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Kurzfassung

Ziel dieser Arbeit war es, ein Energieverlustexperiment mit der Laser Ion Generation Handling and Transport
(LIGHT) Strahlfithrung, einer lasergetriebenen Ionenstrahlfiihrung am Helmholtzzentrum fiir Schwerio-
nenforschung (GSI), zu planen und vorzubereiten. Dafiir wurde eine detaillierte Modellierung sowie die
Demonstration der Machbarkeit des Experiments durchgefiihrt. In dem von mir geplanten Experiment
wird die LIGHT-Strahlfiihrung so konfiguriert, dass sie Kohlenstoffionenstrahlen (C**) und Protonen-
strahlen mit einem Energie-zu-Masse-Verhéltnis von 0,6 MeV/u selektiert und transportiert. Diese Ionen
werden mit dem Petawatt High Energy Laser for Ion eXperiments (PHELIX) beschleunigt und {iber zwei
Solenoide transportiert. Im Anschluss erfolgt eine zeitliche Kompression der Projektilpakete mittels einer
Radiofrequenz-Kavitit (RF), um die kiirzest mogliche Paketlédnge zu erreichen, um das transiente Plasma
so exakt wie moglich zu untersuchen. Die Erzeugung des Plasmatargets erfolgt mit dem im Rahmen dieser
Arbeit neu entwickelten und verbesserten Nanosecond High Energy Laser for Ion eXperiments (nhelix).
Der nhelix-Laser wird eine Kohlenstofffolie mit einer Flichendichte von 100 pg/cm? von beiden Seiten mit
einer Energie von jeweils 30 J bestrahlen. Die Pulsldnge betrdgt 7 ns und die Wellenldnge ist 527 nm. Das
resultierende Plasma wird eine Dichte freier Elektronen von 3 - 102° cm~2 und eine Temperatur von 180 eV
aufweisen, was zu einer Projektilgeschwindigkeit nahe der thermischen Geschwindigkeit der Plasmaelek-
tronen fiihrt (v, ~ vy). In diesem Bereich liegt das maximale Bremsvermdgen, und die theoretischen
Beschreibungen des Bremsvermogens weisen die groldten Diskrepanzen auf. Das lasererzeugte Plasma wird
mit einer interferometrischen Messung der Dichte der freien Elektronen diagnostiziert. Die Entwicklung,
der Bau und die erfolgreiche Erprobung des interferometrischen Aufbaus wurden wéhrend dieser Arbeit
von mir beaufsichtigt.

Ich habe das geplante Energieverlustexperiment modelliert, beginnend mit dem Transport des Ionen-
strahls, iiber die Simulation des laserbeheizten Plasmatargets bis zur Wechselwirkung des Ionenstrahls mit
dem Plasma, sowohl in Bezug auf den Energieverlust als auch auf den Ladungszustand. Zur Vorhersage
der resultierenden Strahlcharakteristiken und der erforderlichen Strahlfiihrungseinstellungen wurden
Strahlfiihrungssimulationen durchgefiihrt. Die endgiiltigen simulierten Strahlbiindel wiesen eine zeitliche
Biindelbreite von 300-340 ps und eine Fokusgrof3e von 4,5-5,5 mm am Plasmatarget auf. Das Plasma
wurde mit dem hydrodynamischen Code MULTI2D modelliert. Eine maximale Temperatur von 180 eV und
eine Dichte freier Elektronen in der GréRenordnung von 10%° cm™2 wird nach 7,75 ns erreicht. Hier ist
das Plasma longitudinal homogen. Im innersten Bereich, wo der Projektilstrahl das Plasma durchquert,
wird nach 8 ns eine transversale Homogenitét erreicht. Die Wechselwirkung des Ionenstrahls mit dem
Plasmatarget wurde dann auf der Grundlage verschiedener theoretischer Modelle zur Beschreibung des
Bremsvermogens modelliert. Eine zweidimensionale Simulation des gesamten Experiments wurde er-
folgreich durchgefiihrt. Im Stoppmaximum sagen die Modelle fiir das Bremsvermogen einen erhohten
Energieverlust von 185-230 % fiir Protonen und 230-290 % fiir Kohlenstoffionen im Vergleich zum Ener-
gieverlust in einem festen Target voraus. Um zwischen fiinf verschiedenen theoretischen Modellen fiir
das Bremsvermogen zu unterscheiden, wurde bestimmt, dass eine erforderliche Energieauflosung von
11 % ausreicht, um aussagekraftige Ergebnisse zu erzielen. Die zweidimensionalen Simulationen wurden




eingesetzt, um die optimale Blendengrof3e fiir den Projektilstrahl in den Energieverlustexperimenten zu
ermitteln, was zu einem Durchmesser von 0,5 mm fiihrte.

Die Leistungsfahigkeit der Strahlfithrung wurde durch den Transport und die zeitliche Kompression von
Kohlenstoffionen (C**) mit einer Energie von (7,2 + 0,2) MeV auf eine Biindeldauer von (1,23 + 0,04) ns
(Halbwertsbreite) experimentell nachgewiesen. Der Durchmesser des Fokus betrug (4,11 = 0,02) mm,
wihrend das komprimierte Biindel abgeschitzt (2,0 + 0,6) - 108 Ionen umfasste. Des Weiteren wurden
Protonen mit einer Energie von (0,63 = 0,01) MeV transportiert und zeitlich auf eine Biindeldauer von
(0,76 = 0,04) ns komprimiert. Der Fokus hatte einen Durchmesser von (2,82 + 0,03) mm und das Biin-
del enthielt abgeschitzt (5,9 = 0,4) - 108 Protonen. Im Rahmen dieser Studie wurden Projektilstrahlen
mit einer Linge verwendet, die fiinf bis sieben Mal kiirzer ist als die in fritheren Experimenten mit Li-
nearbeschleunigern. Dies fiihrt zu einer kiirzeren Mittelungszeit iiber sich in Nanosekunden @ndernde
Plasmaparameter. Die abgeschétzte Teilchenzahl liegt um zwei bis drei Gré3enordnungen hoher als in
dhnlichen Experimenten. Dies fiihrt zu einer hoheren moglichen Flugzeitdistanz in der Energiemessung und
damit zu einer hoheren Energieauflosung. Die transportierten Strahlen wurden zur Durchfiithrung von Ener-
gieverlustexperimenten in einer festen Kohlenstofffolie verwendet, um die Durchfiihrbarkeit des geplanten
Experiments zu demonstrieren. Der gemessene Energieverlust fiir Protonen betrug dE = (29 + 6) keV,
wahrend der gemessene Energieverlust fiir Kohlenstoffionen dE = (61 + 10) keV betrug. Die beiden Werte
stimmen mit den vorhergesagten Werten des SRIM-Codes (Stopping and Range of Ions in Matter) {iberein.
Die Messungen lassen auf eine Unsicherheit von 7 % fiir Protonen und 6 % fiir Kohlenstoffionen in den
Energieverlustmessungen mit dem Plasmatarget schliel3en. Die vorbereitenden Experimente demonstrieren
die Durchfiihrbarkeit des geplanten Energieverlustexperiments, welches aussagekraftige Daten fiir den
Vergleich von Theorien zum Bremsvermogen liefern wird.
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Abstract

The objective of this thesis was to plan and prepare for a stopping power experiment with the Laser Ion Gener-
ation Handling and Transport (LIGHT) beamline, which is a laser-driven ion beamline at Helmholtzzentrum
fiir Schwerionenforschung (GSI). To this end, detailed modeling and a demonstration of the feasibility of
the experiment were carried out. In the experiment I planned, the LIGHT beamline will be configured to
select and transport carbon ion beams (C**) and proton beams with an energy-to-mass ratio of 0.6 MeV/u.
These ions will be accelerated using the Petawatt High Energy Laser for Ion eXperiments (PHELIX) and
transported via two solenoids. The projectile bunches will then be temporally compressed with a radio-
frequency (RF) cavity to achieve the shortest possible bunch length, to examine the transient plasma as
precisely as possible. The plasma target will be generated using the Nanosecond High Energy Laser for Ion
eXperiments (nhelix), which was newly designed and upgraded within the scope of this work. The nhelix
laser will irradiate a carbon foil with an areal density of 100 pg/cm? from both sides with an energy of 30J
each. The pulse length is 7 ns and the wavelength is 527 nm. The resulting plasma is designed to have a free
electron density of 3 X 102° cm ™2 and a temperature of 180 eV, which results in a projectile velocity close
to the thermal velocity of the plasma electrons (vp ~ vy,). In this regime, the stopping maximum is located,
and the stopping theories show their highest discrepancies. The laser-generated plasma will be diagnosed
with an interferometric measurement of the free electron density. The development, construction, and
successful testing of the interferometric setup were overseen by me throughout this work.

I modeled the planned stopping power experiment, encompassing the ion beam transport, the simulation
of the laser-heated plasma target, and the interaction of the ion beam with the plasma, both in terms
of energy loss and charge state. Beamline simulations were conducted to predict the resulting beam
characteristics and requisite beamline settings. The final simulated bunches exhibited a temporal bunch
width of 300-340 ps and focal spot size of 4.5-5.5 mm at the plasma target. The plasma was modeled
using the MULTI2D hydrodynamic code. A maximum temperature of 180 eV and a free electron density
in the order of 10%° cm™3 is reached after 7.75ns. Here, the plasma is longitudinally homogeneous. In
the innermost region, where the projectile beam passes through the plasma, transverse homogeneity is
achieved after 8 ns. The ion beam’s interaction with the plasma target was then modeled based on different
theoretical models describing the stopping power. A two-dimensional simulation of the entire experiment
was successfully conducted. In the stopping maximum, the stopping power models predict an increased
energy loss of 185-230 % for protons and 230-290 % for carbon ions compared to the energy loss in a solid
target. In order to differentiate between five different theoretical stopping power models, it was determined
that a required energy resolution of 11 % is sufficient to yield meaningful results. The two-dimensional
simulations were employed to identify the optimal pinhole size for the projectile beam in the stopping
power experiments, resulting in a diameter of 0.5 mm.

The performance of the beamline was demonstrated experimentally by transporting and temporally com-
pressing carbon ions (C*t) with an energy of (7.2 = 0.2) MeV to a bunch duration of (1.23 + 0.04) ns (full
width half maximum). The focal spot size was (4.11 = 0.02) mm in diameter, and the compressed bunch
was estimated to contain (2.0 + 0.6) x 108 ions. In addition, protons with an energy of (0.63 = 0.01) MeV
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were transported and temporally compressed to a bunch duration of (0.76 = 0.04) ns. The focal spot size
was (2.82 + 0.03) mm in diameter, and the bunch was estimated to contain (5.9 + 0.4) x 108 protons.
The projectile beams utilized in this study are five to seven times shorter than those employed in previous
experiments with linear accelerators, resulting in a shorter time averaging over plasma parameters that
change in nanoseconds. The estimated particle numbers were two to three orders of magnitude higher
than in similar experiments, resulting in a higher possible time of flight (ToF) distance when measuring the
energy and therefore a higher energy resolution. The transported beams were used to conduct stopping
power experiments in a solid carbon foil, to demonstrate the feasibility of the planned experiment. The
measured energy loss for protons was dE = (29 + 6) keV, while the measured energy loss for carbon ions
was dFE = (61+10) keV. Both values are in agreement with the predicted values of the SRIM code (Stopping
and Range of Ions in Matter). These measurements indicate an uncertainty of 7 % for protons and 6 %
for carbon ions in the stopping power experiments with the plasma target. The preparatory experiments
demonstrate the feasibility of the planned stopping power experiment, which will yield meaningful data
for benchmarking stopping power theories.
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1 Introduction

This doctoral thesis was conducted as part of the LIGHT (Laser Ion Generation, Handling and Transport)
project. The project investigates the combination of a laser-generated ion source with conventional acceler-
ator components to produce high-intensity ion bunches. This thesis aims to design and prepare a stopping
power experiment using laser-accelerated ions in a laser-driven plasma with the LIGHT beamline. The
introduction begins with a brief historical overview of stopping power research, followed by a presentation
of selected applications of ion stopping in plasma (refer to Section 1.1). Subsequently, the physics and its
current challenges are described (refer to Section 1.2). Finally, this work is placed within the context of
experimental studies on stopping power (refer to Section 1.3).

The study of the interaction between ions and matter has been a subject of scientific investigation for
over a century. Bohr’s groundbreaking work in 1913 explored the deceleration of alpha particles in
matter (Bohr 1913). Since then, researchers worldwide have conducted extensive theoretical, experimental,
and numerical studies to comprehend and quantify the energy deposition of charged particles in matter.
Although the stopping of ions in cold matter has been extensively examined using a wide range of
experimental data (Bethe 1930; Bloch 1933; James F. Ziegler et al. 1985), there are still numerous
unanswered questions when it comes to ion stopping in ionized matter, particularly in plasma. The
theoretical description of this interaction remains a significant challenge, and only a limited amount
of experimental data has been gathered thus far. The interaction between ions and plasma is of great
importance in various fields of modern physics, including plasma physics. Understanding this interaction is
particularly crucial for the realization of the Inertial Fusion Energy (IFE) concept, which aims to harness
the energy generated by nuclear fusion reactions in plasma.

1.1 Applications of lon Stopping in Plasma

This section emphasizes the significance of research on stopping power and its diverse applications. It
initially concentrates on inertial confinement fusion (ICF) as a prospective energy source. Subsequently,
the relevance of stopping power in plasma is explored in various applications.

1.1.1 Inertial Confinement Fusion

The loss of energy by ions in plasmas is a crucial factor in current research areas, such as inertial confinement
fusion. This method is being studied as a potential candidate for future fusion power plants (Hurricane
et al. 2019; Rosen 1999; A. B. Zylstra et al. 2019a). In this process, a small amount of fuel, consisting
of a mixture of deuterium and tritium, is heated and compressed by a spherical implosion to ignite a
thermonuclear burn wave (Haan et al. 1995; Lindl 1995; NUCKOLLS et al. 1972). This releases energy
through the deuterium-tritium fusion reaction (*H+3H — n+*He), which heats the plasma through the




kinetic energy of the a-particles. The transferred energy rate is equal to the energy loss of the a-particles
in the plasma. To maintain the fusion reaction, the energy loss of the 3.5 MeV a-particles produced in
deuterium-tritium fusion reactions must dominate all loss processes. This causes the target to self-heat,
ultimately leading to further fusion reactions. To accurately model ignition experiments at the National
Ignition Facility (NIF) (Abu-Shawareb et al. 2024; Hurricane et al. 2014; Miller et al. 2004; A B Zylstra
et al. 2022a,b) and future ignition experiments, it is necessary to understand the transport of a-particles in
plasma.

The NIF laboratory achieved the burning plasma state with current stopping power descriptions and
decades of fusion research (A B Zylstra et al. 2022a). In an indirect drive fusion implosion 2.05MJ of
laser light produced 3.1 MJ of total fusion yield, resulting in a target gain of 1.5 (Abu-Shawareb et al.
2024). This marks the first laboratory demonstration of exceeding ”scientific breakeven”. This achievement
demonstrates that laboratory fusion, based on fundamental principles of physics, is possible.

The transport and energy deposition of charged particles in plasmas, as well as the heating of dense plasmas,
are crucial for developing alternative designs of inertial confinement fusion with particle beams. Two
examples of fusion designs are heavy ion fusion (Callahan-Miller et al. 2000; Hofmann 2018; Humphries
1980), in which a stream of high-energy ions from a particle accelerator rapidly heats and compresses
a small pellet of fusion fuel, and proton fast ignition (Fernandez et al. 2014; Roth et al. 2001; Tabak
et al. 1994), in which the cold fuel is precompressed and subsequently ignited with a separate short-pulse
high-intensity proton pulse.

1.1.2 Diverse Relevancy of lon Stopping in Plasma

In addition to fusion, ion stopping in plasma is a critical factor in various other contexts. One specific
application of ion stopping in plasma is in electron cooling systems. These systems employ cold electron
plasmas, i.e., monoenergetic electron beams, as a stopping medium to reduce the emittance of heavy ion
beams in storage rings (Poth 1990; Winkler et al. 1997).

In accelerator physics, plasmas can serve as ion strippers (Alton et al. 1992; K.-G. Dietrich et al. 1992;
Loisch et al. 2015) or ion focusing lenses (Chiadroni et al. 2018; Panofsky et al. 1950; Pompili et al.
2017; Yan et al. 2023). A comprehensive understanding of ion-plasma interaction is necessary for these
applications.

Ion stopping is crucial for astrophysical phenomena where plasma is the fundamental state of matter.
Understanding ion stopping mechanisms in plasma is essential for various processes, including the transport
and interaction of cosmic-ray particles (Ferrari 1998), stellar transport, and the rapid neutron capture
process (r-process), which is a nucleosynthesis mechanism in astrophysics that occurs in supernovae and
neutron star mergers, where heavy atomic nuclei are formed.

This is just a small selection of applications, but it still demonstrates the importance of providing stopping
power descriptions in a wide range of regimes. The following section presents the progress and challenges
of achieving this objective.




1.2 Physics Case

The theoretical treatment of ion stopping remains a challenging problem despite decades of extensive
analytical and numerical studies. Interactions between projectiles and plasma can involve very different
and rapidly changing plasma conditions, resulting in very different ion stopping behaviors.

The ion stopping power has various theoretical descriptions, which depend on the projectile and plasma
characteristics, ion-plasma coupling, and the balance between collisional and collective phenomena.
Therefore, developing a unified picture of the ion stopping process in plasma is a challenging task. Also,
the projectile’s charge-state value in the plasma is an important but not yet fully established quantity. It
depends on atomic cross sections, charge-transfer processes, and plasma parameters.

The interaction between ions and plasma is well understood for high projectile ion velocities vy, typically
measured in units of the thermal velocity of free plasma electrons vy,. When ;}T‘; > 1, the ion energy
deposition can be described using a Bethe formula (Bethe 1930, 1932). However, in the low-velocity
regime, the stopping process is influenced by factors such as close collisions and plasma polarization,
which require adapted correction terms. As the projectile ion velocity approaches %’] ~ 1, the theoretical
description becomes increasingly complex due to the region of maximum stopping power. In this velocity
range, both close particle collisions and collective plasma oscillations significantly affect the stopping power,
and the projectile charge state may exhibit important non-equilibrium behavior. The Coulomb coupling
between the projectile and plasma electrons is maximized, making it difficult to describe the interaction
using perturbation theory.

In ICF, predicting «-particle heating precisely is challenging due to theoretical uncertainties. This is because
the velocity of the «a-particles v, is either lower or equal to the thermal velocity of the plasma electrons
(Vo < e ,m) for most of the fusion process. A decrease in a-particle stopping causes a nearly equal increase
in range. This may impact the thermonuclear burn wave’s ignition threshold in the dense main fuel, as
well as the energy deposition inside the hot spot of a burning deuterium-tritium plasma (Edie et al. 2013).

Accurate measurements of ion stopping near the stopping maximum are crucial for directing theoretical
efforts. Theoretical descriptions of ion stopping in plasmas have been proposed by Deutsch et al. 2010;
D. O. Gericke et al. 1999; Li et al. 1993a; G. Maynard et al. 1985; Peter et al. 1991b; Zimmerman 1997
and BROWN et al. 2005. Although several attempts have been made to theoretically describe ion stopping
behavior in plasmas, there is only a limited amount of experimental evidence to support these theories (W.
Cayzac et al. 2017; S. N. Chen et al. 2018; Frenje et al. 2019; Hayes et al. 2020; Malko et al. 2022; A.
Zylstra et al. 2020). Suitable laser-generated plasmas for these measurements are typically very small and
highly transient. This places significant demands on the experimental equipment, especially on the ion
beam used for plasma probing. Previous experiments are summarized and categorized in the following
section.




