
in single HF substates

Quench chamber

Measures the relative
HFS occupation number
after Stark Quenching

Photomultiplier

Selectively detects the
resulting Lyman-α light

Isometric view

HH+H+H2SH2S(α1)Lα

Figure 4.4: Schematic overview of the Lamb-Shift Polarimeter (LSP) [108] and its components
for measuring the proton polarization.

The Breit-Rabi diagram in Fig. 4.5 shows the dependence of the binding energies of the indi-
vidual hyperfine-structure states in the excited state with quantum number n = 2 for hydrogen
on an applied magnetic field. As can be seen from the figure, the Zeeman effect does not fully
cover the influence of external magnetic fields. In the weak magnetic field, the Zeeman region,
the nuclear spin I = 1/2 and the total electron spin J = 1/2 of the hydrogen atom couple to
form the total spin F = 0 or F = 1, as F = I + J . Consequently, the spin projection mF can take
the values mF ∈ [-1, 0, 1]. The total spin F additionally induces a magnetic moment, which is
aligned parallel, perpendicular or antiparallel to the applied magnetic field. This results in a
slight modification of the binding energy of these three Zeeman states, so that the state 2S1/2 is
split into four substates, one for F = 0 and three for F = 1, characterized by the quantum num-
bers |F, mF〉. With the transition to stronger magnetic fields, the Paschen-Back region, J and
I are aligned separately, since the coupling of core and shell spins breaks up accordingly. The
four Zeeman states, characterized by the quantum numbers |F, mF〉, in turn form four substates
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which, taking into account the general solution of the Schrödinger equation, are as follows

1. |F = 1, mF = +1〉 = |mJ = +1/2, mI = +1/2〉
2. |1, 0〉 =

1√
2

[√
1 + a | + 1/2, −1/2〉 +

√
1 − a | − 1/2, +1/2〉

]
3. |1, −1〉 = | − 1/2, −1/2〉
4. |0, 0〉 =

1√
2

[√
1 − a | + 1/2, −1/2〉 − √

1 + a | − 1/2, +1/2〉
]

.

(4.37)

Here, 1. and 3. are pure states, whereas the solutions 2. and 4. are mixed states defined by the
mixing parameter a

a =
B√

B2
c + B2 =

B/Bc√
1 +

(
B/Bc

)2 , (4.38)

which only depends on the external magnetic field B and the critical magnetic field strength

Bc =
ΔEHFS

2μB
= 6.347 mT , (4.39)

for the 2S1/2 excited state. ΔEHFS = 7.34·10−7 eV is the energy difference of the hyperfine
splitting in the absence of a magnetic field and μB is the Bohr magneton. Thus, B � Bc denotes
a weak magnetic field, i.e., in the Zeeman region, while B � Bc specifies a strong field.
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Δ ELambshift =
4.4·10−6 eV

Δ E =
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Figure 4.5: Breit-Rabi diagram for the excited state with quantum number n = 2 for hydrogen,
adapted from Ref. [108].

Applying an external longitudinal magnetic field of 53.5 mT (Paschen-Back region) and a
transverse electric field of about 10 V/cm combined with a radio frequency of 1.60975 GHz,
whose peak width at half-height in the resonance chamber of the spin filter is about 1 MHz,
results in an oscillation between the states α1 and e1 due to a strong coupling. This can be
controlled with the RF power. The slightly shifted resonances of the α2 and e2 substates are
responsible for a weaker coupling between these states and, thus, for the depopulation of the
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α2 state via the short-living e state. Thus, only the 2S1/2, |mJ = + 1/2, mI = + 1/2 〉 state of
the hydrogen atom is transmitted through the spin filter, while all other states are quenched
into the ground state. If the high frequency is switched off at the end of the spin filter, all
remaining atoms in the e2 state also decay into the ground state and only the α1 = |mJ = + 1/2,
mI = + 1/2 〉 state remains occupied. Likewise, only the α2 = |mJ = + 1/2, mI = − 1/2 〉 state of
the hydrogen atom is transmitted at 60.5 mT. Therefore, ramping the magnetic field of the spin
filter allows metastable atoms to pass through the spin filter at 53.5 mT (α1) and 60.5 mT (α2)
only. By counting these residual atoms the nuclear polarization of the incoming atoms can be
deduced with the LSP.

It should be mentioned that an electric dipole transition from 2P1/2 to 1S1/2 is possible by
photon emission. Since the photon is a spin-1 particle, there is a shift from P(L = 1) to S(L = 0).
Here the preservation of orbital angular momentum (J = S + L) and parity (π = (−1)L) is guar-
anteed. The transition from the 2S1/2 state to the 1S1/2 state is very unlikely due to the long
lifetime of the 2S1/2 state (0.14 s), but still possible by a two-photon emission as demonstrated
by Hänsch et al. [110]. Furthermore, the lifetime of the 2P1/2 state is relatively short with 10−9 s
due to the dipole transition. Even when an electric dipole transition from the 2S1/2 substates
into the corresponding 2P1/2 substates is possible, a natural decay is not observed due to the
extremely small energy difference in between [108, 111–113].

atom
beam

ion
beam

filament
cylindrical

electrode E2 solenoid coil electrode E4/E5

grid E1 ionization volume E3

typical potential curve

E1: 300 - 500 V

E2: 600 V

E3: 550 V

E4: 0 V

E5: - 3 kV

Figure 4.6: Working principle of the Glavish-type electron-collision ionizer, adapted from
Ref. [108].
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The functionality of the individual components is described below [108, 111–113].
Glavish ionizer The first component of the LSP is an electron-impact ionizer of the Glavish
type as depicted in Fig. 4.6 [114]. It ionizes the hydrogen in its strong magnetic field to pre-
serve the nuclear polarization. The ionizer consists first of a filament, from which electrons are
emitted and accelerated in the direction of the first grid (E1), which is at a positive potential,
into the strong magnetic field of a solenoid coil. By the cylinder electrode E2 the electrons are
focused into the ionization volume E3 that is set from 500 V to 3000 V to define the potential
energy of the ions. The filament and the electrode E4 form a potential trap for the emitted
electrons, since their potentials are each at 0 V. Thus, the highest possible electron density can
be achieved. Furthermore, the applied external magnetic field forces the electrons onto a spiral
track, so that a large number of the hydrogen’s sheath electrons can be stripped off by collisions
with the free electrons in the potential trap: e + 1H → 2e + H+. In parallel, the magnetic field
serves to decouple the nuclear spins of the electrons from the shell spins of the protons so that
the polarization is not destroyed by the electron collisions. The ions produced at the potential
E3 can escape only in the direction of E4, since the potential E2 has a repulsive effect on them.
Hence, the negative potential on the electrode E5 serves as an accelerating lens attracting the
protons and accelerating them to velocities of about 4.4·105 m/s on the one side, while they are
decelerated on the other side. In sum, the beam energy is not changed, but the beam is better
focused on the axis. The proton beam generated in this way has a relatively sharp energy, but
is still divergent, which is compensated by an additional electrostatic lens behind the ionizer.
Even though the efficiency of the Glavish ionizer is with 10−4 to 10−3 one to two orders of
magnitude lower than other types, it offers the opportunity to distinguish individual hyperfine
substates with the same nuclear spin by varying the strong magnetic field, i.e., the measured
polarization of the pure state. For example, α1 does not depend on the magnetic field, but
on the corresponding state β4 =

√
a + 1 | − 1/2, + 1/2 〉 − √

a − 1 | + 1/2, − 1/2 〉 it does. The
ionizer can also be operated in the so-called plasma mode, so that a burning plasma is created
between E1 and E3. Although this has the advantage of an increasing efficiency, the operation
is much more unstable and the beam energy is not as well defined as in this mode it decreases
from Ebeam ≈ E3 to Ebeam �E3.

Wien filter After leaving the ionizer, the now ionized proton beam enters the Wien filter. Its
purpose is to separate atomic and molecular ions in the beam according to their masses using a
combination of a static electric E and a magnetic field B, arranged perpendicular to each other
and both perpendicular to the beam direction [115]. Thus, the hydrogen ions with charge q and
velocity v experience an electrostatic force Fel and an opposing Lorentz force FL so that only
ions in the force equilibrium are transmitted through the Wien filter

Fel = FL ⇐⇒ qE = qv × B (4.40)

with
v =

|E|
|B| . (4.41)

In this way, all other ions are removed from the beam and the background is lowered. As all
hydrogen ions, e.g., H+ and H+

2 , are accelerated by the same electric potential E3, they gain
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identical kinetic energies and their velocities vary by a factor of
√

2. Like that they can be clearly
identified when the intensity of the through-going ion beam is measured with help of a Faraday
cup and an oscilloscope as function of the electric field in the Wien filter. Beside the mass
separation, the Wien filter also has the purpose of rotating the polarization angle in the vertical
plane perpendicular to the magnetic field, so that the projection of the proton polarization to
the beam axis can be controlled later. When entering the magnetic field with (anti-)parallel
spin orientation compared to the beam direction, the ions begin to precess around the magnetic
field direction with the Larmor frequency ωLarmor

ωLarmor =
2μpB
�

, (4.42)

where μp is the magnetic moment of the proton. Only the projection of the nuclear polarization
on the beam axis Pz = sin(a) · P0 = sin(ωLarmor · t) · P0 can be determined with the spin filter,
which depends now on the time-of-flight t and the transverse magnetic field B. In normal op-
eration the magnetic field B is chosen to rotate the spin by a = 180◦ and, thus, the measured
polarization Pz must be inverted to get the beam polarization P0. Behind the Wien filter there
is another electric lens to focus the beam on the axis.

Caesium cell In the caesium cell, the transmitted ions are transformed into metastable atoms
in the 2S1/2 state by capturing an electron from the caesium vapor known as charge-exchange
reaction: Cs + H+ → Cs+ + H2S1/2 . This process produces metastable H2S1/2 atoms with an ef-
ficiency of up to 30 %, being most profitable for proton energies of 0.5 keV and an areal number
density of 1.2·1014 Cs atoms/cm2 [116]. Technically, the caesium cell consists of a stainless
steel container and a caesium ampoule enclosed into it. Before the experiment is started, it is
mechanically cracked from the outside so that the liquid caesium enters the container. As the
top of the container is heated to about 60 ◦C and its bottom to 160 ◦C, caesium vapor is formed,
which is crossed by the ion beam on axis, condenses again at the top and drips into the container
so that it can be reused. Additionally, the cell is equipped with two coils forming a longitudinal
holding field of up to about 50 mT. Consequently, more than 99 % of the initial polarization is
maintained in the metastable atoms [113].

Spin filter The spin filter separates metastable atoms in the Zeeman states α1 and α2 by
means of a static magnetic field, a static electric field and a RF field of 1.60975 GHz. In total,
the spin filter consists of seven coils whose homogeneity is important for the transmission of
the individual Zeeman components. Inside the solenoid is a cylindrical cavity with a length and
diameter adapted to the high frequency field. As explained above, this setup only transmits the
metastable atoms in the hyperfine substate α1 at a magnetic field of 53.5 mT, and the substate
α2 at 60.5 mT. All other states are quenched to the ground state [117].

Quench chamber The last component of the LSP is the quench chamber with a Faraday cup.
By using a strong electric field of an electric lens of several 100 V/cm all residual metastable
atoms are quenched into the ground state under the emission of a Lyman-α photon with a
wavelength of λ = 121 nm (10.2 eV). This process is also referred to as the Stark effect, which is
analog to the Zeeman effect, but for electric fields. These photons are selectively detected by a
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Figure 4.7: Typical Lyman spectrum of a polarized hydrogen beam of atoms mostly in the
Zeeman state α1 of the 1S1/2 state entering the ionizer. The ratio of peak height to linear
background in this example is about 70:1. The ratio of the two peak heights for the state
mI = + 1/2 and mI = − 1/2 is equivalent to the summed intensities, i.e., the areas under the
two peaks, and corresponds here to 8.1:1. Using Eq. 4.35, the degree of polarization can be
determined as PLy(1) = 0.780, adapted from Ref. [108].

photomultiplier with a photocathode made from KBr and an entrance window made by MgFl to
define the sensitivity range from 115 nm to 165 nm. Its signal as function of the magnetic field in
the spin filter leads to a spectrum with separated peaks for the hyperfine substates transmitted
by the spin filter as shown in Fig. 4.7.

The sensitivity of the LSP is sufficient to measure the polarization at limited beam intensities.
For example, an incoming beam of 1012 atoms/s generates a proton beam of 109 particles/s and
an amount of metastable atoms behind the caesium cell of about 108 per second. Thus, for an
unpolarized beam about 107 residual metastable atoms/s leave the spin filter and are quenched
to get the same amount of Lyman-α photons. The efficiency of the photomultiplier of 10−3 allows
then to register 104 Lyman-α photons/s, which is not difficult to observe with an oscilloscope.
Compared to other polarimeters, the LSP has three decisive advantages.

• Depending on the intensity of the incoming atomic beam the polarization can be mea-
sured very quickly, within a few seconds. This allows to monitor modifications in the
experimental parameters in time and, therefore, simplifies the handling of the complete
experiment.

• This method of polarization measurement is very descriptive: the vector (spin-1/2 and
spin-1 particles) and tensor (spin-1 particles) polarization can be read directly from the
ratio of the peak contents in the Lyman spectrum, which clearly reduces errors in the
analysis of the results (cf. Fig. 4.7).
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• When measuring the full atomic beam of an Atomic Beam Source (ABS) like the one
for the ANKE/COSY experiment of about 3·1016 particles/s, the statistical error can be
neglected after only a few seconds of measurement time. The systematic error is in the
range of 1 % and, thus, dominant.

Using the LSP the polarization of many atomic hydrogen and deuterium ensembles has been
measured in several experiments during the last years. Just two examples are highlighted in the
following.

• The LSP has been applied to measure the spin dependence of many nuclear reactions
produced in a polarized internal gas target developed for the ANKE spectrometer at
COSY. The target consists of an ABS providing nuclear-polarized hydrogen or deuterium,
a vacuum target chamber, and the LSP. With this setup the transition units could be
tuned and the polarization of the ABS beam could be controlled. It was found to be stable
within 5 % during one week of operation [118].

• The nuclear polarization of hydrogen or deuterium molecules has also been measured by
ionizing the molecules and injecting the H+

2 or D+
2 ions into the LSP. With this technique

the H+
2 ions have been separated from the protons in 1 keV beams by the Wien filter and

the nuclear polarization of both components has been experimentally determined with a
precision of 2 % or better [113].

4.5 Status quo of experiments on laser-accelerated spin-polarized protons

Experimental data on the degree of polarization of laser-accelerated particles are very sparse.
The first and up to now only published experimental results are from our group and have been
obtained at the ARCTURUS laser system at HHUD using an unpolarized foil target. In Fig. 4.8
the experimental setup is schematically depicted.

Figure 4.8: Schematic view of the setup for the first proton polarization measurement per-
formed at HHUD. For illustration purposes, the angle Θ is drawn larger than in reality [34].
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For the measurements the 100 TW Ti:Sa laser system with a typical pulse duration of 25 fs
and a repetition rate of 10 Hz was used producing an intensity of several 1020 Wcm−2 when
being focused on the target. Impinging the laser pulse in a 45◦ angle on an unpolarized gold
foil of 3 μm thickness, protons with an energy of typically a few MeV are produced. They are
accelerated according to the TNSA mechanism (cf. Sec. 3.2.1) towards a stack of three RCF
detectors, where the number of protons is measured. In a Silicon target with a thickness of
24 μm elastic scattering takes place. Behind this scattering target, CR-39 detectors are placed,
covering scattering angles ϑ of up to 68◦ as well as the complete azimuthal range φ. Hence, the
number of protons impinging on the Silicon target is analysed shot-by-shot from the dose on the
calibrated RCF detectors.

Figure 4.9: 2D simulation of the magnitude of polarizing magnetic fields acting on the laser-
accelerated protons [34].

To estimate the magnitude of possible polarizing magnetic fields acting on the laser-accelerated
protons in the experiment, PIC simulations have been carried out with the fully relativistic 2D
code EPOCH [34, 119]. The simulation was performed for a normally incident laser fitting to
the parameters mentioned above on a Au foil (2.5 μm thickness, 6 · 1022 cm−3 density, charge
state 6+) with a proton layer (0.5 μm, 2·1023 cm−3). A B-field strength of ∼ 104 T and gradients
of 1010 T/m are expected from the simulation. Although these values are rather high, they
are yet too small to align the proton spins and do not yield of measurable proton polarization
(cf. Fig. 4.9).

The authors of Ref. [34] conclude that for measuring a proton polarization P �= 0 both, a
stronger laser pulse with an intensity of about 1023 Wcm−2 and an extended gas instead of a
thin foil target, are needed. Such a scenario has been theoretically considered in a paper by
Shen et al. (cf. Sec. 3.2.2) [72].
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5 Identification of the Relevant Processes for Polarized Proton
Acceleration

As already outlined in Secs. 3 and 4, the acceleration of polarized particles in strong laser and
plasma fields promises an attractive opportunity to obtain polarized beams in the MeV or even
GeV range. In conventional linear accelerators a reduction of the beam polarization is negligible
due to the very short interaction time between accelerating fields and particle bunches. To
overcome depolarizing spin resonances in circular accelerators, the polarization is maintained by
applying complex correction techniques. For laser-plasma driven accelerators, the depolarization
time for relativistic particles is not yet known, although it is of crucial importance to build the
next generation of highly compact and cost-optimized accelerator facilities.

Based on the theoretical background summarized in Sec. 4.3, in this section the feasibility
of polarized proton acceleration in strong fields without destroying an initial polarization is
evaluated. Possible polarization losses caused by spin precessions described by the T-BMT
equation, the Sokolov-Ternov effect and the SG effect are studied and corresponding scaling
laws for the (de-)polarization times are formulated. For this, two relevant subprocesses have
been identified: i) the injection of low energetic (γ ≈ 1) particles into accelerating fields; ii) the
subsequent acceleration of already relativistic (γ � 1) particles. In this section the focus is put
on the detailed description of phase ii). The mechanisms taking place in phase i) have been
scrutinized in the work of Yitong Wu, . . . , Anna Hützen et al. [120] and Meng Wen et al. [121].
Finally, the analytic formulas are compared to test-particle simulations. The following discussion
is part of the publication by Johannes Thomas, Anna Hützen et al. [30]. An equivalent discussion
about the (de-)polarization of electrons can be found in the same reference.

5.1 T-BMT

First, a scaling law for the minimum depolarization time for protons in strong fields considering
the T-BMT equation (cf. Eq. 4.26) is derived. Thereto, the system variables are normalized to the
elementary charge e, electron mass me, speed of light c, momentum mec, energy mec

2, spin �/2,
the time ωL =

√
4πe2nc/me with the critical plasma density nc, the length k−1

L and the laser field
strength E0 = mecωL/e. For a rather asymmetric field configuration, a clear conclusion about
the conservation of a given polarization P is difficult. This is why for a conclusive analysis
Eq. 4.26 needs to be solved for every particle. The maximum action angle αmax (cf. Eq. 4.5)
between the initial polarization P0 and the final spin vectors si,f = si(t) during the time t has to
be estimated analytically. Assuming that the individual spin precessions are incoherent, their
absolute values would be reduced to P (t) = P0 − sin(αmax). Thus, if αmax is of the order of π/2,
a complete depolarization of the N -particle ensemble is expected and the corresponding time is
referred to as minimum depolarization time tD.

For a more precise estimation of tD, a relativistic (|v| ≈ c) ensemble, in which all particles
have almost the same energy but move in various directions, is considered. Thus, the single spin
precession axes are not aligned. Moreover, the rotation around the ω-axis can be interpreted as
a superposition of the precessions around the B-, v- and v × E-axis. A suitable assumption for
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the absolute value of the precision frequency is given by

|Ω| ≤ me

mp

(
ΩB|B| + Ωv|B| + ΩE|E|

)
, (5.1)

where the equal sign applies if all precession axes are aligned and ΩB, Ωv and ΩE correspond to
the definition in Eq. 4.30.

Aiming at calculating a lower limit for tD, an upper limit of |Ω| has to be derived. Considering
that, the dominant field strength F = max(E, B) is substituted for |B| and |E|, so that

|Ω| <
me

mp

(
ΩB + Ωv + ΩE

)
· F

<
me

mp

(
ap +

1
γ

+
apγ

γ + 1
+ ap +

1
1 + γ

)
· F

< 3aeF︸ ︷︷ ︸
Ωp, TeV

+
me

mp

(1
γ

− ap − apγ

γ + 1
+

1
1 + γ

)
︸ ︷︷ ︸

1
γ

+ 1−ap
1+γ

·F ,

(5.2)

using me/mp = ae/ap, where ae = α/2π ≈ 10−3 is the anomalous magnetic moment of the electron
and α is the fine-structure constant and ap ≈ 1.8 is the anomalous magnetic moment of the
proton.

For relativistic (γ � 1) protons carrying an energy of a few hundred GeV, the second term in
Eq. 5.2 is negligible due to the large anomalous magnetic moment ap > 1. Under consideration
of γ � 1/ae for electrons of more than 10 GeV energy, it applies that the (near) TeV proton-spin
motion is equivalent to that of a GeV electron if the external fields show a certain asymmetry.

For protons with energy in the few GeV range, γ is close to unity but still |v| ≈ 1. Coming
back to Eq. 5.2, the precession frequency then reads as

Ωp, GeV ≈ Ωp, TeV +
me

mp

(1
γ

+
1 − ap

1 + γ

)
· F

≈ aeF

(
3 +

0.6
ap

)
≈ 3.3aeF .

(5.3)

For ions with smaller anomalous magnetic moment than ap the precession frequency in Eq. 5.3
is much less than 3.3aeF . This is why Eq. 5.3 is interpreted as the relevant limit for the work
presented within the scope of this thesis. Hence, the minimum depolarization time for protons
is

tD,p =
π

2Ωp, GeV
=

π

6.6aeF
, (5.4)

being independent of the particles’ energy.

As the focus is put on particle acceleration in strong fields, the dominant field strength F has
to be in the same range compared to that of laser-plasma accelerators. To do so, the laser field
strength E0 is interpreted as the relevant laser field and F is expected to be in the order of unity
given that the particle beam is separated by the laser pulse itself. Usually, the corresponding
plasma fields are ε = ωp/ωL times smaller than E0 [122]. In order to conserve the proton polar-
ization in fields as strong as those in a plasma wakefield, F ≡ ε is set. When substituting F = 1,
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for relativistic ions, the minimum depolarization time is tD,L ≈ 520 ω−1
L . Considering a wakefield,

the lower limit is in the order of tD,W ≈ 520 ω−1
L ε−1 � tD,L. For experimentally reasonable values,

tD,L is in the range of picoseconds. Compared to the interaction with a passing laser pulse in
the range of a few femtoseconds, like the 10 PW laser system at SULF (cf. Tab. 1), this time
span is long enough to guarantee polarization conservation. Considering wakefield acceleration
in underdense plasma, the given time is in accordance with an acceleration length of a few mm
[30].

5.2 Sokolov-Ternov

In the next step, the polarization buildup due to slightly varying probabilities for a spin flip from
down to up P↑ compared to an up-down flip P↓ during the emission of synchrotron radiation,
known as the Sokolov-Ternov effect (cf. Sec. 4.3.2), is investigated. This section examines the
question whether spontaneous self-polarization, as is the case for accelerated or stored particle
bunches in conventional accelerators, can also occur in laser-plasma accelerators. For this, the
characteristic polarization time from protons in laser- and plasma fields is calculated by firstly
introducing a Lagrangian describing the complete Sokolov-Ternov effect

Ltot = LEM + LSG + LRAD + LST . (5.5)

In this equation the Lagrangian

LEM = −mc2

γ
+

q

c
v · AEM − qϕEM (5.6)

characterizes the motion of the particle in an external electromagnetic field with E = −∇ϕ −
1/c ·∂AEM/∂t with the generic field ϕ and B = ∇×AEM. The spin interaction Lagrangian reads
as

LSG = −Ωspin · s . (5.7)

Accordingly, the Lagrangian modifying the emitted back radiation acting on the particle trajec-
tories

LRAD =
q

c
v · Arad − qϕrad (5.8)

and the one describing a direct coupling between radiation and spin due to Ωrad = Ω(Erad, Brad)

LST = −Ωrad · s . (5.9)

is defined. Aiming at quantizing the system and finding the transition probabilities, the corre-
sponding Hamiltonian can be found in literature [123, 124]

Htot = HEM + HSG + HRAD + HST , (5.10)

where

HEM = γmc2 + qϕEM , HSG = Ωspin · s , (5.11)

HRAD = qϕrad − q

c
v · Arad , HST = Ωrad · s . (5.12)
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Using Eqs. 4.31, 4.34, and 4.35 the average transition rates are approximated as [125, 126]

α± =
1
4

∫
R

dτ
′〈0|[(ω · η

)
t+τ/2

(
ω · η∗)

t−τ/2
]±|0〉 , (5.13)

with
α± = p+ ± p− (5.14)

making the connection between the transition rates and the corresponding spin-flip probabilities.