1.3 Context of the Work

This section reviews the experimental landscape of ion stopping power in plasma. Figure 1.1 displays the
parameter domain examined in previous experiments as a function of the velocity ratio v, /vy, and the
electron coupling parameter I', which quantifies the strength of electron-electron coupling in the probed
plasma. Initial experiments have been conducted in cold hydrogen plasmas generated by either electric
gas-discharge (Belyaev et al. 1996; Gardes et al. 1992; Jacoby et al. 1995) or by Z-pinch targets (Dietrich
et al. 1990; Flierl et al. 1998; Hoffmann et al. 1990) with low plasma density (ne ~ 10'7-10'® cm~2) and
high-energy probe ion beams on a MeV/u scale. In order to access regimes of higher temperature and
higher density that are relevant to ICF, experiments using laser-generated plasmas had to be carried out.
Laser-generated plasma (S. N. Chen et al. 2018; Couillaud et al. 1994; A. Frank et al. 2013; Malko et al.
2022; Roth et al. 2000; Sakumi et al. 2001) and exploding-pusher experiments (Frenje et al. 2015, 2019;
Hicks et al. 2000) can reach lower to moderate velocity ratios (vp/vy) up to 6 but are often limited to hot,
ideal plasmas. X-ray-driven targets can be used to achieve cold and dense plasma conditions (Lahmann
et al. 2023; Ortner 2015; Ren et al. 2020; A. B. Zylstra et al. 2015).

o
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® X-raydriven
100 4 e
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Figure 1.1: Reported ion stopping experiments displayed in the parameter space of the velocity ratio vp /vy,
of the beam plasma interaction and the electron coupling I".




This thesis extends the legacy of ion stopping power research through an experimental investigation
using the LIGHT beamline. The experiment presented in this thesis aims to study the maximum stopping
velocity (vp =~ vy) in an ideal plasma (I" ~ 0.01). This experiment is designed to validate the results of W.
Cayzac et al. 2017 and Frenje et al. 2019 with higher accuracy. It will be the first of many stopping power
experiments utilizing the infrastructure and platform built at the experimental area Z6 at Helmholtzzentrum
fiir Schwerionenforschung (GSI). The LIGHT beamline can cover a wide parameter space for stopping
power experiments by employing various configurations of different targets, plasma parameters, and ion
beams.

1.4 Structure of the Thesis

This thesis aims to design an experimental campaign to measure stopping power using the LIGHT beamline.
Chapter 2 presents a comprehensive description of the theoretical foundation required for this work,
including general plasma physics, laser-plasma interaction, and ion-plasma interaction. This chapter covers
important features of ion stopping and provides a summary of modern stopping power theories and models.
Chapter 3 outlines the planned experiment and explains the role of the LIGHT beamline in generating
the projectile beam, as well as the role of the Nanosecond High Energy Laser for Ion eXperiments (nhelix)
in plasma generation. Chapter 4 details the modeling of the planned experiment using the concepts and
theories discussed in Chapter 2. The simulation incorporates the corresponding plasma, projectile, and
stopping properties. Chapter 5 presents the preparatory experimental campaigns, which demonstrate the
generation of desired projectile beams with the LIGHT beamline and stopping experiments in solid targets.
Finally, Chapter 6 summarizes the thesis and provides an outlook on the research field of ion stopping in
plasma.







2 Stopping Theory

This chapter introduces the physical concepts necessary to describe the planned stopping power experiment
in this work (see Chapter 3). Its purpose is to provide a comprehensive theoretical understanding of
ion-plasma interaction, which is essential for the modeling of the proposed stopping power experiment in
Chapter 4.

Before discussing ion-plasma interaction, it is crucial to describe the plasma itself, including its essential
parameters and properties. The first part of this chapter introduces plasma physics and emphasizes its
important properties and characteristics (refer to Section 2.1). The second part provides a detailed study
of the interaction of ions with plasma and presents a comprehensive overview of the theory of ion stopping
in plasma (refer to Section 2.2). The theoretical portion of this work expresses all physical quantities in the
cgs unit system (centimeter, gram, second), while numerical values are given in SI base units.

2.1 Plasma Physics Fundamentals

This section is based on well-known standard works of plasma physics unless otherwise referenced (Atzeni
et al. 2004; Drake 2006; Mulser et al. 2010; Piel 2017).

A plasma is a gas composed of ionized atoms, consisting of positively charged ions and negatively charged
free electrons. The motion of these charged particles is primarily influenced by local electric and magnetic
fields, which the particles themselves generate. Describing plasma dynamics can be complex due to the
interplay between these fields. Although a plasma is electrically neutral overall due to the mutual screening
of the electric potential of the ions and free electrons, it cannot be considered locally neutral. Therefore,
the term quasi-neutrality is used. To better understand a plasma, it can be analogized to a two-component
fluid comprising of free electrons with a mass of me and ions with a mass of m;. In this context, it is possible
to define the electron density n., ionic density n;, electron temperature 7, ion temperature 7;, and mean
ionization degree Zt. The kinetic energy F\;, of the particles in the plasma is defined by:

2
Ekin,i,e = kBTe,i = Me,iVth e i (2.1)

Here, kg is the Boltzmann constant and vy, ¢ is the thermal velocity of the particles. In the remainder
of this work, vy, always is the thermal velocity of the plasma electrons (v, = v ). In the context of
the three-dimensional Maxwellian speed distribution of electrons, Eyi,je = %kBTe,i = %me,ivfh .; and

Vep = 1/ :”%Te, and Equation 2.1 is the standard deviation of this distribution. Nevertheless, the simplified

formula (see Equation 2.1) is frequently utilized in the literature for stopping power calculations, as will
also be the case in this thesis unless otherwise stated. In this work, a hot and dense laser-induced plasma
is planned for energy loss measurements, with ne max = 3 x 1020 cm ™2 and T¢ max = 180 eV.




Locally, Coulomb scattering dominates particle collisions, while on a larger scale, collective plasma effects
may become apparent. The interaction strength between two particles in the plasma can be estimated using
different characteristic parameters, which also describe the collisional and collective aspects of plasma
interactions.

Free electrons in the plasma that are repelled by an electric field generate a positive space charge, which
acts as a restoring force on the electrons. The plasma’s collective effects are characterized by the resulting
oscillation of the plasma electrons, denoted by the plasma frequency wy:

47nee?

wp = (2.2)

Mme

Here, ne represents the electron density, and m. represents the electron mass. The contribution of plasma
ions can be disregarded because m; > me. The plasma frequency in this study is wp, = 10 rad/s.

A characteristic length is the Wigner-Seitz radius a which describes the mean distance between two

plasma electrons:
4 _
“= < 77-3ne> . (2.3)

In this work for a free electron density of ne = 3 x 10?° cm~ this distance is around 9 X 107 m.

Wl

The Landau length 7 is the classical distance of minimal approach between two plasma electrons. This
corresponds to the distance where the kinetic and potential energies are equal. The term is defined as:

62
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For a temperature of T. = 180 eV, r is estimated to be 8 x 10712 m. A generalized Landau length can be

defined for the interaction of any two particles in a plasma. It is determined by the charges of the particles

(Z and Zp), their relative velocity (vr = |v, — vg|), and their reduced mass (i = mamg/(mq +mg)):
ZoZs
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The De Broglie wavelength X is the wavelength associated with a moving body. It can be interpreted as
the distance below which quantum diffraction effects between two particles begin to appear. For particles
o and § it can be written as:

Ao = 2.6)
2%,
For the plasma electrons, it is defined as:
h
Ae = . 2.7)
MeUth

For T, = 180 eV the electron De Broglie wavelength is 2 X 10~ m.

A plasma is considered nondegenerate when the kinetic energy of the electrons (see Equation 2.1) dominates
over their Fermi energy Ey:

2
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and it obeys the classical Maxwell-Boltzmann statistic, which means the Pauli exclusion rule can be ignored.
To measure the degree of plasma degeneracy a degeneracy parameter © is defined as the ratio between
the kinetic energy of the plasma electrons (see Equation 2.1) and their Fermi energy (see Equation 2.8):

_ ksTe o a 2
O = B =2« <>\e> (2.9)

1
with a = (giﬂ) 3. For © > 1, the plasma is nondegenerate. However, for © < 1, the plasma becomes
degenerate, and the Pauli exclusion rule cannot be ignored. In this case, the electrons obey the Fermi-Dirac
statistics, and their kinetic energy is expressed as the sum of the thermal energy (see Equation 2.1) and

the Fermi energy (see Equation 2.8). The plasma in this work is nondegenerate, as © ~ 1100.

The plasma’s quasi-neutrality results in the presence of collective effects. A local perturbation of the
electric field causes a redistribution of charged particles to neutralize the generated electric potential. This
phenomenon is known as screening or shielding of the electric potential of charged particles in a plasma.
As a result, the electric potential of a particle has a strong local influence, but its range of influence is
limited to a region described by the screening length \. A typically used screening length is the Debye

length A\p:
Uth kpTe
Ap = 2 — . 2.10
p wp v dme2ne ( )

It describes a case of static and linear screening. The first condition implies that the velocity of the screened
particle does not affect it. The second condition implies that the potential energy of the interaction between
the plasma particles is negligible compared to their kinetic energy. Thus, the Debye length is only applicable
when there are a sufficient number of electrons within the Debye sphere (Np = %wne)\% > 1). The Debye
sphere is a sphere with a radius equal to the Debye length. In the plasma discussed in this work, Np ~ 240
and A\p ~ 6nm. When Np is small, the screening effect becomes nonlinear and cannot be accurately
described using the Debye length. This is the case for an ICF plasma where Np =~ 2. For an external particle
interacting with the plasma at a high enough velocity, it is necessary to consider a dynamic screening
length A = A(vp). In the case of a nondegenerate plasma, the velocity dependant screening length can be

written as: L
o\ 2\ 2
Amg:m(y+(P>>. (2.11)
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Collective effects in plasma interaction processes occur at a length scale larger than the screening length \.
These effects include the excitation of plasmons or dynamic screening. However, in a plasma with a small
screening length (A < a), collective effects are defined for interaction distances larger than the Wigner-Seitz
radius a (see Equation 2.3). Interaction processes occurring over distances below the screening length
are direct particle interactions, such as particle collisions or Coulomb scattering. The dominant effect is
determined by the minimal distance between the initial trajectories of two interacting particles, which is
referred to as the impact parameter b of the interaction.

The plasma coupling parameter I' is used to measure the strength of electron-electron coupling in a
plasma:

akgTe 3
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(2.12)

I', also called the nonideality parameter, is calculated by dividing the Coulomb energy Ec = %, which
is the potential interaction energy of the electrons, by their thermal kinetic energy (see Equation 2.1).




It is directly related to the Wigner-Seitz radius (see Equation 2.3) and the screening length \. A value
of I' <« 1 indicates that the kinetic energy of the electrons is greater than their potential energy, which
suggests that the plasma is ideal, collisionless, and characterized by long-range collective plasma effects. As
aresult, Np > 1 and the Debye length is well defined and relatively large. In this work, the plasma is ideal
because I' ~ 0.01. If I" > 0.1, the plasma is considered moderately nonideal, and if I" > 1, it is nonideal
and dominated by collisions between the electrons. In highly nonideal plasmas, the concept of Debye
screening becomes ill-defined as plasma collisions become more prevalent than collective effects. A similar
coupling parameter, I'¢;, can also be used to characterize the strength of correlations between electrons
and ions in the plasma. The expression for I' is valid only if the plasma being considered is nondegenerate.

Table 2.1 summarizes all presented plasma characteristics for the plasma target in the planned stopping
power experiment (refer to Chapter 3). The plasma is a fully ionized carbon plasma with a temperature of
T. = 180 eV and a free electron density of ne = 3 x 102’ cm~3. It is an ideal and nondegenerate plasma.

Table 2.1: Plasma parameters for the fully ionized carbon plasma target of the planned stopping power
experiment (T, = 180 eV and ne = 3 x 1022 cm~3).
o | om0 | X | M M| T ][O ]|
9%x107°m | 8x1072m | 2x 10 m | 6 x 10™2m | 240 | 0.01 | 1100 | 10" rad/s

This description of plasma enables the description of the interaction of an ion beam with plasma.

2.2 Stopping Power

The purpose of this section is to introduce various ion stopping theories for stopping in plasma that will be
used to make predictions for the planned experiments in Chapter 4. Before delving into these theories,
a broad overview of ion stopping is given, outlining the general features of ion-target interactions and
the processes involved. In a typical energy loss experiment, the kinetic energy of ions is compared before
and after passing through matter. The energy loss of ions refers to the transfer of energy from ions to the
matter they pass through. Charge exchange processes between the ion and the matter can also occur,
leading to a variation in the charge state, which in turn affects the energy loss. In plasma, both the energy
loss and the charge state differ from those in cold matter. The energy loss and evolution of the charge
state are determined by the cross-sections of microscopic Coulomb processes. In this context, the energy
loss in plasma is explained based on the energy loss in cold matter. First, a fundamental stopping power
model for cold matter is presented. The modifications of stopping power in plasma are then explained,
and a basic model of ion stopping in plasma is described. However, to account for the stopping maximum,
more advanced theoretical considerations are required. A description of the different perturbation regimes
of ion-plasma interaction and the distinct theoretical treatments required for different impact parameter
regimes is necessary. Therefore, a characterization of the beam-plasma interaction is conducted. Different
theoretical approaches to ion stopping power in plasma are presented. These include dielectric theory,
binary collision theory, and kinetic plasma theory. Approaches aimed at providing a unified stopping
description are also discussed. The following section discusses the stopping power induced by bound
electrons and various methods for calculating it. Additionally, the charge state of the projectile ions and
models used to estimate its evolution are presented.

10



2.2.1 Stopping Power in Cold Matter

When ions pass through matter, they can lose energy in several ways, including excitation and ionization of
target electrons, excitation and ionization of the projectile, capture of target electrons, nuclear energy loss,
and electromagnetic radiation (Sigmund 2004).

The ions lose energy through inelastic collisions with target electrons and elastic collisions with target ions,
resulting in corresponding electronic and nuclear energy loss. Excitation and ionization of target electrons
are dominant over a wide range of speeds, while nuclear energy loss is only significant for projectile
energies below 0.2 MeV/u (James F. Ziegler et al. 1985). This occurs as the projectile velocity becomes
comparable to or lower than typical atomic velocities in the target material. Excitation and ionization of
projectile ions, as well as the capture of target electrons, are relevant for energies below 1 MeV/u. At high
velocities, electromagnetic radiation becomes more significant. The target energy for measuring the energy
loss of carbon ions and protons is 0.5 MeV/u, which allows for examination of the region of the stopping
maximum (% ~ 1). In this non-relativistic range, nuclear energy loss and electromagnetic radiation can
be disregarded. Within the non-relativistic frame, the stopping power in matter can be divided into three
main regimes, each requiring a different stopping power description. The borders of these regimes vary
from case to case, particularly for the plasma case. (Bimbot et al. 2005; Sigmund 2004)

For low velocities (< 0.1 MeV/u), a simple model is available where the stopping power is proportional to
the projectile velocity (J. Lindhard et al. 1961).

For high velocities (> 10 MeV/u), a description based on the Bethe formula can be used (Bethe 1930,
1932). This has been confirmed in numerous experiments (James F. Ziegler et al. 1985). The Bethe formula
is presented in the following.

The transfer of energy AF from a pointlike ionized projectile with charge number Z, and velocity v, to
electrons in a target can be expressed as:

(Ap)? | Zpe!

ABM) =5 =2k

(2.13)

with an impact parameter b which describes the minimal distance between trajectories of the projectile ion
and a target electron during the interaction (see Section 2.1). The nuclear stopping power is neglected due
to the large mass of the target ion compared to the target electron (m; > me.). The projectile interacts
with 27bdbnydx electrons at impact parameter b after traveling a path length dx in a medium with electron
density ny. The integration over all impact parameters b leads to the stopping power:

dE  4AnZie*ny, [ db

de mevg b’

(2.14)

To prevent the divergence of the integral and an unphysical infinite stopping power, it is necessary to

establish a minimum and maximum impact parameter. The minimum impact parameter, by, is defined as

the generalized Landau length r; . (see Equation 2.5), which is the classical distance of minimum approach

between the projectile ion and an electron. The relationship m; > me and v, > ve holds, leading to
2

Tie = Zl’ez. The maximum value of b, denoted as byayx, is limited by the collision duration At ~ &

mev vp?

which must be smaller than the oscillation period of the bound electrons characterized by the frequency w.
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Therefore, b must be smaller than byax = % By calculating the integral, one obtains the Bohr classical
stopping power expression:
dE 47rZ§e4nb r

Ty = met? (2.15)
with the Coulomb logarithm (Bohr 1913):
mevg’
Lponhr = In (Zpe2w> . (2.16)

The Coulomb logarithm quantifies the relative importance of weak collisions (b & bpax) to strong collisions
(b & bpin). This is a classically described Coulomb logarithm for small impact parameters, which over-
estimates the stopping power for large impact parameters. The Coulomb logarithm by Bethe is derived
through a perturbative quantum mechanical calculation and is valid for large impact parameters (Bethe

1930, 1932):
L =1 :U 2.17
Bethe n : (2.17)

I
Here, I represents the average ionization potential of the atoms.

In the intermediate velocity regime, excitation and ionization of both the target electrons and the projectile,
as well as electron capture, are expected to be important. Multiple mechanisms result in a maximum in
the intermediate-velocity section of the stopping power curve. The theoretical stopping description of this
part is complex. The velocity at which the maximum is reached is the characteristic velocity of the target
electrons. In cold matter, it is that of the bound target electrons. It can be estimated from the Bohr velocity
vo, the atomic number Z,;,, and the electron orbital n: v, = vo%. In plasma, the characteristic velocity
is the thermal velocity of the free electrons, vy,. To describe this regime in cold matter, several corrections
have been added to the Bethe formula. All of these corrections in cold matter are summarized in detail in
J. F. Ziegler 1999 and Sigmund et al. 2002.

The Bloch correction adds closer collisions (Bloch 1933) to the Bethe formula to account for the intermediate
regime between the quantum mechanical description, where the projectile ions are a small perturbation on
the target electrons, and the classical description, where the perturbation cannot be considered small. The
corrective Bloch term is:

Zp”O/Up)
ZPUO/UP)

The Digamma function, denoted by ¢, is the logarithmic derivative of the Gamma function. The Bloch
correction enables access to a quantum stopping power description beyond basic perturbation theory. The
Bethe and Bethe-Bloch formulas are valid at high projectile velocities but cannot describe the stopping
maximum. Both formulas were implemented and used for comparison in the theoretical predictions (see
Chapter 4).

(2.18)
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A second correction needs to be considered to account for the Barkas effect (Barkas et al. 1963). The
Barkas effect is a polarization effect that causes charged particles to have different stopping powers than
their antiparticles. Positively charged particles attract target electrons, which causes the local electron
density to rise and thus enhances the stopping power. This effect is significant for projectile velocities
below 1 MeV/u. The corrective Barkas term can be written as (Jens Lindhard 1976):

3wy, 2w
£Barkas = WﬁBethe (2.19)
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where w represents the resonance frequency that characterizes the target electrons. For more information
on the Barkas correction, refer to Sigmund et al. 2003.

The shell correction, which takes the movement of target electrons into account, is only relevant for
projectile velocities below 0.3 MeV/u (Bimbot et al. 2005) and is therefore neglected in this work.

Projectile Charge State

The energy loss is significantly affected by the charge state of the projectile ions. This effect is modified
when the projectile ion undergoes ionization or recombination due to collisions. In cold matter, the three
major charge-exchange processes are ionization by Coulomb collision with target atoms, non-radiative
electron capture (NREC), and radiative electron capture (REC). NREC has a relatively high cross section
and involves the transfer of a bound electron from the target to the projectile, with the target atom
taking over the excess energy and momentum. Recombination by radiative electron capture is the second
most dominant process. In this mechanism, a target atom is ionized, and the resulting free electron is
subsequently captured by the projectile. To conserve energy and momentum, a photon is emitted.

Charge exchange mechanisms are statistical and their cross sections depend on the projectile ion, its
charge state, its velocity, and the target material. The projectile beam reaches an equilibrium charge
state distribution after a brief period, which depends on these parameters. This equilibrium charge state
represents the average charge state:

Zeq = Z fiZ;. (2.20)

Z; represents the different charge states, and f; represents the corresponding statistical weights. Solids
generally have a higher Z.q value than gases due to the density effect (Gilles Maynard et al. 2000;
SHEVELKO et al. 2010). This is because solids have a higher density than gases, resulting in more collisions
between projectile ions and the atoms of the medium in a shorter time. As a result, projectile electrons
have less time to de-excite before the next collision, making the ionization of a projectile ion more likely in
solids than in gases.

Describing the charge transfer cross sections completely is a challenging task, which is why the equilibrium
mean charge state is typically estimated using empirical models. One of the most commonly used models
is the Northcliffe model (Northcliffe 1960):

Zeq = /1 — 185622 Z,, (2.21)
Uk

where vy, represents the orbital velocity of the first & electron according to Bohr’s model, and Z,, rep-
resents the atomic number of the projectile. There are also several more recent semi-empirical scaling
laws (Schiwietz et al. 2001; Shima et al. 1989; James F. Ziegler et al. 1985).

The evolution of the charge state in the target material can also be described and simulated using rate
equations, provided that the effective cross-sections of the individual processes leading to the charge
transfer are known. Various codes have been developed to estimate the mean charge state, with the
ETACHA code being one of the most commonly used (Lamour et al. 2015; Rozet et al. 1996).

In reality, the core potential of an ionized projectile ion is partially shielded by the bound electrons. To
account for this effect, an effective charge state, Z.¢, can be introduced. This charge state cannot be
physically traced back to the real one and is therefore only useful as a fit parameter.
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A full theoretical description of ion stopping in cold matter is not available and some uncertainties still
exist in cold matter due to the complexity of the physics involved. However, there is a relatively good
understanding established, and numerous experiments have been conducted, enabling the establishment
of reliable data tables (Paul 2006). Calculations are generally based on approximate data tables or semi-
empirical approaches found in the literature. In this work, the well-known SRIM (Stopping and Range of
Ions in Matter) code (James F. Ziegler et al. 1985) is used to calculate the stopping power in cold matter.

2.2.2 Standard Stopping Model in Plasma

In plasma, the interaction between projectile ions and matter is complex due to the presence of free
electrons. This results in rapidly changing plasma densities, temperatures, and ionization conditions, which
can lead to varying energy loss behaviors. To obtain a comprehensive physical description, it is necessary
to consider both collisions and collective effects, such as the excitation of plasmons or dynamic shielding of
the projectile charge by plasma electrons. Various theories exist to describe energy loss depending on the
properties of the projectile and plasma.

The loss of energy is influenced by both the free electrons and the partially or fully ionized target atoms. It
is important to consider plasma ions with different charge states separately, as they have different average
ionization potentials. Additionally, it is worth noting that projectile ions can transfer energy to the free
electrons. The Coulomb logarithm of free electrons, and therefore the mean energy transfer, is affected by
plasmons. A plasmon is a quantized oscillation of electrons relative to positively charged ions. The transfer
is determined by the energy of the plasmon, which is accounted for in the Bethe formula for free electrons:

2 4 2.2, .2
dE - AmZpene . Lewp (2.22)
dx free mevg U% ' .

It is derived by replacing the bound electron density n;, of Equation 2.15 with the free electron density ne.
The plasma frequency for free electrons wy, in a plasma given by Equation 2.2 and the Coulomb logarithm
for free electrons in the Bethe formalism is given by:

2mefug
LBethe, free = 1N . (2.23)
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The plasmon energy, iwy, falls within the range of a few electron volts, whereas the ionization potential I
in the cold state ranges from 50 to 200 eV. Thus, the energy loss in the plasma exceeds that in cold matter.

To derive a stopping power model for plasma, a final correction must be made. Specifically, the thermal
correction must be added when considering projectile ion velocities near or below the thermal velocity of
the free plasma electrons vy,. The adapted Bethe formalism, with the Bloch and Barkas corrections, diverges
for low velocities. To account for this, a correction function called the Chandrasekhar function (Spitzer Jr.
1956) is introduced and expressed as:

G(z) = erf <\/x§> — \/z$ exp(—z?2/2). (2.24)

Here, erf is the error function and x is substituted with ;)—11’1 The Bethe formula is modified by G (%) to
tl

account for the distribution of velocities resulting from the thermal energy of electrons in the target. This
is especially important at lower projectile speeds, where the relative motion between the electrons and
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the projectile can significantly affect the energy transfer process. The function is derived from statistical
mechanics and considers a Maxwellian distribution of electron velocities in the target material.

The Bethe formula can be applied to the entire velocity spectrum once all corrections have been incorporated.
The resulting expression is known as the Standard Stopping Model (SSM), which has been utilized to
interpret numerous experiments:

2
p

dE Z2€2w2 v
=t L G (p) (EBethe, free 1 LBloch + /-:Barkas) . (2.25)

dx free v Uth

For high projectile velocities, the Bloch, Barkas, and thermal corrections become negligible. The SSM
is a phenomenological model based on a stopping formulation in cold matter with corrections for the
plasma case. At high projectile velocities, the method is accurate, but it is inappropriate to use it around
the stopping maximum. It is not expected to predict correct stopping results in the stopping maximum.
Equation 2.25 was implemented for theoretical predictions.

A basic description of the stopping power of ions in plasma has been presented. The following section
addresses a theoretical description of the stopping power, depending on the plasma and beam-plasma
parameters. Based on this, more advanced theoretical approaches are presented.

2.2.3 Beam Plasma Interaction

The following sections are primarily derived from Giinter Zwicknagel et al. 1999. The stopping power of
ions in plasma is typically described theoretically using two parameter scales. The first is the regime of
ion-plasma interaction, which is determined by the strength of the beam plasma correlations. The impact
parameter domain is the second parameter scale, which distinguishes between short-range collisions, such
as elastic or inelastic Coulomb scattering, and long-range collective effects, such as plasmon excitation,
plasma polarization, and dynamic screening. This section explains the first parameter scale, which refers
to the interaction between ions and plasma, and defines the different regimes of this interaction.

electron

b Ve \

A(v) ion

Figure 2.1: Schematic overview of the projectile-plasma interaction. A plasma electron with a thermal
velocity of vy, is scattered by a projectile ion with a velocity of v, and a charge state of Z, at
an impact parameter of b. v, represents the relative velocity between the projectile and plasma
electron.

A schematic overview of the interaction between a projectile ion and a free plasma electron is depicted in
Figure 2.1. The ion has a velocity of v, and a charge state of Z,. The plasma has an electron temperature
of T¢, and the electrons have a thermal velocity of vy,. The De Broglie wavelength (see Equation 2.7)
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associated with this interaction is A\, = mf:vr with the relative velocity between the projectile and the plasma

electrons v;. The De Broglie wavelength describes the distance in plasma under which quantum effects play
a dominant role in the interaction. The projectile ion is screened by the plasma electrons, characterized by
the velocity-dependent screening length A(v;) (refer to Section 2.1). The Coulomb scattering process uses
the impact parameter, denoted as b. An important parameter is the impact parameter corresponding to a
Coulomb deflection of 90°, namely by:

7 2
bo = 25 = rye (2.26)
MeV?
It represents the classical distance of minimal approach between the projectile and a free electron and is
equivalent to the Landau length (see Equation 2.5).

To describe the transition from the classical to the quantum mechanical regime, a non-dimensional Coulomb

parameter 7 is introduced:

Vo by Zpe?
_Ekin_jTr_ h'Ur‘
The Coulomb parameter is the ratio between the potential and Kinetic energy of the projectile-electron
system with the Coulomb potential between the projectile and the electron at a distance A;:

(2.27)

n

7. 2
i (2.28)
Ar
and the associated kinetic energy:
Fin = mev?. (2.29)

Therefore the Coulomb parameter measures the strength of the projectile-electron coupling similar to how
the coupling parameter I" (see Equation 2.12) describes the strength of electron-electron coupling. For low
charges and high projectile velocities (n < 1), the interaction must be treated quantum mechanically. For
higher charges and lower projectile velocities ( > 1), the interaction can be described classically (Giinter
Zwicknagel et al. 1999).

For n <« 1, the projectile’s perturbation on the plasma electron is negligible, and the interaction can be
analyzed using perturbative quantum mechanics. This type of ion-plasma interaction is referred to as
linear. Here, linear is synonymous with perturbative. However, for n > 1, the perturbation induced on
the plasma electrons is significant, and the perturbative approach is no longer appropriate. The linear
regime corresponds to the Bethe regime (see Equation 2.17), while the Bohr regime (see Equation 2.16)
corresponds to a stronger perturbation beyond the linear regime. The Coulomb parameter depends only
on the relative velocity v, and the plasma electron temperature T, not the electron density, and therefore
has no dependence on the electron-electron coupling I'. This means that the Coulomb parameter only
represents the perturbation on one plasma electron, which is adequate as long as the perturbation stays
localized. For significant perturbations, the influence extends beyond the single projectile electron system
and affects a spatial zone around the projectile. The plasma screening length A\ (refer to Section 2.1)
estimates the characteristic length of the perturbation. If A becomes larger than the De Broglie wavelength
Ar, it must be replaced in the expression of the potential energy (Equation 2.28). This creates a new
parameter that describes ion-plasma coupling:

_b

3 (2.30)

v

This parameter is called the nonlinearity parameter of the interaction. It is defined as the borderline
between localized perturbations confined in a region smaller than the screening length, known as the
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bo= X, by=A
linear regime semi-linear regime nonlinear regime
weak pertubation localized pertubation strong pertubation
coupling
n=1 y=1

Figure 2.2: Characteristic regimes of the projectile plasma interaction, defined by the Coulomb parameter
n and the nonlinearity parameter ~.

semi-linear regime (y < 1 and n > 1), and spatial perturbations in a region larger than the screening
length, known as the nonlinear regime (v > 1). Figure 2.2 illustrates the different regimes.

The distance of minimal approach by (see Equation 2.26) between the projectile and a free electron can be
used to characterize different regimes. According to Equations 2.27 and 2.30, by < A; holds for the linear
regime, \; < by < A holds for the semi-linear regime, and by > )\ is true for the nonlinear regime.

In the linear regime, a perturbative analysis based on the first Born approximation in the quantum
mechanical theoretical framework can be applied, neglecting the perturbation on the target electrons. This
is where the Bethe formula becomes relevant. However, when 1 ~ 1, the first Born approximation and the
Bethe formula lose their validity, and corrections need to be added, as in the SSM. In the semi-linear regime,
corrections alone are insufficient for perturbative approaches to succeed when n > 1. More advanced
theoretical models are necessary, especially in the nonlinear regime where strong coupling effects must be
considered.

It is important to consider each regime of interaction for various impact parameters since all impact
parameters contribute to the stopping process. The impact parameter is statistically larger in ideal plasmas
than in nonideal plasmas. However, a comprehensive description of the stopping power is still necessary.
Both linear and nonlinear effects as well as short-range and long-range projectile-electron encounters must
be taken into account. Currently, each parameter region has its own model, and unifying all of these
parameter ranges within one theory remains a significant challenge.
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2.3 Theoretical Models for Stopping Power of lons in Plasma

This section discusses various approaches to the stopping of ions by free electrons and a brief overview of
models for stopping by bound electrons. Finally, theoretical models for the charge state of the projectile in
the plasma are presented.

2.3.1 Stopping Power for Free Electrons

First, this section presents different approaches to ion stopping by free electrons, depending on the range
of impact parameters, which is the second parameter scale mentioned in Section 2.2.3. Then, combined
approaches are presented to provide a complete description of the stopping power.

Impact Parameter Dependant Approaches

At low projectile velocity, binary collisions are the predominant factor, while at high projectile velocity,
collective effects become more important due to a lower-coupled regime. It is important to take into
account both close collisions and collective effects around the stopping maximum.

Long-range interactions or collective effects in plasmas include plasmon excitation, dynamic screening, and
plasma polarization. Dynamic screening refers to the velocity-dependent screening of the projectile charge
by the surrounding plasma electrons, which results in a lower ionization energy of the projectile at higher
velocities (Nardi et al. 2009). Plasma polarization describes the local modification of the electron density in
the vicinity of the projectile ion and corresponds to the Barkas term (see Equation 2.19) in the Bethe formula
(see Equation 2.25). To describe these effects, a formalism that incorporates the necessary many-body
physics must be used. The linear response approach is based on a continuous medium description that
utilizes a dielectric function. The projectile ion generates an electrostatic perturbation on the plasma
target, which in turn generates an electric potential on the ion that corresponds to the stopping force. The
stopping power is proportional to ZS in this frame due to the linear response by the target. If the dielectric
function of the target material is available and the projectile potential can be treated as a small perturbation,
the dielectric formalism can be applied. Therefore, this approach cannot account for nonlinear (refer to
Section 2.2.3) collective effects.

To describe close collisions, a particle-oriented approach is used instead of a medium-oriented approach.
The stopping power is the accumulation of energy transfers from binary ion-electron collisions, averaged
over all possible scattering events and relative velocities.

These approaches are limited to either collective effects or close collisions. Modifying the dielectric
function of the medium can be attempted to include close collisions in the dielectric linear response
approach (Barriga-Carrasco 2010). Additionally, collective effects can be artificially added to the binary
collision approach by selecting an appropriate ion-electron effective interaction potential.

In the context of kinetic plasma theory, it is possible to generalize. Each species of plasma particle is
described by a different distribution function, f(r,v,t), in this theory. The temporal evolution of each
species is determined by a kinetic equation. These kinetic equations are then combined with the Maxwell
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equations. When considering only the mean electromagnetic fields, the plasma is collisionless. The kinetic
equation that describes a given species in the plasma is a Vlasov kinetic equation:
of of of

+ 7 —+—(E+ x B) = =

n oF =0 (2.31)

where ¢ is the particle charge and E and B are the electric and magnetic field respectively. To introduce
collisions into the Vlasov description, collision integrals I, must be added to the right side. For a homo-
geneous plasma without external fields, the kinetic equation of the ion beam in plasma can be written

as: 8f
2= Z L. (2.32)

The collision integrals, represented by I., describe the interaction between the beam’s projectile ions and
the plasma species c. This only encompasses collisions with the plasma electrons in this case. The stopping
power is given by:

aE _ 1/ dp_p-0J (2.33)

ne ) (27R)3 v Ot

dr  Ne
where p'and v are the projectile velocity and momentum. There are various approximations for the collision
integrals, which are presented below.

The Lenard-Balescu collision integral is derived using the Random Phase Approximation (RPA) (Balescu
1960; Lenard 1960). The RPA dielectric function enables a description of collective effects, as well as soft to
moderate close collisions. The Lenard-Balescu stopping power is calculated in the first Born approximation
and is therefore limited to the linear regime of the beam-plasma interaction (refer to Section 2.2.3). It is
also referred to as the Born-RPA stopping power and is expressed as follows:

dE 22 2 dk gfw+kv kaQ 1
m2 / /hkz (“ B 2me> Im (m(h w)) np(w) (2.34)

where k£ and w are the wave number and circular frequency of the scattered wave of the projectile ion. The
RPA dielectric plasma function is represented by egpa and the Bose distribution function of the plasmons
is represented by ng. This description applies to linear ion plasma interactions in an ideal plasma. To
calculate the RPA stopping power, a parameterization by Zimmerman 1997 was used.

The simplified linear Vlasov stopping power results from neglecting plasma collisions in the Born-RPA
description (Peter et al. 1991a):

222 2. .2
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Here G is the Chandresekhar function (see Equation 2.24) and H is approximated by:

v v? vt
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(2.36)

Both the Lenard-Balescu (RPA) and linear Vlasov stopping powers can be simplified to the Bethe formula
for high velocities. Equation 2.35 is used for calculations in Chapter 4.

To describe short-range interactions between projectile ions and plasma electrons, a Boltzmann collision
integral is utilized. The integral is derived using a binary collision approximation in the general kinetic
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equation. This scheme is implemented with a transport matrix (T-Matrix) used to calculate the cross
sections of Coulomb interactions in the Lippmann-Schwinger equation. The T-Matrix stopping power is
given by (D. O. Gericke et al. 1999; Morawetz et al. 1996):

dE Me ne/\g’ kpTe / > 3T mev? mevi
—-— =—— d - p— — — — 2.3
In B i vy Jy P Qpe(p) - |P—€exp ot ) PP\ TopT (2.37)

with p+ = 1+ % and vy = % + vp, where p is the projectile momentum. Qge(p) represents the
transport cross section of the scattering process between the projectile ions and the electrons. The T-
Matrix calculations are limited to a statically screened Coulomb potential of the projectile, disregarding
collective plasma effects. Unlike Lenard-Balescu, the T-Matrix formalism is a nonlinear description (refer

to Section 2.2.3) with no limitations on the coupling strength.

If only the first Born approximation is considered in the transport cross section Qge (p), the Landau collision
integral is derived (D. O. Gericke et al. 1999; Morawetz et al. 1996). The Landau equation is a perturbative
stopping power description dealing with binary collisions in the static screening case. It is valid only for
intermediate impact parameters and cannot deal with collective effects and strong collisions.

All of the presented approaches are summarized in Figure 2.3, which shows their range of validity in the
impact parameter frame.

strong collisions weak collisions collective effects
Brmin bo A b
r . .
nonideal ideal
Vlasov
T-Matrix

Lenard-Balescu (RPA)

Figure 2.3: T-Matrix, Landau, RPA and Vlasov approaches shown in the impact parameter space.

Unified Stopping Power Descriptions

To obtain a comprehensive description of the energy loss required in the region of the stopping maximum
(vp ~ vy,), the contributions of short-range and long-range effects must be taken into account. There are
several approaches to such descriptions.

The Gould-DeWitt scheme or combined scheme sums the collision integrals in the frame of kinetic theory,
accounting for both short and long-range interactions, to determine the stopping power (Gould et al. 1967):

dE dE T-Matrix dE RPA dE Landau
& T T
The Lenard-Balescu (RPA) stopping power (b > by) is supplemented with the T-Matrix stopping power
(b < \). To account for the intermediate regime appearing twice (see Figure 2.3), the Landau stopping is

subtracted (by > b > \). More elaborate schemes have been proposed based on this idea, including some
presented in D. Gericke et al. 1996; Morawetz et al. 1996 and Gilles Maynard et al. 2001.

(2.38)

20



The T-Matrix with A\(v) incorporates dynamic shielding using a velocity-dependent screening length
A(vp) (refer to Section 2.1), thereby adding a description of collective plasma effects to the T-Matrix
formalism (D. O. Gericke et al. 2003, 2002; Giinter Zwicknagel et al. 1999). The screening length A(vp)
for nondegenerate plasma was adopted (see Equation 2.11). The transport cross section of Equation 2.37
becomes Qge(p, A(v)). The T-Matrix theory with A(v) is calculated using an approximate fit formula
described in GERICKE 2002. This combined scheme, which covers the entire spectrum of impact parameters
and is non-perturbative (refer to Section 2.2.3), is expected to accurately describe this physical case.

The Li-Petrasso approach adds a collision term and a collective term to the Landau description to expand
it (Li et al. 1993a,b):

2,2 2 2 2
B __ 5% | o (”") ln< AD ) +0 <”P> In <1.123”P> . (2.39)
dx Ug Uth bmin Uth Uth
Here G* is a modified version of the Chandrasekhar function (Li et al. 1993a). The logarithmic term, added
with the step function O, is used to model collective effects. This model is valid for fully ionized plasmas
and is used for ICF calculations. Its validity is limited to small perturbations, i.e., the linear regime (refer
to Section 2.2.3) of ion-plasma coupling (Giinter Zwicknagel et al. 1999). To calculate the Li-Petrasso

stopping power, a modified parameterization (A. B. Zylstra et al. 2019b) is used. As close collisions are not
significant, the results are expected to be comparable to the RPA and SSM stopping power.