Taking into account the latest relations, the T-BMT equation can be reformulated

ṡn = �
−1α−

(
s2 − s2

n
)− α+sn , sn = s · n , (5.15)

where n denotes the equilibrium polarization axis. It has be be mentioned that α+sn is of pure
quantum origin and, thus, a non-local function of the trajectory. If concentrating on the relevant
case, the laser-plasma acceleration, where the motion is assumed to be ultra-relativistic, the
change of the acceleration is very short compared to the length ∝ |γv̇|−1, in which the radiation
is shaped. That is why the integral in α+ must be considered only in the region |τ | ∝ |γv̇|−1.
With the help of Refs. [123] and [127] the region of importance is estimated as

r
(
r + τ

) ≈ r
(
t
)

+ v
(
t
)
τ + v̇

(
t
)τ2

2
+ v̈

(
t
)τ3

6
. (5.16)

As at γ � 1 the radiation is emitted into a cone with opening angle ∝ γ−1 about the velocity,
in Ref. [123] the average transition rates are quantified under the assumption that the particles
move across the field lines in a homogeneous field

α− ≈ −q2�γ5|v̇|3
m2c8

(
1 +

14
3

a + 8a2 +
23
3

a3 +
10
3

a4 +
2
3

a5
)

, (5.17)

and
α+ ≈ −α−

|a|
a

+ R
(
a
)

, (5.18)

where a is the anomalous magnetic moment and the rest term R reads as

R =
q2�γ5|v̇|3

exp
(√

12a
)
m2c8

[(
− 1 − 11

12
a +

17
12

a2 +
13
24

a3 − a4
)

|a|
a

+
1√
3

(
15
8

+
41
24

a − 115
48

a2 − a3 +
7
4

a4
)]

.

(5.19)

The above three equations are exact if the radiation is assumed to be quasi-classical. In addition,
the polarization time tpol = 1/α+(x) for particles with spin �/2 and the equilibrium polarization
Peq is defined as Peq = α−/α+.

For the particular case of protons with a moderate anomalous magnetic moment ap ≈ 1.8,
the R term is suppressed, such that

α−
(
1.8
) ≈ −128 · e2�γ5|v̇|3

m2c8 , (5.20)
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and
R
(
1.8
) ≈ 0.0004 · e2�γ5|v̇|3

m2c8 . (5.21)

From that it follows that

t−1
pol = α+

(
1.8
) ≈ 128 · e2�γ5|v̇|3

m2c8 � t−1
min . (5.22)

To find a more intuitive description of the polarization time, it is set as a function of the kinetic
energy T and the maximum field strength F , known from the previous section, so

|v̇|
c

=
eF

γmc
. (5.23)

Inserting Eq. 5.23 into Eq. 5.22 and using e2 = α�c and γp = T/(mc2), results in a term for the
characteristic polarization time

tpol =
(
mc2)7

128α
(
�c
)2(

eF
)3

T 2c
. (5.24)

For high energetic protons with T = 100 GeV, moving in a field with the strength F = 1017 V/m
(corresponding to a laser with peak intensity 1024 Wcm−2) and accordingly eF = 108 GeV/m and
mc2 = 1 GeV, it can be approximated that tpol ≈ 10−5 s. Taking this result, the final scaling law
can be derived

tpol =
1014 s

T [GeV]2 · F [TV/m]3
. (5.25)

Substituting values known from conventional circular accelerators, i.e., F ≈ 10−4 TV/m,
yields polarization times of the order of million years for TeV protons. This is in line with
the well-known fact that protons in storage rings cannot be spin polarized via the SG effect.
For laser-plasma accelerators, the field strength is a thousand times higher, but the acceleration
distance is in the range of decimeters or smaller, which corresponds to about one nanosec-
ond particle-field interaction. But since, as shown, the polarization time is several orders of
magnitude higher, the Sokolov-Ternov effect and, thus, the self-polarization in laser-plasma
accelerators can be neglected. Furthermore, this effect does not need to be implemented in
corresponding numerical simulation studies on polarized laser-driven proton acceleration, such
as PIC codes.

It should be mentioned that for electrons further theoretical investigations have been re-
ported. Geng et al. discussed polarization effects within the quantum radiation-reaction regime
stating that a collision of an initially unpolarized electron beam with an ultra-intense laser pulse
leads to a significant polarization [128, 129]. In other approaches, the Sokolov-Ternov effect is
not included, but rather different QED effects like the strongly nonlinear Compton scattering
[130, 131] or the Breit-Wheeler process [132] predicting an electron-spin polarization during the
interaction with strong fields from laser-induced QED plasmas [133–135]. Despite that Kotkin
et al. disagree on a polarization buildup resulting from a collision between an electron bunch
and a single circularly polarized laser pulse [136].
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5.3 Stern-Gerlach

Finally, the possibility of polarization losses induced by the Stern-Gerlach (SG) force is inves-
tigated. In more detail, the spin-back action on the particle trajectory for fast (|v| ≈ c) and
charged spin 1/2-particles with uncorrelated movement is estimated. Before doing so, it has
to be pointed out that the applied semi-classical approach causes a continuous spread of the
particle beam (cf. Fig. 4.1). However, in the context of the SG force, the phrase “split” will be
used in the following, as it seems to be a more adequate description of this effect.

Already more than 60 years ago, a potential separation of spin states of charged particles
has attracted the attention of N. Bohr [137] who held the opinion that quantum effects would
destroy the separated trajectories in a SG like setup. He argued that the spatial uncertainty
of the particles along the direction of the magnetic gradient would result in an uncertainty in
the Lorentz force in a similar scale compared to the force that separates the spin states [34].
About 40 years later, Garraway and Stenholm deemed that a spatial splitting in the momentum
space is sufficient and a spatial separation in the interaction region is not required. In a suitable
scheme for practical implementation they presented a SG type of experiment, in which this
splitting is predicted for particle beams of small diameter in the field region and at sufficiently
long propagation times. These requirements seem achievable in laser-plasma experiments as the
size of the field region matches the focal diameter of the laser pulse [33, 34, 138].

In order to quantify the SG force in dependence of the spin precession, again the Lagrange
formalism is used [139]

Ltot = LEM + LSG . (5.26)

LEM and LSG are defined similarly as in the Sokolov-Ternov section, Eqs. 5.6 and 5.7.
Taking this ansatz, in the next step the canonical momentum P is determined

P = γmv +
q

c
A + PSG , (5.27)

where PSG = ∇vLSG. From the Lagrange equation of motion

d(γmv)
dt

=
dpkin

dt
= Ftot = FEM + FSG (5.28)

the Lorentz force
FEM = qE +

q

c
v × B (5.29)

and the Stern-Gerlach force

FSG =
(

∇ − d
dt

∇v

)
(Ω · s) (5.30)

are determined. Including a spin normalization of �/2 and making again use of the same nor-
malization as in the beginning of Sec. 5.1, Eq. 5.30 becomes

FSG = ΛSG

(
∇ − d

dt
∇v

)
(Ω · s) , (5.31)

with
ΛSG =

�ωL

2mec2 ≈ 1.2 · 10−6λL[μm]−1 , (5.32)
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where the counter specifies the energy of a photon with wavelength λL and the denominator the
electron rest energy, Ω is know from Eq. 4.29 and s = 1. For fields being in the same order as
wakefields, ΛSG is about 10−7 to 10−8, while for laser fields with a few tens of nm wavelength
ΛSG is in the range of 10−4 to 10−5.

The next goal is to analytically estimate if the SG force can change the total polarization of
the relativistic proton ensemble. Like in the last chapter, all field symmetries are neglected while
only considering a dominant field strength F = max(E, B) and the corresponding dominant field
gradient ∂F = maxi,j(|∂xiFj|). Following that approach, an upper limit for |FSG| is quantified
resulting in a discussion of the possibility to separate two particles of opposite spin leading to a
certain polarization of an initially unpolarized system by the SG force.

The coordinate r, the canonical momentum P and the spin s are treated as independent
variables, respectively. In the case of relativistic particles, the correction in FSG consists of the
d/ dt · ∇v term (cf. Eq. 5.31) and additionally of contributions from Ωv∇ and ΩE∇ (cf. Eq. 4.29).
As can be seen from Eq. 4.29, the coefficients ΩB, Ωv and ΩE just depend on |v|, hence the
gradient only acts on the fields: ∇(B · s), ∇(B · v) and ∇(E × v). For γ � 1, the contribution
of the spatial gradient to FSG is bounded by

F∇ = ΛSG
qme

m

(
3a +

2
γ

)
3
√

3∂F , (5.33)

where

|Ω × s| =
(
|ΩB| + |ΩE| + |Ωv|

)
· F ≤

(
a +

1
γ

+ a +
1
γ

+ a

)
· F =

(
3a +

2
γ

)
· F , (5.34)

and the norm of the normalized spin is 3
√

3∂F since

|∇(F · a)| =

√√√√(∂(Fa)
∂x

)2
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(
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)2
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√

3|a|∂F
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)
= 3

√
3|a|∂F .

(5.35)

Thus, Eq. 5.33 is related to the spatial gradient. For relativistic protons with γ � 1 there are
three more basic proportionalities, which have to be taken into consideration. The second
relation is due to the spin-change rate. In order to estimate its contribution, the second term in
Eq. 5.31 is relevant. It influences the trajectory of the accelerated proton because of temporal
and spatial field variations, the energy-changing rate and the change in direction. Using the
T-BMT equation (cf. Eq. 4.26), the k-th component in Eq. 5.31 is

d
dt

∂

∂vk

(
Ω · s

)
=

d
dt

∂Ω
∂vk

· s − ∂Ω
∂vk

(
Ω × s

)
. (5.36)
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Applying Eq. 5.34 and the relation(∣∣∣∣dΩB

dγ

∣∣∣∣F +
∣∣∣∣dΩv

dγ

∣∣∣∣F +
∣∣∣∣dΩE

dγ

∣∣∣∣F)γ3 ≤
( 1

γ2 +
a

γ2 +
1
γ2

)
Fγ3 = (2 + a)Fγ , (5.37)

and ∂γ/∂vk = γ3vk, a limit, which applies to the spin-change rate, is given by∣∣∣∣∣ ∂Ω
∂vk

∣∣∣∣∣(Ω × s
) ≤ m2

e
m2
(
2 + a

)(
2 + 3aγ

)
F 2 . (5.38)

Finally, the proportionality, which is related to the spin-change rate Fs, can be noted

Fs ∝ ΛSG
m2

e
m2
(
2 + 3aγ

)
F 2 . (5.39)

Accordingly, a proportionality for the energy-changing rate or the change in direction

FEV ∝ ΛSG
me

m
F 2 , (5.40)

and for the temporal and spatial field variations

FT ∝ ΛSG
me

m
γ∂F , (5.41)

can be defined.

Analysing Eqs. 5.33, 5.39, 5.40, and 5.41 for moderate relativistic (1/ae � γ � 1) protons with
mass ratio me/mp = ae/ap � 1 and energy in the lower GeV regime yields that FEV � Fs. Thus,
for ∂F = 0, the T-BMT rotation is overcompensated by the spin-acceleration coupling. In the
case of ∂F � F 2/γ, the temporal and/or spatial field variations dominate over all other forces.
For protons with energies in the TeV (γ � 1/ae) range, Fs � FEV for ∂F = 0. Consequently,
the change of the particle trajectory induced by the coupling of the spin to the acceleration is
always negligible against the alternation traced back to the T-BMT rotation. This assessment
perfectly matches the experience gained at conventional accelerator facilities [85]. If ∂F � aeF

2,
the field variations are supposed to be the relevant mechanism. Based on the above calculation
it can be summarized that for high-energetic (γ � 1/ae) protons the T-BMT rotation dominates
over perturbations due to energy- or velocity-changing rates. Moreover, it could be shown that
ions sensitively react on the field gradients such that the FT part (cf. Eq. 5.41) of the SG force
outdoes the other three effects, even for small field variations. Since for λSGγ∂F � F , the
electromagnetic force is much stronger than the SG force. Significant trajectory perturbations
induced by the latter one are extraneous for γ ≈ (λSG∂F )−1 in the gradient field, assuming a
field strength of about F = 1. That corresponds to kinetic energies in the range of 200 TeV and,
hence, the SG force is negligible for laser-induced proton acceleration.

In order to confirm the last statement, the spatial beam separation caused by the SG force of
an initially unpolarized relativistic particle beam while being accelerated in a strong electromag-
netic field is estimated. Following the same scheme as in the last section, E0 is interpreted as a
laser field since the focus is put on laser-induced proton acceleration. Setting again ε = ωp/ωL,
F ≡ ε and ∂F ≡ ε/RL with the laser focal spot radius RL = 2π/ε (cf. Sec. 5.1) [122], a polarization
in fields being comparable strong as those in pure plasma is selected. Thus, considering that

46



5.3 STERN-GERLACH

the SG force constantly acts in one direction, which is perpendicular to that one of the particle
beam, the proton energy is assumed to be maintained and two copropagating polarized beams
with a spatial distance of

Δ =
me

m
|FSG|T 2

accγ
−1 , (5.42)

emerge, where tacc is the acceleration time of the proton beam. In the previous section it has
been calculated that the minimum depolarization time tD is always shorter than tacc (cf. Sec. 5.1).
That is why for the maximum proton separation distance Δp, tacc = tD ∝ 500 is chosen for a field
strength comparable to that from lasers (F = 1) and tacc ∝ 500ε−1 if it is equivalent to that from
wakefields (F = ε). Assuming a specific field homogeneity (∂F = 0) for protons with an energy
in the GeV range in a tailored plasma channel, the FEV term has to be taken into account as a
primary source for the SG force as already stated above. With Eqs. 5.40 and 5.42 the maximum
proton separation yields

Δp(∂F = 0) ∝ me

m
FEVT 2

accγ
−1 ∝ ΛSGT 2

acc

(
me

m

)2
γ−1 ∝ 0.3

(
me

m

)2
λL[μm]−1γ−1 , (5.43)

which is in the sum pm range.
In the case of ∂F � F 2/γ ∝ ε2/γ, an additional field gradient has to be considered and the

FT part (cf. Eq. 5.41) determines the maximum separation, so that

Δp ∝ me

m
FTT 2

accγ
−1 ∝ ΛSGT 2

acc

(
me

m

)2
∂F ∝ 0.05

(
me

m

)2
λL[μm]−1 . (5.44)

For the 10 PW laser at SULF supplying a wavelength of 0.8 μm, the maximum separation dis-
tance caused by the SG force would be about 20 fm. This value is well below the laser focus
diameter and much too small to be observed, even with state-of-the-art detectors. In summary,
there is no chance to build up a particular polarization due to beam separation by the SG force
for protons. The same holds for protons in the limit γ −→ 1 so that |v| ≈ 1. Hence, the SG force
is negligible in almost all computational studies on laser-plasma acceleration and, in particular,
does not have to be implemented in PIC codes [30].

For the sake of completeness it has to be mentioned that there exists a related theoretically
investigated mechanism on the polarization of an also initially unpolarized electron beam in
combination with a ultra-intense, elliptically polarized laser pulse (I0 ≈ 1.38·1022 Wcm−2) leading
to a separation into two oppositely transversely polarized fractions due to the spin-dependent
radiation reaction [30, 87].
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6 Modelling of Particle-Spin Effects in Plasmas

Numerical computer simulations are an essential tool to gain an insight into the physics of laser-
plasma interactions. However, at the beginning of this PhD thesis there existed PIC code, a
very commonly used method to simulate the trajectory of charged particles in self-consistent
electromagnetic and/or electrostatic fields, into which the spin characteristics were implemented.
Within this work the particle-spin tracking has been integrated into the fully 3D PIC code VLPL
in a cooperation between HHUD and FZJ. First, the basics of PIC algorithms and the VLPL
code in particular are introduced. Then, it is explained how to implement the additional option
to simulate spin dynamics into this code and first tests are presented.

6.1 Particle-in-cell algorithms

Computational simulations have had a fundamental impact on the design and understanding
of past and present laser-plasma based acceleration experiments [52, 140, 141]. The accurate
modelling of the formation of a wakefield structure, the capture of the protons or electrons
and their acceleration requires trustworthy fully kinetic methods. The Particle-In-Cell (PIC)
method has proven itself as such over years. However, these codes require large resources due
to the wide range of time and space scales involved as the laser beam itself and the acceleration
structure, which often is orders of magnitude larger than the beam, need to be resolved. Apart
from that, PIC simulations pave the way towards the layout and development of next class laser-
based accelerators with the aim of reducing development cost significantly. With this in mind,
large-scale simulations will be driven forward to be a key component for an in-depth insight of
the complex, interrelated physical phenomena.

repeat for
every Δt

weighting

(x, v)i → (ρ, J)j

weighting

(E, B)j → Fi

field solver

(ρ, J)j → (E, B)j

particle push

Fi → vi → xi, si

solving Maxwell’s
equations

solving Lorentz
equations

Figure 6.1: Flow chart of the working principle of the PIC algorithm including spin dynamics
for one discrete time step Δt.

The principle of the PIC technique is to represent samples of physical particles by a smaller
number of discrete macro-particles with the same properties and charge-to-mass ratio as the
real plasma electrons and ions. Under the influence of electromagnetic fields, the particles are
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6 MODELLING OF PARTICLE-SPIN EFFECTS IN PLASMAS

mapped on a grid, defining the charge density ρ(r) and the current J(r) on each grid point.
While performing a simulation, the basic PIC algorithm contains four operations in each time
step (cf. Fig. 6.1).

• Evolution of position and velocity of the macro-particles according to the Newton-Lorentz
equation.

• Deposition of the current and/or the charge densities onto the simulation grid by interpo-
lation from the particle distributions.

• Evolution of Maxwell’s wave equations on the grid.

• Interpolation of the fields from the grid onto the particle positions according to the Lorentz
equation as preparation for the next particle push.

Between these core operations, additional “add-on” operations are inserted to include additional
physics such as absorption/emission of particles or numerical effects like smoothing/filtering of
the charge/current densities [141].

Within the problems investigated in this thesis, collective electromagnetic phenomena are
dominant. The considered densities are too low for quantum effects to be relevant. Therefore,
the germane physical laws are the dimensional Maxwell equations [142]

∂E
∂t

= c∇ × B − 4πJ , (6.1)

∂B
∂t

= −c∇ × E , (6.2)

∇ · E = 4πρ , (6.3)

∇ · B = 0 , (6.4)

where cgs units are used and c is the speed of light in vacuum.

Particle push The position x and momentum p of the simulated particles are given by the
non-relativistic Newton’s equations of motion

∂

∂t
xn =

pn

mj

√
1 + p2

n
m2c2

, (6.5)

∂

∂t
pn =

qj

mj

(
E + vn × B

)
, (6.6)

where m and q are the varying mass and the charge of a macro-particle n belonging to species
j, while E is the given electric and B the magnetic field at position x. Since in a typical PIC
simulation 108 - 109 particles are substituted by one single macro-particle (several 10 millions in
the 3D simulations performed within this thesis), the integration of their corresponding equation
of motion will take a significant amount of the total Central Processing Unit (CPU) time.
Moreover, the total memory consumption is occupied to a large extent by such high numbers of
simulated particles.

One commonly used algorithm for advancing the particles in time and numerically integrate
Eqs. 6.5 and 6.6 is the so-called Boris scheme given as [143]
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6.1 PARTICLE-IN-CELL ALGORITHMS

p1 − p0
τ

= e

(
E +

1
c

p1 + p0
2γ1/2

× B
)

, (6.7)

with the initial and final particle momenta p0 and p1 and γ1/2 the γ-factor taken at the middle
of the time step τ .

Since the Boris mover is a leapfrog algorithm, both, position and momentum, of the simulated
particles are computed each discrete time step

(
m − 1/2

)
Δt but shifted with respect to the time

of the position mΔt, assuming
(
xm

n , pm−1/2
n

)
are the phase-space coordinates at time mΔt. This

scheme is depicted in Fig. 6.2 and works as follows:

1. Linear interpolation of Em and Bm onto the particle’s center of mass.

2. Pushing pm−1/2
n → pm+1/2

n by using the interpolated fields Em
int and Bm

int.

simulation time
0 t1/2 t1 t3/2 t2 t5/2

x0 x1 x2v1/2 v3/2 v5/2

velocity velocityposition position

Figure 6.2: Principle of the leapfrog algorithm.

Since the second step is not trivial, this process is further subdivided again taking advantage
of the splitting o the electric Lorentz force:

1. p−
n = pm−1/2

n + Δt
2

qj
mj

Em
int .

2. p−
n → p+

n .

3. pm+1/2
n = p+

n + Δt
2

qj
mj

Em
int .

However, the non-symmetric integration needed to solve this intermediate push causes un-
physical numerical heating. In order to overcome this unwanted side-effect the so-called Boris
method is applied, which basically computes a rotation induced by the vn × Bm

int term [144].
Thus, the momentum push for a particle n is given by:

1. Linear interpolation of Em and Bm onto the particle’s center of mass,

2. p−
n = pm−1/2

n + Δt
2

qj
mj

Em
int and v− := p−

n
mj

,

3. v′ := v− + v− × t with t := qBm
int

m
Δt
2 , t ∈R3 ,

4. v+ = v− + v′ × 2t
1+t2 and pm+1/2

n := mjv+ ,

5. pm+1/2
n = p+

n + Δt
2

qj
mj

Em
int ,

where v− is the initial and v+ is the rotated velocity and this schema is also valid for the
relativistic case. Still making use of the leapfrog approach, from the new particle momenta
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6 MODELLING OF PARTICLE-SPIN EFFECTS IN PLASMAS

(
pm+1/2

n
)N

m = 1
the pushed particle positions xm+1

n can be derived

xm+1
n = xm

n + Δt
pm+1/2

n√
1 +

(
pm+1/2

n
)2

. (6.8)

Finally, taking into account the changed position of the macro-particle, the related new
charge density ρm+1

i,j,k can be calculated [143, 145, 146].

(
i, j, k

)

(
i + 1, j + 1, k + 1

)

x

y

z

y

Ex

Ey

Ez

Bx

By

Bz

Figure 6.3: Arrangement of the E and B field components in the unit cell of the 3D Yee-
scheme.

In order to calculate the mentioned particles’ properties, often a so-called staggered or Yee
lattice is used [147]. It is a mapping of Maxwell’s equations in Cartesian coordinates to discrete
space, resulting in a regular, orthogonal and three-dimensional grid. The components of the
electric field are calculated at the edge centers, while those of the magnetic field at the surface
centers of the unit cell. To quantify this, the following two assumptions are made as illustrated
in Fig. 6.3:

• Electric field vectors are parallel to and constant along the edges of the lattice.

• Magnetic field vectors are normal to and constant on each side of the grid.

This arrangement ensures that the rotation formation occurring in the Maxwell’s equations can
be approximated by calculating central differences. In addition to this spatial nesting of the two
fields, such a nesting is also performed with respect to time, since the time derivative of one
field depends on the rotation of the other field and is again approximated as a central difference.
The electric field strengths are therefore always calculated at the times mΔt , the magnetic field
components at the times

(
m + 1/2

)
Δt.

52



6.1 PARTICLE-IN-CELL ALGORITHMS

Weighting One of the key features of a PIC algorithm is to control the smoothness of the
solution. This is done by the weighting function, which links the assumed composition of the
particle cloud to the formed macro-particle. Here, the numerical particles mark the distribution
function f(x, p) given by a set of Finite Phase-Fluid Elements (FPFEs) such that the plasma
is represented by macro-particles statistically populating the phase space with a finite number
of elements

fj
(
x, p

)
=

Nj∑
n=1

W ph
n Sph(x − xn, p − pn

)
. (6.9)

Nj represents the number of numerical particles of the species j, W ph
n is the weighting coefficient

of the n-th FPFE, Sph the shape function of a macro-particle and
(
xn, pn

)
specifies the position

of the center of the n-th FPFE.

For the commonly used cloud-in-cell, Sph is set to

Sph(x, p
)

:= δ
(
p
){1 , |xα| < Δxα

2 , |pα| < Δpα

2 for α = x, y, z ,

0 , otherwise ,
(6.10)

where Δxα is the size of a FPFE along the j-axis, while Δpα is the size of a FPFE along
the pα-axis in the momentum space. Within the PIC algorithm the weighting is performed
twice (cf. Fig. 6.1). First, for interpolation of the electromagnetic fields to the position of the
macro-particle. Second, having updated the current, the new properties are transferred onto the
discrete grid [143].

Field solver The electric and magnetic fields involved are self-consistently described in the
field solver as a feature of full electromagnetic PIC codes. One way of calculating both quanti-
ties is the so-called Finite Difference Time Domain (FDTD) method. Here, partial differential
equations are transferred into algebraic equations since the derivatives are approximated as dif-
ferences between contiguous points of the Yee grid. Using the leapfrog algorithm again, for
Maxwell’s equation (cf. Eq. 6.2) one obtains for the magnetic field

Bn+1/2 = Bn − 1
2

Δt∇̃ × En . (6.11)

Likewise, the electric field is determined by (cf. Eq. 6.1)

En+1 = En + Δt∇̃ × Bn+1/2 − ΔtJn+1/2 . (6.12)

By interpolating the electric and magnetic field onto the macro-particles’ center of mass and,
thus, updating pn (cf. Eq. 6.6), the numerical particle is pushed to a new position while inducing
a current density given by

Jn =
∫

Γx

qjW
ph
n Sph(x − xn(t) − p − pn(t)) , (6.13)

where Γx denotes the spacial part of the vector space. This so-called Maxwell solver is one of
the most widely used FDTD electromagnetic field solvers and also used as a field solver in the
PIC code VLPL [143].
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6 MODELLING OF PARTICLE-SPIN EFFECTS IN PLASMAS

6.2 Implementation of particle spins into the VLPL code

Particle-spin effects have been implemented as an additional feature into the 3D PIC simula-
tion code VLPL in a joint collaboration between HHUD and FZJ. Being able to simulate the
acceleration process for our dynamically polarized gas target and to study the (de-)polarization
effects of the involved particles, the VLPL code includes radiation reaction effects as well as the
spin dynamics characterized by the T-BMT equation (cf. Eq. 4.26). From a technical point of
view, this is realized by calculating not only the position and velocity during the particle push,
but also the spin of each macro-particle during each time step Δt as can be seen in Fig. 6.1. As
the particle trajectories are not affected by the spin effects, this implementation is quite straight
forward. The three dimensional spin vector is additionally stored in the generated Hierarchical
Data Format (HDF) particles file. An example is given in Fig. 6.4. Information about the
involved fields are accordingly saved in a HDF5 fields file.