Another theory, known as BPS (Brown, Preston, Singleton) (BROWN et al. 2005; Singleton 2008), combines
the Lenard-Balescu description with Boltzmann equations to provide results for linear coupling in highly
ionized plasmas. This approach is valid only for ideal plasmas. R. L. Singleton provided a Fortran code for
calculating the BPS stopping powetr.

None of the theories presented so far adequately address strong perturbances and collective effects.
Numerical simulations can be used to describe parameter ranges beyond the scope of existing theories.
Particle in Cell (PIC) simulations can solve the Vlasov-Poisson (VP) equations (Boine-Frankenheim 1996;
Peter et al. 1991a; Giinter Zwicknagel et al. 1999) and are suitable for this purpose (D’Avanzo et al.
1998). These simulations are effective for collective effects, such as ideal plasmas, and weak collision
modules (Sentoku et al. 2008) can be added. The validity of the simulations coincides with the semi-linear
regime (refer to Section 2.2.3). To include strong collisions, Molecular Dynamic (MD) simulations must
be performed (Allen et al. 2017; G. Zwicknagel et al. 1997). These simulations have no restrictions on
the ideality of the plasma. When leaving the nonlinear regime and entering the regime where the Bethe
formula (see Equation 2.15) is valid, computation becomes impossible.

The validity ranges of the various theoretical approaches to energy loss are summarized schematically in
Figure 2.4 as a function of the ion-plasma coupling and the impact parameter.

All of these approaches describe the stopping power of free plasma electrons. However, they only accurately
describe the stopping power for highly ionized plasmas. Although the stopping power of free electrons is
much higher, the stopping power of bound electrons cannot be neglected.
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Figure 2.4: Overview of the validity of the presented stopping power theories in the impact parameter and
linearity space.

2.3.2 Stopping Power for Bound Electrons

If the plasma is not fully ionized, the bound electrons contribute to the stopping power of ions.

To account for the stopping of bound electrons, the Bethe formula (see Equation 2.15) can be used by
summing up the contribution of each single plasma ion charge state that contains bound electrons. It is
important to note that the Bethe formula is only valid for high projectile velocities.

To account for low velocities, another stopping model presented in Barriga-Carrasco et al. 2005 and Casas
et al. 2013 can be used. Analytical formulas were used to interpolate an expression for intermediate
velocities, based on the limit of low and high projectile velocities. The Coulomb logarithm is calculated

separately for each shell:
2 2 Fi
£bound = 3 (2-40)

av <
-G VS tin

with vine = 1/3FEkine + 1.51. G is given by Lyound(vint) Where both cases need to be equal. Here, Eyine

represents the electron kinetic energy, I represents the mean excitation energy, and « represents the friction
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coefficient, which can be approximated by o = 1.067/Ejine/I. For the calculations in Chapter 4, the
values of Eyi, . and I for the carbon plasma are sourced from Casas et al. 2013. There, the mean excitation
energies I are determined on the assumption that the ions are not affected by the environment. In reality,
the plasma density and plasma temperature can change the population and energies of its atomic levels.
To account for these effects, a lower potential must be used, where I is reduced by the Coulomb potential
of surrounding ions (Stewart et al. 1966).

2.3.3 Charge State Estimation of lons in Plasma

The investigation of the evolution of the projectile charge state while traveling through a plasma is crucial
due to the dependence of the stopping power of ions on the projectile charge state. The distribution of charge
states in an ion beam interacting with a plasma differs from that in cold matter (refer to Section 2.2.1).
The presence of free electrons not only alters the cross sections for ionization and recombination but also
enables new ionization and recombination processes.

The cross section for ionization by Coulomb collision with target ions is enhanced due to the reduced
screening of the electrical potential of the target ions by bound electrons. In a fully ionized plasma, the
cross section of REC surpasses that of NREC. REC’s cross section increases with the presence of more free
electrons that can be captured, while NREC’s cross section decreases with the lower number of bound
electrons in the inner shell, which are the dominant contributions to NREC.

Additionally, ionization by free plasma electrons occurs in a plasma. To occur, there must be a sufficiently
high relative velocity between the projectile and the free electron. Therefore, a higher plasma temperature
increases the probability of this process. Dielectronic recombination occurs when the excess energy from
the capture of a free electron by the projectile is not converted into radiation but instead transferred to
a bound electron, exciting it in the process. This process occurs only when the excess energy is equal
to the excitation energy of the electron. The excited state decays by emitting a photon or ejecting a
secondary electron from the ion in an Auger process. In the latter case, no recombination occurs in totality.
The dielectronic recombination dominates in hot, highly ionized plasmas (Peter et al. 1991b), while the
three-body recombination becomes significant in dense plasmas. In this scenario, a third free electron
is present in the vicinity during the recombination with a free electron. The third electron serves as
a third collision partner, ensuring momentum and energy conservation. Despite being present in very
dense plasmas, the cross section for this recombination process is significantly smaller than that of other
processes. Due to the reduced cross section of NREC and the increased cross section of ionization by
Coulomb collision with the target atoms, the equilibrium charge state of the projectile Zq increases in
relation to cold matter (K.-G. Dietrich et al. 1992; Nardi et al. 1982).

Equlibrium Charge State

Similarly to the cold matter case (see Section 2.2.1), semi-empirical models are used to calculate the
equilibrium charge state. The Kreussler model (Kreussler et al. 1981) is based on the equilibrium charge
state model in solid targets by Northcliffe 1960 (refer to Equation 2.21). The equilibrium charge state,
according to Kreussler, is provided as follows:

Zeq

Zeq B B 2/3
=1 exp( ) 72 UO) (2.41)
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where v, is the relative velocity between the projectile and the plasma electrons and Z,, represents the
atomic number of the projectile ion. In the Thomas-Fermi model, Z‘i{gvo represents the velocity of the

electrons that are bound to the projectile.

Gus’kov et al. 2009 developed a similar model based on Ziegler’s semi-empirical model for a solid tar-
get (James F. Ziegler et al. 1985). The Gus’kov model estimates the equilibrium charge state as follows:

1/2
3 E 5m2/12
*\2 * F
V24 ST + (2.42)
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Zeq
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where v* = v,/ U023143 and T* = kgT/ EOZ;{?’ are the projectile velocity and the plasma temperature
normalized to the characteristic velocity of electrons in the Thomas-Fermi atom. Er is the Fermi energy
and Ejy = 13.6 eV is the Bohr binding energy.

Nonequlibrium Charge State

While in cold matter the characteristic timescale of the charge transfer processes is well below the timescale
of the stopping process, in a highly ionized plasma the characteristic time of the charge transfer is increased
and is on the same level as the timescale of the stopping process. This is mainly due to the decreased cross
section of the NREC mechanism. Therefore, the projectile may not always reach its equilibrium charge
state (Peter et al. 1991b). There are several ways to account for this non-equilibrium charge state.

In Morales 2022, a model was proposed to estimate the dynamic evolution of the projectile charge derived
from the semi-empirical framework. The model describes an ion with an initial charge state Z, traveling
a distance x with velocity v, in a plasma with a free electron density n. and predicts a non-equilibrium
charge state:

X
Zneq = Zeq — (Zeq — Zo) €Xp <— : > (2.43)
on
with the equilibrium charge state Z.q and the ionization length:
Non = —2 . (2.44)
TeQion

An estimation of the typical ionization rate was calculated using the ionization cross sections in plasma:
Qion ~ 5 x 1071%cm?/s. This model is used in conjunction with either the Kreussler model (refer to
Equation 2.41) or the Gus’kov model (refer to Equation 2.42).

Morales 2022 also presented a more elaborate cross-sectional model (CSM). It uses the charge-exchange
cross sections of the ionization and recombination processes in a plasma to calculate the mean charge state
of the projectile ions. Various factors that affect these cross sections were taken into account, including the
density effect (refer to Section 2.2.1).

The different non-equilibrium charge state models were compared with the results of five different ex-
periments with different parameter ranges (Morales 2022). As a general result, the CSM code is in good
agreement with all the experiments analyzed, whereas the nonequilibrium Kreussler and the Gus’kov
models predict results close to data but their applicability is limited to stopping power calculations; that is,
they are less accurate for a precise charge-state prediction, but they are sufficiently accurate for a reasonable
energy-loss calculation at intermediate and low projectile velocities. The results support the use of the
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nonequilibrium Kreussler model for energy loss calculations at intermediate velocities (1 < vp/vg, S 10)
and the nonequilibrium Gus’kov model for predictions at low projectile velocities (vp /vy, S 1) (Morales
2022). The CSM framework is a complex and computationally intensive model that is more time-consuming
than semi-empirical models and the nonequilibrium Gus’kov model. However, the Gus’kov model with the
nonequilibrium extension is in good agreement with previous experiments with similar parameters. There-
fore, this work employs the Gus’kov model with the nonequilibrium extension to calculate the projectile
ion charge state.

This chapter presented theoretical models for modeling the stopping power of an ion beam in a plasma
with given parameters. The next chapter will present a planned stopping power experiment to benchmark
these different theoretical models. Chapter 4 will present the modeling of the planned experiment using
the presented theoretical models.
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3 Planned Stopping Power Experiment with the LIGHT
Beamline

The upcoming chapter outlines my proposed experiment on the energy loss of laser-accelerated ions
in a laser-generated plasma. The experiment will be conducted as part of the LIGHT project in the Z6
experimental area at Helmholtzzentrum fiir Schwerionenforschung (GSI).

Firstly, two different approaches of recent stopping power experiments are presented (refer to Section 3.1)
before the methodology of this work is outlined (refer to Section 3.2). Then a brief overview of the
experiment is given. The following sections explain the LIGHT beamline and the generation of the plasma
target using the Nanosecond High Energy Laser for Ion eXperiments (nhelix). Additionally, a diagnostic is
included to characterize the plasma.

3.1 State of the Art

This section presents two stopping power experiments. The first experiment was conducted at GSI using
ions generated by a linear accelerator. The second experiment involved laser-generated ions. The purpose
of this section is to illustrate the typical procedures and difficulties of current energy loss experiments in
plasma and to place this work in the context of current research.

3.1.1 Previous Stopping Power Experiment with a Linear Accelerator

Most of the experiments mentioned in Section 1.2 used conventional particle accelerators, such as the
one conducted by W. Cayzac et al. 2017 (refer to Figure 3.1). In this experiment, nitrogen ions were
accelerated to an energy of 3.6 MeV/u using the UNIversal Linear ACcelerator (UNILAC) at GSI. To reduce
the transverse size of the beam, a pinhole with a diameter of 0.5 mm was used. This ensured that the ion
beam interacted exclusively with the innermost region of the plasma, where it exhibited a high degree of
transverse homogeneity. The ions are decelerated by passing through a degrader foil to match the velocity
of the thermal plasma electrons. This elongates the temporal bunch width due to straggling. The final ion
beam had an energy of 0.6 MeV/u and was delivered in bunches lasting a full width half maximum (FWHM)
of 7 = 5.5ns with approximately 1000 ions per bunch. These ions probed a carbon plasma generated
by two nanosecond lasers, namely the Petawatt High Energy Laser for Ion eXperiments (PHELIX) and
the Nanosecond High Energy Laser for Ion eXperiments (nhelix). Random phase plates (RPP) generated
smooth laser focal spots with a diameter of 1 mm, which ensured a high degree of transverse homogeneity
of the plasma in the innermost part of the plasma where the ions passed. The plasma was characterized
through the use of interferometric measurements of the free electron density and hydrodynamic simulations.
The free electron density was observed to reach a maximum of 7e max = 5 X 10%° cm—3, while the maximum
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Figure 3.1: Schematic illustration of the previous stopping power experiment conducted by W. Cayzac
et al. 2017.

temperature was recorded at Tipax = 150 eV. (W. Cayzac et al. 2015; A. Frank et al. 2013). These parameters
result in projectile ion velocities close to the stopping maximum, where their velocity is close to the thermal
velocity of the plasma electrons (vp ~ vy,). The discrepancies between the theoretical models are highest
at this point (W. Cayzac et al. 2015). The energy was measured using a diamond detector and the time
of flight (ToF) method. The time difference between the initial ions and the ions slowed down by the
plasma was used to determine the energy loss. The energy loss during plasma expansion was measured at
various times, as shown in Figure 3.2. The data is normalized to the energy loss through the solid target.
The energy loss in plasma is increased by up to 150 % compared to the solid state. This is due to a more
efficient momentum transfer of the projectile ions to the plasma free electrons, as well as an increase in the
beam charge state.
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Figure 3.2: Measured energy loss compared with theoretical calculations using the Li-Petrasso (LP) and
T-Matrix with A\(v) (TM) models. The dashed and dotted dashed lines show the maximum error
in the energy loss calculation due to uncertainties in the plasma parameters. Figure adapted
from W. Cayzac et al. 2017.
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In Figure 3.2, the data is compared with the predictions of the Li-Petrasso (LP) (Li et al. 1993a) stopping
model (see Equation 2.39), which represents the standard stopping approaches and yields similar results (W.
Cayzac et al. 2015) to the SSM (see Equation 2.25) or the dielectric approaches (refer to Chapter 2).
Furthermore, this study also compares the T-Matrix formulation that employs a velocity-dependent screening
length (TM) (D. O. Gericke et al. 2003), which includes a detailed treatment of close binary collisions as
well as quantum diffraction effects, to the data. The results show that the T-Matrix with A(v) formalism
(TM) cannot be excluded. On the other hand, the Li-Petrasso model (LP), and other perturbative models,
overestimate the energy loss by 20-25 %.

Although the experiment was successful, the results showed significant temporal uncertainties due to
the 5.5 ns ion bunch length used. The plasma parameters underwent rapid changes on the nanosecond
timescale as shown in Figure 3.3, which displays simulated temperature profiles at various times during
the expansion. Consequently, the leading ions within the probing ion bunch encounter different plasma
conditions than the trailing ions, resulting in temporal uncertainties.

/'\ - 102 —— 3ns
> 150 § 1022 — 4ns
2 £ — 5ns
- g“"1021 — 6ns
:]5_), 100 E 1020 : — 7ns
©
@ 3 8ns
= < 107°
5 50 2

§ 1018
()
1 17
0 T T T 0 T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
distance z in mm distance z in mm

Figure 3.3: Two-dimensional hydrodynamic simulations of a laser-generated plasma conducted with
MULTI2D (Ramis et al. 2009) along the laser axis z: a carbon foil with an areal density of
100 pg/cm? is irradiated by two lasers beams from both sides (right side of the expansion is
shown) with a pulse length of 7 ns (FWHM), a wavelength of 526.5nm, a focal spot size of
1Tmm (supergauss) and energy of 30 J each. The left-hand side displays the simulated plasma
temperature at different times during the expansion process. On the right, the simulated free
electron density in the plasma at different times of the expansion is depicted.

To mitigate this issue, shorter ion bunches can be implemented. One way to achieve this is through the
use of laser-generated ions, which have a lower emittance (Cowan et al. 2004). Emittance refers to the
volume of the particle beam in the phase space and is an important measure of the manageability and
focusability of a particle beam (Edwards et al. 1993). Another important advantage is the increase in the
number of ions within a probing bunch, resulting in a higher signal-to-noise ratio. This enables a more
accurate measurement of the stopping power. A stopping power experiment with laser-driven projectiles is
presented in the following section.
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3.1.2 Previous Stopping Power Experiment with a Laser-Accelerator

The laser-generated beams have fundamentally different characteristics from traditional ion sources, which
could expand the range of the accelerator’s potential for research and applications. Malko et al. 2022
expanded the data set of stopping power experiments in plasma by using ions generated by a laser-driven
beamline as a probe beam. These ions have favorable properties for stopping power experiments compared
to ions accelerated by traditional linear accelerators. Laser-plasma accelerators can produce intense multi-
MeV ion bunches with brief durations on a pm-scale. These beams can deliver ions with energies above
100 MeV (Higginson et al. 2018; Kim et al. 2016; Wagner et al. 2016; T. Ziegler et al. 2024) in picoseconds
at the source (Dromey et al. 2016). The target normal sheath acceleration (TNSA) mechanism represents
the most researched and frequently used laser-driven ion acceleration technique. This process involves
the interaction of a high-intensity laser pulse with a thin target, resulting in the generation of a dense
plasma and a sheath of electrons on the target’s rear side. This electron sheath then generates a strong
electric field, which rapidly accelerates the ions to high velocities (Wilks et al. 2001). However, the initial
TNSA beam is not suitable for most applications due to its broad energy spread, large divergence, and the
presence of background radiation in the form of electromagnetic pulses (EMP), X-rays, and electrons close
to its origin. Nevertheless, it is possible to produce ion bunches from TNSA sources, which are very well
suited for stopping power experiments, by the targeted arrangement of magnets and apertures (Apifianiz
et al. 2021). Malko et al. 2022 successfully conducted a stopping power experiment with laser-generated
protons by using magnetic filtering for energy selection, taking advantage of the benefits of laser-driven
ions.
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Figure 3.4: Schematic illustration of the previous stopping power experiment conducted by Malko et al.
2022.

The experiment conducted by Malko et al. 2022 took place at the PW-class VEGA laser facility located
at the Centro de Laseres Pulsados (CLPU) in Salamanca, Spain. Figure 3.4 displays the experimental
setup. The VEGA2 laser was divided into two beams: one for accelerating protons using the TNSA method
(E =4J,7 = 30fs), and the other for creating a warm dense matter (WDM) target (£ = 0.5J,7 = 200 fs).
The WDM state is characterized by densities in the order of or higher than those of the solid state and
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temperatures below 100 eV. In this parameter range, the plasma is usually partially ionized, moderately
nonideal, and degenerate (I' > 0.1 and © < 10). The proton beam was generated by the accelerating beam
and had a broadband spectrum with a cutoff energy of approximately 4 MeV. To extract a monoenergetic
pencil-like proton beam with an energy of approximately 500 keV from the initial spectrum, a compact
magnet-based energy selector (Apifianiz et al. 2021) was employed. This beam was then used to probe
a target sample positioned near the exit of the energy selector, which could be in a solid or WDM state.
The proton beam had an energy spread of 44 keV and an estimated bunch length of 400 ps, containing
around 1500 protons. A carbon foil was irradiated by the second laser beam to create the WDM target.
The WDM target was characterized by temperatures T ranging from a few eV to a few tens of eV, with a
mass density of p > 0.1 g/cm? and a velocity ratio vp /vy, ranging between 2 and 10. The energy of the
protons was measured using a magnet spectrometer in three different scenarios: without any target, with
a solid target, and with the WDM target. Figure 3.5 shows the measured energy loss at different times
during the expansion.
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Figure 3.5: Energy-loss data of protons over time. ¢t = 0 ps represents the start of the laser beam on the
carbon target. The shaded grey profile shows the temporal shape of the probing proton bunch,
obtained through a FLUKA Monte-Carlo simulation. The blue solid line displays the average
measured energy loss in the solid target, A Eq,, while the light blue band indicates the error.
The energy-loss calculations for classical theories and a time-dependent density functional
theory (DFT) are represented by the orange and green curves, respectively. The target was
probed by the proton beam along its central axis (solid lines) and with a 50 ym offset (dashed
lines). The plot is taken from Malko et al. 2022.

The experimental data is compared to various theoretical models (refer to Chapter 2), including RPA (Zim-
merman 1997), Li-Petrasso (Li et al. 1993b) and T-Matrix with A\(v) (D. O. Gericke et al. 2003). These
models predict similar values and are classified as classical calculations (A Eg,). Additionally, an approach
based on recently developed time-dependent density functional theory (DFT) (White et al. 2020) is also
utilized (A Eppr). The classical calculations overestimate the energy loss by 40 %, while the DFT approach
overestimates it by only 23 %. Therefore, more detailed calculations based on first principles methods,
such as density functional theory, are necessary in this stopping regime.
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The experimental platform presented here shows promise as a tool for measuring ion stopping power
in WDM. It can cover a wide range of proton energies (100 keV and 2 MeV), pulse durations, and target
temperatures and densities. However, it is important to note that the number of protons is limited
(approximately 1500) and only protons can be used as the projectile ion species at this time (Apifianiz et al.
2021). An increased number of projectile ions enhances the signal-to-noise ratio, improving the accuracy
of the measured stopping power. This work pursues this strategy, and the following section describes the
approach for generating an ion beam with the required parameters and an increased number of projectiles.

3.2 Approach for Stopping Power Experiments with the LIGHT Beamline

In contrast to magnetic filtering (Apifianiz et al. 2021), laboratories around the world are combining
laser-driven beamlines with conventional accelerator components such as quadrupoles, magnets and plasma
lenses to shape the laser-accelerated ion beam to specific requirements (Brack et al. 2020; Kroll et al. 2022;
Rosch et al. 2020; Zhu et al. 2020).
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Figure 3.6: Schematic illustration of the planned stopping power experiment with the LIGHT beamline at
the Z6 experimental area of GSI. The qualitative distribution of energy and temporal shape
of the projectile bunch are illustrated at the TNSA target, after the first solenoid, after the RF
cavity, and at the stopping target.

The Laser Ion Generation, Handling and Transport (LIGHT) collaboration (S. Busold et al. 2014b) was
established to explore the feasibility of working with laser-driven ion beams using conventional accelerator
components. The preexisting infrastructure at GSI allows for the operation of a radio-frequency (RF) cavity,
which enables the LIGHT beamline to manipulate the bunches longitudinally. This manipulation can reduce
the energy spread of the bunches or compress them temporally (S. Busold et al. 2013, 2014a; Simon
Busold et al. 2015; Tkegami et al. 2009; Jahn et al. 2019; Metternich et al. 2022; Teng et al. 2013). The

32



Helmholtz-Zentrum Dresden-Rossendorf (HZDR) contributes its expertise in high-field solenoid magnets to
enhance the transverse focusing and capture efficiency of the LIGHT beamline.

A stopping power experiment is planned to be conducted in the experimental area Z6 at GSI. Figure 3.6
shows the schematic setup of the planned experiment. The objective is to use ions generated with PHELIX
and transported with the LIGHT beamline. The bunch will be compressed to the shortest possible length to
investigate its stopping power in a laser-generated plasma. The probed plasma, generated with the nhelix
laser, will have a maximum temperature of 7. ~ 180 eV and a free electron density of ne ~ 3 x 10%° cm=3.
To achieve the stopping maximum regime, where the stopping theories differ the most, it is crucial to
match the velocity of the probing ions with the thermal plasma electrons (see Figure 3.7). This requires
an energy per mass ratio of 0.5 MeV/u for the ions, which is lower than the typical energy per mass ratio
of 8 MeV/u targeted at the LIGHT beamline (Metternich et al. 2022). In the remainder of this thesis, the
z-axis is defined as the axis of the projectile beam, while the x and y axes are defined as the axes of the

beam in the transverse plane, with r defined as r = /22 + y2.
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Figure 3.7: Different theoretical models for the stopping of (left) carbon ions (C**) and (right) protons
plotted over the ratio of the projectile velocity to the thermal velocity of the free electrons in
the plasma. TM + A(v) is the T-Matrix formalism with A(v), LP is the Li-Petrasso model, Vlasov
is the linear Vlasov model, RPA is the Lenard-Balescu Random Phase Approximation and BPS
is the Brown Preston Singleton formalism (refer to Chapter 2).

The experiment is planned to be conducted using both carbon ions and protons due to their respective
advantages. Carbon ions experience approximately 10-15 times higher energy loss in plasma, as shown on
the vertical axis of the plots in Figure 3.7. Furthermore, slow carbon ions are easier to detect using diamond
detectors and scintillators due to their higher energy deposition in the detectors. On the other hand,
protons have only one charge state, making it unnecessary to estimate their charge state evolution while
traveling through the plasma with theoretical models. For carbon ions, the charge state changes within
the plasma, requiring theoretical modeling. Therefore, using protons makes modeling the experiment
easier. Additionally, different theoretical models behave differently for different species (see Figure 3.7),
particularly in the stopping maximum. This effect can be more accurately evaluated by using both carbon
ions and protons in stopping power experiments.
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3.2.1 The LIGHT Beamline

The planned experiment uses the LIGHT beamline as the source of the ion beam. It combines laser-driven
ion beams with conventional accelerator components, including the TNSA source, solenoid magnets, and
the RF cavity. The achieved beam parameters have resulted in several publications (S. Busold et al. 2013,
2014a,b; Simon Busold et al. 2015; Jahn et al. 2019; Metternich et al. 2022; Nazary et al. 2024).

This section presents the different components of the LIGHT beamline and briefly explains their functionality.

Laser-Driven lon Acceleration

The ions are generated and accelerated in the Z6 target chamber via the TNSA mechanism (Gibbon 2005;
Macchi 2013; Mulser et al. 2010; Wilks et al. 2001), using the PHELIX laser (Bagnoud et al. 2010). Despite
the PHELIX laser’s energy being constrained to 40 J at the Z6 experimental area due to the limited aperture
available in the laser beamline, its pulse duration of 650 fs (FWHM) and focal spot size of 3.5 pm (FWHM)
produce a laser intensity exceeding 10'® W/cm?, which is sufficient to accelerate ions to MeV energies.
Different targets are used depending on the desired ion species. The energy spectrum for protons is shown
in Figure 3.8 (left). It exponentially decays and has a cutoff energy of 28.4 MeV (S. Busold et al. 2013).
The energy-dependent divergence of the protons is illustrated in Figure 3.8 (right). It can be observed that
higher-energy protons exhibit a lower divergence. In the vicinity of the cutoff energy, the half-opening
angle is approximately 5°, while ions with energies well below the cutoff energy (< 1 MeV/u), which are
necessary for this experiment, exhibit high divergences of up to 30° (Simon Busold 2014).
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Figure 3.8: Proton spectrum from the TNSA mechanism measured in the Z6 target chamber (left). The
energy-dependent divergence of the beam (right). Graphics taken from Simon Busold 2014.

Beam Transport

To capture and transport ions, a high-field solenoid magnet is positioned on a hexapod within the Z6
target chamber. The solenoid’s magnetic field causes a focusing effect on the passing charged particles,
functioning as an energy selector. However, this focusing effect also causes chromatic aberrations, as
the focal length depends on the square of the particle’s momentum (Kumar 2009). Imperfect magnetic
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fields inside the solenoid introduce spherical aberrations, which along with chromatic aberrations, cause
emittance growth of the beam. Additional information regarding the functionality and properties of
solenoids can be found in Y.-J. Chen 2003 and Kumar 2009. The pulsed high-field solenoid magnets utilized
in the LIGHT beamline were designed and constructed by the high-field laboratory (HLD) at HZDR (Kroll
2019). Figure 3.9 (left) depicts a technical drawing of the solenoid. The capture efficiency depends on
the energy of the ions due to the smaller initial directional deviation of higher-energy ions (see Figure 3.8
(right)). Simulations (Metternich 2023) show that the transport efficiency in the corresponding energy
interval (AE/E = 10%) for protons generated with the TNSA mechanism in the Z6 target chamber and
the current LIGHT beamline setup increases from 8.43 % (E = 4.75MeV) to 13.40% (FE = 17.5MeV). The
solenoid can capture a maximum opening angle of 130 mrad (7.5°). The magnetic field imperfections,
particularly those created by the connection cables of the solenoid, generate filaments in the beam that
cause deviations in the energy distribution from that of the entire beam (Metternich 2023; Metternich et al.

2022).
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Figure 3.9: Cutaway view of the pulsed, high-field solenoid magnet with a stainless steel housing, which
is mounted on a hexapod (Kroll 2019) (left). Photograph of the interior of the RF cavity, which
is equipped with drift tubes and a plunger (Simon Busold 2014) (right).

To enhance capture efficiency, it is essential to place the first solenoid close to the TNSA target. The
solenoid casing begins 40 mm behind the TNSA target to allow for the positioning of a motorized stage
with a lens and a mirror between the TNSA target and the solenoid before each shot. This is done to adjust
the PHELIX laser focus. The magnetic field strength of the solenoid is adjusted to select and transport ions
with the desired energy through the beamline.

Another solenoid is used to transversely focus the ion bunch onto the plasma generated in the Z4 target
chamber to probe the plasma with as many ions as possible. The optimal placement of the second solenoid
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depends on the size of the plasma target to be probed by the ion beam. In order to achieve the desired
plasma parameters, the focal spot size of the heating laser (nhelix) is limited to a diameter of 1 mm
due to its limited energy. If the focal spot size is increased, the intensity of the laser beam decreases,
assuming the energy remains constant, which in turn reduces the plasma temperature. Based on previous
experiments (W. Cayzac et al. 2017; A. Frank et al. 2013) and simulations (refer to Chapter 4), this process
produces a plasma that is transversely homogeneous in the innermost region, with a diameter of 0.5 mm.
Therefore, the second solenoid should focus the ion beam on the plasma to maximize the number of ions
passing through this region. As the focal length of the solenoid increases, so does the size of the focal
spot (Y.-J. Chen 2003). Therefore, it is important to keep the distance between the second solenoid and
the plasma target as short as possible. However, due to the path of the heating laser, the minimum distance
achievable is approximately 90 cm (refer to Figure 3.6).

Longitudinal Manipulation

The beamline’s component for longitudinal manipulation of the ion bunch is the radio-frequency (RF)
cavity, which is a three-gap spiral resonator. It was previously used at the UNILAC of GSI (Héauser 1989)
and has a resonance frequency of 108.4 MHz. In Figure 3.9 (right) a photograph of the interior of the RF
cavity is depicted. The drift tubes, which are held in place by spiral arms, are visible, as is the plunger
utilized to control the resonance frequency of the resonator. RF electric fields generated in cavities are
used in accelerators to accelerate or decelerate particles and impact the longitudinal beam dynamics. The
particles are subjected to the electric field of the standing wave when traversing the gaps and are shielded
from it when passing through the drift tubes. The energy transfer from the cavity to the particles depends
on their injection phase. The use of an RF cavity allows for the acceleration of slow ions at the back of the
ion bunch and the deceleration of fast ions at the front. The low longitudinal emittance of laser-driven ions
makes it possible to significantly reduce their energy spread. For instance, for protons with an energy of
8 MeV, the energy spread was reduced from around 20 % after the first solenoid to below 3 % (S. Busold
et al. 2014a; Simon Busold et al. 2015). It is possible to compress the ion bunch to sub-nanosecond
durations (Simon Busold et al. 2015; Jahn et al. 2019; Metternich et al. 2022) by overshooting the energy
compression. This is achieved by injecting the ions into the cavity at a phase where the ions at the front of
the bunch are decelerated to a velocity below the mean velocity of the bunch, while the ions at the back
are accelerated to a velocity above the mean velocity. As a result, the leading ions are slower than the
trailing ions, allowing the trailing ions to catch up after a certain propagation distance. This methodology
will be applied in the stopping power experiment, where sub-nanosecond ion bunches will be generated
with an energy spread of 2 %, as determined by simulations (Metternich 2023).

The RF cavity will be configured to compress the ions temporally in the center of the second target chamber,
Z4, where the plasma target will be located. The plasma expands rapidly, causing its parameters to change
quickly. To minimize the plasma parameter variations during the passing of the ion bunch, a shorter
ion bunch is required. This decreases the temporal uncertainty of the plasma parameters that the ions
interact with. The transit time factor of the RF cavity, which characterizes the energy gain of a particle
passing through the acceleration gaps, taking into account the time variation of the field during particle
transit through the gaps, is nearly zero at an energy-to-mass ratio of 0.5 MeV/u (Ding 2018). As a result,
it is impossible to temporally compress ion beams with an energy-to-mass ratio of 0.5 MeV/u. For the
stopping power experiment, an energy-to-mass ratio of 0.6 MeV/u was targeted. This enables the temporal
compression of the ion bunch while remaining close to the stopping maximum (v, =~ vy,). The number of
particles that can be compressed into a single bunch is determined by the proximity of the RF cavity to
the TNSA target. For projectile ions with 0.6 MeV/u, the minimum distance is restricted by geometrical
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constraints, resulting in a distance of 1210 mm between the TNSA target and the middle of the RF cavity.
The necessary cavity voltage for temporal compression also varies based on the distance between the
RF cavity and the plasma target. However, this distance does not significantly affect the resulting beam
parameters. Therefore, it is set to 2 m to ensure stable operation of the RF cavity.
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3.2.2 Plasma Target

In the planned stopping power experiment with the LIGHT beamline at the experimental area Z6 of GSI the
plasma is generated using the nhelix laser. To achieve plasma parameters similar to the experiment by W.
Cayzac et al. 2017, the nhelix beam is split into two beams, each with an energy of 30J, a pulse length
of 7ns (FWHM), a wavelength of 526.5 nm, and a focal spot size of 1 mm. The focal spots are smoothed
using a random phase plate (RPP). This section explains plasma generation using a laser, describes the
upgraded nhelix laser system, discusses the chosen laser parameters, and presents the interferometric
diagnostics developed to measure the plasma’s free electron density.

Laser-Plasma Interaction

This section, like the theoretical part of this work, expresses all physical quantities in the cgs unit system
(centimeter, gram, second), while numerical values are given in SI base units. For a detailed overview of
this topic refer to Mulser et al. 2010.
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Figure 3.10: Schematic representation of the laser-plasma interaction: In the corona, the laser is absorbed
up to the critical density. The reemission or transport zone is heated by heat conduction and
X-rays from the corona. The thermalized radiation is also reemitted here. In the compression
zone, the solid is compressed by the shock wave driven by the ablation pressure. T"and p
represent the temperature and density, respectively.

Plasma can be generated using intense laser radiation. Figure 3.10 shows a schematic representation of
plasma formation and expansion. The intensities present at the target in this work range from 10! W/cm?
to 1012 W/cm?. A laser pulse with a minimum intensity of approximately 10° W/cm? can ignite plasma
when it strikes matter (BAUER 2003; Mulser et al. 2010). However, the photon energy is typically
insufficient to directly ionize the material. The target contains either a free electron or an atom with
a weakly bound electron. This electron may be the result of statistical processes or material impurities.
Subsequently, the electron begins to oscillate in the electric field of the laser and ionizes other atoms in the
target through inelastic collisions. The laser field induces oscillations in the released secondary electrons,
which in turn ionize additional atoms. This initiates an avalanche effect, breaking almost all atomic bonds
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on the target surface and resulting in the formation of a plasma layer known as the corona. The corona is
heated until the end of the laser pulse, and it rapidly expands. The speed of sound of the plasma, which
describes the speed of longitudinal waves, can be used to estimate the expansion speed of the corona:

o =1/ LTZ‘?TE (3.1)
1

with Zr the plasma ionization degree, T¢ the plasma temperature and m; the ion mass. For the 180eV
fully ionized carbon plasma studied in this work, a sound velocity of 90 um/ns is estimated.

Once the incoming laser radiation reaches an electron density at which the plasma frequency w, (see
Equation 2.2) equals the frequency of the laser light wy, the laser light cannot propagate any further and is
reflected. The refractive index of the plasma can explain this phenomenon:

2\ 2
n:< —“3) | (3.2)
wL

If the plasma frequency wy, is greater than the laser frequency wy, the refractive index n becomes imaginary,
and the laser is reflected. This results in a corresponding density known as the critical density n.:

me 2

Ne = me. (3‘3)

In physical terms, upon reaching the critical density, the plasma frequency of electron oscillations matches
the incoming laser light frequency, resulting in a resonance phenomenon. This resonance enables strong
interactions between the light wave and the electrons, with the electrons absorbing energy from the
laser and subsequently reradiating it, effectively reflecting the light. A higher laser frequency wy,, which
corresponds to a lower laser wavelength \;, enables the laser to penetrate deeper into the plasma. In this
case, the frequency-doubled nhelix laser with a wavelength of A\, = 526.5 nm reaches a critical density of
ne = 4 x 10! em™3, which marks the end of the corona. The electron density increases exponentially until
it reaches the critical density. In this region, laser absorption is primarily due to inverse Bremsstrahlung.
This occurs when an electron absorbs the energy of a photon while being scattered on a plasma ion.
Other absorption processes include resonant absorption, where plasmons (Langmuir waves) are resonantly
excited by the laser and the coupling of the laser light with various plasma waves which are caused by
parametric instabilities.

Behind the critical surface, the corona ends and the energy transport region begins. The energy deposited
by the laser is then effectively transported to higher-density regions through diffusion processes. Thermal
conduction and radiation are the primary mechanisms for transmitting energy from the corona to deeper
plasma layers within this energy transport zone. As a result, the temperature decreases in comparison to
the corona, while the density increases to approach solid-state density.

The ablation front is the outer boundary between the energy transport region and the compression region.
It signifies the surface from which plasma initiates outward expansion. Within the ablation front, the
compression zone shows high density and low temperature. This zone experiences compression due to a
shock wave generated by the ablation pressure from the outgoing corona, resulting in progressively higher
densities at the target center. This process causes the compressed material to exceed solid-state density;,
while the temperature remains low. The pressure wave generated propagates through the solid material,
and its speed can exceed the speed of sound in the undisturbed part of the material, forming a shock wave.
However, the compression zone is significantly limited in space and time when the target is thin.
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nhelix Laser System

The target will be heated from both sides with 30 J each, similar to the experiment by W. Cayzac et al. 2017,
who used the PHELIX and nhelix lasers for this purpose. In this planned stopping power experiment, the
PHELIX laser is being used to accelerate ions via TNSA for the LIGHT beamline. Therefore, the nhelix laser
needs to cover both laser beams that irradiate the target. To achieve this, the nhelix laser needs to deliver
an energy of 60J (2 x 30J) at a frequency-doubled wavelength of 526.5 nm. Prior to this work, it was not
possible to achieve 60J energy with the nhelix laser system due to defects in the last amplifier rod, which
had a diameter of 64 mm and was made of silicate glass. Phosphate glass amplifiers have become more
common in new laser systems, resulting in a decrease in the use of this type of glass, particularly in this size.
Therefore, a change to phosphate glass was necessary, resulting in a shift in wavelength from 1064 nm to
1053 nm. As part of this thesis, the nhelix laser was redesigned and rebuilt to meet the necessary energy
requirements for this work. This section introduces the new nhelix laser system.