After having implemented the spin properties into the PIC code, test simulations have been
carried out for code commissioning. The spin motion of a single PIC particle, representing an
electron, with initial spin s0 = ey + ez pointing into y-/z-direction, e.g., under a 45◦ angle, in a
homogeneous magnetic field showing into z-direction, B = B0ez and B0 = mcω/e with ω being
the angular frequency, is simulated. Additionally, the following three conditions are defined as:

1. energy conservation −→ γ → γ0 .

2. no electric field −→
(
ae + 1

1+γ0

)
v
c × E = 0 .

3. movement perpendicular to magnetic field −→ aeγ0
γ0+1

(
v
c · B

)
v
c = 0 .

This results in a reduction of the T-BMT equation (cf. Eq. 4.26) to

ds
dt

=
(

ae +
1
γ0

)
s × B , (6.14)

where ae is the anomalous magnetic moment of the electron, γ0 is the initial Lorentz factor
and the spin s =

(〈sx〉, 〈sy〉, 〈sz〉
)

is given in the semi-classical limit. An excerpt from the cor-
responding HDF5 particles file is shown in Fig. 6.4. As expected, the simulation contains only
one macro-particle and the spin is initially set in y-/z-direction.

Plotting the positions x, y, and z of the macro-particle at the different time steps in Fig. 6.5,
it is confirmed that the particle moves according to the Lorentz equation on an orbit with
radius r

r =
p0

2π

⎛⎜⎜⎝
sin
(2πt

γ0

)
1 − cos

(2πt
γ0

)
0

⎞⎟⎟⎠ . (6.15)

Figure 6.4: Example of a HDF5 particles file of particle 0 containing information about the
position, momentum, spin, particle’s weight and charge.
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Figure 6.5: Test particle simulation of one macro-particle with Landé factor g = − 2, i.e., equal
Larmor and spin precession frequencies, initially polarized in y-/z-direction. The particle moves
according to the Lorentz equation on an orbit with radius r. The spin motion, indicated by the
orange arrows, corresponds to the prediction by the T-BMT equation.

The particle momentum p is given by

p = p0

⎛⎜⎜⎝
cos

(2πt
γ0

)
sin
(2πt

γ0

)
0

⎞⎟⎟⎠ , (6.16)

where p0 is initial particle momentum.

As expected, the spin motion, represented by the orange arrows, is according to the T-BMT
equation (cf. Fig. 6.5) and the spin s reads as follows

s =

⎛⎜⎜⎝
sin
(
2πωst

)
cos

(
2πωst

)
1

⎞⎟⎟⎠ , (6.17)

where ωs = ae + 1/γ0 represents the Larmor frequency.
This test simulation shows that by implementing the spin dynamics according to the T-BMT

equation the spin motion in laser-plasma simulations is correctly described with the VLPL code.
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6 MODELLING OF PARTICLE-SPIN EFFECTS IN PLASMAS

However, when interpreting the results, it is important to note that the continuous spin vector
of a macro-particle represents the polarization of the particles it substitutes or the temporal
mean value of a single particle depending on the particle’s weight. When simulating more than
just one PIC particle, the sum of spin vectors of the different macro-particles within a certain
volume (polarization cell) corresponds to the local polarization of the ensemble.
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7 Simulation of Polarized Proton Beams from Laser-Plasma
Accelerators

This section focuses on simulation results on polarized laser-plasma induced proton acceleration,
which serve as essential preparation for the experiments at SULF. All presented simulations
aim at the investigation of the polarization characteristics and possible depolarization effects
as well as acceleration mechanisms in the respective simulation geometry and are performed
in 3D. Since such extensive simulation series cannot be carried out on conventional desktop
PCs, the computing power of supercomputers is required. For the simulations mostly the Jülich
supercomputers are used, which are introduced first (cf. Sec. 7.1) and on which a computing time
of several million core-h was granted for this project. In the following, an outline of the general
structure of a simulation file in VLPL including input parameters is provided (cf. Sec. 7.2). An
overview over all simulations performed within this thesis is given in Tab. 2.

Table 2: Overview over all simulations performed within this thesis.

simul. particle target laser computer code leading group Sec. Ref.

proton pol. foil ARCTURUS JURECA VLPL FZJ/HHUD 7.3 [26, 27]
proton pol. H/T & HCl gas a0 = 200 JURECA VLPL FZJ/HHUD 7.4 [28]
proton pol. HCl gas a0 = 25, 50, 75, 100 China EPOCH Wuhan Univ. 7.5 [32]
proton pol. HCl gas SULF JURECA VLPL FZJ/HHUD 7.6 in prep.
proton pol. HCl gas a0 = 316/

√
2 JUWELS VLPL HHUD 7.6 [148]

proton pol. H/T gas a0 = 25 JURECA EPOCH FZJ 7.4 [149]

electron pol. HCl gas vortex LG, a0 = 2 China VLPL SIOM 10.2.2 [120]
electron pol. HCl gas PWFA China VLPL SIOM 10.2.2 [150]
electron pol. HCl gas a0 = 2.5 China VLPL SIOM 10.2.2 [151]

7.1 The Jülich supercomputers

The Jülich Supercomputing Centre (JSC) at FZJ has been operating the first German super-
computing center since 1987 and continues the long tradition of scientific computing in Jülich.
It provides researchers in Germany and Europe with computing time of the highest performance
level via an independent peer review process. Currently, with the JURECA and the JUWELS
systems it operates two of the most powerful computers in Europe [152].

In the framework of this thesis, laser-plasma simulations mainly were performed on JURECA,
a petaflop-scale modular supercomputer, which consists of two separate, but tightly integrated,
compute modules, the Cluster and the Booster module. Being on rank 65 of today’s most
powerful computer systems, the JURECA Cluster module is equipped with 1872 compute nodes,
of which 1733 are T-Platform V-Class V210S compute nodes and 75 are GPU-accelerated V210F
blades housed in a V5050 enclosure. In addition, 64 Supermicro F618R2-RT+ twin blade servers
(512 GiB storage nodes) and 12 Supermicro 1028GR-TR visualization nodes are accessible.
Apart from that, the JURECA Booster module comprises 1640 compute nodes of type Dell
PowerEdge C6320P.

Once, computing time on the supercomputers has been granted to both modules, one can
connect via the same Secure Shell Protocol (SSH) connection. As needed for our simulation
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7 SIMULATION OF LASER-ACCELERATED POLARIZED PROTON BEAMS

tool, both, the Intel and ParTec ParaStation Message Passing Interface (MPI) implementations,
are supported. In order to start a job on the JURECA system, users have to submit a batch
application (usually bash scripts) in the scratch directory. Multiple srun calls can be placed in
a single batch script such as information about the nodes, ntasks, ntasks-per-node and wallclock
time or special modules like Intel, ParaStationMPI and HDF5 to be loaded. For the majority
of our simulations 32 nodes with 48 ntasks-per-node resulting in 1536 ntasks were used. Due
to its architecture, the Cluster module runs about four times faster for our VLPL simulations
compared to the Booster module [152].

7.2 Structure of a simulation file in VLPL and input parameters

As earlier discussed in Sec. 4.5, both a strong laser pulse with an intensity in the range of
1023 Wcm−2 and an extended gas instead of a thin foil target are needed to successfully perform
laser-plasma based polarized proton acceleration. These requirements are realized step by step
in the following simulations up to an experimentally feasible geometry. In most simulations, the
VLPL code is used, while one simulation is carried out with the EPOCH code [119] (cf. Tab. 2).

For the VLPL simulations, first all input parameters are defined in the so-called “v.ini”
file in a namelist format. Each namelist begins with the symbol “&” followed by the namelist
name and ends with a slash. The most important namelists, from a physical point of view,
for the simulations are the &Domain, the &PulseN, the &Electrons, the &SpecieN and the
&Boundary namelists. The &Domain namelist contains general information about the simulation
domain. In the &PulseN namelist the laser pulse is characterized by, among other things, the
dimensionless laser amplitude a0, the pulse length and its width. With the &Electrons and
the &SpecieN namelists the electron distribution and particle species are defined, exemplary
by density measured in critical densities, the plasma profile or the number of particles per cell
for each species. The parameters Sx, Sy and Sz determine the initial polarization of the PIC
particles for the corresponding particle type in all three dimensions. For example, in the last
simulation series (cf. Sec. 7.6) the polarization for hydrogen in &Specie1 is specified to be Py = 1,
thus, 100 % polarization in y-direction. In the &Boundary namelists the boundary conditions
for the lower and upper boundaries in all three dimensions are individually determined. In
addition, input parameters for the computational realization are necessary, e.g., the controls for
the parallel partition in the &MPP partition namelist, or general controls like saving times or
stop time in the &Controls namelist. A complete “v.ini” file with all parameters for simulation
set 3 from Sec. 7.6 can be found in App. B.

7.3 Simulation of the ARCTURUS experiment with a polarized foil target

As a starting point, 3D simulations with the PIC code VLPL have been carried out for the
experiment at the ARCTURUS laser facility presented in Sec. 4.5 [34] but including spin track-
ing. While for the experiment an unpolarized foil target was available, in the simulation a
proton layer with 100 % initial polarization (Pz = + 1) is assumed for benchmarking purposes.
The simulations were performed for a focused laser pulse of Gaussian shape with wavelength
λL = 800 nm, a normalized laser amplitude a0 = 12, a pulse duration of 25 fs and a 1/exp(2) focal
spot size of 5 μm. The results shown below were published in the two papers by Anna Hützen
et al. [26] and Markus Büscher, Anna Hützen et al. [27].
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7.3 SIMULATION OF THE ARCTURUS EXPERIMENT

(a) Aluminum foil target (2.5 μm, 35 ncr) covered with a fully polarized proton layer (0.5 μm,
117 ncr) at simulation time 32.5 fs. ne represents the electron density, Bz the magnetic field
and Pz the polarization, both in z-direction [26].

(b) Same as a) at simulation time 130 fs. The proton polarization is preserved both within
the interaction process and within the acceleration process [26].

Figure 7.1: First simulation showing the conservation of proton polarization after interaction
with a laser pulse (λL = 800 nm, normalized laser amplitude a0 = 12, 25 fs duration, 5 μm focal
spot size) impinging from the left side of the simulation box from 3D VLPL simulations. At the
beginning, the laser pulse is centered at ξ = 8 μm [26].
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In Fig. 7.1 the laser, which is centered around y = 0 μm, impinges on an Aluminum foil target
covered with a proton layer fully polarized in the z-component. A grid cell size hx = 0.025 μm
and hy = hz = 0.05 μm is used. For such kind of foils an acceleration according to the TNSA
mechanism (cf. Sec. 3.2.1) is expected. The upper picture, taken at a simulation time of 32.5 fs,
shows the laser pulse interacting with the foil target. On its left surface, the fields are particularly
high. Electrons are, due to their lighter mass, partially separated from the ions by the presence
of the laser field resulting in a very strong electric field between the moving electron cloud and
the ion layer at the rear side of the target. The lower picture (Fig. 7.1b) is for an interaction
time of 130 fs when the reflected laser pulse has already left the simulation box. The electron
density in the target, given in units of the critical density ncr, has increased significantly, where
the interaction with the laser pulse has taken place, which is due to a compression of the foil
by the laser. At the rear surface electrons leave the target and the fully polarized protons,
being accelerated by the quasi-static electric field, follow this electron layer. Because of the
extremely high generated field strengths the polarized protons are accelerated to energies of a
few MeV over sub-mm distances. This fact corresponds to an acceleration of the protons due
to the TNSA mechanism (cf. Sec. 3.2.1). As can be seen in the figure, the initial polarization
of the protons in the z-direction is maintained to a large extent also during the acceleration
process. Following Eq. 4.4, for the analysis for Pz, the polarization vector P is given by the
weighted sum of all spin vectors si, where i represents direction of the polarization, i.e., z.
The polarization is most strongly conserved at the upper and lower edge of the target, since
barely any protons are accelerated here. In contrast, in the region around the y = 0 μm axis
the polarization is maintained to a smaller degree. Here, due to the interaction with the laser
pulse, the strongest interaction and acceleration occurs. Furthermore, the fields that interact in
the target are comparatively static and a proton polarization preservation for at least 0.18 ps is
expected from the simulations [26].

In the next step it must be investigated whether the time, in which the direction of the spin
is maintained, is longer than the simulation time tsim. Since the spin precession vector Ω always
has a component perpendicular to the spin vector s, the single spins in a polarized particle
ensemble precess with the angular frequency ωs = |Ω × S| < |Ω|. For protons with an energy in
the range of a few GeV, γ ≈ 1 and 1� v/c, it follows that

ωs <
e

mpc

√√√√(ap + 1)2 B2 +
(

ap

2

)2
B2 +

(
ap +

1
2

)2
E2

=
e

mpc

√
5
4

a2
pB2 + 2apB2 + B2 + a2

pE2 + apE +
1
4

E2 .

(7.1)

Under the assumption |B| ≈ |E| ≈ F , where F is the field strength, this simplifies to

ωs <
e

mpc
F

√
9
4

a2
p + 3 ap +

5
4

. (7.2)

Thus, for protons with anomalous magnetic moment ap = 1.8, a conservation of the polarization
is expected for times

t � 2π

ωs
≈ 2π

3.7 e
mpcF

. (7.3)
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For typical field strengths in the above presented simulations of F = 5.11 ·1012 V/m = 17.0 ·103 T
the conservation of the spin directions is estimated for times t < 1 ps. This time is sufficiently
long taking into account that the simulation time is tsim = 0.18 ps � 1 ps. Consequently, the
polarization is maintained during the entire simulation and, thus, also during the acceleration
process [26].

Figure 7.2: 3D VLPL simulation with the same parameters as depicted in Fig. 7.1 at simulation
time 130 fs. Instead of the polarization Pz (cf. Fig. 7.1b), the spin rotation angle Θ relative to
the initial value σ = (0, 0, 1) is visualized here [27].

To gain a more complete understanding of the behavior of the spin during the acceleration
process, also the spin rotation angles Θ have been calculated. This provides an understanding
of possible changes of the polarization in the x- and y-direction. The spin rotation angle relative
to the initial value σ = (0, 0, 1) is depicted in Fig. 7.2. Θ is calculated as

Θ = arccos
(

pini · pend
|pini| · |pend|

)
, (7.4)

where pini = σ is the initial polarization and pend is the polarization vector at the end of the
simulation. As can be seen in the figure, there is a maximum rotation of the spin rotation angle
of 15◦ for most PIC particles. In agreement with the analysis of Fig. 7.1b, the largest angles
are observed in the area around y = 0, where also the strongest acceleration is observed. It is
evident the angles at the rear side of the target are comparatively large since the largest B-fields
occur here. Thus, there is no strong spin precession and no significant depolarization seen in
the simulation. Further depolarization effects in the ballistic phase between target and detector
are not investigated since it is assumed that the electromagnetic fields are negligible small there
and, thus, no spin rotation according to the T-BMT equation is to be expected [26, 27].
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7 SIMULATION OF LASER-ACCELERATED POLARIZED PROTON BEAMS

The conservation of the polarization is the most important result of this simulation. Overall,
the conservation of polarization during the acceleration process is demonstrated for the first
time in a PIC simulation for laser-induced particle acceleration. This simulation series thus not
only is the basis for further studies regarding target material, laser parameters and acceleration
mechanisms, but also makes the starting point for the further planning of our experiment on
the laser-based acceleration of spin-polarized protons (cf. Sec. 8).

7.4 Comparison with gas-target simulations from literature

After demonstrating for the first time the conservation of polarization for a pre-polarized foil
target with PIC simulations, a set of simulations for more realistic target parameters is has been
prepared in the following. As explained in Sec. 8.1, pre-polarized foil targets are not available
yet and their realization is extremely challenging, whereas gas targets are. In a paper by Shen
et al. [72] 3D PIC simulations show the trapping and acceleration of unpolarized protons in an
electron bubble-channel structure, for which both, a high-intensity laser pulse and a gas target
with atoms possessing a large A/Z ratio, are required (cf. Sec. 3.2.2).

Since such target properties are remarkably similar to those of our polarized gas target, the
work by Shen et al. serves as inspiration for the following simulations, where a similar setup
including the spin dynamics of pre-polarized protons is used. The first simulation set follows
Ref. [72] by choosing a hydrogen-tritium plasma with a hydrogen density of nH = 1·1020 cm−3

and a tritium density of nT = 1.4·1021 cm−3. In the second series a hydrogen-chloride gas with a
hydrogen density of nH = 8.5·1019 cm−3 and an equal chloride density is assumed. The additional
simulations for HCl are already performed to get a first appraisal for the final experiments at
the 10 PW laser system at SULF, aiming the observation of a polarized particle beam. In both
simulations the electron density of ne = 1.5·1021 cm−3 is near-critical. The plasma distribution
is rectangular with sharp edges at the front (80 μm) and the rear (800 μm). Initially all protons
are spin-aligned in y-direction (Py = + 1) at the beginning of the simulation to study whether
the proton polarization is conserved. The evolution of particle spins is simulated based on
the T-BMT equation as described in Sec. 6.2. In both simulations, the laser pulse is circularly
polarized, has a wavelength of 800 nm, a normalized laser amplitude of a0 = 200, a length of
10 μm and a 1/exp(2) focal spot size of 16 μm. It enters the simulation box from the left in the
ξ = x-ct-direction and propagated in a co-moving frame of size 80 μm · 80 μm · 80 μm. There are
2500 · 100 · 100 cells in the simulation volume and two PIC particles per species per cell. The
results of these two simulation series were published in the paper by Anna Hützen et al. [28], on
which the subsequent analysis is also based on.

In the following four figures the proton densities (Fig. 7.3), the px-ξ phase space for the
x-component of the kinetic momentum p (Fig. 7.4), the energy spectra (Fig. 7.5) and the polar-
ization distributions (Fig. 7.6) are presented at three different times t1 = 800 fs (first column),
t2 = 1600 fs (second column) and t3 = 2000 fs (third column), comparing hydrogen-tritium (first
line) and hydrogen-chloride plasma (second line) in each figure. These times correspond to the
propagation distances of 240 μm, 480 μm and 600 μm of the moving frame.

Figure 7.3 depicts the proton densities for H/T and HCl plasma in the described simulation
window in units of the critical densities. At time t1 in Figs. 7.3a and 7.3d a channel with a
diameter larger than 40 μm shortly after its formation is identified. The laser peak amplitude is
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Figure 7.3: Proton densities for a H/T (upper plots) and a HCl (lower) plasma at the time
t1 = 800 fs (Figs. 7.3a, 7.3d), t2 = 1600 fs (Figs. 7.3b, 7.3e) and t3 = 2000 fs (Figs. 7.3c, 7.3f) from
3D VLPL simulations [28].

located at ξ = 57.5 μm in both simulations. After a stabilization phase, the channel structures
in Figs. 7.3b and 7.3e look very similar at time t2. An additional accumulation of protons,
especially in the H/T case, can be observed at the front right end of the bubble structure. Since
the simulation window moves with c and, thus, faster than the channel, the laser peak amplitude
shifts slightly to the left of the simulation box: it is situated at ξ = 50.5 μm in the H/T and at
ξ = 50 μm in the HCl simulation. The slightly larger proton density and the vanishing channel
structure at time t3 in Figs. 7.3c and 7.3f indicate that the laser has started to deplete in both
plasmas. Both, the channel structure and the peak amplitude, continue to shift to the left end
of the box: the peak amplitude is located at ξ = 49.5 μm in the H/T and at ξ = 48 μm in the
HCl case. At this advanced time the hydrogen density in the front of the channel structure in
H/T plasma is visibly further enhanced, particularly around the y = 0 μm axis, compared to the
HCl simulation case.

The px-ξ phase spaces for the x-component of the momentum p at time t1 in Figs. 7.4a for
H/T and 7.4d for HCl look almost identical with a maximum of 2.5 GeV/c at ξ = 50 μm. A
comparison to the proton densities in Figs. 7.3a and 7.3d portends that the dense (yellow) spots
at the channel edges are rather cold (E ≤ 1 GeV) protons, which are not further accelerated.
At time t2 in Figs. 7.4b and 7.4e the phase-space distributions are very similar in shape and
height for both cases. However, in the HCl simulation a slightly higher proton density around
6 GeV/c is visible. An increased peak level of more than 10 GeV/c in both diagrams corresponds
to a mean acceleration force in the range of 30 TeV/m. A comparison of the positions of those
protons with large momentum with the density plots (cf. Figs. 7.3b and 7.3e) emphasises that
this field strength is reached in front of the channel. The phase-space plots at time t3 for H/T
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Figure 7.4: The px-ξ phase-spaces for a H/T (upper plots) and a HCl (lower) plasma at the
time t1 = 800 fs (Figs. 7.4a, 7.4d), t2 = 1600 fs (Figs. 7.4b, 7.4e) and t3 = 2000 fs (Figs. 7.4c, 7.4f)
from 3D VLPL simulations [28].

and for HCl show similar characteristics. Shortly before the laser depletes, the highest momenta
are reached in both simulations. At this time the maximum momentum in Figs. 7.4c and 7.4f
is about 14 GeV/c. Certainly, only a small fraction of protons gain a momentum higher than
10 GeV/c. Although the phase-space density between 2.5 GeV/c and 10 GeV/c is much larger
than at the previous times, most protons still have momenta smaller than 2.5 GeV/c. The
maximal momentum for HCl is a bit higher, nevertheless the corresponding protons with large
momentum are represented by single PIC particles only. This artifact can be explained by the
strongly limited number of particles per cell. However, each series of simulations with a volume
of over 110.000 core-h is already very complex and can only be handled by supercomputers
(cf. Sec.7.1).

Figure 7.5 presents the energy histograms at the three different time steps for a H/T and a
HCl plasma, while in Fig. 7.6 the corresponding polarization distributions are depicted. Equiv-
alent to the analysis of the density and the phase-space plots, only minor differences are observ-
able in the energy histograms and the polarization distributions at t1 in Figs. 7.5a and 7.6a. In
Fig. 7.5b dN/dE linearly decreases for the H/T plasma, whereas the HCl histogram features a
higher particle number at lower (E ≈ 1 GeV) and higher (E > 5 GeV) energies (Fig. 7.5e). The
single bars both, in the H/T and the HCl polarization spectrum in Figs. 7.6b and 7.6e, result
from the same artefact as in the phase-space plots and indicate that only single PIC parti-
cles carry the highest energies. For lower energies around 5 GeV the polarization distribution
for H/T indicates that at least 50 % of the initial polarization is preserved. In contrast, the
distribution in Fig. 7.6e demonstrates that protons at even higher energies do not lose more
than 30 % of their initial polarization when being accelerated in a HCl plasma. This should
be interpreted with caution due to the poor statistics. In the energy histograms at time t3 in
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Figure 7.5: Energy histograms for a H/T (upper plots) and a HCl (lower) plasma at the time
t1 = 800 fs (Figs. 7.5a, 7.5d), t2 = 1600 fs (Figs. 7.5b, 7.5e) and t3 = 2000 fs (Figs. 7.5c, 7.5f) from
3D VLPL simulations [28].
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Figure 7.6: Polarization distributions for a H/T (upper plots) and a HCl (lower) plasma at
the time t1 = 800 fs (Figs. 7.6a, 7.6d), t2 = 1600 fs (Figs. 7.6b, 7.6e) and t3 = 2000 fs (Figs. 7.6c,
7.6f) from 3D VLPL simulations [28].
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Figs. 7.5c and 7.5f the distribution decreases equally fast between 0 GeV and 2 GeV. Then, in
the range between 2 GeV and 5 GeV, the spectra show minor differences as for H/T the drop
is still linearly but with a smaller gradient, while in the histogram for HCl a significantly shal-
lower slope appears. In both cases, dN/dE is nearly constant between 5 GeV and 8 GeV. For
higher energies (E > 8 GeV) there are only a few PIC particles present, as already mentioned.
The maximum energy is slightly higher for HCl, which is in accordance with the observations
for the corresponding phase-space plots. Additionally, there are small amplitude fluctuations
around dP/dE = 0.5 for energies up to 6 GeV in the H/T polarization distribution (Fig. 7.6c).
In comparison, the HCl distribution in the same energy range is less stable and drops to much
smaller values (Fig. 7.6f). Both spectra characterize strong noise in the high-energy level well
above 6 GeV.