Figure 3.11 shows an overview of the new nhelix laser system. The frontend, a seeded (S) Q-switched
high-energy (Q2HE) laser by Quantum Light Instruments (QLI), is situated on the first table (FE). It operates
at a repetition rate of 10 Hz and a wavelength of 1053 nm, reaching 50 mJ. The frontend is followed by a
Pockels cell (PC1), which sets the pulse length to 10 ns and protects the frontend from back reflections.
The first table features a serrated aperture (SA) that produces a top hat spatial beam profile after passing
through the initial spatial filter and telescope (T1). This telescope decreases the beam diameter from
7.5mm to 6.5mm and includes a pinhole in its focal point to function as a spatial filter. All telescopes,
except for the final one (T6), function as spatial filters. On the second table, the preamplifier (PreAmp
PA) is located. It is nearly identical to the preamplifier of the PHELIX laser. After the second telescope
(T2), the beam diameter is increased to 14mm. The beam is then amplified in a flashlamp-pumped
Nd:glass amplifier rod with a diameter of 19 mm (19DP). This amplifier is passed twice, resulting in an
energy gain of 200. Following this, a second Pockels cell is used to reduce amplified spontaneous emission
(ASE) and protect earlier components from back reflections. Then, the third telescope (T3) increases the
beam diameter to 37 mm. The second amplifier stage is a 45 mm Nd:glass rod that is also operated in
the double-pass configuration, achieving a gain of 30. Before leaving the PreAmp table, the beam size is
increased in the fourth telescope (T4). The main amplifier (MainAmp MA) of the nhelix laser consists
of a modified flash lamp-cooled PHELIX MainAmp module. The module has two Nd:glass slabs that are
placed at the Brewster angle to reduce surface reflection. The nhelix beam passes through the amplifier six
times and increases in diameter with the last two telescopes (T5, T6) after every two passes, resulting in a
gain of seven. The final beam diameter is 90 mm. There are three diagnostic beam paths throughout the
nhelix laser system: one after the serrated aperture (D1), one after the PreAmp (D2), and one after the
MainAmp (D3). Cameras can be used to observe the near and far fields, while Shack Hartmann sensors
can measure the wavefront. It has been demonstrated that the nhelix laser can deliver at least 60 J after
frequency-doubling, which is sufficient for the planned stopping power experiment. However, a complete
and comprehensive characterization of the nhelix laser system has not yet been performed due to time
constraints.
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Figure 3.11: Schematic overview of the new nhelix laser system. FE and S represent the frontend and
its seed laser, respectively. PC1-3 are Pockels cells. SA denotes a serrated aperture. T1-6
are telescopes. PA stands for the preamplifier. 19DP and 45DP are amplifier stages with
diameters of 19 mm and 45 mm, respectively, operated in a double pass configuration. FR are
Faraday rotators. MA represents the main amplifier, while D1-3 are diagnostic boxes.
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Figure 3.12: Overview of the Z6 experimental area with all relevant components for the stopping power
experiment including the nhelix laser in the nhelix room, the LIGHT beamline, and the Z4
target chamber.

To ignite a plasma in the Z4 target chamber, the nhelix laser beam must be guided from the laser
room into the Z4 chamber. Figure 3.12 shows the Z6 experimental area. The nhelix beam exits the
nhelix room through a tube located approximately 20 cm above the floor. The tube leads to a small,
temporary lightproof room. The nhelix beam is then directed beneath the Z4 target chamber, where a
DKDP (Deuterated Potassium Dihydrogen Phosphate) crystal is located for frequency-doubling. The critical
density is four times higher with the frequency-doubled laser beams, increasing collisional absorption
and radiative transport. Radiative transport is a faster mechanism than thermal conduction, resulting in
quicker longitudinal heating and homogenization of the plasma. This leads to a more reproducible and
more homogenous plasma evolution (Alexander Frank 2012). After the nhelix beam is frequency-doubled,
a beamsplitter divides the beam into two equal energy beams. The beams then enter the Z4 target chamber
through two windows at the bottom. Inside the target chamber, the beams are focused onto the target
using lenses. The laser focus profile can be smoothed to a top-hat profile with a diameter of 1 mm by
using random phase plates. This improves the transversal homogeneity of the plasma in relation to the
incoming ion beam. The plasma size and temperature in stopping power experiments are mainly restricted
by the laser used to generate it. It is important to note that a smaller laser focus can increase the plasma
temperature. However, this reduces the range in which the plasma parameters are spatially homogeneous
and the timescale on which the plasma parameters are changing.
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The plasma’s free electron density will be measured via interferometry to verify the hydrodynamic simula-
tions of the laser-generated plasma presented in Chapter 4. These simulations are used to calculate the

ions’ stopping power along their path inside the plasma, according to different theoretical models. This is
necessary to compare measurements with theory.
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Interferometric Measurement of the Free Electron Density

To gain a comprehensive understanding of the factors that influence the interaction between plasma
and passing particles, it is essential to possess extensive knowledge about the parameters of the plasma.
Theoretical simulations can provide insights into these parameters, but they must be validated through
empirical evidence.

To characterize the plasma generated by the laser, an interferometric measurement of the free electron den-
sity will be performed. As part of this project, Sarah Grimm’s master’s thesis, entitled "Interferometric Mea-
surement of the Free Electron Density in a Laser-Generated Plasma for Verification of Hydro-Simulations,”
was overseen by myself (Grimm 2023). In the following section, the setup of the interferometer and the
resulting characteristics are briefly described. For more information, refer to the thesis itself.

A suitable interferometer was designed to measure the free electron density in laser-generated plasma. The
CAD model of the entire setup is shown in Figure 3.13. A laser frontend (MPL1100-TH) with a wavelength
of 355nm and a pulse duration of 500 ps was ordered from QS Lasers and placed on the lower level of
the setup. The wavelength was chosen to probe a significant amount of unchanged plasma since its high
critical density (ne = 8.8 x 10?! cm™3). The optical system comprises a Kepler and Galilean telescope
that relays the laser beam image to the plasma and magnifies it by a factor of 24. Subsequently, a Kepler
telescope with doublets images the plasma onto the camera, reduces the beam diameter by a factor of
2/3, and simultaneously collimates the beam. The optical system was designed using ZEMAX. Its imaging
is limited by diffraction, with wavefront distortions smaller than \/20 according to ZEMAX. Thus, the
interferometer can produce a significant interferogram by superimposing a portion of the laser beam that
passes through the plasma with a portion that does not. The resulting image is captured by a camera
with a 16-bit dynamic range and low median readout noise. When the beam passes through the chamber
undisturbed, it produces a regular interference pattern of straight stripes. However, if part of the beam
encounters free electron density; it results in a change in the refractive index within that area. When the
beam goes through the plasma, it accumulates a phase shift in comparison to undisturbed surrounding
regions along its path. This causes a change in the stripe distance, which can be used to determine the
phase shift. In order to determine the three-dimensional refractive index of the two-dimensional projected
phase shift recorded by the camera, it is necessary to assume cylindrical symmetry. This refractive index
can then be used to calculate the free electron density. Figure 3.14 shows a schematic overview of the
interferometer with the chosen Mach-Zehnder configuration.

44



Figure 3.13: Overview of the designed system. The experimental setup consists of two base frames: one

supporting the Z4 target chamber and the other holding two breadboards on different levels.
The laser frontend is located on the lower level, with its beam directed by two mirrors toward
an enlarging telescope. The first lens of the telescope is positioned on the breadboard, and
the second lens is placed on a rail attached to the base frame of the target chamber. A mirror
behind the second lens directs the horizontal beam to a magnifying telescope, which utilizes
a vertical structural rail for its lenses. The beam is finally directed into the Z4 target chamber
by a tilting mirror. Within the chamber, the beam fully surrounds the plasma at its center. The
beam passes through the first doublet of a telescope, with the second doublet positioned on
the upper breadboard. This telescope reduces the beam diameter and images the plasma on
the camera. The camera is situated behind a Mach-Zehnder interferometer on the upper level
of the optical table. The displayed laser beam diameter corresponds to its actual size. The
graphic is taken from Grimm 2023.
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Figure 3.14: Schematic layout of the designed Mach-Zehnder interferometer. The blue laser beam passes
through the plasma (orange) and is then reduced in diameter by a telescope (T3). Next, the
light is reflected onto a beam splitter (BS1), which splits it into two beams: one reflected
(shown in purple) and one transmitted (shown in green). The resulting partial beams are
redirected by two mirrors on a linear stage (LS) to the second beam splitter (BS2). The area
of overlap between the two partial beams is determined by the position of the linear stage.
The beams can be either perfectly overlapped (left) or slightly displaced (right). The latter
alignment is used to detect a meaningful interference pattern of the plasma using a camera
(CAM). The graphic is taken from Grimm 2023.

The available nhelix parameters were used to test the measurement of the free electron density of a
laser-generated plasma, as the nhelix laser upgrade was not yet complete. A graphite target was exposed
to laser energy of (1.90 + 0.13) J at a wavelength of 1053 nm, with a pulse duration of (7.0 = 0.7) ns
(FWHM). In some shots, a phase plate was used to increase the nhelix beam’s focus from (48.4 + 4.4) pym
(FWHM) to (193.6 = 11.0) pm (FWHM). The plasma was analyzed by the interferometer at various times,
ranging from —5 to 30 ns after the nhelix reached its half-maximum intensity on the target. A total of 71
successful shots were conducted during the designated beamtime.

The system demonstrated dependability and precision in measurements, despite using nhelix parameters
different from those intended for the planned experiment on stopping power. The probe beam of interfer-
ometry provided complete access to all plasmas generated during the beamtime. The measured peak free
electron density was (7.57 + 0.84) X 1020 cm 3.

A comprehensive analysis script was developed to evaluate the generated data. The script enables the
examination of interferograms derived from measuring dense plasmas, even when they are highly saturated.
Figure 3.15 shows an example of an interferogram captured with the interferometry along with the evaluated
free electron density.
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Figure 3.15: Exemplary interferometric measurement (left) and the free electron density obtained from it
(right). The focal spot size of the nhelix laser was influenced by the random phase plate and
measured to be 193.6 um (FWHM). This measurement captured the plasma 0.26 ns after the
laser reached half of its maximum.

The ions produced by the LIGHT beamline will interact with the plasma generated by the nhelix laser.
Chapter 4 will present the theoretical modeling of the stopping power experiment.
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4 Theoretical Modeling of the Stopping Power
Experiment

In this chapter, I modeled the planned stopping power experiment presented in Chapter 3. The projectile
ion beam is taken from simulations of the LIGHT beamline (refer to Section 4.1). The plasma is then
simulated using the hydrodynamic code MULTI2D (Ramis et al. 2009) (refer to Section 4.2). Finally, the
stopping of the ions in the plasma is modeled using theoretical models for the charge state of the ions, free
electron stopping, and bound electron stopping (refer to Section 4.3).

4.1 Beamline Simulations of the Projectile lons

Simulation studies are performed before conducting beamtimes with the LIGHT beamline to predict the
resulting beam characteristics and requisite beamline settings. The simulation employs numerical solutions
of the Lorentz equation to calculate ion trajectories in arbitrary electromagnetic fields. The electromagnetic
fields used in the simulations for each beamline component are determined by calculations and simulations.
The initial TNSA ion beam parameters are determined from various measurements of the TNSA source at
the Z6 target chamber (Ding 2018; Metternich 2023). The simulation does not account for self-generated
electric and magnetic fields, such as space charge effects. For a detailed explanation of the LIGHT beamline
simulations, please refer to Metternich et al. 2022 and Metternich 2023. All beamline simulations presented
and used in this thesis were performed in collaboration with Martin Metternich.

The simulations of the LIGHT beamline predict the properties of the projectile ions before passing through
the plasma. To reconstruct the respective TNSA beams, Thomson parabola measurements from Ding 2018
were used for carbon ions, and radiochromic imaging spectroscopy (RIS) measurements from Metternich
2023 were used for protons. The results show that C** jons have the highest number of particles, making
them the ideal choice for stopping power experiments. Both the solenoids and the RF cavity were optimized
to transport and temporally compress the respective projectiles with an energy-to-mass ratio of 0.6 MeV/u.
The setup presented in Section 3.2 was used for the simulation.

Figure 4.1 displays the simulated carbon ion focus at the center of the Z4 target chamber (left). The
focal spot size, determined by encircling 50 % of the C** ions, had a radius of 5.45 mm. The addition of a
scattering foil (2 um Mylar) 300 mm before reaching the focal spot disrupts the transverse filamentation
of the beam, as depicted in the middle image of Figure 4.1. The transverse filamentation of the beam is
caused by imperfections in the magnetic field of the solenoid due to its connection cables (Metternich et al.
2022). The focal spot size increases to a radius of 6.3 mm due to transverse straggling. On the right, the
beam is shown after a 0.5 mm pinhole is added. This is done to limit the area of the ion beam that passes
through the plasma and ensure that the plasma parameters are transversely homogeneous. The pinhole
allows approximately 0.15 % of the ions in the beam to pass through.
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Figure 4.1: Simulated spatial beam profile of the C** ions in the middle of the Z4 target chamber with no
scattering foil (left), with a scattering foil (2 um Mylar) (middle) and with a scattering foil and a
0.5mm pinhole (right).
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Figure 4.2: Energy distribution (left) and temporal shape (right) of the C** ions in the middle of the Z4
target chamber with no scattering foil and with a scattering foil (2 um Mylar).

Figure 4.2 displays the energy distribution (left) and temporal shape (right) of C** ions at the focal spot,
with and without the scattering foil. The energy spectrum exhibits two peaks. The U-shaped peak is the
temporally compressed peak of relevance, while the other peak at approximately 6.5 MeV is energetically
compressed and not transported optimally. This peak does not affect the stopping power measurements
since it is temporally separated from the relevant peak. The relevant C** ions have a mean energy of
7.2 MeV without the scattering foil. However, with the scattering foil, they lose energy and their mean
energy shifts to 6.0 MeV. The energy spread increases with the scattering foil due to straggling, from 2.2 %
(width at 20% of maximum) to 5.2 %. Additionally, the temporal bunch length increases from 336 ps
(FWHM) to 432 ps.
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Figure 4.3: Simulated spatial beam profile of the protons in the middle of the Z4 target chamber with no
scattering foil (left), with a scattering foil (1um Mylar) (middle) and with a scattering foil and a
0.5mm pinhole.
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Figure 4.4: Energy distribution (left) and temporal shape (right) of the protons in the middle of the Z4
target chamber with no scattering foil and with a scattering foil (1um Mylar).

Similarly, Figures 4.3 and 4.4 show the focal spots, energy distributions, and temporal shape for protons
with and without a 1 pm thick Mylar scattering foil. The focal spot size, measured by encircling 50 % of
the protons, has a radius of 4.45 mm. Approximately 0.12 % of the protons in the beam can traverse the
pinhole. The mean energy of the relevant protons is 0.60 MeV without the scattering foil and 0.53 MeV
with the scattering foil. The energy spread and temporal bunch both increase with the scattering foil.
Specifically, the energy spread widens from 2.4 % (width at 20 % of maximum) to 8.0 %, while the temporal
bunch increases from 304 ps (FWHM) to 439 ps.
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Table 4.1 summarizes the beam parameters with and without the scattering foil. The simulated projectile
beams are used to model the planned stopping power experiment (refer to Chapter 3). For that, the
simulated beams must pass through a plasma, which is modeled in the next section. Chapter 5 presents
preparatory experiments, which included generating the simulated beams as one of the main objectives.

Table 4.1: Parameters of the projectile ion beams with and without the scattering foils according to
beamline simulations.

without scattering foil | with scattering foil
parameter C** ions protons C**ions  protons
mean energy 7.2MeV  0.60MeV | 5.0MeV 0.53MeV
energy spread (width at 20 % of maximum) 2.2% 2.4% 5.2% 8.0%
temporal bunch width (FWHM) 336ps 304 ps 432 ps 439 ps
focal spot radius (50 % encircled) 545mm 4.45mm 6.3 mm 6.6 mm

4.2 Hydrodynamic Simulation of the Plasma Target

The hydrodynamic approach is appropriate for describing plasma evolution over a relatively long timescale
of several nanoseconds, as it deals with slow-varying average quantities. However, it is only valid when the
particle energy distribution follows a Maxwellian distribution, indicating that the plasma is in a state of
local thermal equilibrium (LTE). This implies that collision processes are more dominant than excitation
processes caused by plasma radiation. It can be assumed that LTE applies to the relevant regions of the
plasma in this work.

The hydrodynamic model proposes that the plasma is neutral and consists of two distinct fluids: electrons
and ions. Each fluid can be described by four hydrodynamic variables: mass density p, average velocity i,
average temperature 7' (or energy ¢), and pressure P. A system of four equations is constructed for each
fluid, comprising the conservation of mass, momentum, and energy, as well as the equation of state (EOS)
of the target species. The system is solved using the heat transport coefficients and the Maxwell equations.
For a more detailed hydrodynamic description, please refer to McKenna et al. 2013 and Mulser et al. 2010.

The hydrodynamic code utilized in this study is MULTI2D (Ramis et al. 2009). It is proficient in handling
axial-symmetric geometry problems related to plasma hydrodynamics and various energy transfer mecha-
nisms, such as electronic heat conduction, thermal radiation transport, and energy deposition by laser or
ion beam. The MULTI2D model uses unstructured grids composed of triangular elements and employs a
fractional step scheme to advance state variables through sub-steps, with only specific physical processes
active in each step. The conservation of physical quantities is a primary focus. For further information on
MULTI2D, please refer to Ramis et al. 2009.

The nhelix laser will be used to generate the plasma. The plan is to irradiate a planar carbon foil from
both sides with an areal density of 104 ug/cm? (p = 1.3 g/cm?). The beams will be frequency-doubled
(526.5 nm) with 30J in each beam and a pulse length of 7 ns (refer to Chapter 3). A. Frank et al. 2013,
Tauschwitz et al. 2013 and W. Cayzac et al. 2017 have shown that similar parameters result in the
generation of a hot, fully ionized, and sufficiently homogeneous carbon plasma. The MULTI2D simulation
used a Gaussian temporal laser profile and a supergaussian spatial profile of order n = 8. The simulation
began 7 ns prior to the maximum laser intensity (I ~ 5 x 10 W/cm?) and employed a Langrangian grid.
Two-dimensional data on the current state of plasma expansion was generated every 0.25 ns.
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For further calculations using MULTI2D simulations, it is necessary to conduct post-processing of the
simulation data. To calculate the charge state and stopping power of ions passing through a plasma, one
needs to know the plasma temperature 7T, density p, free electron density n., and plasma charge state Zr.
MULTI2D provides the grid of triangular elements used at each time step. The plasma temperature 7T is
defined at the nodes of the grid, while the pressure P and mass density p are defined for each triangular

cell. To determine the plasma charge state, the Saha equation (Saha 1920) can be used, which is valid for
LTE:

— exp [ — (4.1)
nz 4rs Qz(Te) Iy 3 exP kpTe

Here, ny represents the number density of plasma ions with charge state Z, () is the statistical partition
function of ions with charge state Z, Iy is the ionization energy of hydrogen, I is the ionization energy
associated with charge state Z, and aq is the Bohr radius. In Zaghloul et al. 2000, a solution for ideal
plasmas is presented when the pressure P and the number density of plasma ions ny are known:
P

— — 1.

nrkpTe

Zay represents the average charge state, while the number density of plasma ions, nt, can be calculated

using the mass density, p. This calculation is valid for regions where the plasma is ideal and in local thermal
equilibrium, which is the case for the relevant regions of the stopping power experiment.

nz+1 1 Qzi1(Te) <7€BTe>g 1 < Iz)
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To estimate the influence of non-LTE regions in the plasma, a second method for determining the charge
state is also used. A dedicated code called FLYCHK (Chung et al. 2005) is capable of calculating the degree
of ionization of plasma ions in non-LTE conditions. The method solves the rate equations of the ionization
and recombination processes.
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Figure 4.5: Difference of the calculated charge states of the plasma simulated with MULTI2D after 7 ns
of plasma expansion (left). The calculated charge state with the non-LTE FLYCHK code
is subtracted from the charge state calculated with the Saha equation (LTE). Charge state
distribution calculated with the non-LTE FLYCHK code (right).

Figure 4.5 shows the difference between the Saha equation and the FLYCHK code (left) and the charge
state distribution calculated with the non-LTE FLYCHK code for the plasma expansion after 7ns. The
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laser and projectile beams travel along the z-axis. The charge state is calculated to range from 4 to 6 in
calculations performed with the non-LTE FLYCHK code. The differences between the Saha equation and
the FLYCHK code are |AZ| < 1.9 in the relevant parts of the plasma, where the projectile ions interact
with the plasma (|r| < 0.3mm). In the denser regions (|z| < 1 mm), where most of the stopping takes
place, the differences of the different calculated charge states are below 0.6. This small difference is not
expected to noticeably affect the calculated stopping power. For the remaining calculations in this work,
the non-LTE FLYCHK code was chosen over the Saha equation. This decision was made because there is no
disadvantage in using the FLYCHK code and it avoids the LTE assumptions made by the Saha equation.

Since it is impossible to measure the energy loss of individual projectile ions, it is necessary to ensure
that all ions in the bunch interact with the plasma under similar plasma conditions. Therefore, transverse
homogeneity (r-axis) is required. A decrease in transverse homogeneity degrades the resolution of the
energy loss measurement. To reduce the required size of the transversally homogenous region, a pinhole
will be used to decrease the diameter of the projectile beam. Longitudinal homogeneity (z-axis) is crucial
to ensure a nearly constant projectile ion charge state and stopping power along the propagation path
through the plasma. Both transverse and longitudinal homogeneity are necessary for the stopping power
experiments and are further investigated.

Figure 4.6 illustrates the plasma conditions for three different times with a 16 pum offset of the ion beam
axis (z-axis).

The first time (4 ns) corresponds to the early phase of laser heating before reaching the peak laser intensity
(7ns). At this stage, the plasma is partially ionized. The target is not fully heated yet, as the temperature
in the middle of the target is less than 20 eV, and the plasma ion charge state is one, which is lower than
the target edges that have been heated first (7, = 115eV and Zt = 5.8).

The second time (7.75 ns) corresponds to the maximum electron temperature (7¢ max = 180 eV) reached
during the plasma expansion in the middle of the target. Here, all plasma parameters show longitudinal
homogeneity (ne = 2 x 102 cm ™3 and Zr = 5.95).

The third time (15ns) corresponds to the later stages of the plasma expansion when the target is no
longer fully ionized. The plasma temperature and density are significantly lower (7, = 64eV and nt =
8 x 10'® cm~3). The areal density of the target has strongly decreased due to two-dimensional plasma
expansion.

Figure 4.7 shows the areal density profile of the plasma transverse to the ion beam axis at different
times of the plasma expansion, which is used to estimate its transverse homogeneity. The dashed lines
indicate the edges of the projectile ion beam, which will have a diameter of 0.5 mm due to a pinhole.
The simulation exhibits some numerical artifacts for early times until 4 ns. The stopping calculations for
these times should be viewed with caution as they may not be entirely accurate. Subsequently, the plasma
expands two-dimensionally and becomes increasingly homogeneous in the region where the beam passes
(|| < 0.25mm), with maximum discrepancies of 17 %. By 10 ns, it is almost perfectly homogeneous with a
maximum discrepancy of 5 %, and this remains consistent until the end of the two-dimensional expansion.
At the boundaries of the plasma (|r| = 0.75 mm), there are numerical errors resulting from the Lagrangian
grid and its discontinuous transition to vacuum. These errors become more pronounced with time, as the
plasma undergoes two-dimensional expansion.

To ensure accurate simulations, it is necessary to fully characterize the nhelix laser focal spot and pulse
length on the target. Afterwards, the plasma parameters acquired from the MULTI2D simulation must be
verified by comparing the simulated free electron density with the interferometric measurements during
the experiment.
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Figure 4.6: Profiles of ion density, free electron density, electron temperature and charge state as a function

of the target areal density, on the ion axis and at different times of plasma expansion.
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Figure 4.7: Transversal areal density profiles of the plasma shown in 2 ns steps, as obtained from MULTI2D
simulations. The dashed lines indicate the edges of the projectile ion beam with a diameter of
0.5mm.

This work utilizes the presented plasma simulation to calculate the theoretical energy loss based on various
models.

4.3 Stopping Power Calculations

This section presents the calculation of the stopping power of projectile ions in plasma using various
theoretical models. First, I considered an ideal ion/proton beam with an energy-to-mass ratio of 0.5 MeV/u
moving along the central axis (z = 0) of the plasma. Subsequently, I conducted a full 2D simulation of the
experiment using the realistic beams created with the beamline simulation.

For all simulations in this section, the charge state of the projectile ions was calculated using the Gus’kov
model and its nonequilibrium extension (see Section 2.3.3). Equation 2.40 is used to calculate the stopping
power of bound electrons.
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4.3.1 1D Simulations with Ideal lon Beam

This subsection considers an ideal ion beam with no spatial or temporal size unless otherwise specified.
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Figure 4.8: Comparison of various stopping power predictions for protons (top) and C** ions (bottom)
interacting with a free electron density of 3 x 1022 cm™ and a temperature of 180eV as a
function of the ratio between the projectile velocity and the thermal plasma electron velocity.

Figure 4.8 shows the stopping power of protons and C** ions in a plasma with n. = 3 x 1022 cm—3 and
Te. = 180 €V as a function of the ratio of the projectile velocity to the thermal electron velocity, according to
various theoretical models (refer to Chapter 2). The calculation only considers stopping by free electrons.
The different theoretical models agree for high projectile velocities. All of the models approach the Bethe
formula for v, > vy,.

However, discrepancies start to arise between the theories for lower projectile velocities (vp /vy < 2).
These discrepancies are at their maximum at the stopping maximum (v, ~ vg,). Both the Bethe and
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Bethe-Bloch formulas demonstrate significantly higher stopping powers than the other theories. As for the
carbon ions, the four approaches based on the first Born approximation (Vlasov, RPA, SSM, Li-Petrasso LP)
feature similar stopping curves, while for protons, the differences between them are more pronounced. The
T-Matrix with A(v) (TM +A(v)) theory predicts substantially lower values for carbon ions in the stopping
maximum compared to other theories. This theory considers nonperturbative effects and collective effects
simultaneously. These results suggest that the significant discrepancies in relation to standard approaches
come from nonperturbative effects. The latter appears to have a significant impact in the region of maximum
stopping, where the Coulomb coupling between the projectile and the plasma is at its highest. For protons,
the T-Matrix with A(v), RPA and BPS show similar values at the stopping maximum, indicating that
nonperturbative effects are less significant.

The next stage of the calculations involves the ion beam traversing the plasma, which has been simulated
using MULTI2D. The energy loss is determined by integrating the stopping power along the projectile path
in the plasma target. As the ions lose a significant amount of energy inside the target, the projectile velocity
cannot be considered constant during the interaction. Therefore, the energy of the projectile changes in
every step it travels through the plasma. The charge state of carbon ions is adjusted stepwise based on the
local plasma and current projectile ion parameters.

Figure 4.9 illustrates the stopping power of the carbon ions passing through the plasma for different
times of expansion. The stopping power was calculated using the plasma profiles from Figure 4.6 and
different theoretical models (refer to Chapter 2). The calculated average charge state, as predicted by the
nonequilibrium Gus’kov model (refer to Section 2.3.3) for the T-matrix with the A(v) case, is also presented.
At early times (4 ns), the plasma is longitudinally inhomogeneous and the target is not completely heated,
resulting in lower stopping power in the middle where it is dominated by bound electrons. In hotter regions
at the edges, the plasma is highly ionized, resulting in a higher stopping power. However, different stopping
power theories show significant discrepancies in these regions. The asymmetry arises from the fact that
the ions lose energy along their path, which in turn affects their stopping power. The average charge state
prior to entering the plasma is 4. Upon entering the plasma, it begins to rise to approximately 5.5, and
then it gradually and almost linearly declines to 5.4. The cold region in the middle of the target does not
significantly impact the charge state due to its low thickness. This implies that the ions are only present in
this region for a brief period. The nonequilibrium Gus’kov model is not expected to yield accurate results
during the initial stages of expansion.

For intermediate times (7.75 ns), where the plasma is nearly homogeneous, the stopping power theories
feature stable values along the ion path. The mean charge state increases to approximately 5.6 and remains
relatively stable for the majority of the passing. The charge state then gradually declines to 5.5 before
exiting the plasma.

For later times (15 ns), the stopping power decreases significantly due to the decreased plasma temperature.
The decreasing areal density is due to the two-dimensional plasma expansion (refer to Section 4.2). The
average charge state does not reach a maximum and gradually rises from 4 to 5.2 throughout the plasma.
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Figure 4.9: Stopping power profiles and charge state of the carbon ions in the plasma target as a function

of the areal density for different times.
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Figure 4.10: Comparison of the energy loss of the carbon ions calculated according to different theoretical
models over the plasma expansion time.

Figure 4.10 shows the energy loss of C** ions as they travel through the plasma at different times of
expansion. The energy loss is normalized with the energy loss of carbon ions in a solid target with an
areal density of 104 ng/cm?. The energy loss of the solid target was calculated using the SRIM code and
is AFEgoiq = 742KkeV. It is assumed that the plasma conditions are fixed as a single ion travels through it
quickly (200-300 ps). When considering an ion bunch with a temporal width of 1 ns, which is achievable
with the LIGHT beamline (Metternich et al. 2022), the ions travel through the plasma at different times,
causing them to experience varying plasma conditions. To account for the temporal length of the ion bunch,
a Gaussian filter with a full width half maximum of 1 ns was applied to the results. This explains why the
energy loss curves do not start at unity.

At t = Ons, the laser beams irradiate the target, creating plasma. As the target ionizes, the density of free
plasma electrons increases, which reduces the recombination processes of the projectile. This enhances the
ion stopping power and energy loss due to the simultaneous increase in the stopping Coulomb logarithm and
the mean charge state of the ion beam. Energy loss increases across all theories and peaks at approximately
5.5 ns when the plasma becomes fully ionized. Subsequently, the energy loss decreases because of the
decrease in plasma areal density caused by the three-dimensional expansion of the plasma in a vacuum.
Eventually, it reaches the level of cold matter at 10-12.5ns.

The Bethe and Bethe-Bloch theories predict a maximal enhancement of approximately 530 % and 430%,
respectively. Theories based on the first Born approximation forecast values between 280 % and 290 %.
The BPS model predicts a value of 250%, while the T-Matrix ansatz with A\(v) suggests a value of 230 %.
There are significant energy-loss differences among the various theoretical approaches. These discrepancies
occur in the region of maximum energy loss, where the ratio v /vy, is close to unity, resulting in the highest
stopping power. Only measurements around the maximum energy loss can potentially distinguish between
the results of the different theories and serve as a benchmark for them. Based on these results, a resolution
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of 14 % would allow for distinguishing the results of the T-Matrix with A\(v) and the BPS model from
the other theories. Based on previous experiments, these two theories are expected to provide the best
descriptions of the experiment (W. Cayzac et al. 2017). It is estimated that an energy resolution of at
least 11 % is necessary to differentiate between the T-Matrix with A(v) and the BPS model. The Bethe
and Bethe-Bloch will most definitely be distinguishable from the other theories. They are not expected to
predict realistic results around the stopping maximum.
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Figure 4.11: Comparison of the energy loss of the protons calculated according to different theoretical
models over the plasma expansion time.

To differentiate between theories based on the first Born approximation, it is possible to observe the
stopping power of the protons. Figure 4.11 shows the energy loss of protons as they travel through the
plasma at different times of plasma expansion. The energy loss is normalized with the energy loss in the
solid target (A FEsoiq = 37keV). The temporal length of the proton bunch is also taken into consideration.
The charge state estimation is not considered, and the charge state is assumed to be 1 throughout.

All stopping theories predict that protons experience lower energy losses than carbon ions. The Bethe and
Bethe-Bloch theories predict a similar maximal energy loss of approximately 290 %. The theories based
on the first Born approximation show higher discrepancies in the case of protons. The Vlasov stopping
power model predicts a maximum stopping power of 230 %, while the SSM, Li-Petrasso, and RPA models
predict values of 210 %, 200 %, and 195 %. The T-Matrix with A(v) and BPS models predict the lowest
energy at approximately 185-190%. These results enable discrimination between theories that were
indistinguishable for carbon ions with realistically achievable energy resolutions. To differentiate the Vlasov
model from other theories, an energy resolution of 11 % is sufficient.

In order to distinguish between the various presented stopping power models, except for the Li-Petrasso
and RPA models, an energy resolution of 8 % is required for the planned stopping power experiments. To
differentiate between the Li-Petrasso and RPA models, an energy resolution of 6 % is required. Previous
stopping power experiments suggest that the stopping power will be close to or lower than the predictions
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made by the T-Matrix with A(v) model (W. Cayzac et al. 2017; Frenje et al. 2019). In this case, an energy
resolution of 14 % is adequate to eliminate all stopping power models except for the T-Matrix with \(v)
and the BPS model. An energy resolution of 11 % would also eliminate the BPS model. In Section 5.5, the
energy resolution of the planned stopping power experiment in a plasma will be estimated based on the
experimental results of the stopping power measurements in a solid foil.

4.3.2 Full 2D Simulation

In this subsection, a realistic beam resulting from beamline simulations (see Section 4.1) is propagated
through the plasma instead of a perfect ion beam. For this, the path for each projectile ion through the
plasma is calculated. The ions move along their paths and experience a stepwise energy loss. These
calculations are only done for the carbon ion beam to reduce redundancies.
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Figure 4.12: Energy spectra of the ion beam before the target, after the cold solid target, and after the
plasma target at 5.5 ns of plasma expansion according to different theoretical models.

First, the beam after the 0.5 mm pinhole is employed to calculate the energy spectrum after the plasma
target. The plasma after 5.5 ns of expansion was selected since this is the point at which ion stopping
is at its maximum. The calculated energy spectra utilizing the different theoretical models presented in
Chapter 2 are illustrated in Figure 4.12. The initial ion beam has an average energy of 5.0 MeV. After
traversing the cold solid target with an areal density of 104 ug/cm?, the ions exhibit a mean energy of
4.3 MeV, while the shape of the energy spectrum remains largely unaltered. In contrast, the energy loss
is higher in the plasma case. The Vlasov, RPA, SSM, and Li-Petrasso (LP) theories yield mean energies
that are close to 3.0-3.1 MeV. The BPS model predicts a mean energy of 3.3 MeV. The T-Matrix with A(v)
model estimates a mean energy of 3.5MeV. The Bethe and Bethe-Bloch formulas predict much higher
energy losses, with many ions being stopped in the plasma target. These results are consistent with the
calculations of the ideal ion beam. The energy spread of the initial beam and the different paths the ions
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take through the plasma target cause the different ions to experience different energy losses. This results
in the energy spectra within the plasma being broader than those of the initial beam.
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Figure 4.13: Energy spectra of the ion beam with different pinhole sizes before the target and after the
plasma target at 5.5 ns of plasma expansion according to T-Matrix with A\(v) formalism.

To demonstrate the necessity of the pinhole, ion beams with varying pinhole sizes were employed to
calculate the energy loss using the T-Matrix with \(v) formalism. Figure 4.13 illustrates the energy spectra
with different pinhole sizes before and after the plasma, at 5.5 ns of expansion. The particle numbers
were scaled to ensure comparability. A comparison of the spectra with different pinhole sizes reveals
that the mean energies are shifted upwards for larger pinholes. This is due to the outer plasma areas,
where ion stopping is not at its maximum. Additionally, the energy width of the bunches widens with
increasing pinhole size. This is caused by the inhomogeneity of plasma parameters in the outer regions
(see Section 4.2). The pinholes with a diameter of 2 mm and above encounter the boundaries of the
plasma, where the Lagrangian grid introduces numerical errors. These errors result in the generation
of a double-peak structure that is physically incorrect and would not be observable in the experiment.
The inclusion of inhomogeneous plasma boundaries is suboptimal in both the simulated and real case.
The mean energies and energy widths of the bunches after the plasma with different pinhole sizes are
summarized in Table 4.2. It can be observed that as the pinhole size decreases, the mean energy loss
increases, while the energy spread of the bunch after passing through the plasma decreases.

Table 4.2: Mean energy and energy spread of the carbon ion beam with different sized pinholes passing
through the plasma after 5.5 ns of expansion. For pinhole sizes of 2 and 3 mm, it is necessary
to take into account the presence of numerical errors.

pinhole size ‘ 0.5 mm 1 mm 2mm 3 mm

mean energy 3.49MeV 3.55MeV  3.67MeV 3.88 MeV
energy spread (FWHM) | 0.20MeV 0.23MeV (0.69MeV) (0.19 MeV)
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Figure 4.14: Comparison of the mean energy loss of the ideal carbon ion beam with the simulated beam
with different pinhole sizes over the plasma expansion time.

Figure 4.14 depicts the mean energy losses normalized to the energy loss in the solid target as a function
of plasma expansion time for different pinhole sizes. For comparison, the results of an ideal monoenergetic
beam with no spatial size and an energy of 5.0 MeV are also shown. To account for the temporal length of
the ion bunch, a Gaussian filter with a full width half maximum of 1 ns was applied to the results. It can be
observed that the results of the simulated beam with the 0.5 mm and 1 mm pinholes exhibit a similar trend
to those of the ideal beam. The 0.5 mm pinhole exhibits a deviation of 21 % of the energy loss in the solid
target at the maximum, while the 1 mm pinhole exhibits a deviation of 31 %. The larger pinholes include
the boundaries of the plasma, which are subject to numerical errors due to the limitations of the Lagrangian
grid. These errors become more pronounced with increasing expansion time (refer to Section 4.2), as the
outcomes do not align with the ideal beam results. The unphysical results would not be observable in the
experiment. It is evident that smaller pinholes are more desirable.

This chapter presented the successful modeling of the planned stopping power experiment. The calculations
revealed the required energy resolution for obtaining meaningful results. The next chapter showcases
preparatory experiments that demonstrate the generation of the necessary ion beams. These ion beams
were utilized to determine their stopping power in a solid foil, predicting the energy resolution of the
planned stopping power experiments and demonstrating their feasibility.
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5 Preparatory Experimental Campaigns

It is important to demonstrate the production of the desired ion beams. To achieve this goal, I conducted
preliminary beamtimes, during which I measured the stopping power in a solid target. This chapter
discusses the experimental campaigns conducted as preparation for the stopping power experiment. The
experiments were conducted in three separate beamtimes. Two beamtimes, held in January 2021 and
January 2024, were dedicated to carbon ions, while one beamtime, held in June 2022, was dedicated
to protons. The initial section describes the various diagnostics used depending on the experimental
requirements (refer to Section 5.1). The second section outlines the experimental setup employed during
the beamtimes (refer to Section 5.2). The following section describes the generation of the desired proton
and carbon ion beams (refer to Section 5.3). Subsequently, the measurement of the stopping power in a
solid foil using these beams is presented (refer to Section 5.4). The final section discusses the implications
of these results for measuring stopping power in a plasma (refer to Section 5.5).

5.1 Diagnostics

During preparatory beamtimes, three categories of diagnostics are utilized. Firstly, radiochromic films are
used as spatial diagnostics to determine the size and position of the beam. Secondly, a diamond detector
and a fast Faraday cup are used to determine the temporal shape of the ion bunches, specifically to measure
the bunch length. Finally, a photodiode, scintillator, and diamond detector are used for the time of flight
measurement to determine the energy of the ions.

5.1.1 Transversal Beam Diagnostics

Radiochromic films (RCFs) are commonly used to diagnose laser-accelerated protons in many laboratories
due to their inherent insensitivity to electromagnetic pulses (EMP) generated during laser-matter interaction.
RCFs are utilized in radiochromic imaging spectroscopy (RIS) to characterize the TNSA source and adjust
the LIGHT beamline at various locations. They are also used to measure the focal spot size in the middle of
the Z4 target chamber. For additional information on distinguishing between types of ionizing radiation,
determining deposited energy from RCF scans, and calibrating different RCF batches with respect to RIS,
please refer to Schmitz et al. 2022.