The simulation for H/T is in good agreement with the results from Ref. [72], which is to be
expected since the input parameters are very similar and this gives confidence in the robustness
of our VLPL code. The analysis of the two simulation sets indicates that polarized HCl gas
seems to be the better target choice compared to a H/T gas because slightly higher energies and
momenta are observable. These are very satisfying results, since in the framework of this thesis
a gas target based on HCl is built. A more detailed discussion of the effect on the acceleration of
polarized protons with an ultra-intense laser in near-critical density H/T plasma can be found
in our publication by Xiaofeng Li, Paul Gibbon, Anna Hützen et al. [149].

To investigate the polarization of protons with higher energies in detail, a larger number
of PIC particles per cell is required. In order to simulate the experimental conditions as they
will be given at SULF, the focus is directed towards two aspects: first, more realistic laser
parameters, especially a smaller normalized laser amplitude a0, so that a maximum power of
10 PW is considered. Secondly, a more realistic gas profile at best based on a profile of a gas
jet that has already been measured experimentally. In the following, simulations are presented,
which address these two improvements.

7.5 Acceleration mechanisms at moderate laser power

Starting from the results of the two simulation series outlined in Secs. 7.3 and 7.4, a 3D simulation
for a HCl gas-jet target at moderate laser powers a0 ≥ 25 has been carried out. The subsequent
discussion of these simulations can be found in our publication by Luling Jin, . . . , Anna Hützen
et al. [32]. The setup chosen in the simulation is already very similar to the layout of the final
polarized proton-acceleration experiment planned at SULF. Thus, the simulation is intended to
clarify two important questions: first, to what degree is the polarization maintained during the
acceleration with moderate laser power and do the high-energy protons carry the highest degree
of polarization. Second, which mechanisms contribute to the acceleration of the protons at the
highest energies.

For this study, a simulation with a moving box of size 80 μm · 64 μm · 64 μm represented
by a 1000 · 400 · 400 grid at the speed of light c and a total macro-particle number of 8 · 108 is
performed. The laser pulse has a bi-Gaussian envelope with a = exa0 exp[−(t−z/c+z0/c)2/τ2

0 −
r2/ω2

0], with the normalized laser amplitude a0 = 25, focal radius ω0 = 8 μm, temporal duration
τ0 = 10λ/c and wavelength λ = 800 nm. The focal position z0 propagates along the z-axis. To
reach a high acceleration efficiency, the laser pulse is focused to the left boundary of the gas
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Figure 7.7: Density distribution of the HCl gas-jet target for 3D EPOCH simulations on
polarized proton beam generation, adapted from Ref. [32].

target at z0 = z1 = 40 μm. Similar to the simulation from Sec. 7.4, the target is assumed to be a
fully ionized plasma of HCl gas. All protons are initially polarized along the z-axis (Pz = + 1).
Its density profile forms a uniform plateau with steep edges and the length of the target is
l = z2 − z1 = 200λ = 160 μm as sketched in Fig. 7.7. The density gradient at the edge follows
the equation n = n0 exp[−(z − zi)2/δ2

l ]. Here, δl = 5λ = 4 μm refers to the length of the up and
down ramp of the density profile, with i ∈ {1, 2} corresponding to the left and right boundaries
of the target. For the gas jet an electron density of n0 = 0.36nc is simulated, where nc is the
critical plasma density. The proton density is np = n0/(ZH +ZCl) ≈ 3.48 · 1019 cm−3, with charge
numbers of hydrogen ZH = 1 and chlorine ZCl = 17, and, thus, lower than the plasma density.

The acceleration of protons as well as the spin precession takes place within the plasma
channel driven by the intense laser pulse. This plasma channel is created due to the interaction
between the laser itself and the particles resulting in a ponderomotive expulsion of charges on
the laser propagation axis. It is known as a relativistic self-focusing effect in high-power laser-
plasma interactions and occurs if the laser power exceeds the critical value of Pc = 17nc/n0 GW.
Considering a laser pulse with even higher power PL propagating in an underdense plasma,
an additional central electron filament is enclosed in the evacuated channel, when fulfilling the
condition PL = 21.49 a2

0ω2
0/λ2 GW � Pc [153, 154]. Due to the subsequent displacement of the

electrons, both, a radial electric field Er and an azimuthal magnetic field Bφ around the channel
axis, are generated in the plasma channel. The magnetic field Bφ represented by Bx in the zy-
plane at time t = 250 λ/c, where the laser still propagates in the plateau, is shown in Fig. 7.8a.

Moreover, ions are attracted into the filament along the channel axis as an effect of the
space-charge field Er [155]. Due to the small charge-to-mass ratio of the ions, they converge
towards the center on a much longer timescale as compared to the electrons. That is why an
electron filament forms inside the laser fields, while the proton filament appears behind the
laser pulse but in front of the chlorine nuclei filament. Fig. 7.8d depicts the proton density at
t = 290 λ/c. The proton filament can be identified around 240 ≤ z/λ ≤ 260. Due to different

67



7 SIMULATION OF LASER-ACCELERATED POLARIZED PROTON BEAMS

responses of particles, longitudinal and radial space-charge fields are induced within the plasma
channel resulting in an acceleration of protons in forward and transverse directions under the
actions of the electrons in front and the chlorine nuclei behind.
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Figure 7.8: Proton beam generation from a HCl gas-jet target from 3D EPOCH simulations
using a multi petawatt laser: (a) azimuthal magnetic field at t = 250 λ/c, (b) azimuthal magnetic
field, (c) longitudinal electric field, (d) proton density at t = 290 λ/c [32].

After this first-stage acceleration in the plasma channel, a second effect is observed at the rear
end of the gas jet, which enhances the proton energies even more significantly. As the electrons
driven by the laser pulse pass through the plasma down ramp at the rear target boundary,
the azimuthal magnetic field expands into the vacuum under large angles generating a strong
longitudinal field according to Faraday’s law. This scenario is presented in Figs. 7.8b, c for the
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azimuthal magnetic and the longitudinal electric field at t = 290 λ/c. Thus, the focused protons
in the filament near the rear boundary are then accelerated strongly. This secondary acceleration
effect has been explained by the authors as MVA (cf. Sec. 3.2.3).

Figures 7.9a, b show the effects of the proton acceleration in the plasma channel for z < z2

and the spin distribution of energetic protons in density plots at t = 250λ/c, respectively. At
this time, many energetic protons start to converge to the front of the proton filament around
zf = 230λ = 184 μm. The energy of these front protons is less than 10 MeV. Compared to that, the
tail protons are accelerated to energies exceeding the 10 MeV range, but are located far behind
the driving laser with z < zf . As a result of the cylindrical symmetry of the azimuthal magnetic
field in the plasma channel, the transverse spin components, sx and sy spread symmetrically.
Hence, the polarization of the proton ensemble is specified by the longitudinal spin component
P = 〈sz〉. As discussed in Sec. 5, depolarization effects by the direct proton-spin precession
according to the T-BMT equation are dominant in laser-plasma based accelerators [30]. Then,
the spin of the protons in the filament can be approximated as sz ≈ 1 − ∫ τ

0 dt(q/m)(G + 1)Bφ

with the proton mass m, the anomalous magnetic moment of the proton G ≈ 1.79 and the time
duration τ for proton to move towards the axis under the influence of the radial electric field Er.

(a)

6

10

14

E
[M

eV
]

(b)
1

0.8

0.6

s z

160 180 200 220 240

0

1

ρ
zE

z/λ

(c)

10

20

30

40

(d)
1

0.8

0.6

0.4

200 220 240 260

z/λ

0

1

ρ
zs

Figure 7.9: Density plots of energetic protons (with E ≥ 5 MeV) in a HCl plasma from 3D
EPOCH simulations in (a), (c) phase space and (b), (d) space with spin component sz and
z-axis. Panels (a), (b) correspond to density plots at t = 250 λ/c and (c), (d) to t = 290 λ/c,
respectively [32].
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Thus, a significant spin precession in the simulation results can be attributed to the following
three reasons: first, the precession time τ in the magnetic fields is comparatively long due to the
small proton velocity. Second, the anomalous magnetic moment G for the proton is larger than
that of the electron. Third, the spin precession is directly influenced by both, the trajectory
and the field structure, where also the dominant azimuthal magnetic field Bφ ∼ 8mω/q in the
plasma channel has a strong effect.

For the many but low-energy front protons, which are focused to the axis, the longitudinal
spin component around z = zf decreases to sz ≈ 80 % as illustrated in Fig. 7.9b. This indicates
that the magnetic field is strong enough to partially depolarize the accelerated beam protons.
In the channel driven by lasers with a0 = 25, mostly more than 80 % of the initial polarization is
maintained. The tail protons carrying the higher energies are further accelerated in the channel
z < zf (cf. Fig. 7.9a). Their momentum is largely conserved as they are radially repulsed after
crossing the laser axis leading to a change of the direction of Bφ. Figure 7.9b shows larger sz of
these tail protons, concluding a realignment towards their initial direction along z.

In the second-stage acceleration, the front protons are accelerated at the rear boundary of
the gas jet to energies exceeding the 40 MeV range (cf. Fig. 7.9c), which is attributed by the au-
thors to MVA. At the same time, the spin vector of these protons precesses roughly at the same
rate (≈ 80 %) compared to those front protons in the plasma channel (cf. Fig. 7.9d). However,
the more energetic tail protons in the channel do not experience this acceleration effect since
the magnetic-vortex-induced electric field becomes too weak. Furthermore, the longitudinal spin
component sz reduces to values below 40 %. Thus, the tail protons neither contribute to the
final accelerated proton beam nor to the beam polarization.
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Figure 7.10: Energy spectra for protons in a HCl plasma with E ≥ 20 MeV from 3D EPOCH
simulations, with a0 = 25, 50, 75, and 100, which are presented with solid-black, solid-red,
dashed-red, and dotted-red curves, respectively [32].
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After the second acceleration phase in the down ramp of the plasma density, the electromag-
netic fields around the laser propagating axis quickly decay and finally become too weak to have
an impact on the protons after t = 330λ/c. After this time, both, the energy and polarization of
the proton beam, stay constant. The energy spectrum of the final accelerated proton beam with
E ≥ 20 MeV is presented as a solid black line in Fig. 7.10. For a comparable, state-of-the-art
laser system with a power of 1.3 PW, the protons are accelerated to tens of MeV with a peak
at 53 MeV, while the polarization of P = 82 % is conserved. For a further investigation of the
maximum energy gain of the accelerated protons and the properties of the polarization, the sim-
ulation series is performed with the same target geometry, but for higher laser powers of a0 = 50,
75, 100. The energy spectra are also plotted in Fig. 7.10. Table 3 gives an additional overview
of the corresponding laser powers PL, the peak proton energies Ep and degree of polarization P

for these a0 values.

Table 3: Characteristics of polarized beams accelerated by PW lasers with different normalized
laser amplitudes a0. PL denotes the laser power, Ep the peak proton energy, and P is the beam
polarization [32].

a0 PL [PW] Ep [MeV] P [%]
25 1.34 53 82
50 5.37 105 65
75 12.1 133 57
100 21.5 152 56

In general it can be stated that the energy of the accelerated protons increases with larger a0

and, thus, also with higher laser power. For reasons already described, the polarization decreases
with increasing laser power and is still 56 % for a laser with a power of 21.5 PW, for example. It
can also be concluded that both, the beam energy as well as the proton depolarization, do not
linearly depend on the laser power. It should be noted that both, Eqs. 3.13 and 3.14, cannot
be applied to this simulation, since here an underdense plasma configuration with a density
gradient is chosen. The simulation series for a0 = 75 and a laser power of 12.1 PW matches the
parameters for the 10 PW system at SULF best. A maximum proton energy of 133 MeV and a
degree of polarization of at least 57 % can be expected [32].

The simulation results presented here for a pre-polarized HCl gas target and moderate laser
powers contribute significantly to the understanding of how protons can be accelerated in such
a geometry. By analyzing the magnetic and electric fields, two acceleration mechanisms can be
distinguished: first, the acceleration in the plasma channel and second, an effect at the rear end
of the gas jet known as MVA mechanism, which mainly boosts the energy of the front protons.
The polarization is largely preserved, which is an important feature for the long-term goal of
building a competitive laser-plasma based accelerator.

In order to simulate even more realistic experimental conditions, the width of the gas target
should be enlarged, so that the gas can be injected into the interaction chamber through a
standard nozzle. Such simulations for a nozzle, for which the formation of the gas jet was
measured using Michelson interferometry, are discussed below.
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7.6 Simulations for the acceleration at SULF

In this section, 3D simulations with experimentally practical parameters are presented as a basis
for the planned experiments at SULF. Already in the simulations from the last Sec. 7.5, the
laser power was adjusted to 10 PW systems, of which several worldwide are currently in the
commissioning phase and are expected to be available for external users soon. The simulations
shown here assume a significantly broader gas-jet target comprising a nozzle that has been
characterized with Michelson interferometry and is available for experiments [156]. Other than
that, the simulation setup is very similar to the simulations already shown for pre-polarized
HCl gas targets including the spin dynamics. Thus, they can serve as a further benchmarking
between VLPL and EPOCH.

In these PIC simulations, a HCl gas with a hydrogen density of nH = 0.0122 ncr = 2.1·1019 cm−3

with the critical density of ncr = 1.74·1021 cm−3 and an equal chloride density is chosen. The
electron density then is ne = 0.22 ncr = 3.8·1020 cm−3. As shown in Fig. 7.11, the plasma profile
has a trapezoidal shape with a total length of 600 μm in agreement with the measured values.
The up and down ramps each stretch over 200 μm. Similarly, the plasma volume with the high-
est density covers a length of 200 μm. To investigate whether an initial proton polarization is
conserved, all protons are spin-aligned in y-direction (Py = + 1) at the beginning of the simula-
tion. The laser pulse is circularly polarized, has a wavelength of 800 nm and a normalized laser
amplitude of a0 = 50, a length of 10 μm and a 1/exp(2) focal spot size of 5.36 μm. This corre-
sponds to a laser power of 4.8 PW. The simulation box is a co-moving frame, which is entered
by the pulse from the left-hand side in the ξ = x-ct-direction. Every cell is initially filled with
two PIC particles of each species.

Accelerating laser

Nozzle

Gas jet

520 μm

T6.5 =̂ 1735 fs

720 μm

T9 =̂ 2402 fs

320 μm

T4 =̂ 1067 fs

920 μm

T11.5 =̂ 2936 fs

Figure 7.11: Sketch of the density distribution of the gas-jet target used for the simulations in
Sec. 7.6. The profile results from the measurement of a standard gas nozzle with the Michelson
interferometry method and, thus, corresponds to an experimentally realizable geometry for laser-
plasma acceleration [156].
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The data analysis revealed that the choice of boundary conditions is of crucial importance
for the results, especially with respect to the maximum energy that the particles can gain
during the acceleration process. The boundary conditions must be set at each boundary for
the particles and fields and are applied to the electromagnetic fields after Maxwell’s equations
have been solved (cf. Fig. 6.1). The VLPL code offers two different options for the boundary
conditions: either the particle boundaries can be periodic such that the particles loop around
the box or they are set to be open meaning that particles reaching a boundary are removed from
the simulation box. Either option can be set for any pair of boundaries separately. The same
applies to the field boundary conditions. In the case of an open boundary, the electromagnetic
waves are absorbed; periodic boundary conditions correspond to applying the fields from the
opposite boundary. Both conditions have been used for numerical modelling and show limited
applicability. Therefore, three simulation sets are presented below, which differ in the choice of
boundary conditions and the size of the simulation box, as follows:

• Set 1: All boundaries are open for particles and fields. The simulation box is of size
320 μm · 48 μm · 48 μm and there are 10000 · 60 · 60 cells in the simulation window.

• Set 2: The boundary conditions for fields and particles at the left and right box edges in
the x-dimension are open. In the other two dimensions, the boundaries for the fields are
periodic, while all of them are open for the particles. All other parameters are the same
as in set 1.

• Set 3: All boundary conditions correspond to those in set 2. The simulation box is enlarged
to a size of 320 μm · 80 μm · 80 μm in the y- and z-directions. There are 10000 · 80 · 80 cells
in the simulation window (cf. App. B).

In the following, the simulations of set 3 are analyzed in detail and then compared with
sets 1 and 2. Generally, it can be stated that these simulations have remarkable similarities with
the one presented in Sec. 7.5, especially with respect to the acceleration mechanisms. Figure 7.12
shows the hydrogen density at the simulation times T8 =̂ 2135 fs and T11 =̂ 2936 fs. At T8, i.e.,
the laser has reached the plasma plateau with very high density (cf. Fig. 7.11), the formation
of a plasma channel along the y = 0 axis is clearly seen and has a diameter of about 40 μm.
It is generated due to the interaction between the laser itself and the particles resulting in a
ponderomotive expulsion of charges on the laser propagation axis. A very high proton density
in the range of about 0.02 ncr appears in front of the bubble structure as a central spot around
ξ = 240 μm along the entire laser propagation axis and at the edges of the bubble. In the lower
image of Fig. 7.12 at time T11, i.e., already in the plasma down ramp, the plasma becomes
correspondingly thinner and the bubble structure slowly dissolves. As expected, the high proton
densities are still located at the left front channel edge and on the y = 0 μm axis.

For the electron density in Fig. 7.13 a similar structure can be recognized. The upper plot
depicts the electron filament formed inside the laser fields. In front of the long filament, which
can also be found in the hydrogen density distribution, an additional roundish bubble forms
between ξ =240 μm and ξ =270 μm. The highest electron densities are observed on the central
laser propagation axis and at the bubble edges. At the later simulation time T11 in the plasma
down ramp, the electron density again decreases significantly, and only few particles between
ξ = 0 μm and ξ = 80 μm as well as around ξ = 220 μm are visible.
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Figure 7.12: Hydrogen density in units of the critical density in a HCl plasma from 3D VLPL
simulations at simulation time T8 =̂ 2135 fs (upper) and T11 =̂ 2936 fs (lower).
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Figure 7.13: Electron density in units of the critical density in a HCl plasma from 3D VLPL
simulations at simulation time T8 =̂ 2135 fs (upper) and T11 =̂ 2936 fs (lower).

A central question with respect to the proton acceleration is whether the high-energy protons
are located at the areas of high hydrogen density. In this context, Fig. 7.14 shows the average
energy per pixel for protons in the HCl plasma at the same simulation times as in Figs. 7.12
and 7.13. At the earlier simulation time, a well-defined band of high energetic protons along the
y = 0 μm axis of a few micrometers diameter is identified between ξ = 220 μm and ξ = 260 μm.
From about ξ = 240 μm the band starts to fade out and the energy on the central laser prop-
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7.6 SIMULATIONS FOR THE ACCELERATION AT SULF

agation axis decreases. A comparison with the hydrogen density in the upper plot of Fig. 7.12
shows that the high proton density is located exactly, where the high energies are observed. The
expansion of the bubble at ξ = 240 μm is consistent with the fading out in the energy heat-map.
For the high proton densities at the outer edges of the filament structure, especially between
ξ = 0 μm and ξ = 160 μm in Fig. 7.12, the energy distribution does not indicate high energetic
protons. Thus, the high proton energies are found on the central laser propagation axis. Only
these protons are significantly accelerated and not those at the filament edges. Already here, the
mechanism described in the previous section as first-stage acceleration in the plasma channel
(Sec. 7.5) is recognized. The lower plot of Fig. 7.14 at the later simulation time T11, i.e., almost
at the end of the down ramp, indicates a clear change in the distribution of the high-energy
protons. Instead of the narrow band in y-direction, now a disk structure between ξ = 100 μm
and ξ = 120 μm appears in y-direction between y = ± 40 μm. The position of this disk coincides
exactly with the front edge of the filament in the proton density plot and has a very similar
shape (cf. Fig. 7.12). The highest proton energies are still found around the laser propagation
axis and are about two orders of magnitude higher compared to the average energy per pixel
in the upper plot. This altered structure and the higher energies indicate a second acceleration
mechanism, most likely MVA (cf. Sec. 3.2.3) identified in the previous section at the rear end of
the gas jet, and, thus boosting the proton energies.
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Figure 7.14: Average energy per pixel for protons in a HCl plasma from 3D VLPL simulations
at simulation time T8 =̂ 2135 fs (upper) and T11 =̂ 2936 fs (lower).

To further elucidate the acceleration mechanisms, the magnetic fields in the z-direction
(Fig. 7.15) and the electric fields in the x-direction (Fig. 7.16) are now considered, also at times
T8 =̂ 2135 fs and T11 =̂ 2936 fs. The structures in the upper plots of Figs. 7.15 and 7.16 exactly
correspond to the one in the electron density plot. Both are generated in the plasma channel
due to the displacement of electrons as can be seen in the upper plot of Fig. 7.13. Furthermore,
the protons are attracted into the filament along the channel axis as an effect of the radial space-
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Figure 7.15: Magnetic field in z-direction in a HCl plasma from 3D VLPL simulations at
simulation time T8 =̂ 2135 fs (upper) and T11 =̂ 2936 fs (lower).
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Figure 7.16: Electric field in x-direction in multiples of mcω0/e with the frequency ω0 = 2πc/λ
in a HCl plasma from 3D VLPL simulations at simulation time T8 =̂ 2135 fs (upper) and
T11 =̂ 2936 fs (lower).

charge field. Caused by the comparably small charge-to-mass ratio of the ions, they converge
towards the center on a much longer timescale than the electrons. Thus, the proton filament
appears behind the laser pulse at around ξ = 240 μm in the hydrogen density plot (cf. Fig. 7.12),
while the electron filament forms inside the laser fields between ξ = 240 μm and ξ = 300 μm
as visible in the electron density plot (cf. Fig. 7.13), as well as in the plots for the magnetic
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and electric fields. As a further consequence of the longitudinal and radial space-charge fields
within the plasma channel, an acceleration of higher energetic protons in forward and transverse
directions results (cf. Fig. 7.14).

An investigation of the electric and magnetic fields at the later time T11 confirms the change
of the acceleration mechanism. As the electrons driven by the laser pulse traverse the plasma
down ramp at the rear target boundary starting from T9 (cf. Fig. 7.11), the azimuthal magnetic
field expands into the vacuum under large angles creating a strong longitudinal electric field
according to Faraday’s law. This causes a strong secondary acceleration of protons at the rear
boundary. Since this observation agrees with the results from Sec. 7.5, the mechanism is also
referred to here as MVA. However, due to the decreasing plasma density in the down ramp, the
electromagnetic fields around the laser propagating axis should quickly decay and finally become
too weak to have a further impact on the acceleration of the protons. That effect, though, does
not occur in the simulations; instead, a steadily growing energy is evident. This may result
from the choice of boundary conditions in combination with a possibly too small simulation
box. Thereby, non-physically high electromagnetic fields can develop, which would lead to a too
strong acceleration. An enlargement of the size of the simulation box would result in a significant
increase in simulation time. The simulation time for the presented simulation series, however,
was well over 400000 core-h, which precludes a simulation with different parameters. Instead,
the overestimate in the acceleration energies is analytically investigated in the following.

For this, a closer look is taken at the lower plot of Fig. 7.16 at simulation time T11, i.e.,
in the plasma down ramp. At this point, a kind of coulomb explosion has already occurred at
the edge of the plasma down ramp at T9 (cf. Fig. 7.11), so that the shape of the high-energy
proton bunch changes from a band-like structure to a disk (cf. Fig. 7.14). Due to this explosion,
the electrons are accelerated away from the central propagation axis forming an electron cloud
with high velocity along the y-direction by the strong electromagnetic field of the laser beam.
These electrons then hit the vertical simulation box boundaries. As the Coulomb force acts on
the electric charges a strong electric field is induced. Because of the choice of box boundaries
in y-direction, which are open for particles but periodic for fields in set 2 and set 3, the charges
at the boundaries cannot escape and accumulate as comparable with a plate capacitor in a
non-physical way. Thus, the electron cloud does not propagate in the shape of a half-sphere
at the plasma down ramp at time T9, as would be expected under experimental conditions. It
is rather the case in the PIC simulations that the electron cloud spreads out in the shape of a
compressed half-sphere, i.e., a cylinder, as illustrated in Fig. 7.17.

Due to the unrealistically strong electric field Ex, the proton acceleration in the PIC simula-
tions of sets 2 and 3 is overestimated, resulting in too high proton energies. Other than that, the
proton energies for simulation set 1 are underestimated as a consequence of the open boundaries
for fields and particles. Due to the numerical implementation in the VLPL code, too many PIC
particles are removed from the simulation box and the electromagnetic fields are unphysically
strongly absorbed. Both leads to the assumption that the proton energies for set 1 are too small.

In Fig. 7.18 the energy spectra for all three sets for the simulation times T8 =̂ 2135 fs and
T11 =̂ 2936 fs are provided. The crucial question now is how large the over- or underestimation of
the proton energies due to the expansion of the electron cloud in the cylinder structure scales. In
this context, an analytical estimate is made, for which the volume of the experimentally expected
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IN EXPERIMENT
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Figure 7.17: Expansion of the electron cloud during the transition from the density plateau
to the plasma down ramp at time T9 (cf. Fig. 7.11). Left: Scenario as expected experimentally
as a hemisphere-shaped propagation due to a Coulomb explosion. Right: Observation in the
PIC simulations with open simulation boundaries in y-direction for particles and periodic for
fields in sets 2 and 3 as expansion. The electron forms a narrow cylinder due to the unphysical
accumulation of charges.

expansion of the electron cloud as a half-sphere is related to the expansion as a cylinder structure
observed in the PIC simulations. Hereinafter, this is exemplarily demonstrated for set 3, the
results for the other two sets are only listed in Tab. 4.

First, the radius of the half-sphere rs is determined using the expansion of the overestimated
positive longitudinal electric field Ex at simulation time T11. This amounts to 280 μm − 40 μm =
240 μm, from which the volume of the half-sphere Vs can be calculated. Similarly, the volume
of the cylinder Vc is estimated as an approximation of the expanding electron cloud. It must be
noted that the height of the cylinder hs corresponds to the extension of the electric field Ex, while
its radius rc is limited by half the length of the simulation box in y-direction. The ratio of the two

Table 4: Comparison of the analytically estimated proton energies due to post-acceleration,
which can be expected experimentally, with the under- or overestimated energies from the PIC
simulations for the three simulation sets.

set 1 set 2 set 3

radius half-sphere rs 45 μm 200 μm 240 μm
volume half-sphere Vs 1.9·105 μm3 1.7·107 μm3 2.9·107 μm3

radius cylinder rc 24 μm 24 μm 40 μm
height cylinder hc 45 μm 200 μm 240 μm
volume cylinder Vc 8.1·104 μm3 3.6·105 μm3 1.2·106 μm3

ratio of volumes ΔV = Vs/Vc 2.3 47.2 24.2
energy gain btw. T8 & T11 in simulation ΔEs − 15 MeV 300 MeV 180 MeV
analyt. calc. energy gain btw. T8 & T11 ΔEa 6.5 MeV 6.4 MeV 7.4 MeV
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Figure 7.18: Energy spectra for protons in a HCl plasma from 3D VLPL simulations at two
different times. First row: set 1, second row: set 2, third row: set 3.

volumes ΔV = Vs/Vc can be approximated as the correction factor for the proton energies. For
simulation set 3, a ΔV of 24.2 is determined analytically. From the PIC simulations, an energy
of nearly 100 MeV at simulation time T8 in the plasma plateau and of almost 280 MeV at T11
in the plasma down ramp is obtained from the spectra in Figs. 7.18e and 7.18f. This yields an
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energy gain ΔEs of 180 MeV between these two times. Thus, from the volume factor, the energy
to be expected in the experiment due to the post-acceleration is only about ΔEa = 7.4 MeV.
Consequently, the analytical estimation confirms the assumption that the simulation box size
and the choice of boundary conditions result in an artefact in the proton energies.

Compared to the simulations presented in Sec. 7.5 the influence of post-acceleration by the
MVA mechanism turns out to be significantly smaller. However, this can be explained by the
significantly wider target extent, which is adapted to experimental conditions here, leading to
an earlier absorption of the laser pulse in the target. For simulation set 2, the result is similar,
but more significant. Due to the smaller simulation box in y- und z-direction, the longitudinal
electric field Ex is further compressed and the cylinder structure comparatively expands even
further, so that the volume factor ΔV = 47.2 becomes even larger. The simulated energy gain
of about ΔEs = 300 MeV (cf. Figs. 7.18c and 7.18d) is reduced to only ΔEa = 6.4 MeV by the
analytical estimation. In set 1 even a decrease of the proton energy from about 100 MeV at
T8 to about 85 MeV at T11 (cf. Figs. 7.18a and 7.18b) can be found. The MVA mechanism,
therefore, has no effect here and a post-acceleration at the plasma down ramp does not take
place. This can be attributed to the choice of open boundaries for fields and particles in all
three spatial directions, since otherwise all parameters are identical to set 2. Unlike observed for
sets 2 and 3, no overestimated Ex field is formed here, which makes the estimation of the radius
of the half-sphere for the electron cloud more difficult. Based on this, rs = 45 μm is applied.
Then, ΔV equals 2.3 and the proton energy is only overestimated by a factor of 2.3 so that
in total an energy gain of ΔEa = 6.5 MeV can be expected in the experiment. Here it becomes
apparent that rs = 45 μm is a reasonable choice because the analytical calculations for the energy
gain for sets 1 and 2 yield the same result. Finally, it can be concluded that the post-acceleration
in all three cases only has a minor influence on the proton energies and that the energy is clearly
overestimated, when using periodic boundaries. In all cases, a maximum proton energy of about
100 MeV can be expected.

In the last step, it must be investigated whether the unphysically strong electric fields lead
to a depolarization of the protons initially fully polarized in y-direction. First of all, it is not
expected that there will be an enhancement effect for the magnetic fields due to the Coulomb
explosion. The polarized protons are located only inside the target and, thus, there should be
no influence on the polarization. Figure 7.19 shows the average polarization in y-direction for
high-energy protons in the cutout between ξ = 90 μm and ξ = 120 μm and y = ± 10 μm related
to the lower plot in Fig. 7.14 at time T11. At this point, the final proton polarization can
already be well estimated, since the protons have almost completely left the target. While the
average polarization at the rear part of the disk (cf. Fig. 7.14) between ξ = 90 μm and ξ = 110 μm
is mostly above 90 %, there are stronger depolarization effects in the front part. Here, the
average polarization drops to about 48 %, which is a bit lower compared to the values in Tab. 3.
This can be explained by the fact that the magnetic fields at the front of the filament are less
stable (cf. Fig. 7.15) and a rotation of the proton spin according to the T-BMT equation is more
likely. Thus, no further correction factors need to be considered for the magnetic fields and the
proton spins. A more comprehensive discussion of the effects on the polarization of protons in
the plasma down ramp can be found in our publication by Lars Reichhwein, Anna Hützen et
al. [148].
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Figure 7.19: Average polarization in y-direction for high-energy protons in the cutout between
ξ = 90 μm and ξ = 120 μm and y = ± 10 μm related to the lower plot in Fig. 7.14 at time T11.

To confirm the analytical estimate of the expected proton energy of about 100 MeV after
acceleration (cf. Fig. 7.18 and Tab. 4) and to verify the average proton polarization (cf. Fig. 7.19),
another 3D VLPL simulation is in preparation. For this purpose, the simulation box should be
enlarged in y- and z-direction by at least a factor of two. As a result, the simulation will require
at least four times more resources, i.e., about 1.6 Mcore-h. This is slightly more than half of our
budget this year on the JURECA Cluster module.
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8 Layout of the Polarized Gas Target

A key task of this PhD thesis is the design of an experiment for the generation of polarized
proton beams, as well as the identification of a suitable measuring tool for polarimetry, which
can be integrated into the setup. For the experimental realization of this new concept for a
dynamically polarized proton source, three components are required: a dedicated laser system,
a vacuum interaction chamber including a gas jet and a polarimeter. Figure 8.1 depicts the
schematic view of the setup, which has already been described in several publications of our group
[26, 27, 29, 31, 32]. The selection of the laser system with optical elements for beam guiding, as
well as the complete design of the interaction chamber including the choice of a suitable method
for the generation of a gas jet is part of this work. In the following sections, the setup is described
in detail, starting with the method to realize a dynamically polarized gas target (cf. Sec. 8.1).
Based on this, the target, which acts as a polarized proton source (cf. Sec. 8.2), and the layout
of the interaction chamber are presented (cf. Sec. 8.3). Subsequently, the JuSPARC Mira laser
system and the beam optics are characterized (cf. Sec. 8.4). The LSP was already introduced in
Sec. 4.4 and has been in use for more than ten years in various experiments [108, 111–113].

JuSPARC Mira laser system
For bond alignment, photo-disso-
ciation & polarization of H atoms,

100 mJ at 1064 nm,
20 mJ at 213 nm,

5 Hz, 170 ps

Nozzle
For HCl gas jet

Lamb-Shift Polarimeter
For measurement of nuclear polarization

Figure 8.1: Schematic view of the setup for the proton polarization measurement using a
polarized hydrogen gas target [26].

8.1 Polarized gas jets as laser target

As learned from the simulation results in Sec. 7, a compact target is needed for laser-induced
particle acceleration, in which the nuclear spins are already aligned at the time of irradiation
with the accelerating laser. For proton acceleration and, to a large extent, also for electron
acceleration, plasma depolarization effects are mostly independent of the target material and
negligible, as shown in Sec. 5. In principle, two possible geometries of polarized targets for
laser-induced particle acceleration are distinguished: solid and gas targets, as shown in Fig. 8.2.
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solid targets

cluster pellets foil . . .

•Targets suitable for laser acceleration not available yet

•Experimental realization extremely challenging

gas targets

static polarization dynamic polarization

•Established technique
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chronization with acceler-
ating laser needed
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Figure 8.2: Possible realizations of polarized targets for laser-induced particle acceleration.

At conventional accelerators, such as COSY, so-called Atomic Beam Sources (ABSs) are
used to generate polarized beams. The selection of certain nuclear-spin states in an ABS is
based on the Stern-Gerlach (SG) principle: an atomic beam of unpolarized hydrogen atoms
passes through an inhomogeneous magnetic field resulting in a separation of the atoms with
spin-up and spin-down electrons into separate beams due to the deflection force induced by the
magnetic field. However, the typical density of an ABS beam (ρ ≈ O(1012 cm−3)) is far below
the requested value for laser-acceleration experiments, which typically amounts to 1019 cm−3.

Currently, three kinds of nuclear-polarized targets are conceivable for laser-plasma accelera-
tion:

• Alignment of spins in strong magnetic fields (several T) at low temperatures (mK), also
known as “brute-force polarization”, since the energy difference between two spin states
ΔE = g · e�/2m · B is larger than the average thermal energy Ethermal, e.g., ΔE(proton) =
1.76·10−7 eV/T compared to Ethermal ≈ 1/40 eV at room temperature. An example are
so-called frozen-spin targets, which have the disadvantage that the maximum achievable
polarization is limited to approximately 0.25 [157]. The use of such targets in context of
laser-plasma acceleration would be extremely challenging.

• Polarization transfer with optical methods and minimization of (depolarizing) interactions
in “hyper-polarized targets”, e.g., a 3He gas-jet target [158, 159]. Such a laser-driven
spin-polarized 3He-ion beam source is brought into operation by our research group. The
essential components of such a target are permanent external magnetic fields in order to
hold the spins during the experiment, and a non-magnetic valve for providing the desired
gas-jet target. However, this target concept is very limited in view of the target mate-
rial, since only atoms of noble gases, 3He and 129Xe, can be polarized. A possibility for
polarizing protons may be offered by cryogenic foil targets. However, their realization
is extremely challenging as low temperatures and permanent magnetic holding fields are
needed similar to frozen-spin targets. Nevertheless, there are efforts in our group to build
a hyper-polarized foil target by freezing hydrogen molecules initially polarized in an ABS
[160]. This option promises the possibility of a more effective acceleration, i.e., according
to the TNSA mechanism (cf. Sec. 3.2.1), due to the higher particle density compared to a
gas target.
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8.2 SPIN-POLARIZED HCL/HBR AS POLARIZED PROTON SOURCE

• A dynamically polarized hydrogen gas target, in which the nuclear spins are already aligned
when irradiated with the accelerating laser. The only, so far known method to realize such
a target is based on hydrogen halides. This method has already been studied by the group
of T. P. Rakitzis from the University of Crete [161–166] and can be used for both, proton
[26, 27, 29, 32] and electron polarization [29, 120]. A schematic overview of this principle
is shown in Fig. 8.3 and will be further described in the following.

100 mJ at 1064 nm
Δt

Alignment of HCl bonds

20 mJ at 213 nm
Δt Photo-dissociation of HCl

bonds & polarization transfer
to H nuclei (Δt = 350 ps)

300 J at 800 nm
Δt

∼ c

Acceleration of the
protons in the gas jet

Figure 8.3: Schematic overview of the production of laser-driven polarized proton beams. The
HCl bonds are first aligned with an IR laser beam. This is an optional process to increase cross
section of the photo-dissociation and, thus, to increase the final signal. The 213 nm UV laser with
20 mJ energy photo-dissociates the HCl molecules and consequently the electron polarization is
transfered into nuclear polarization due to hyperfine-structure oscillations. Finally, the protons
polarized in this way are accelerated to high energies with a high-intensity laser pulse, e.g., the
SULF laser, while maintaining their polarization (cf. Sec.7).

8.2 Spin-polarized HCl/HBr as polarized proton source

A very promising approach to realize a polarized target with an average degree of polarization
of about 70 % relies on the principle of photo-dissociation of hydrogen halides. Hydrogen halides
are chemical diatomic inorganic compounds, which are formed from the corresponding halogens,
such as fluorine (F), chlorine (Cl), bromine (Br), iodine (I), or astatine (At), with hydrogen. At,
being a radioactive element with a lifetime of only a few hours, is not considered in the following.
For our experiments HCl and HBr have been used. Here, the hydrogen atom and the halogen
atom are connected by a polar covalent bond as the halogen atom is much more electronegative
than the hydrogen atom, which makes this bond polar. Thus, the molecule has a large dipole
moment with a positive partial charge at the hydrogen atom and a negative partial charge at
the halogen atom.
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8 LAYOUT OF THE POLARIZED GAS TARGET

8.2.1 Spin-selective photo-dissociation

In photo-dissociation, the absorption of electromagnetic radiation in the visible, ultraviolet or
even shorter wavelength spectrum leads to a bond splitting. The wavelength of the absorbed
light must be more energetic than the binding energy, and the overlap of the ground-state and
excited-state wavefunctions of the allowed transition must be significant. Compared to the
mentioned conventional production method by an ABS, in the photo-dissociation process the
densities and timescales are at least seven orders of magnitude higher or faster [164, 166].

Spin-polarized atoms can be produced from the adiabatic photo-dissociation of hydrogen
halides with circularly polarized light [162, 167, 168], since the photo-dissociation is prompt
(leading to axial recoil). The total electronic angular-momentum projection Ω along the bond
of a particular molecular state adiabatically correlates with the sum of the m-states of the
separated atoms, e.g., Ω = mH + mCl [169, 170]. This process is schematically depicted for the
photo-dissociation of HCl in Fig. 8.4.

JHCl

hν

JH JCl

vH vCl

Ω = mH + mCl

Figure 8.4: The photo-dissociation process using the example of HCl: the total electronic
angular-momentum projection Ω is conserved during the photo-dissociation process, and is equal
to the sum of the product m-states. The flight directions of the H and the Cl are opposite
and the H atom gains the larger momentum due to its smaller mass. The precession of the
angular momentum about the quantization axis is indicated by the rotating arrows, adapted
from Ref. [164].

Using a photo-dissociation laser of 213 nm wavelength, like JuSPARC Mira (cf. Sec. 8.4), and
circularly polarized light, the HCl molecules are photo-dissociated by UV excitation via the A1Π1

state, which has a total electronic angular-momentum projection of Ω = + 1 along the bond axis.
The resulting H and Cl(2P3/2) photofragments conserve this + 1 projection of the laser photons,
producing H and Cl(2P3/2) atoms each with the projections of approximately ms = + 1/2 (so
that they sum to + 1), where ms is the spin quantum number. Thus, the H atom electron spin
is approximately ms = + 1/2 [164].

In a weak magnetic field (Zeeman region), all H atoms are in a coherent superposition of the
total angular momentum states |F, mF〉 with the coupling F = s + I of the electron spin s and
the nuclear spin I (cf. Fig. 4.5). Since the electron spin is fixed due to the polarization of the
incident laser pulse, e.g., ms = + 1/2, only the spin combinations |ms = + 1/2, mI = + 1/2〉 and
|+ 1/2, − 1/2〉 are allowed in free hydrogen atoms. As the hyperfine state |+ 1/2, + 1/2〉 = |F = 1,
mF = + 1〉 is an eigenstate, it will stay unchanged in time (cf. Eq. 4.37). The states |− 1/2, + 1/2〉
and |+ 1/2, − 1/2〉 are not eigenstates and, thus, are defined as linear combinations of the
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8.2 SPIN-POLARIZED HCL/HBR AS POLARIZED PROTON SOURCE

eigenstates |F = 1, mF = 0〉 and |F = 0, mF = 0〉, having different energies (cf. Eq. 4.37). This
is why atoms, which are produced in the |+ 1/2, − 1 /2〉 state, oscillate to the |− 1/2, + 1/2〉
state and back. If now the electron-polarized hydrogen atoms are generated during a very short
time, i.e., t < 1 ns, they will oscillate in phase. Hence, after 0.35 ns only the spin combinations
|+ 1/2, + 1/2〉 and |− 1/2, + 1/2〉 are observed, as illustrated in Fig. 8.5. This means that the
electron polarization of the hydrogen atoms, produced by the incident circularly polarized UV
laser beam, is transferred into a nuclear polarization due to hyperfine-structure oscillations.

The process described applies not only to HCl, but to all hydrogen halides. However, it should
be noted that the dissociation enthalpies of the H-X bond increase, while the bond lengths are
reduced with decreasing atomic numbers. Thus, the laser wavelength must be adjusted accord-
ingly for the relevant photo-dissociation process [161–166, 171, 172]. If, in the second stage, the
hydrogen atoms are ionized and accelerated, the out-coming protons will remain polarized, even
if they undergo spin precession according to the T-BMT equation (cf. Sec. 5) [26, 30].

It should be noted that if an additional external magnetic field B > Bc = 50.7 mT is applied,
the hyperfine-structure oscillations are suppressed, since the spin combination |ms = + 1/2, mI =
− 1/2〉 is now fixed as |F = 1, mF = 0〉. For one half of the atoms mI = + 1/2, for the other half
mI = − 1/2, so that finally no polarization is measurable.
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time [ns]
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〉

〈ms(proton)〉
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Figure 8.5: After 0.35 ns the electron polarization of the hydrogen atoms, produced by the
circularly polarized UV laser beam, is transferred into a nuclear polarization due to hyperfine-
structure oscillations.

There are two key advantages for the production of spin-polarized hydrogen from the photo-
dissociation of HCl that are particularly important, when designing a polarized target [164]:

• Since the density of the photo-dissociation fragments (H and Cl) can be equivalent to the
initial density of the parent molecules, the intensity of the polarized atomic beam can be
that high to measure the degree of polarization directly with the LSP.

• The photo-dissociating light of the laser, which can be set both, temporally and spatially,
as suitable, controls the polarization of the resulting fragments. This opens up further
freedom in the performance of experiments.
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8 LAYOUT OF THE POLARIZED GAS TARGET

8.2.2 Increase of the photo-dissociation cross section by bond alignment

Furthermore, there is the option to increase the average polarization by a prior alignment of
the bonds. This requires another laser beam, which is linearly polarized, has a wavelength
of 1064 nm and interacts before the 213 nm pulse with the HCl gas, shifted by 90◦. By this,
when the laser field is on, a dipole moment is induced into the molecules that is even larger
than typical permanent electric dipole moments of polar molecules. This induced electric dipole
moment μ is then aligned by the laser field, and the bond with it. Here, the laser alignment
occurs for molecules that have different polarizabilities parallel and perpendicular to the bond. μ

is induced along the bond, and it oscillates, positively or negatively but not perpendicularly. As
it adjusts with the electric field of the light, the bond is always parallel to the electric field of the
light: when the electric field is positive, μ is positive and vice versa. Thus, the electrons oscillate
up and down, with the oscillating electric field. Because that oscillation is basically parallel to
the bond, the bond is forced to be parallel to the electric field. However, the permanent electric
dipole moment of HCl, which decides whether H is up or down, is not oscillating. Hence, by
irradiation the bonds with IR light, only alignment occurs meaning that the bonds are aligned
but it cannot be distinguished between a parallel or an antiparallel orientation.

By this process, the cross section of the photo-dissociation and, thus, also the final signal
intensity is increased. The polarizability interaction for the bond alignment is governed by a
cos2 θ potential with the angle θ between the molecular axis and the electric field distribution.
Using the equations by Friedrich et al., the amplification factor x is calculated to be x ≈ 2 as-
suming an interaction parameter of Δω = 49 and, thus, � cos2 θ � = 6/7 [26, 173, 174]. Finally,
with the alignment of the bonds in the designed experiment a doubling of the signal intensity
can be achieved. Overall, an average degree of polarization of about 70 % can be reached for
HCl as well as for HBr gas, using both lasers. This polarization scheme has been applied at gas
densities up to 1019 cm−3, which is in the useful range for laser-plasma acceleration [164, 166].

8.3 Interaction chamber and piezo valve

The injection of the gas into the interaction chamber is not only a relevant issue in terms of safety,
to which special importance must be attached during the planning of the entire experiment, but
also the reproducible performance of the polarization process. For this purpose, it is primarily
important to select a gas valve that can deliver small quantities of the gas in defined, very
short pulses. The corrosion-resistant piezo valve S/N 17522 from Innovative Research Solutions
GmbH has been selected. A schematic drawing can be found in App. D. The valve is 59 mm long
and 33.8 mm wide and consists of a stainless steel valve body and cover, which are connected by
the valve base. On the valve body there is a connection, to which a Teflon tube is attached as
a gas supply line. Using a vacuum feed-through, this is connected to the gas line in the lab. In
addition, there are two electrical cables on the valve, one for the signal and one for grounding,
which allow the valve to be controlled externally with a piezo valve controller. By applying a
high voltage, a plunger in the valve is moved by two piezo crystals, allowing gas to flow through
the cylindrical opening with 1.5 mm in diameter into the interaction chamber. To perform most
experiments a voltage of − 800 V is used, the opening time of the valve is 30 μs at 5 Hz repetition
rate. With similar test parameters for H2 gas at 8 bar backing pressure, the company guarantees
a formation of the gas jet after about 150 μs at a distance of 200 mm from the valve opening.
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8.3 INTERACTION CHAMBER AND PIEZO VALVE

As a further option for gas-jet shaping, a de Laval nozzle is available, which can be fixed to
the piezo valve with two screws. The jet is formed by the special geometry of the nozzle: first
the cross section narrows from 1.0 mm to 0.5 mm and then widens again to 2.2 mm in diameter,
with a continuous transition from one part to the other. The cross-sectional area is circular at
each point. This allows the through-flowing gas to be accelerated to supersonic velocity as a
result of the relative density change. The out-flowing gas has a velocity parallel to the axis, so
that a directed thin gas jet with high particle densities is formed.

Figure 8.6: View into the interaction chamber with the 3D-printed acid resistant holder and
the piezo valve connected to the gas line (white Teflon tube) and electricity. In the center of the
cylindrical opening the interaction between the laser beams and the gas takes place.

To achieve a defined interaction point of gas and laser beams, the valve must have a fixed
position in the interaction chamber. This is obtained with the help of a specially designed holder,
which is shown in Fig. 8.6 including the valve and the supply lines. The holder is manufactured
using a 3D-printing process and consists of a synthetic resin that is both, vacuum and corrosion
resistant. It is screwed to the interaction chamber using an auxiliary X-shaped construction so
that it can only be mounted in one position. Moreover, this structure ensures the alignment
with the vacuum chamber, which in turn is adjusted to the LSP. An important point to note is
that the holder is not mounted in the center of the interaction chamber, but as close as possible
to the first component of the LSP, the ionizer. This is to maximize the signal of the polarized
protons. Additionally, the positioning of the valve is also firmly defined by a precisely fitting
opening, a recess for the gas supply line, and M3 threaded rods that connect the two main parts
of the holder and are kept together with nuts. Besides, there is a cylindrical opening in the
holder, in which the valve is positioned so that it is centrally located in the holder. The two
laser beams can also pass through this opening and interact with the gas. The geometry of the
holder is also designed in such way that the interaction point is located just a few millimeters
below the valve opening. As an additional option, a strong magnetic field B > Bc = 50.7 mT can
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8 LAYOUT OF THE POLARIZED GAS TARGET

be generated with the installation of permanent magnets around the interaction point, which
then suppresses the hyperfine-structure oscillations (cf. Sec. 8.2.1). Consequently, unpolarized
atoms can be observed in the LSP.

Figure 8.7: Schematic view of the new designed interaction chamber with an holder for variable
adjustment of the height of the piezo gas valve.

The cylindrical interaction chamber is based on the ISO-K standard, has a diameter of
213 mm and a height of 130 mm. On three sides of the chamber there are ISO-CF40 flanges with
windows made of fused quartz on each side, so that laser radiation from infrared to ultraviolet
radiation can be transmitted but the generated radiation cannot escape (cf. Fig. 8.7). The fourth
side is equipped with a flange for connection to the LSP. Two pumps are used to create the
vacuum in the interaction chamber: an oilfree SCROLLVAC SC 15 D backing pump and a
MAG integra turbo molecular pump, both from Leybold. The backing pump is mounted to the
chamber with a bellow, while the turbo pump is installed just below the chamber, so that the
gas can be pumped off directly after the interaction. Thus, a pressure of about 10−8 mbar can
be achieved in the chamber, which is primarily useful to suppress the background in the ionizer
of the LSP to achieve a higher sensitivity of the measurements. The pressure can be read out
using a pressure gauge attached to the chamber. A grid directly above the turbo pump ensures
that no small components can accidentally fall into the pump (cf. Fig. 8.6).

During commissioning of the setup and the first experiments it turns out that it is necessary
to vary the distance between valve and interaction point (cf. Sec. 9). Thus, a new valve holder
has been developed, which is adjustable in height, but still has a defined position in the other
two spatial directions. Figure 8.7 shows the final design. The holder can be connected to the
interaction chamber at the same position as the old holder by using the auxiliary construction.
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Two guide rails allow the position of the holder to be varied in height over a length of 135 mm and
at the same time prevent the device from tilting. The installation of the height-adjustable holder
also entails an enlargement of the interaction chamber in vertical direction. For this purpose,
another ISO-K chamber with a height of 356 mm is assembled onto the existing chamber. The
four flanges with ISO-K16 and ISO-K25 dimensions are initially unneeded.

To ensure the overlap of gas jet and laser pulses not only in space but also in time, the
digital pulse delay generator STDG645-EU from Stanford Research Systems with a maximum
resolution of 5 ps is utilized. By connecting the laser system and the valve with the pulse
generator, the laser pulse can be emitted in such a way that it shoots into the gas when the gas
jet is fully formed, thus generating the largest amount of polarized protons. The RTP044 digital
oscilloscope from Rohde & Schwarz GmbH & Co. KG is used for signal readout, which has the
special feature of resolving the short pulses of the laser system with a duration of 170 ps.

8.4 The JuSPARC Mira laser system and beam optics

The peculiarity of the SLL334-5 JuSPARC Mira system, belonging to the EKSPLA SL330
series, is the simultaneous output of the fundamental wavelength at 1064 nm and the fifth
harmonic at 213 nm provided by a Nd:YAG crystal serving as active medium (cf. App. C) [175].
In Tab. 5 the most important features of the JuSPARC Mira system are summarized.

Table 5: Main parameters of the JuSPARC Mira laser system [175].

Manufacturer: EKSPLA
Repetition rate 5 Hz
Pulse duration 170 ps
Pulse energy 100 mJ @ 1064 nm, 20 mJ @ 213 nm

Average power 0.5 W
Up-converted Radiation 532 nm, 266 nm, 213 nm

Conversion principle Built-in 2nd, 4th, 5th harmonic generator
Experimental technique Control of nuclear spins via photo-dissociation

Operating at a repetition rate of 5 Hz, the pulse duration of 170 ps is realized by compressing
the pulse during Backward-stimulated Brillouin Scattering (SBS). SBS is a non-linear process
occurring in optical fibers at input power levels much lower than that required for stimulated
Raman scattering [176]. Once the Brillouin threshold is reached, it appears by the generation of
a backward propagating Stokes wave, which carries most of the input power. Thus, this is a very
useful technique in the fabrication of lasers and amplifiers. The pulse compression itself takes
place in the dedicated SBS cell such that tunable pulses with duration in the 170 − 1500 ps range
can be achieved. After SBS compression, the fundamental pulse is guided to a multi-pass power
amplifier system, where amplification of up to 500 mJ energy is foreseen. In order to produce
pulses with a smooth temporal envelope, an electro-optically Q-switched Single Longitudinal
Mode (SLM) nanosecond generator in combination with a Fabry-Perrot etalon and a laser cavity
is implemented. Before the beam is coupled out, up to three temperature controlled harmonics
generators, based on Potassium Dihydrogen Phosphate (KDP) crystals, are used to provide the
second, fourth or fifth harmonic. Since frequency doubling is a non-linear optical phenomenon,
phase-matching conditions have to be taken into consideration. The phase-matching angle is
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also dependent on the crystal temperature. The harmonic crystals are mounted in temperature-
controlled heaters and kept at a stable temperature. Thus, before every operation, the crystals
are angle-tuned from outside the housing to achieve stable conditions. Harmonic separation
optics direct each of the four producible wavelengths to its separate output port. With a half-
wave plate (HWP1) in front of the crystals it can be adjusted, which fraction goes into the
fundamental beam and into the harmonic generation. Figure 8.8 schematically depicts the
described optical scheme of the harmonic generation inside the SLL334-5 laser system.

Figure 8.8: Optical scheme of the harmonic generation part inside the SLL334-5 laser system.
HWP: half-wave plate, P: polarizer, M: mirror, SHG: second harmonic crystal, FHG: forth
harmonic crystal, FiHF: fifth harmonic crystal.

For our purpose, this half-wave plate is set such that the linear polarized fundamental beam
is focused with a pulse energy of 100 mJ into the gas jet to increase the polarization signal. At
the same time, but under an angle of 90◦, the circularly polarized fifth harmonic beam containing
an intensity of ∼ 1012 Wcm−2 is also directed into the vacuum chamber. The interaction with
the already aligned HCl or HBr molecules leads to a photo-dissociation process by UV excitation
and, thus, the polarization of the hydrogen nuclei via hyperfine-spin beating with a period of
about 350 ps (cf. Sec. 8.2.1). The polarization of the atomic hydrogen ensemble can be optimized
and detected with the LSP (cf. Sec. 4.4) [111, 112]. All laser parameters are easily configurable
via a remote control keypad. Using the pyroelectric detector head J-50MB-LE: ENERGYMAX
SENSOR in combination with a LabMax-TO Laser Power Meter from COHERENT the correct
setting of the laser energy is ensured [29, 31, 175].

Figure 8.9 shows the optical beam paths for the 213 nm beam (green) and the 1064 nm beam
(red), which is described in detail below. The fifth harmonic beam having a diameter of 12 mm is
guided by customized optics. Since an important requirement is to let as much of the generated
laser energy interact with the gas as possible, the mirrors should have the highest possible light
reflectance. This is realized by an optical coating technology, the so-called ion beam sputtering
provided by LAYERTEC GmbH. It promises a very strong mechanical stability, a high coating
accuracy as well as very little light scattering (reflectively > 98 % at 45◦ incidence angle). Slightly
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Figure 8.9: Schematic view of the optical beam paths, green: 213 nm and red: 1064 nm.
1: mirror for 213 nm, 2: iris diaphragm, 3: quarter-wave plate, 4: plano-convex lens,
5: mirror for 1064 nm, 6: plano-concave lens, 7: plano-convex lens, 8: plano-convex lens,
9: piezo controller, 10: photodiode, 11: 150 mm linear translation stage.

lower values could be confirmed in our experiment. Beside the mirrors mounted on the optical
table, a quartz quarter-wave plate with two-sided anti-reflection coating from EKSMA Optics
is used for converting the initially linearly polarized laser beam into circular polarization. By
using a polarizer, it can be determined in three steps whether the polarization of the laser light
has changed from linear to circular when the wave plate is mounted:

1. Verify the linear polarization of the laser light: Put the polarizer into the beam path and
detect the transmitted light with the power meter. If the transmitted light fully disappears
at a certain angle when rotating the polarizer, the laser light is linearly polarized.

2. Achieve circular polarization: First an iris is implemented to reduce the beam size, followed
by the polarizer, the wave plate and finally a slightly tilted mirror. The polarizer has to be
set at maximum transmission. By rotating the wave plate the back reflection is minimized.
With this setting of the wave plate the light polarization is circular.

3. Verify circular polarization: The wave plate, the polarizer and the power meter are placed
behind each other in the beam path. By rotating the polarizer, the light should not be
extinguished. With the power meter it can be checked that the s polarized (deflected) and
the p polarized (undeflected) light have more or less the same intensities at all positions.

Behind the quarter wave plate and right in front of the interaction chamber, a plano-convex
lens with a focal length of 213.75 mm from Laser 2000 GmbH finally focuses the UV beam below
the piezo valve inside the vacuum interaction chamber. With a DT - 30OBG UV converter card
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from Laser Components GmbH, the fifth harmonic can be made visible to our eyes in red color,
making it easier to align the optical components. The fundamental beam at 1064 nm is guided
by standard mirrors with dielectric Nd:YAG coatings providing high damage thresholds and
offering high reflectivity for p- and s-polarized light at the same time. To spatially overlap the
two laser beams in the interaction point just below the gas valve, a 150 mm long linear trans-
lation stage is integrated in the beam path. In front of the vacuum chamber, the beam is first
expanded by a plano-concave and a plano-convex lens, aligned in reverse Galilean arrangement
and, thus, directed to another lens in order to focus the fundamental wavelength to an intensity
of ∼ 5·1013 Wcm−2 into the HCl or HBr gas. The last mirror for both wavelengths before beam
focusing can be controlled by a piezo controller. A photodiode, also placed onto the optical ta-
ble, guarantees the control of the temporal overlap of the two beams by detecting the scattered
light of both pulses [29, 31].
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In this dissertation, the layout of a pre-polarized target described in the last section has been im-
plemented and measurements with the piezo valve, the laser system and the LSP are performed,
aiming at generating and observing spin-polarized atomic hydrogen from the photo-dissociation
of HCl and HBr gases. Figure 9.1 shows a photo of the complete JuSPARC Mira experiment
as it was approved by the safety department and, thus, is ready for operation. Within this
section, calculations of the expected processes and signals are made with experimental parame-
ters as well as measurements with the LSP are presented. First, the photo-dissociation process
resulting from the interaction of the gas with the 213 nm laser pulse is investigated in order
to estimate how many polarized hydrogen atoms are produced. Then, the ionization efficiency,
yielding polarized protons, and the flight time to the Faraday cup behind the Wien filter is
studied (cf. Sec. 9.1). The expected signal is estimated and related measurements with HCl and
HBr gases are shown (cf. Sec 9.2). Future measurements with a photomultiplier are motivated
(cf. Sec. 9.3). Finally, the safety concept for the use of this setup is outlined, since it has strong
impact on the experimental operation on a daily basis (cf. Sec. 9.4).

Figure 9.1: Photo of the complete JuSPARC Mira experiment. From left to right:
JuSPARC Mira laser system in the open shielding box, beam guiding optics for the 213 nm
and the 1064 nm pulse, above: exhaust line, gas detector sensitive to HBr and HCl gas for leak
detection and gas fitting for setting the backing pressure, interaction chamber including the
piezo valve, LSP.
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9.1 Study of the photo-dissociation process

In order to make qualitative statements about the number of polarized particles, it is essential
to first evaluate the polarization process, i.e., the photo-dissociation, with consideration of the
experimental parameters. Here, both the formation of the gas jet and the interaction with the
laser pulse of 213 nm wavelength must be taken into account. The objective is to calculate the
number of expected polarized hydrogen atoms in the ionizer and protons that are detected by the
Faraday cup behind the Wien filter as well as the time, after which the protons are expected to
hit the cup (cf. Sec. 4.4). In the following estimation HBr gas is considered, since the absorption
cross section for HBr gas is more than two orders of magnitude larger compared to HCl. As
shown in Fig. 9.2, the absorption cross section for HBr is ≈ 6·10−19 cm2 molecule−1 at room
temperature and for 213 nm laser wavelength. In comparison, it is ≈ 1.5·10−21 cm2 molecule−1

for HCl for the same parameters. Both gases are available for the experiment, but a higher
number of polarized protons can be expected for HBr as a consequence of the higher absorption
cross section.

Figure 9.2: Photo-absorption cross sections of HBr at room temperature for different wave-
lengths [177, 178].

First, the expansion of the gas into the interaction chamber is investigated. After reviewing
the literature, it is assumed that the gas jet exits the valve with a diameter of 1.5 mm as
a supersonic beam due to the steep pressure gradient between the backing pressure and the
pressure in the chamber. Considering that, the speed of sound is defined as the distance travelled
by a sound wave as it propagates through an elastic medium, such as gas. For ideal gas the
speed of sound α is given by [179]

α = α(t) =

√
γRT

Mmol
. (9.1)
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γ = CP/CV is the heat capacity ratio with the heat capacity at constant pressure CP and
constant volume CV, R is the ideal gas constant defined as product of the Avogadro con-
stant NA = 6.022 · 1023 mol−1 and the Boltzmann constant kB = 1.381 · 10−23 J/K, such that
R = kBNA = 8.316 JK−1mol−1, T is the temperature in Kelvin and Mmol is the molar mass
of the gas.

Assuming that the gas expands ideally and neglecting effects of viscosity and heat transfer,
an adabatic, isentropic expansion can be expected for the gas flow. Thus, by considering adi-
abaticity, the sum of the enthalpy and the kinetic energy of mass flow as the gas expands is
conserved [180]

H(x) +
1
2

mv2(x) = H0 = const. (9.2)

H(x) is the enthalpy of the gas at position x from the point of expansion, v(x) the average
flow velocity at this position, m the mass of the gas, and H0 the stagnation enthalpy. As all
streamlines originate at the stagnation source, where H(x = 0) = H0, the constant is the same
throughout the expansion yielding

v2(x) =
2
m

(
H(x) − H0

)
. (9.3)

Moreover, dH/ dt = CP, which is also constant in ideal gases, it turns out that

v2(x) =
2
m

∫ T0

Tx

CP dT , (9.4)

with Tx defined as the temperature at position x from the point of expansion and T0 the tem-
perature in the stagnation source. Using Mayer’s relation CP − CV = nR, where n is the amount
of substance of gas, i.e., the number of moles

CP =
γ

γ − 1
nR ⇔ CP

m
=

γ

γ − 1
R

Mmol
, (9.5)

the average flow velocity at position x1 can be obtained

v1 =

√
2γ

γ − 1
R

Mmol

(
T0 − T1

)
. (9.6)

Due to Eq. 9.6 the maximum velocity v is limited to the value

vmax =

√
2γ

γ − 1
RT0

Mmol
. (9.7)

Substituting γ = 1.38 and Mmol = 80.91 g/mol for the HBr gas at T0 = 295.15 K, the maximum
sonic speed, at which the gas expands, is vmax ≈ 469 m/s.

In our experiment the average flow velocity is larger than the speed of sound, v > α (su-
personic flow). Thus, there is no propagation of sound at all in the upstream direction. This
can be demonstrated by considering the propagation of a disturbance at a given point in space
within a uniform gas flow. The disturbance takes place at the time t0 = 0 and propagates with
sonic speed as a spherical wave, while its center moves with the flow velocity. Because v > α, all
spherical waves are confined to a given cone, the so-called Mach cone and the space outside the
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cone is completely free of disturbances, as depicted in Fig. 9.3. As a result, the conical separating
surface forms a wave front, which is known as Mach wave. The half-angle Θ of the cone can be
evaluated from [181]

sin(Θ) =
α

v
=

1
M

, (9.8)

and is referred to as Mach angle. The quotient of flow velocity α and local sonic speed v is
defined as Mach number M .

Figure 9.3: Propagation of a disturbance in a flowing medium for v > α. The different wave
fronts are enveloped by the Mach cone, adapted from Ref. [181].

Apparently, the Mach number depends on the downstream distance x. It has been calculated
using the method of characteristics [182] and can be fitted by the analytical formula [183]

M(x) = A

(
x − x0

d

)γ−1
− 1

2

γ+1
γ−1

A

(
x−x0

d

)γ−1 . (9.9)

Here, d is the opening diameter of the valve, and x0/d and the constant A both depend on γ

(cf. Tab. I, p. 24 of [180]). The heat capacity ratio γ is equal to 5/3 for mono-atomic gases, 7/5
for diatomic gases ignoring vibrations, and 9/7 for diatomic gases at high temperatures, where
the vibrations contribute to the heat capacity. Since γHBr = 1.38 and the corresponding values of
the aforementioned constants are not known, the values of A = 3.65 and x0/d = 0.40 for γ = 1.4
are employed in the following formulae because they seem to be reasonable due to a literature
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research. Thus, v/α = M is substituted into Eq. 9.6 and rearranged to

T (x)
T0

=
(

1 +
γ − 1

2
M2(x)

)−1

, (9.10)

and

v(x) = M(x)

√
γRT0

Mmol

(
1 +

γ − 1
2

M2(x)
)−1/2

. (9.11)

For γ = CP/CV = − dP/ dV · P/V or when integrating both, PV γ = const. and the ideal gas law
PV = nRT ⇔ P = ρRT , it can be shown that TV γ−1 = const. or P γ−1/T γ = const., with n being
the amount of substance and ρ the density. Hence, the following relations for the rest of the
thermodynamic parameters apply

P (x)
P0

=
(

T (x)
T0

)γ/(γ−1)

=
(

1 +
γ − 1

2
M2(x)

)−γ/(γ−1)

, (9.12)

and
ρ(x)
ρ0

=
n(x)
n0

=
(

T (x)
T0

)1/(γ−1)

=
(

1 +
γ − 1

2
M2(x)

)−1/(γ−1)

. (9.13)

For the production of polarized hydrogen atoms pulsed laser beams are used (cf. Sec. 8.4),
which also makes a pulsed gas expansion convenient for such an application. A question arising in
the implementation of a pulsed valve is how long it has to remain open for a supersonic expansion
to fully develop. According to Ref. [180], a rule of thumb is that the pulsed valve should release
gas for times Δt ≥ 4d/α(T0) [184]. Substituting the values for the HBr experiment, which are
d = 1.5 mm and T0 = 295.15 K so that α(T0) = 206.08 m/s, yields to Δt ≥ 29 μs. For all of the
performed experiments a value of 30 μs is set into the digital pulse delay generator as opening
time.
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Figure 9.4: Thermodynamic parameters according to Eqs. 9.12 − 9.14 for different values of
distance from the valve. The calculations were performed for a diatomic gas without vibrations
(γ = 1.4).
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For a more quantitative analysis it is assumed that the flow velocity is maximized throughout
the expansion. Thus, the half-angle Θ of the Mach cone for γ = 1.4 is approximated by

sin(Θ) =
α(T0)
vmax

=
√

γ − 1
2

=
√

0.2 ⇔ Θ = 26.57◦ . (9.14)

Now a distance between the valve opening and the point of interaction must be determined,
where the gas jet has already fully expanded, but the density is not too high, so that particles
can escape from the gas jet. Figure 9.4 shows the thermodynamic parameters according to
Eqs. 9.12 − 9.14 for different values of distance from the valve. While the ratio between v(x)/vmax

is basically constant, T (x)/T0, n(x)/n0 and P (x)/P0 decrease with distance. Assuming that the
ratio P (x)/P0 is about 10−7, a distance of x = 10 cm between the valve and the interaction point
is considered for the following calculation. To be able to set a variable distance between the
valve and the point of interaction, a height-adjustable valve holder is required (cf. Sec. 8.3). For
simplicity, the diameter of the laser beam is neglected and the length l of the laser-beam path
along the gas jet is calculated according to l = 2x tan(Θ) = x = 10 cm. This value seems quite
large, however, it must be taken into account that the gas density decreases sharply towards the
outside [185]. The complete layout is schematically presented in Fig. 9.5.

Θ

x = 10 cmgas jet

photo-dissociation
laser

1.2 cml = 10 cm

Figure 9.5: Propagation of photo-dissociation laser beam through the gas expansion.

The amount of the photons transmitted through the gas jet of length l, is then given by the
Lambert–Beer law

Nt = N0 exp (−σnl) . (9.15)

In this equation, N0 is the initial photon number and σ the the photo-dissociation cross section
(cf. Fig. 9.2). The initial number of photons in a laser pulse is given by N0 = Eλ/(hc), where
E is the energy of the laser pulse, h the Planck constant, c the speed of light, and λ the laser
wavelength. For the 213 nm beam with an energy of 20 mJ there are 2.15·1016 photons in the
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beam. From that, the number of absorbed photons, which photo-dissociate the molecular gas, is

Na = N0
(
1 − exp (−σnl)

)
. (9.16)

Another important parameter, which has to be taken into account, is the mean free path
characterized as the average distance between collisions for a gas molecule. It is given by

lmfp =
1√

2nπδ2
, (9.17)

where n is the particle density and δ the molecular bond length, which is δ = 0.141 nm for
photomultiplierhe HBr molecule. To have as few collisions as possible, l < lmfp is required. This
leads to a particle density of n(x = 10 cm) < 1/(

√
2lπδ2) ≈ 1.13·1014 molecules/cm3. Thus, the

amount of the absorbed photons is smaller than ≈ 6.77·10−4 N0 or ≈ 1.46·1013 photons at 20 mJ
pulse energy employing the cross section at room temperature. The actual temperature of the
sample is given in Fig. 9.4 and is smaller, yielding a larger absorption cross section. So, the
presented calculation underestimates the number of the absorbed photons. Furthermore, using
Eq. 9.13, n(x = 10 cm) ≈ 2·10−5 n0. Therefore, n0 < 6·1024 molecules/m3 or P0 < 0.73 bar.

Given that the gas expands at a velocity vmax = 469 m/s from the valve at an opening
time of 30 μs, it travels a distance of 1.4 cm downstream. If the gas volume covered in this
way is approximated to that of a cone with diameter l =10 cm and height 1.4 cm, this corre-
sponds to 36.65 cm3. Using the already calculated particle density n(x = 10 cm), there are about
4.15 · 1015 molecules/shot in this volume.

Finally, the time the protons need to reach the Faraday cup is calculated. According to
Ref. [186], the velocity of hydrogen atoms from HBr photo-dissociation at 213 nm is v ≈ 20 km/s.
Thus, it takes about 10 μs assuming a distance of 0.2 m between the interaction point and the
ionizer (cf. Sec. 4.4). From the ionizer to the Faraday cup it is another meter. Considering an
accelerating voltage of U = 1 kV, the velocity is determined to be v =

√
2Uq/m = 437695 m/s

yielding to a time of about 2.3 μs to the Faraday cup. Hence, it takes about 10 μs to 15 μs for
protons to reach the Faraday cup behind the Wien filter (cf. Sec. 4.4) after photo-dissociation.

9.2 Detection with the Faraday cup of the LSP

For the very first measurements HCl gas was used, which is injected into the interaction chamber
with a standard piezo valve (cf. Sec. 8.3). Without using the laser system and, thus, without
producing polarized protons, the signal produced from the diffusive gas is measured on a Fara-
day cup. This is positioned behind the ionization chamber and the Wien filter of the LSP
(cf. Sec. 4.4). Figure 9.6 shows the HCl diffusion signal without mass separation for various
values of the backing pressure between 0.5 bar and 5.0 bar.

This measurement was primarily intended to test the operation of the Glavish ionizer with
a pulsed gas flow, to investigate the background without mass separation and to calibrate the
gas flow with respect to the maximum current at different backing pressures. Looking at the
graphs, it can be generally stated that the ionizer ionizes the gas and a signal can be detected
in the cup for all employed backing pressures. Furthermore, it can be observed that the higher
the backing pressure, i.e., the more gas flows into the interaction chamber, the more gas enters
the ionizer, which causes a higher current on the cup (cf. Tab. 6). The dependence here is not
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Figure 9.6: HCl diffusion signal of all masses for various values of backing pressures measured
by a Faraday cup in order to test the operation conditions of the Glavish ionizer, to investigate
the background signal and to calibrate the gas flux.

completely linear, since the backing pressure is adjusted via a manual valve and, thus, inac-
curacies in the adjustment are to be expected. Moreover, the background and the ionization
process, both depend on additional factors, for example, in the latter case, at higher pressures,
secondary collision processes and additional wall collisions occur. All curves also show a typical
behavior: first a fast rise to the maximum current, then a shallower fall with a life-time of tens
of ms to the value of the background depending on the backing pressure. The maximum current
is reached after 2 ms to 6 ms after the trigger signal. This is in good agreement with the theo-
retically calculated value considering a thermal velocity vth =

√
2kBT/m = 371 m/s for bromine

atoms with a mass of m = 5.88·10−26 kg at room temperature and the Boltzmann constant kB.
Then, taking into account a distance s of 1.2 m for all heavy masses to reach the cup, a time of
t = s/vth = 3.2 ms is expected. The time that is needed for this distance can be larger compared
to the calculated one, because the diffusive gas does not move on a straight line. The assumption
s = 1.2 m is based on the estimate that the molecules in the vacuum chamber have to undergo a
few wall collisions before they reach the ionizer. As the diameter of the chamber is 21.3 cm, at
least six collisions are expected.

Table 6: Calibration of the gas flow using the Faraday cup by detecting the maximum current
at different backing pressures without mass separation for the measurement depicted in Fig. 9.6.

pressure [bar] 0.5 1.0 2.0 3.0 4.0 5.0
Imax [nA] 26.3 44.2 68.0 104.0 182.0 240.0

102



9.2 DETECTION WITH THE FARADAY CUP OF THE LSP

The next step is to analyze at which time and with which height the signal of the spin-
polarized hydrogen is expected to be detected. First, it is tested whether the mass selection
with the Wien filter works and, thus, to record a spectrum for H+ and H+

2 ions on the Faraday
cup (cf. Fig. 9.7). Here, again, the laser is still switched off so that no spin-polarized hydrogen
is likely to appear in the spectrum. For this measurement the gas is changed from HCl to HBr,
since the latter has a larger absorption cross section and, thus, a higher signal can be expected
for the spin-polarized hydrogen. Before the measurement the pressure in the interaction chamber
with the valve is 9.2·10−7 mbar and in the interaction chamber of the ionizer 1.1·10−7 mbar. The
valve is mounted on the adjustable holder so that the distance to the point of interaction with
the laser is about 10 cm. To operate the valve, a voltage of − 846 V is applied in the controller
and the opening frequency is set to 1 Hz. The backing pressure of the HBr gas is about 3 bar.
Thus, when opening the valve, an increase in pressure in the interaction chamber in the range
of 10−7 mbar can be observed in the pressure gauge. The opening frequency is set to 1 Hz and
not 5 Hz (repetition rate of the laser system) to reduce the residual gas pressure further. If
the pressure in the ionization chamber rises above 10−6 mbar, a clear signal can no longer be
acquired by the Faraday cup and displayed in the oscilloscope. The ionizer and the Wien filter
are operated in such a way that the highest possible and at the same time a pure signal can
be visualized in the oscilloscope. Optimal values for this measurement are listed in Tab. 7 and
correspond to the definitions in Fig. 4.6. For mass selection, a current and two voltages must be
applied in the Wien filter, one negative and one positive in the plate capacitor. For example, it
is possible to differentiate between H+ and H+

2 ions, as for the latter the root of the sum of the
modulus is smaller by a factor of

√
2, as the velocities for H+ and H+

2 ions vary by a factor of√
2 (cf. Sec. 4.4).

Table 7: Typical settings in the LSP for operating ionizer and Wien filter (cf. Fig. 4.6).

ionizer: coil currents 3 · 112 A
ionizer: filament current 7.31 A
ionizer: E1 voltage 1.705 kV
ionizer: E2 voltage 514 V
ionizer: E3 voltage 1500 V
ionizer: E4 voltage − 196 V
ionizer: E5 voltage − 5.504 kV
Wien filter: current 3.000 A
Wien filter: voltage for H ions 96 V, − 312 V

First of all it can be stated that both, the Glavish ionizer and the Wien filter, work properly,
since in Fig. 9.7 different spectra for H+ and H+

2 ions can be identified, which show additional
characteristics to the graphs in Fig. 9.6. The graph for the H+ ions shows the usual fast rise to
the maximum current. The decrease is then generally less steep and two time constants can be
identified in the graph. First a steeper drop to a time of about 10 ms, which can be attributed to
the pumped HBr gas. Then a shallower decay follows, which results from secondary processes,
i.e., the protons now stem mostly from H2 molecules. In the signal of the H+

2 ions, a slower
increase up to the maximum current, which is reached after about 20 ms, can generally be
noticed, as well as a smoother decrease. This can be attributed to the fact that H2 has two
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Figure 9.7: HBr diffusion signal of H+ and H+
2 ions at a backing pressure of 3 bar measured by

a Faraday cup. The laser is not operated, so no signal from spin-polarized hydrogen is expected
in the spectrum.
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Figure 9.8: Zoom in on the spectrum of the HBr diffusion signal of H+ ions from Fig. 9.7,
normalized to the y = 0 nA axis and scaled down for the first 100 ms after the trigger pulse.
After this time the signal has decreased almost completely to the background value and by
integrating the area under the graph, colored in rose pink, the number of protons/shot in the
Faraday cup can be determined.

104



9.2 DETECTION WITH THE FARADAY CUP OF THE LSP

sources: first, it is injected directly with the gas into the interaction chamber, and second, it
is generated in the chamber from the decay of HBr during wall collisions. The first part of the
rise is as steep as for the H, then the rise becomes flatter and the newly produced molecules
predominate. Additionally, the delayed rise can be explained by the fact that the mass of the H+

2

ions is twice as large as that of the H+ ions and a consequently lower velocity and later detection
in the Faraday cup. In the downward slope, the graph is rather constant and softer, because
H2 has to be produced first in recombination processes and by wall collisions and only then it
is detected. Both signals have a lifetime of several tens of milliseconds. Generally speaking,
the signal of the H+ ions is higher due to the larger number of protons compared to H+

2 ions.
Both carry the same charge (+ e), so higher current means larger number of ions and also higher
background.

Based on the above analysis of the spectra for H+ and H+
2 ions, the expected spectrum for

spin-polarized hydrogen can now be studied. In Sec. 9.1 it has been estimated that about 1.5·1013

absorbed photons and, thus, the same amount of H atoms are produced by each laser shot of
20 mJ energy. Assuming that the velocity v of the hydrogen atoms from HBr photo-dissociation
at 213 nm laser wavelength is ≈ 20 km/s and the atoms are ionized over a length of Δa = 10 cm
in the ionizer, the time span Δt between the first and last polarized atom in each shot is
Δt = Δa/v = 5 μs. Considering that a peak height of ΔI = 0.1 nA can still be easily resolved with
the oscilloscope, the minimum number of protons/shot that can be detected with the Faraday cup
and, thus, its resolution is determined via the charge Q: Q = ΔI · Δt = 0.1 nA · 5 μs = 5·10−16 C.
Dividing by the elementary charge e leads to a sensitivity of about 3·103 protons/shot, which
can be reached with the photo-dissociation fragments in the presence of the residual gas. This
number is comparatively low and the detection with the Faraday cup is therefore quite sensitive.

In the next step, this value is compared with the number of expected protons/shot, since
the amount of 1.5·1013 H atoms/shot is reduced due to the geometry of the experiment and
by taking into account the efficiency of the Glavish-type electron-collision ionizer. Since the
diameter of the entrance opening into the ionizer is about a hundred times smaller than the
diameter of the opening size of the turbo pump, it can be assumed that the maximum number
of H atoms/shot entering the ionizer is reduced by four orders of magnitude. The efficiency of
the ionizer is given as 10−3, which lowers the number of protons/shot on the Faraday cup due
to laser-induced photo-dissociation in total by seven orders to about 1.5·106.

Finally, this estimate is compared with the actual and experimentally calculated number of
protons/shot detected on the Faraday cup. For this evaluation, Fig. 9.8 is used, which shows
a zoom in on the spectrum of the HBr diffusion signal of H+ ions from Fig. 9.7, normalized to
the y = 0 nA axis and scaled down for the first 100 ms after the trigger pulse. Determining the
area below the graph, colored in rose pink, by calculating the integral again yields a charge, so
that the division by the elementary charge e gives the intended result. The integral amounts to
29.30 nA·ms and, thus, about 2·108 protons/shot are experimentally observed.

An analytical estimate of 4.2· 1015 molecules/shot was already made above. This value fits
very well with the estimated amount of protons. Thus, if 4.2· 1015 molecules/shot are injected
into the interaction chamber, the fraction that entered the ionizer is reduced by four orders of
magnitude. Another fraction of 10−3 is be ionized to produce protons. Therefore, a maximum
of 4.2· 108 protons/shot is expected due to diffusive flux. Consequently, only half as many
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9 MEASUREMENTS WITH THE JUSPARC MIRA SETUP

protons/shot are observed experimentally as theoretically possible. This can be explained by
the fact that a large fraction of the molecules leaving the valve are pumped off directly by the
turbo pump, are not registered by the pressure gauge and also have no chance of entering the
ionizer.

The amount of experimentally detected protons/shot should be related to the number of
particles/shot being pumped out by the turbo-pump below the interaction chamber. Using
a pumping speed of 1000 l/s and the relation that 1 mole of gas fills a volume of 22.4 l at a
pressure of about 1.0 bar, the ideal gas equation estimates that 2.7·1015 particles/s are pumped
out after one shot with a pressure increase in the interaction chamber of 10−7 mbar. Since the
pumping process does not last for 1 s but about 50 ms and this process is not linear but can be
approximated as a triangular shape, about 6.7·1013 molecules/shot are pumped off. Thus, the
number of particles/shot that are pumped out is reduced even by a factor of about 60 because
again the majority of molecules is pumped directly by the turbo pump and a still smaller fraction
of molecules can be detected by the pressure gauge.

From the above calculations and estimations two aspects can thus be summarized: i) al-
though the number of expected produced spin-polarized protons per shot is reduced by seven
orders of magnitude from 1.5·1013 to about 1.5·106 behind the Wien filter, the estimated sensi-
tivity of about 3·103 protons/shot on the Faraday cup is sufficient to detect them. ii) With a
number of 2·108 about 30 times more protons/shot are recorded in the Faraday cup than esti-
mated. One possible reason is that the ionization efficiency to get protons from electron impact
on HBr is larger than to produce protons from hydrogen atoms that was known to be 10−3.

The last step is to quantify the height of the signal of the spin-polarized hydrogen. As
discussed above, the number of protons expected in the Faraday cup is 1.5·106 per shot, assuming
that 1.5·1013 H atoms/shot are generated by the photo-dissociation process. From this the
current I on the Faraday cup can be derived, which is 2.4·10−13 A/s ≈ 0.24 pA/s integrated
over one second. But the expected signal has only a width of 5 μs, so the average current is
about 48 nA. Considering that the signal has not a rectangular shape, as assumed so far, but
a triangular one in first approximation, the value increases by a factor of two, so that finally a
signal height of 96 nA is predicted, resulting in a peak of about 100 mV at an input resistance
of 1 MΩ in the oscilloscope. In summary, the additional signal from spin-polarized hydrogen is
therefore assumed about 10 μs to 15 μs after the trigger signal with a width of 5 μs and in the
ideal case an approximate height of 96 nA in the Faraday cup.

In Fig. 9.9 the signal of heavy masses from HBr gas at a backing pressure of 5 bar measured by
a Faraday cup is presented. The measurement is performed both without laser (blue graph) and
with switched on photo-dissociation laser (orange). In the LSP the settings for the ionizers and
the Wien filter are comparable to those in Tab. 7, but must be readjusted and optimized daily.
The two voltages in the Wien filter for selecting all masses are, for example, 0 V and − 22 V
for the given measurement. To operate the valve and, thus, to ensure the gas flow into the
interaction chamber, a voltage of − 810 V is applied in the controller and the opening frequency
is set to 5 Hz to synchronize the opening of the valve with the laser frequency. Furthermore,
the gas valve and laser are synchronized in time with each other by using the digital pulse delay
generator, as shown in Fig. 9.11. This ensures that the laser shoots into the interaction volume
exactly when gas has reached the interaction point. For example, the laser needs a start signal
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Figure 9.9: Signal of heavy masses from HBr gas at a backing pressure of 5 bar measured by a
Faraday cup. The graphs are recorded without laser (blue) and with the photo-dissociation laser
switched on (orange). In the yellow graph the difference between those two signals is depicted.
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Figure 9.10: Zoom in on the spectrum of the HBr signal of heavy ions from Fig. 9.9 scaled down
for the first 200 μs after the trigger pulse. An additional signal of the spin-polarized hydrogen
during operation of the photo-dissociation laser should be visible during this time period.
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1.5 ms before emitting the pulse. To reach the interaction chamber, the laser pulse is guided
about 1.2 m via the beam optics into the interaction chamber. Since the pulse moves at the speed
of light, the 4 ns flight time are negligible in the considered time scales and, therefore, it can be
assumed that the laser pulse reaches the interaction volume within 1.5 ms after the start signal
is provided. Considering a velocity v ≈ 210 m/s for the supersonic expansion of bromine atoms,
the interaction point 10 cm distanced from the valve opening is reached after about 476 μs. Since
the valve is opened for 30 μs, the start pulse of the valve is sent 994 μs later than the start pulse
for the laser. However, the last value is varied during the experiment to identify the additional
signal of the polarized protons in the oscilloscope. As already analyzed above, the signal of
spin-polarized hydrogen is expected to appear about 10 μs to 15 μs after interaction, while the
diffusion signal starts to increase after about 1 ms.

Figure 9.11: Schematic view of the synchronization between valve and laser pulse using the
digital pulse delay generator. In the upper row the laser-related signal with the start pulse of
the laser and the expected spin-polarized hydrogen signal resulting from the interaction of the
photo-dissociation laser with the HBr gas is illustrated. The lower row shows, in the similar
time scale, the pulse inducing the opening and closing of the valve as well as the diffusion signal.

First of all it can be stated that the diffusion signal for the heavy masses looks as expected:
while the background is at about 110 nA due to residual gases like N2, O2 or water and the
corresponding heavy ions (N+

2 , O+
2 , . . . ), the maximum signal is registered in the Faraday

cup about 5 ms after the trigger pulse. Afterwards the signal drops, first faster due to the
contribution of the fast recombination from HBr gas, then slower, because secondary processes
take place. The signal has a lifetime of several tens of ms. Additionally, in both signals, the
opening and closing of the valve for 30 μs can be identified. Not visible in the spectrum in
Fig. 9.9, however, is the additional signal of the spin-polarized protons. It is also not observed
in any of the further measurements. The difference of the two signals without and with laser
operation (yellow graph), in which the additional contribution should be even more clearly
visible, shows only a minimal increase in the first 60 ms after the trigger signal. This is because
the measurement with laser operation shows a slightly higher signal and can be explained by
small experimental variations in the time between the two measurements. In Fig. 9.10 a zoom
in on the spectrum of the HBr signal of heavy ions from Fig. 9.9 scaled down for the first 200 μs
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after the trigger pulse is displayed. The small signal contributions are due to electrical noise.
Nevertheless, the additional signal of the polarized protons after about 10 μs to 15 μs after the
trigger pulse should be clearly visible in this enlarged time scale. But, this is not the case even
after varying the timing between laser and valve, although the above calculations confirm the
detection of the additional contribution by the polarized protons with high probability.

Assuming that the gas is properly released from the valve opening, that a supersonic beam
as described in Sec. 9.1 is formed and that photo-dissociation results from the interaction with
the 213 nm laser pulse, it must be concluded that polarized protons are produced in the experi-
ment. The fact that no signal contribution is registered on the Faraday cup must be explained
by the – for this experiment – faulty or insufficient ionization process. The ionization cross
section efficiency of 10−3 in the above calculations is assumed for thermal gases passing through
the ionizer due to former measurements at the COSY ABS and can be even estimated due to
the background current in the Faraday cup as function of the residual gas pressure. For the
spin-polarized proton signal the ionizer needs to ionize hydrogen atoms moving with velocity
v = 20 km/s through the ionization volume. Thus, the ionization efficiency might drop much
faster when those atoms pass through the ionizer compared to the diffusive gas, since the hy-
drogen atoms have thermal velocity and they are more likely to collide with an electron and
get ionized. Assuming that the ionization efficiency correlates with the time of flight of the gas
in the ionization volume, the 100 times faster hydrogen atoms have an ionization efficiency of
10−5 instead of 10−3. In addition, most of the fast hydrogen atoms are moving parallel through
the axis of the ionization volume after photo-dissociation, while the diffusive gas might hit the
wall and, therefore, will stay longer inside this volume. An insufficient function of the ionizer
for these experiments was not foreseeable in advance since there exists no absolute ionization
efficiency measurements for such fast atoms or molecules [187].

In most experiments, the valve was used without the de Laval nozzle because the initial
focus was on the laser-gas overlap with the widest possible jet, rather than forming a narrow
directed beam. However, given that there has not been an overlap after all, and, therefore, no
atoms were produced in the first place, an improved method of finding the correct timing is
required. This can be remedied by a compression tube, for which a device for installation on the
valve holder near the laser-gas interaction point has already been designed. Thus, the atomic
hydrogen intensity after each laser shot can be measured and the pressure increase as a result
of the photo-dissociation process is read out with a pressure gauge. In the first experiments,
however, after a few minutes of operation of the value with HBr gas, no more gas-jet formation
was detectable. This phenomenon occurred even faster when the de Laval nozzle was used. It
was evident from the fact that no pressure increase in the interaction chamber was observable in
the gauge. As this behavior has not changed even after checking the functionality of the valve
by the manufacturer, it must be assumed that the valve is actually functional. Therefore, it is
likely that the valve opening becomes blocked during operation, probably by clustering of HBr
gas due to the cold temperatures during the injection process. Thus, for future experiments, the
valve will be heated.

As a side aspect, it should be mentioned that during the experiments with HBr gas, a
decisively larger fraction of pulsed H+

2 compared to H+ is registered as contribution produced
from the diffusive gas in correlation to the HBr gas jet. However, in the diffusive and the
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9 MEASUREMENTS WITH THE JUSPARC MIRA SETUP

residual gas are mostly gases that should allow the production of protons, e.g., from H2O or
HBr/HCl. Only a constant contribution of H2 molecules from residual gas should appear.
Further investigation reveals that HBr already undergoes a decay during the storage in the gas
bottle: 2 HBr → H2 + Br2. Thus, the pulsed signal can also be explained, since the H2 is directly
fed into the interaction chamber via the pulsed piezo valve.

The generation of H+ during the ionization of the pulsed gas jet can result from the following
two processes: i) by ionizing HBr directly. However, in the experiment, H+ is only detected in
a ratio of about 1:30 heavy ions. For the heavy ions the Wien filter is not able to distinguish
between HBr+ and Br+. This ratio agrees very well with measured values for the cross sections
from the literature and, therefore, supports again the observation of the high resolution of the
LSP [187]. ii) By ionizing H2. This becomes H+

2 and H+ in a ratio of 10:1 and, thus, explains
the significantly large fraction of H+

2 compared to H+ in addition.

9.3 Detection with the photomultiplier of the LSP

If the method of ionization is improved and the signal from the spin-polarized hydrogen on the
Faraday cup can be recorded in the oscilloscope, it is necessary to ensure that the number of
polarized protons/shot is sufficient to determine the degree of polarization at the end of the
LSP by detecting the Lyman-α emission (cf. Fig. 4.4). Already in Sec. 9.1 it has been estimated
that about 1.5·1013 absorbed photons and, thus, the same amount of hydrogen atoms should be
produced by each laser shot of 20 mJ energy. After passing through the Glavish-type electron-
collision ionizer, this number decreases to about 1.5·106. This value is taken as the starting value
to make an evolution of the number of particles passing through the LSP up to the detection
with the photomultiplier as shown in Fig. 9.12.

Figure 9.12: Evolution of the number of particles passing through the LSP up to the detection
with the photomultiplier.

In the caesium cell, metastable atoms are produced from H+ ions with an efficiency of
about 10 % to 15 %, so the number of protons per shot is reduced by an order of magnitude to
105 metastable hydrogen atoms. Also, in the spin filter, where only the metastable atoms are
partially quenched into the ground state, the number of metastable atoms in one single hyperfine
substate/shot is reduced by another order of magnitude due to the efficiency of the process.
During the selective detection of metastable hydrogen atoms by Lyman-α emission using Stark-
effect quenching, the number of particles is further reduced to 10 photons/shot. Compared to
the dark current of about 1 photon/s, this number is still large enough to be detectable. Finally,
the photons are amplified by a factor of 107 in the subsequent photomultiplier, so that in the
end a number of about 108 electrons/shot can be expected. Since the pulse of the polarized
protons has a width of 5 μs, as already explained, a signal corresponding to 2·1013 electrons/s is
eventually recorded. This corresponds to a current of about 3 μA, which, when using a resistor
of 1 MΩ, delivers a voltage of 3 V. A signal with a level of 3 V can be visualized in the oscilloscope
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without any difficulty and, thus, the number of 1.5·106 protons/shot leaving the Wien filter is
sufficient. In addition, this signal can be well triggered to average out statistical fluctuation and
to get a reproducible and stable signal.

A typical Lyman spectrum of a polarized hydrogen beam of atoms to determine the degree
of polarization is already presented in Fig. 4.7. Supposing that out of 1000 H+ ions, 750 are in
the α1 = |mJ = + 1/2, mI = + 1/2 〉 state and 250 are in the α2 = |mJ = + 1/2, mI = − 1/2 〉 state,
the polarization is PLy = 0.5 ± 0.06 (cf. Eq. 4.3). Theoretically, even a signal with a level of only
1 mV would be adequate to be visualized due to averaging. Hence, about 300 protons/shot on
the Faraday cup would be sufficient to be finally amplified in the photomultiplier. However, this
would require averaging over many shots to acquire a reasonably low-noise signal. Nevertheless,
this small number underlines the high sensitivity of the LSP.

9.4 Security concept for Laser operation and gas composed of hydrogen
halides

Before the above described experiments could be performed, the available lab, in which the
LSP had already been set up, had to be made safe. This includes firstly the modification of
the already existing lab into a laser lab according to current safety standards and secondly the
installation of a gas supply and exhaust system for HCl and HBr with all safety precautions.

By inspecting the JuSPARC Mira laser specifications (cf. Tab. 5), it is apparent that the
system is designed to emit infrared and ultraviolet light – both wavelengths invisible to the
human eye. The UV-C radiation of 213 nm does not penetrate very deeply into the skin due to
the increasing scattering with shorter wavelengths, but skin contact can cause DNA damages,
which can inhibit replication or may result in mutations. In the case of mistreated use, the strong
near-infrared laser radiation of 1064 nm and 100 mJ may be hazardous to the eyes, resulting
in damage or at worst blindness to the user. Therefore, it is indispensable and comfortable
to wear laser safety goggles, which are especially suitable for Nd:YAG lasers and possess full
protection level for both wavelengths within the range of 180 nm up to 1100 nm, e.g., the goggle
F18.P1L12.1003 from UVEX. The goggles are stored in a case in a separate cabinet right at the
entrance door to the lab, so that they are ready to hand when entering the lab and the surface
of the goggles is protected from external damage. During normal laser operation, i.e., when no
adjustment of the optics is required, the shielding box should be closed (cf. Fig. 9.1). A laser
warning light is installed so that it is clearly visible from the outside of the lab and is switched
on when the laser is in operation.

The second risk factor in the lab is the HCl or HBr gas. Both, HCl and HBr, are colorless
and pungently smelling gases that very easily dissolve in water. Due to acid formation in water,
both gases have an irritating effect on the eyes and the respiratory tract and are also toxic in
high concentrations. For this reason, it is only under very limited circumstances that these
gases can be commercially purchased in Germany, one being for scientific research. Due to
safety precautions, it is stored outside the lab in the open air in a lockable gas bottle cabinet.
Replacement of the gas bottle must be carried out by trained personnel wearing heavy respiratory
protection and safety suits under the supervision of the fire department. The gas is fed into the
lab via stainless steel pipes. Above the interaction chamber a gas fitting for setting the backing
pressure is mounted, as can be seen in Fig. 9.1. In the same place there is also a gas warning
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sensor from Dräger, which emits a warning tone in the event of a leak. From there, the gas
is directed into the interaction chamber, where it can be retained by shut-off valves. This also
serves to easily pump the setup after venting. The gas is then first sucked away via a turbo
pump and a backing pump and conveyed outside via an exhaust line. As a further safety feature,
a control box is installed in the lab that allows gas to flow out of the gas bottle, controlled by a
valve, only when the turbo pump is switched on and the gas sensor is operational.

During the experiments, it became apparent that an initially used gas washer after the
backing pump is not necessary, since the quantities of gas blown out are extremely small. After
a few months of operation, however, it has been noticed that, primarily in summer, vapor water
forms in the exhaust line due to the temperature difference between the air-conditioned lab and
the outside temperature. This not only damages the gas line, but also causes the water to flow
through the line towards the backing pump. Due to the fact that both gases are extremely
attractive to water and a small amount remains on the surface of the lines and inside the pump,
a reaction occurs here. This results in the formation of a brownish red, crumbly and toxic solid,
similar to rust, which was found in the exhaust line upstream of the backing pump. The liquid
in the gas washer even originally favored this scenario. To eliminate the problem, a low flow of
argon or nitrogen gas is now continuously fed through the backing pump and the exhaust line,
so that the remaining HCl or HBr gas is flushed to the outside. In the future, it should also be
ensured that the entire gas supply line is sloped until it reaches the gas fitting, thus preventing
water from collecting in the line. It is also recommended to use the more resistant Teflon instead
of stainless steel for the pipes.
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10 Concluding Remarks and Outlook

In this section, the most relevant results from this dissertation, both, from the PIC simulations
and the experiments, are summarized (cf. Sec. 10.1). Then, an outlook is presented on how the
research work of this thesis can be carried on (cf. Sec. 10.2). In this respect, a distinction is
made between the short-term goal, which is to measure the degree of polarization of protons
with the LSP (cf. Sec. 10.2.1), and the long-term perspectives. The latter is the realization of an
electron-positron collider, for which a concept for polarized electron acceleration has also been
developed (cf. Sec. 10.2.2).

10.1 Laser-based polarized proton acceleration from HCl and HBr gas targets

Within the scope of this thesis, preparatory investigations for the measurement of spin-polarized
laser-accelerated protons from a pre-polarized HCl or HBr gas-jet target, based on extensive 3D
PIC simulations including spin dynamics, at the 10 PW laser at SULF were conducted.

The key issue of this thesis was to develop a scheme for the spin-polarized laser-driven
proton acceleration. To do so, this thesis is divided into two main subjects: first, extensive 3D
PIC simulations to study the acceleration mechanisms and possible depolarization effects for
polarized protons. Second, the question of how to realize a device, in which the nuclear spins
are already aligned before the acceleration phase, as well as the setup and commissioning of such
a gas target, and first measurements on the degree of nuclear polarization with an appropriate
tool for polarimetry.

The 3D PIC simulations were performed to model the acceleration process of polarized
protons, based on previous studies by our group indicating that the generation of polarized
proton beams requires a target, in which the spins are already aligned prior to acceleration.
Aiming to produce and observe for the first time a polarized, laser-accelerated proton beam of
10 − 100 MeV energy, the 10 PW laser system at SULF (cf. Sec. 2.2.1) was assessed as a suitable
facility. To make more accurate predictions for these experimental surveys, especially at such
new laser systems, PIC simulations are a proven and helpful tool. At the beginning of this work,
however, there was no PIC simulation software, into which spin dynamics were implemented.
Thus, a central task was to determine the mechanisms that could lead to polarization or de-
polarization of a particle beam. Here, the following three mechanisms were identified: i) the
spin precession as described by the T-BMT equation, ii) the Sokolov-Ternov effect, and iii) the
Stern-Gerlach (SG) effect (cf. Sec. 4). In the second step, it was analytically specified, which of
these effects, originally known from classical accelerator physics, are also relevant for laser-based
proton acceleration (cf. Sec. 5). To do so, scaling laws for the (de-)polarization time of high en-
ergetic particle beams moving in strong fields have been derived. For initially polarized proton
beams, the minimum depolarization time tD,L ≈ 520 ω−1

L has been calculated from the T-BMT
equation assuming that all particle spins precess incoherently. It was found that this time is
long enough to ensure the conservation of proton polarization. In contrast, the Sokolov-Ternov
effect, for which too long times for the polarization to build up have been estimated, and the SG
effect, for which the maximum separation distance would be only about 20 fm at SULF, both
have negligible influence and, hence, do not need to be considered further.
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In the next step, the only mechanism identified as relevant, the spin precession according to
the T-BMT equation, has been implemented in the fully 3D PIC code VLPL in a collaboration
between HHUD and FZJ (cf. Sec. 6). The first PIC simulations with particle polarization had
the goal to gradually simulate a realistic scenario for the experiments at the 10 PW laser at
SULF (cf. Sec. 7). For this purpose, in addition to laser and target parameters, the relevant
acceleration mechanisms must be investigated. Most simulation series were carried out with
the VLPL code, and one with EPOCH, into which spin tracking has been included by Chinese
collaboration partners. All VLPL simulations were performed on the Jülich supercomputers
JURECA and JUWELS (cf. Tab 2). First, the functionality of the code was retested by carrying
out a simulation for the experiment at the ARCTURUS laser facility. As an additional feature,
the target consisted of a fully polarized proton layer, so that the simulated polarization effects
become more obvious. The conservation of the polarization in this simulation is to be regarded
as the most important result. Thus, this simulation series not only formed the basis for further
studies regarding target material, laser parameters and acceleration mechanisms, but also the
starting point for the further planning of the experiment on the laser-based acceleration of
spin-polarized protons.

For further analysis, the first simulation series with a polarized gas target was prepared.
Following the work by Shen et al. [72], a similar simulation setup but including spin dynamics
with a H/T mixture and, in addition, a HCl gas target, which is used in our experiments, is
simulated. As expected, the simulation for H/T is in good agreement with the results from
Ref. [72], since the input parameters are very similar and this gives confidence in the robustness
of our VLPL code. Polarized HCl gas seems to be the better target choice compared to H/T
because slightly higher energies and momenta are predicted. Furthermore, for the first time a
polarization conservation in a polarized gas target could be demonstrated, which amounts to at
least 50 % of the initial polarization. In the following two simulations, the focus was directed
to the simulation of more realistic parameters both, for the target dimensions as well as for the
laser. The latter was addressed in the next simulation and, by analyzing the electromagnetic
fields involved. It led to the conclusion that two mechanisms cause the acceleration of protons
to high energies: first, a direct acceleration in the plasma channel, and second, an additional
effect at the rear end of the gas target, referred to as MVA mechanism. This effect only boosts
the energy of the front protons, but not that of the higher-energy tail protons in the channel.
The last simulation series corresponds to the most realistic experimental conditions. In addition
to the previous one, the target parameters were adjusted to simulate a gas nozzle previously
characterized with Michelson interferometry. Due to the extended target and the choice of
boundary conditions in the simulation, the electric fields turned out to be unphysically high.
Thus, the proton energies are overestimated, as shown by the comparison of three sets with
different parameters and an analytical investigation based on these findings. The analytical
analysis showed that a maximum proton energy of about 100 MeV can be expected for an
accelerating laser of 4.8 PW power. Moreover, it has been found that the magnetic fields are
not affected by this overestimation, and, hence, the polarization is preserved up to a degree of
50 %, which is in good agreement with the previous findings. If these numerical results could
be demonstrated even partially experimentally, it would be a huge success for the entire laser-
plasma accelerator community.
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Meanwhile, a device has been developed, which allows the generation of polarized proton
beams in a feasible experiment (cf. Sec. 8). It turns out that the most promising method for
generating spin-polarized protons is a novel pre-polarized hydrogen target based on a photo-
dissociation of hydrogen halides, such as HCl or HBr, in which the nuclear spins are already
aligned before acceleration with a high-intensity laser. Through the photo-dissociation process,
a dissociative excited state of the molecule can be accessed optically, and each such state adia-
batically correlates, for a prompt dissociation, to the two photo-fragments in specific quantum
and spin states. First, the electrons are polarized by the photo-dissociation laser. Then, the
polarization is subsequently transferred to the proton by the hyperfine-structure oscillations in
a time span of about 350 ps. The experimental setup was designed accordingly, consisting of
the SLL334-5 JuSPARC Mira laser system, the beam optics, the interaction chamber with a
piezo valve and the gas feed line, as well as the LSP for detection of the polarization. Most
important for this setup is the laser system, which provides the wavelength of 213 nm, because
the photo-dissociation cross section is particularly high in this range.

Now that the setup was completely designed and the components were assembled and in-
dividually tested, the entire experiment could be put into operation and first measurements
were performed in strict compliance with the approved safety concept (cf. Sec. 9). Thereby, the
synchronization of the laser with the piezo valve using a digital pulse delay generator ensures
the overlap of the gas jet with the laser pulse in the interaction point on the horizontal beam
axis of the LSP. HCl and HBr gases at different backing pressures between 0 bar and 5 bar
were used. For the latter the photo-dissociation cross section is about two orders higher, as-
suming that both gases expand as a supersonic beam when exiting the valve. Calculations have
shown that the gas jet, which opens for 30 μs, must not be too dense, and, thus, the mean
free path, i.e., the average distance traveled by a moving particle between successive collisions,
must not be too small, so that the polarized protons can escape from the jet. Furthermore,
a distance between the gas valve and the interaction point of 10 cm was assumed to be opti-
mal, whereby the distance can be adjusted with a holder that is variable in height. Thus, a
number of about 1.5·1013 photons at 20 mJ laser pulse energy are expected employing the cross
section at room temperature. Their signal is estimated to arrive between 10 μs and 15 μs after
the photo-dissociation on the Faraday cup behind the Glavish ionizer and Wien filter. First,
measurements for diffusive gas of H+ and H+

2 ions without laser operation have shown that
both, the Glavish ionizer and the Wien filter, work properly. In further experiments, the laser
was switched on, so that spin-polarized protons should be generated and the signal be detected
on the Faraday cup. However, an additional contribution in the signal originating from the
spin-polarized protons could not be observed, neither for all heavy masses nor at that of the H+

ions. This observation is not in line with the expectations: the total number of about 1.5·106

protons per laser shot should be detected in the Faraday cup due to the efficiency of the ionizer,
assuming that 1.5·1013 H atoms/shot are generated by the photo-dissociation process. Hence, a
signal height of about 100 nA with a width of 5 μs of the spin-polarized hydrogen is predicted
in the Faraday cup, resulting in a peak of about 100 mV in the oscilloscope, which would have
been clearly identifiable. The fact that no signal contribution is registered on the Faraday cup
can be attributed to two reasons: first, the gas jet is not hit by the photo-dissociation laser,
so that consequently no photo-dissociation process takes place and no polarized protons are
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produced, which can be observed with the LSP. To verify the correct timing between gas jet
and laser pulse, a compression tube has already been installed near the interaction point. In
this way, the detection of the pressure increase in the interaction chamber as a result of the
photo-dissociation process is about 100 times more sensitive in future experiments. Second, the
laser-gas overlap takes place and polarized protons are produced, which enter the ionizer. Then,
the ionization efficiency in the ionizer must be much smaller than expected for fast atoms and
significantly smaller than known from previous experiments for thermal gas or slow atom beams
(∼ 1000 m/s) from an ABS. This could be solved by ionizing the spin-polarised hydrogen atoms
with an additional laser pulse (cf. Sec. 10.2.1). For the planned experiments with the polarized
target at SULF this is anyway obsolete, since no polarimetry with the LSP will be performed
here. However, further estimations have shown that the number of 1.5·106 protons/shot in the
Faraday cup would be sufficient to observe a voltage of possibly up to 3 V at the end of the
LSP using a photomultiplier. Thus, if the ionization process works properly, the experiment is
tested to be successful and a detection of spin-polarized protons becomes straightforward. Then,
the target can be combined with the 10 PW laser, where proton energies in the 100 MeV range
are expected.

10.2 Future work

Since the experimental as well as the simulated results within this doctoral studies demonstrate
the feasibility of polarized laser-driven proton acceleration, the further work aiming at the
production and observation of a polarized laser-accelerated proton beam of about 100 MeV
energy for the first time will be continued. The future work can be classified by two objectives:
first, a short-term goal, in which nuclear proton polarization using a HCl or a HBr gas target is
detected with the LSP, thus demonstrating the proper operation of the polarized proton source.
Second, the long-term and overall goal of realizing an electron-positron collider, for which first
studies on polarized electron polarization have been carried out within this dissertation.

10.2.1 Modification of the existing setup

The experiments with a compression tube should enable an optimal laser-gas jet overlap and
can be used to proof the expected photo-dissociation of the hydrogen halides by measuring the
atomic hydrogen intensity after each laser shot. If this is optimized and still there are no polarized
protons produced within the ionizer, then the missing ionization efficiency is the next problem
to overcome. Therefore, it would be expedient to ionize the hydrogen atoms before entering the
LSP. A promising option is ionization with a laser still in the interaction chamber, as shown in
Fig. 10.1. A new laser systems is needed for this new approach: as usual, the HCl or HBr bonds
are aligned with the fundamental wavelength of Nd:YAG at 1064 nm and an energy of about
100 mJ. This is followed by the photo-dissociation of HCl or HBr and the polarization transfer to
the H nucleus. This can still be accomplished with the existing JuSPARC Mira laser. However,
the new laser system can already be used here, which is operated at a wavelength of 205 nm
and also at an energy of 20 mJ. This would have the advantage that the photo-dissociation cross
section for HCl and HBr is somewhat larger at this slightly smaller wavelength. The new laser
is then needed in any case to induce a (2+1)-photon ionization of the spin-polarized hydrogen
atoms at 205 nm.
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Figure 10.1: New approach for the detection of polarized proton beams by ionizing the spin-
polarized hydrogen atoms after the photo-dissociation process using a laser of wavelength 205 nm
and an energy of 20 mJ. The ionization process thus no longer takes place in the LSP. The
photo-dissociation can be performed with the same laser, with the advantage that the photo-
dissociation cross-section is slightly larger at this wavelength. But the second laser pulse at
205 nm for ionizing the H atoms has to interact with the gas 350 ps after the photo-dissociation
process took place, so that the polarization can be completely transferred to the protons by the
hyperfine-structure oscillations.

Technically, this could be realized with a combined YAG-pumped dye-laser system from
Sirah Lasertechnik GmbH, as depicted in App. E. Using the Cobra-Stretch Tunable Dye Laser in
combination with a Frequency Conversion Unit (FCU), the initial laser beam is amplified and
the corresponding harmonics are generated implementing doubling crystals for 206 nm − 380 nm
with high absolute wavelength accuracy [188]. The frequency is doubled by a Beta Barium
Borate (BBO) crystal followed by a compensator. Behind, the Boston 500 is connected in series
or parallel. It is a compact and versatile Nd:YAG laser based on an efficient single rod, oscillator
only, design [189]. The main parameters of the Boston 500 Nd:YAG laser system are given in
Tab. 8.

Table 8: Main parameters of the Boston 500 Nd:YAG laser system [189].

Manufacturer Sirah Lasertechnik GmbH
Repetition rate ± 10% in 0.1 μHz steps down to 0.1 Hz
Pulse duration 5 − 8 ns
Pulse energy 100 mJ @ 1064 nm, 20 mJ @ 205 nm

Beam diameter < 8 mm
Up-converted radiation 532 nm, 355 nm, 205 nm

Conversion principle Built-in harmonic generator
Experimental technique Control of nuclear spins & ionization of H atoms
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Figure 10.2: Design of the future interaction chamber with two gratings between the piezo
valve for acceleration of polarized and ionized hydrogen atoms into the LSP.

After the hydrogen is polarized and ionized with the new laser system, it is necessary to
guide the protons into the LSP. Electric fields can be used for this by applying an electric
voltage to two gratings as shown in Fig. 10.2. It is important that the voltage on the grid facing
the LSP is lower, so that the protons are accelerated in this direction. These modifications can
be implemented without rebuilding the existing interaction chamber. Due to the use of the laser
for the ionization process instead of the Glavish ionizer, the signal in the LSP will be increased
by about four orders of magnitude. Thus, there are no losses resulting from the geometry of
the expanding sphere of spin-polarized protons and the small acceptance angle of the detector.
Consequently, a detection of the degree of polarization becomes much more likely.

10.2.2 Towards polarized electron acceleration

One long-term goal of the laser-plasma physics community is the realization of an electron-
positron collider, as it is stated in the 2020 Roadmap on Plasma Accelerators [16]. Thus, another
aim of this thesis was the conceptual design of a polarized target for laser-induced electron ac-
celeration based on the already developed target for polarized protons. Several challenges must
be overcome: i) since significant polarization transfer to electrons from an initially unpolarized
target does not occur during laser acceleration, the use of a gas target, in which the electron
spins are already aligned prior to laser acceleration is required. ii) Polarization losses during the
injection of electrons into a bubble structure, and iii) subsequent acceleration in the wakefield
must be controlled and optimized [120]. Considering positrons, experimental investigations of
acceleration concepts in a plasma is even more ambitious due to the difficulty of providing an
injector of adequate quality that can be synchronised with the positron-accelerating region of a
wakefield.
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Figure 10.3 shows the scheme for polarized laser-induced electron acceleration based on
the polarized gas target for protons. The following descriptions are based on the publication
by Yitong Wu, . . . , Anna Hützen et al. [120]. The first two steps, in which the HCl bonds are
aligned using the 1064 nm laser as well as the photo-dissociation and polarization of the electrons
takes place by either a 205 nm laser or a pulse of 213 nm wavelength, is already known from the
polarized proton target (cf. Fig. 8.3). Applying 234.62 nm UV light the Cl atoms are ionized.
Due to thermal expansion of the electrons a large Coulomb field is induced, which expels the Cl+

ions. Subsequently, the remaining spin-polarized electrons from the hydrogen are accelerated
with a high-intensity laser, while maintaining their polarization to a large degree.

Based on 3D PIC simulations implementing this new target scheme Yitong Wu, . . . , Anna
Hützen et al. [120] predict larger electron beam currents via vortex Laguerre-Gaussian (LG) laser-
driven wakefield acceleration compared to Gaussian laser-driven acceleration. The topology of
the vortex wakefield resolves the depolarization issue of the injected electrons and due to the LG

100 mJ at 1064 nm
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Alignment of HCl bonds

20 mJ at 213 nm
Δt Photo-dissociation of HCl

bonds & polarization
of the electrons

+

+

+

20 mJ at 235 nm
Δt Ionization of the

Cl atoms

+

+

+

300 J at 800 nm
Δt
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Expulsion of Cl+ ions
and acceleration of the
electrons in the gas jet

Figure 10.3: Schematic overview of the production of laser-driven polarized electron beams.
The HCl bonds are first aligned with an IR laser beam. This is an optional process to increase
the degree of polarization of the photo-fragments and, thus, the final signal. The 213 nm UV
laser propagates with 20 mJ beam energy along the z-axis to photo-dissociate the HCl molecules
and consequently transfer the polarization to the electrons. After the Cl atoms are ionized by
another UV light of 235 nm wavelength, they can be removed by either an external electric field
or thermal expansion. Finally, the spin-polarized electrons are accelerated to high energies with
a high-intensity laser pulse, e.g. the SULF laser, while maintaining their polarization.
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laser a conservation of the electron-spin polarization by more than 80 % is expected as presented
in Fig. 10.4. This method releases the limit on beam flux for polarized electron acceleration and
assures a boost in the peak flux by more than one order of magnitude as compared to Gaussian
beams [29, 120].
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Figure 10.4: Polarized electron acceleration driven by vortex laser pulses: the picture shows the
electron density and laser field distributions (iso-surface) for the LG laser as well as the electron
spin directions according to the T-BMT equation indicated by the black arrows. The laser
electric field is projected onto the x–z plane (at y = 0), while the electron density is projected
onto the x–y (at z = 0) and y–z planes [120].

In a subsequent paper Yitong Wu, . . . , Anna Hützen et al. [150] apply the scheme presented
in Fig. 10.3 to plasma wakefield acceleration driven by a particle beams (PWFA) to investigate
the precession of electron spins based on density down ramp injection using 3D PIC simulations
incorporating the spin dynamics. The unpolarized electron driver beam, which is free of the
prepulse issue associated with a laser driver, is produced by the well-known LWFA. Thus,
possible depolarization effects of the polarized gas are eliminated, which may be caused by
an ionization induced by a prepulse. As a result, electron beams with high polarization by
controlling the driving-beam parameters and plasma densities at different initial spin directions
are obtained [29, 150].

Further investigations of electron beam polarization by means of 3D PIC simulations and
a theoretical analysis in the scope of a quasi-static model published by Yitong Wu, . . . , Anna
Hützen et al. [151] indicate a dependence on the azimuthal angle in plasma wakefields as a
consequence of the symmetric bubble field. Accordingly, an X-shaped slit as a kind of spin
filter is recommended to be placed immediately behind the plasma accelerator to significantly
enhance the beam polarization of the accelerated electrons. By filtering out the low-polarization
population implementing the suggested slit, a beam polarization of about 80 % is achieved, while
the initial polarization is only about 35 % [29, 151].

With this preliminary work, the realization of a polarized electron accelerator is certainly
getting a bit closer.
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A. Hützen, J. Thomas, J. Böker, R. Engels, R. Gebel, A. Lehrach, A. Pukhov, T. P. Rakitzis,
D. Sofikitis, and M. Büscher
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Phys.Rev. E, 102(011201(R)), 2020

• Performance of a comparable 3D simulation series with the VLPL code for benchmarking
the EPOCH code, in which the spin dynamics has been newly implemented for the paper

• Evaluation and comparison of the simulations
• Discussion of the results

Generation of polarized particle beams at relativistic laser intensities (Ref. [29])
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Scaling laws for the depolarization time of relativistic particle beams in strong fields.
Phys. Rev. Accel. Beams, 23(064401), 2020.

[31] Peter Grünberg Institute (PGI-6) Forschungszentrum Jülich. JuSPARC — The Jülich
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Spin-polarized proton beam generation from gas-jet targets by intense laser pulses. Phys.
Rev. E, 102(011201(R)), 2020.

[33] B. M. Garraway and S. Stenholm. Does a flying electron spin? Contemp. Phys., 43(147),
2002.
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Appendix

A Supplementary information for Fig. 3.2
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B Exemplary v.ini file for VLPL simulations for set 3 in Sec. 7.6

&Domain   # general information about the simulation domain 
  Hx = 0.04   # grid step size in x-direction 
  Hy = 1   # grid step size in y-direction 
  Hz = 1   # grid step size in z-direction 
  Xlength = 400   # simulation box length size in x-direction 
  Ylength = 100   # simulation box length size in y-direction 
  Zlength = 100   # simulation box length size in z-direction 
  Ts = 0.02   # time step 
  Wavelength = 0.8e-4    # default laser wavelength, in this case 800 nm 
  Nspecies = 3   # number of particle species (including electrons) 
  Npulses = 1   # number of laser pulses 
  NMovieFrames = 0   # number of fields to save for 2D real-time movie 
  NMovieFramesH5 = 8   # number of fields to save in 3D regularly 
  MaxwellSolver = 0   # 0 -> Yee; 1 -> NDF; 2 -> q1d 
  CollisionIonizationIncluded = 0 # do we have collisional ionization of elements? 
  PhotoRecombinationIncluded = 0  # do we have photo recombination? 
  ParticlePusher = 0      # default:0 = energy conserving 
  SilentTime = 0   # particles do not respond to fields til this time 
  BxExternal = 0   # external B-field in x-direction, if any 
  ByExternal = 0   # external B-field in y-direction, if any 
  BzExternal = 0   # external B-field in z-direction, if any 
/ 
&MPP_partition    # controls the parallel partition 
  Xpartition = 24   # 3D domain decomposition for parallel computing. 
  Ypartition = 8   # Here, 1536 processors with 
  Zpartition = 8   # 24x8x8 domain partitioning are used 
/ 
&Controls   # general controls 
  Reload = 0   # non-zero value if restart from a pre-saved point 
  Nwrite = 0   # number of control point 
  Ndiagnose = 100   # code writes some info into v<pe>.log –files 
  CPUstop = 0   # code stops after this CPU time (seconds) 
  PhaseStop = 1150.1   # code stops after this simulation time  
  SavePeriod = 25   # code saves control points  
  MovieFlag = 0   # flag, whether 2D movie files should be produced 
  MoviePeriod = 0   # 2D movie frames saved with this period in time 
  MovieFlagH5 = 1   # flag, whether 3D movie frames should be saved 
  MoviePeriodH5 = 10   # 3D movie frames saved with this period in time 
  ShiftFlag = 1   # flag, whether moving window should be done 
  FirstShiftTime = 0   # time for the first shift of the moving window 
  LastShiftTime = 1150.1   # no moving window shift after this time 
  FieldFilterFlag = 0   # additional control parameter 
  FieldFilterPeriod = .1   # additional control parameter 
  WakeControlFlag = 0   # additional control parameter 
  WakeControlTime = 551   # additional control parameter 
  WakeControlPeriod = 551   # additional control parameter 
  NullifyFieldsTime = 100e10   # additional control parameter 
  NullifyFieldsXmin = 10   # additional control parameter 
  NullifyFieldsXmax = 1e20        # additional control parameter 
/ 
&Laser0   # not used for the presented simulation series 
/ 
&Pulse0   # describes laser pulse  
  a0 = 70   # dimensionless laser amplitude 
  Ypol = 1.0   # value of y-polarization 
  Zpol = 1.0   # value of z-polarization 
  Tprofile = 0   # index of transverse laser profile 
  Lprofile = 0   # index of longitudinal laser profile 
  Length = 12.5   # pulse length parameter 
  Ywidth = 6.7   # pulse width in y-direction 
  Zwidth = 6.7   # pulse width in z-direction 
  RiseTime = 0   # additional parameter 
  DropTime = 0   # additional control paramter 
  Xperiod = 0   # additional control paramter 
  Xcenter = 375   # position of laser center, from the left boundary 
  Ycenter = 0   # position of laser center, from the optical axis 
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  Zcenter = 0   # position of laser center, from the optical axis 
  Yphase = 1.5708   # initial phase of the y-polarization 
  Zphase = 0   # initial phase of the z-polarization 
  FromBoundary = XM   # from which boundary the pulse comes 
  Kx = 1   # wave vector x-direction 
  Ky = 0   # wave vector y-direction 
  Kz = 0   # wave vector z-direction 
/ 
&Electrons   # defines electron distribution 
  Distribution = 0   # index of density distribution 
  Density = 0   # electron density measured in critical densities 
  Begin = 400   # parameter where plasma begins 
  PlateauBegin = 650   # parameter where constant density of plasma begins 
  PlateauEnd = 900   # parameter where constant density of plasma ends 
  End = 1150   # end of plasma 
  Radius = 0.3   # additional parameter 
  RadiusX = 0.3   # additional parameter 
  RadiusY = 0.3   # additional parameter 
  RadiusZ = 0.3   # additional parameter 
  Px0 = 0.   # initial momenta of particles in x-direction  
  Py0 = 0.   # initial momenta of particles in y-direction  
  Pz0 = 0.   # initial momenta of particles in z-direction  
  PspreadX = 0e-4   # RMS spread of momentum in x-direction 
  PspreadY = 0e-4   # RMS spread of momentum in y-direction 
  PspreadZ = 0e-4   # RMS spread of momentum in z-direction 
  P_perCell = 2   # number of particles per cell for each cell 
  LimitPerCell = 1e6   # limited number of particles per cell 
  x0 = 0   # additional parameter 
  y0 = 0   # additional parameter 
  z0 = 0   # additional parameter 
  Delta = 0.   # additional parameter 
  Xperiod = 0   # additional parameter 
  Ycurvature = 0   # additional parameter 
  CurvatureBegin = 0   # additional parameter 
  ScatterFlag = 0   # additional parameter 
  InjectFlag = 0   # additional parameter 
  Zombie = 1   # additional parameter 
  Sx = 0   # PIC particle polarization in x-direction 
  Sy = 0   # PIC particle polarization in y-direction 
  Sz = 0   # PIC particle polarization in x-direction 
  RandomSx = 0   # additional parameter 
  RandomSy = 0   # additional parameter 
  RandomSy = 0   # additional parameter 
  RandomSz = 0   # additional parameter 
  mMoment = 1e-3   # magnetic moment of particle species  
  FollowUpPart = 0   # additional parameter 
  FollowStride = 100000   # additional parameter 
/ 
&Specie1   # defines particle species 
  Distribution = 0   # index of density distribution 
  Density =  0.0122   # density of species measured in critical densities 
  Begin = 400   # parameter where plasma begins 
  PlateauBegin = 650   # parameter where constant density of plasma begins 
  PlateauEnd = 900   # parameter where constant density of plasma ends 
  End = 1150   # end of plasma 
  Radius = 100e10   # additional parameter 
  RadiusX = 1e10   # additional parameter 
  RadiusY = 0.95e10   # additional parameter 
  RadiusZ = 0.95e10   # additional parameter 
  Xperiod = 0   # additional parameter 
  x0 = 0   # additional parameter 
  y0 = 0   # additional parameter 
  z0 = 0   # additional parameter 
  Delta = 0.0   # additional parameter 
  Px0 = 0   # initial momenta of particles in x-direction  
  Py0 = 0    # initial momenta of particles in y-direction  
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C Data sheet of the EKSPLA SL330 series laser system
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D Side and front views of the piezo valve from Innovative
Research Solutions GmbH
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E Possible YAG-pumped dye-laser system for the polarized
target, courtesy of Sirah Lasertechnik GmbH
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