RCFs are transparent plastic films containing polymers that turn deep blue by solid-state polymerization in
proportion to the irradiation dose received (McLaughlin et al. 1996). These radiochromic films (RCFs)
usually consist of a radiation-sensitive layer (active layer) and a protective layer (passive layer) with a
thickness of several micrometers. RCF stacks are configured based on the ion species and energy that is
detected. The energy deposition in the active layers of an RCF is different for different types of ionizing
radiation generated by the TNSA mechanism. Gamma rays and electrons generated during the TNSA
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process (Wilks et al. 2001) penetrate the entire stack and deposit a small amount of kinetic energy in all
active layers, whereas the accelerated ions are stopped in the RCF stack. According to the Bragg curve,
a large fraction of their energy is deposited in a small region. The energy loss per distance of a charged
particle in matter is proportional to the ngf of the projectile. As a result, all ion species in the MeV range,
except for protons, are stopped within the first few pm of the first RCF. The desired protons and carbon
ions with 0.6 MeV/u have a range of 9 ym and 8 pum, respectively, in plastic. Since the passive layer of the
used RCF HD-V2 from Ashland (Gafchromic™ HD-V2 films 2024) has a thickness of 97 um, only a single
RCF with the active layer facing the beam is used in the experiments reported in this chapter. For protons
with higher energy, a small stack is typically used, where the appropriate proton energy is stopped in an
active layer (James F. Ziegler et al. 1985).

5.1.2 Longitudinal Beam Diagnostics

To determine the temporal shape of the ion bunch, a diamond detector is used. Diamond’s electronic
properties, including its high charge carrier drift velocity and wide band gap, make it an excellent material
for particle detection in harsh environments due to its radiation hardness (Berdermann et al. 2010; Witold
Cayzac et al. 2013). Artificially produced chemical vapor deposited (CVD) diamonds were utilized to
establish quality standards and ensure scientific reproducibility. Diamond detectors are classified as
semiconductor detectors and usually consist of a parallel-plate geometry, which includes two electrodes
surrounding the diamond. When a voltage is applied, the diamond creates a solid-state ionization chamber.
These detectors operate by detecting ionizing particles, such as X-rays, ions, or electrons, that penetrate
the diamond and generate electron-hole pairs through ionization processes. The charge carriers quickly
thermalize and drift toward the electrodes, resulting in an image charge based on the applied field geometry.
The compensating current generated in the external circuit is then recorded using a digital oscilloscope.
A diamond membrane detector uses a diamond in which the crystallites all have the same orientation.
The experimental campaigns with the LIGHT beamline typically use an etched single crystal (sc) diamond
membrane detector with a thickness of 6 ym and a detection area of 0.5 mm. The diamond detector has a
time response of tpwum = (113 £+ 11) ps (Jahn et al. 2018).

During the last beamtime with carbon ions, a fast Faraday cup (FFC) was additionally used to measure the
temporal shape of the ion bunch. A Faraday Cup is a conductive cup designed to catch charged particles in
vacuum. The fast Faraday cup generates signals accurately and proportionally to the beam being measured
with fast response time and low distortion and has a wide bandwidth in the frequency domain. The
diameter of its entrance hole is 0.8 mm and it has a wide bandwidth of 20 GHz. The FFC used in this work
was a loan from the beam diagnostics department of GSI. More details about it can be found in Singh et al.
2021 and Mal et al. 2022.

5.1.3 Time of Flight Diagnostics

The time of flight (ToF) method, commonly employed in various scientific fields, is a technique used for
energy measurements. It relies on the principle of measuring the time it takes for a particle to travel a
certain distance. In this method, multiple detectors are strategically placed at different distances from the
source of the particle. The energy of the particle can be accurately determined by analyzing the time it
takes to reach each detector.
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To initiate the acceleration at the TNSA target, a photodiode records the gamma flash produced by the
impact of the PHELIX laser on the TNSA target. The rising edge of the photodiode signal corresponds to
the time of flight of the electromagnetic radiation from its origin to the photodiode. The photodiode is
usually placed in the Z4 target chamber facing towards the TNSA target.

A scintillator with a 5 mm hole is utilized for semi-destructive time of flight diagnostics. Scintillators are
frequently employed as particle counters and are intended to measure fluxes. When a particle enters
a scintillator, it interacts with the electrons, causing energy loss and generating fluorescence photons.
These photons are subsequently detected using photodiodes. In this study, a BC-442Q plastic scintillator
manufactured by the company Saint Gobain was used (Fast Timing BC-418, BC-420, BC-422, BC-422Q
| Luxium Solutions 2024). The scintillator has a decay time of 0.7 ns and emits light at a wavelength of
355 nm upon energy absorption. The scintillator’s hole allows ions located in the middle of the beam to
pass through while stopping those located on the periphery. The ions that are stopped in the scintillator
generate fluorescence photons, which are then detected by an AXUV20HS1 photodiode by Optodiode. This
provides a start signal for the ToF measurement.

A fourfold-segmented diamond detector with an area of 10 X 10 mm? and with a thickness of 19 pm was
used as a stop detector (Wamers 2006). This detector has a time resolution of 110 ps.
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5.2 Experimental Setup

The desired proton and ion bunches were generated using the LIGHT beamline. The goal was to generate
C** ions with an energy-to-mass ratio of 0.6 MeV/u, and protons with an energy of 0.6 MeV. The cavity
was set up to compress the beam to the shortest possible bunch in the center of the Z4 target chamber,
where the plasma target will be placed (refer to Chapter 3). This reduces the influence of the hydrodynamic
expansion of the plasma target.
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Figure 5.1: Schematic setup of the preparatory experimental campaigns to generate the desired ion/proton
beams for stopping power experiments with the LIGHT beamline.

The experimental setup was chosen to be identical to that of the planned stopping power experiment
with diagnostics placed inside the Z4 target chamber instead of the plasma target (see Figure 5.1). The
distances seen in 5.1 were the same for both the carbon ions and protons.

The LIGHT beamline utilizes the PHELIX laser to accelerate protons and ions through the TNSA mechanism
within the Z6 target chamber, as previously described. Once the PHELIX beam enters the Z6 target chamber,
it is reflected by a mirror onto an off-axis parabola, which then focuses the beam on the TNSA target. The
alignment of the PHELIX beam’s focus and the TNSA target is achieved through the use of a sideview and
a focus diagnostic. The sideview images the TNSA target onto a camera, while a laser pointer serves as a
backlight. The focus diagnostic, on the other hand, images the focal spot of the PHELIX (see Figure 5.1).
The first optics of the focus diagnostic are mounted on a motorized linear stage, which allows them to be
moved away from the beamline axis.

The divergent protons and ions were captured and transported by the two solenoids. The first solenoid
was adjusted with an RCF located after the RF cavity, where a small diagnostics chamber is located, and
with an RCF in the middle of the Z4 target chamber (see Figure 5.1). The RCF’s active layer faced the
beam, as the slow protons and the carbon ions would be stopped in a passive layer (refer to Section 5.1).
The RCF was used to adjust the positioning and magnetic field strength of both solenoids. The solenoid’s
alignment is determined by the beam’s position on the RCF. The optimal alignment of the first solenoid
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is essential for maximizing its capture efficiency, which is the reason it is mounted on a hexapod. The
magnetic field strength of the second solenoid was also adjusted using an RCF in the center of the Z4 target
chamber. The size of the beam in the active layer determines the adjustment of the solenoid’s magnetic
field strength. Due to the short distance between the second solenoid and the middle of the Z4 target
chamber, the alignment is less demanding. Therefore, it is placed on a manually adjustable table outside of
the vacuum. A PEEK tube is laid through the solenoid for the protons to pass through in the vacuum.

To compress the bunch temporally using the RF cavity, the temporal beam profile of the bunch was
measured with the ultra-fast diamond membrane detector. The detector was positioned at the focal spot
in the center of the Z4 target chamber to capture this temporal information. To eliminate the transverse
filamentation of the beam caused by imperfections in the magnetic field of the solenoid due to its connection
cables (Metternich et al. 2022), a Mylar scattering foil is placed in front of the diamond detector (see
Figure 5.1). The positioning and the thickness varied for protons and carbon ions. A photodiode adjacent
to the diamond detector measures the electromagnetic radiation resulting from the interaction between
the PHELIX laser and the TNSA target. The start time of the ions can be determined using the rising edge
of the photodiode signal.

Z4 target chamber
- - T~
. A ~N
hot d tart
pOO}IO e (start) N
/ ¥~ only for c* \
. / scintillator \
proton/ion beam target detector (stop)
pinhole | ,
T
scatterin\g foil ' dror /
y, N /
photodiode (start)
z N /
X N 7
~ -

— —

Figure 5.2: Schematic illustration of the stopping power experiment with the LIGHT beamline in a cold
carbon foil.

In the stopping power experiment, the transported protons and ions after the scattering foil were utilized.
This process disrupts filamentation in the beam, ensuring a homogeneous beam passes through the stopping
target. The scattering foil slightly reduces the energy of the projectile (500-600 keV/u). The projectile
beams passed through a scintillator with a hole in it (see Figure 5.2) and were detected with a photodiode
that provided the start signal for the ToF measurement (refer to Section 5.1). For the stopping power
experiment with carbon ions, two photodiodes were used to increase the dynamic range of the starting
signal and therefore increase its reliability. The angle and distance of the scintillators were adjusted to
ensure that their sensitivities were different. To ensure the detection of a usable signal, the more sensitive
photodiode is utilized for low radiation of the scintillator, while the less sensitive photodiode is used for
high radiation when the more sensitive photodiode saturates. The protons and ions that passed through
the aperture lost energy within the carbon foil located in the focal spot of the beam. Following a time
of flight distance dr,r a diamond detector with an area of 10 X 10 mm? and with a thickness of 19 pm is
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employed to measure the stop signal (refer to Section 5.1). The stopping target was a carbon foil with an
areal density of approximately 100 jig/cm?. For the carbon ion experiment, a pinhole with a diameter of
0.5 mm was placed behind the scintillator to mimic the stopping power experiment with the plasma. This
pinhole ensures that the ions traveling through the plasma target (refer to Section 4.2) only interact with
the spatially homogeneous part of the plasma.

The following sections present the generated projectile beams and the results of the stopping power
experiments conducted with those beams in a solid foil.

5.3 lon Beam Generation

The experimental results of the projectile beam generation first for protons and then for carbon ions (C**)
are presented and compared to the beamline simulations (refer to Section 4.1) in this section.

5.3.1 Protons

As previously stated, this preparatory beamtime aimed to transport protons with an energy of 0.6 MeV, to
compress them temporally to the shortest possible bunch length and to focus the beam transversely in the
center of the Z4 target chamber.
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Figure 5.3: Comparison of the temporal signal of a diamond detector and a scintillator with a photodiode
affected by EMP, when using a metal target on a metal holder (left) and a plastic target on a
plastic holder (right).

This experimental campaign also aimed to identify the most suitable TNSA target for conducting proton
stopping power experiments. The objective is to reduce the electromagnetic pulse (EMP) generated during
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the interaction of the laser with matter. To achieve this, a range of TNSA targets were utilized and
various target holders were tested. The signals from the ToF detectors were compared for different target
setups, including 5-20 pm gold targets and 10 pm tungsten targets. No discernible differences in behavior
between the two types of targets were observed. In addition, 500 nm polystyrene targets were tested and
a significant decrease in the EMP was detected by the time of flight diagnostics. The targets are usually
mounted on an aluminum holder, but it was replaced with a 3D-printed PETG (polyethylene terephthalate
glycol-modified) holder. This also reduced the noise and ringing caused by the EMP. Figure 5.3 shows the
temporal signal of the diamond detector and the scintillator with a photodiode (refer to Section 5.1) for
the metal target with the metal holder and the plastic target with the plastic holder. The scintillator was
placed in the Z4 target chamber, and the diamond detector was placed approximately 80 cm behind the
middle of the Z4 target chamber. The noise significantly reduces with the plastic target, particularly for the
signal measured with the scintillator. The peaks corresponding to particle bunches are easily recognizable
with the plastic target. The reduction of EMP improves the signal on the diagnostics and enables more
reliable measurements.

The divergent laser-generated protons with the desired energy of 0.6 MeV are captured and transported
using a solenoid.

Transport and Focus

Transporting protons with an energy of 0.6 MeV is a challenging task with the current solenoid setup in
the LIGHT beamline. The inverse focal length of a solenoid, f~!, is proportional to (¢B/ p)2, where q is
the charge and p is the momentum of the projectile, and B is the magnetic field strength of the solenoid.
Therefore, the magnetic field and thus the currents (B  I) required for the magnets to handle low-energy
protons is significantly low, ranging from 1-2 kA. The current pulsed power supplies that drive the magnets
are not designed to operate at such low currents. To solve this problem, the protons’ passage through
the pulsed solenoid was timed to coincide with the falling edge of its magnetic field. This resulted in the
protons experiencing a lower magnetic field than usual (refer to Figure 5.4). A successful transportation of
protons was achieved using this method.
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Figure 5.4: Current (orange) and voltage (blue) of the solenoid and its capacitor over time. ¢; is the usual
time of the proton bunch passing through the solenoid. ¢; is the timing that needs to be used
to reach lower currents and lower magnetic fields. This graph was adapted from Brack 2022.
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The focal spot of the transported protons, which contained all transported protons, was measured using an
HD-V2 RCF (refer to Section 5.1). The evaluated RCF is depicted in Figure 5.5. A focal spot radius of
(2.82 + 0.03) mm, which contained 50 % of the protons, was achieved (red circle). The minimum size is
limited by the shortest achievable distance between the second solenoid and the focus position, and the
transverse emittance of the beam. The measured focal spot is smaller than the simulated focal spot radius
of 4.45 mm, a discrepancy that currently cannot be explained.
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Figure 5.5: Focal spot of protons measured with an RCF in the center of the Z4 target chamber. The
smallest circle that contains 50 % of the deposited energy, with a diameter of (2.82 + 0.03) mm,
is depicted in red.

Temporal Compression

The following step involves compressing the bunch using the RF cavity. To eliminate the transverse
filamentation of the beam caused by imperfections in the magnetic field of the solenoid due to its connection
cables (Metternich et al. 2022), a 1 pm thick Mylar scattering foil is placed 320 mm in front of the diamond
detector. This results in a mean scattering angle of 21 mrad for 630 keV protons, which corresponds to a
location deviation of 6.8 mm over the 320 mm distance, according to SRIM (James F. Ziegler et al. 1985).
Figure 5.6 (left) shows the signal of the diamond detector in conjunction with the simulated proton bunch.
The protons with an energy of 0.6 MeV are expected to arrive at approximately ¢ = 295 ns. It can be seen
that the diamond detector did not detect the slow protons. To ensure that the magnets were transporting
protons at the correct energy of 0.6 MeV, an RCF measurement was carried out. In front of the active
layer of the RCF, Mylar foils of different thicknesses were placed to stop all protons up to a certain energy.
Figure 5.6 (right) shows the RCF with three segments. The 12 um Mylar foil stops all protons with an
energy lower than 0.7 MeV (¢ > 281 ns), which is a significant amount. The 6 pm foil stops all protons
with an energy lower than 0.45MeV (¢ > 351 ns), and in the third segment, all protons deposit energy
in the RCF. Since the segment with the 6 pm Mylar foil shows a considerable number of protons, it can
be concluded that protons with an energy between 0.45MeV and 0.7 MeV (281 ns < t < 351 ns) were
transported but not detected by the diamond detector. It is suspected that the diamond detector has
difficulty detecting low-energy ions due to their low energy deposition or low range in the diamond.
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Figure 5.6: Diamond detector signal that corresponds to the time of flight of the protons that are trans-
ported through the LIGHT beamline as well as the time of flight of the transported protons in
the simulation (left). RCF measurement of the proton beam with three segments (right): one
with no Mylar foil, one with 6 um (> 0.45 MeV) and one with 12 pm Mylar (>0.7 MeV) in front of
it. In the middle of the RCF, there is a hole and a piece of tape.

Upon switching on the RF cavity, the intensity of the proton bunch with a time of flight corresponding
to an energy of (0.63 = 0.01) MeV increased due to the temporal compression. This increased intensity
enabled the detection of the proton bunch by the diamond detector. The RF cavity’s voltage and phase
were then adjusted to achieve optimal temporal compression. Altering the phase of the RF cavity results in
a different energy transfer to the nominal particle, while adjusting the voltage of the RF cavity changes the
energy spread of the bunch, and consequently, the temporal bunch width at the diamond detector’s position.
Figure 5.7 displays the shortest measured proton bunch, revealing the presence of multiple generated
bunches. This occurs because the temporal width of the transported protons is longer than twice the
period duration when they reach the RF cavity, resulting in multiple peaks at the focal spot in the middle
of the Z4 chamber. The energy transfer from the RF cavity to the protons is velocity-dependent due to
the three accelerating gaps. Therefore, other energies are compressed at different distances (Metternich
2023). For most transported protons, their relative energy transfer is greater, causing them to compress
at a shorter distance. The additional flight distance results in a U-shaped temporal profile of the bunch
at the position of the diamond detector, as seen around 270 ns in Figure 5.7. In the planned stopping
power experiments, the temporally compressed protons with an energy of approximately 630 keV will be
used. The separation of the peaks in the measurement is straightforward because the plasma remains in
a relevant state for only 12 ns (refer to Chapter 4) and only affects the peak of interest. The phase and
voltage of each shot are measured to determine the precise cavity settings. The standard deviation of the
measured cavity voltage is 1.23 %, while the measured phase has a standard deviation of 3.1°, equivalent to
a 0.08 ns delay. The deviation in voltage affects only the bunch length, while the deviation in phase affects
both the bunch length and the temporally compressed energy. A translated standard deviation of 642 eV/u
in energy and 100 ps in pulse length was simulated. The shortest bunch duration of (0.76 + 0.04) ns as
shown in Figure 5.7 was measured with the diamond membrane detector. Although the flight times and
temporal distributions show minimal deviations, the experimental bunch duration exceeds the simulated

73



bunch duration (see Table 5.1). A range of potential causes were examined, including the scattering foil,
space charge effects, the non-negligible initial emittance of the TNSA-generated ion beam, and the radial
dependency of the electric field within the RF cavity gaps. However, further examination of the observed
phenomenon is necessary (Metternich 2023). Saturation effects in the diamond detector are considered a
plausible cause and are investigated in the experimental campaign with carbon ions (see Section 5.3.2).
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Figure 5.7: Measured and simulated time of flight of the temporally compressed protons. The measure-
ment was conducted with a diamond membrane detector in the center of the Z4 chamber.

Estimated Number of Protons

Due to a limited understanding of the diamond detector’s response at low energies, it cannot be assumed
that the energy deposited on the RCF is solely from protons with an energy of (0.63 = 0.01) MeV. Instead,
the amount of transported protons was estimated by modeling their propagation through the beamline (see
Section 4.1) using the proton distribution at the TNSA source, which was measured using radiochromic
imaging spectroscopy (RIS) (Schmitz et al. 2022). This estimation resulted in (5.8 + 0.4) x 108 temporally
compressed protons with an energy spread of 2.4 %.

In Table 5.1 the parameters of the final proton bunch are compared to the simulation. The proton bunch is
suitable for experiments on stopping power, despite being longer than predicted by simulations.

Table 5.1: Comparison between simulated (refer to Section 4.1) and measured parameters of the tempo-
rally compressed proton bunch.

parameter experiment simulation
mean energy (0.63 = 0.01) MeV 0.60 MeV
energy spread (width at 20 % of maximum) not measured 2.4%
temporal bunch width (FWHM) (0.76 = 0.04) ns 0.44ns
focal spot radius (50 % encircled) (2.82 = 0.03) mm 4.45 mm
estimated number of protons not measured (5.9 = 0.4) x 108
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5.3.2 Carbon lons

The objective of the preparatory beamtime with carbon ions was to transport carbon ions (C**) with an
energy of 0.6 MeV/u and compress them temporally to the shortest possible bunch length in the middle of
the Z4 target chamber while focusing the beam transversely.

lon Acceleration

To accelerate carbon ions, usually heated targets consisting of carbon-containing materials are used. The
target is heated to remove any hydrogen contaminants from its surface. This leads to a decrease in the
number of accelerated protons and an increase in the acceleration of carbon ions (Hegelich et al. 2002).
However, non-heated targets have also been tested to simplify the experimental procedure. The non-heated
targets were made of carbon with an areal density of 650 ng/cm?. The targets were manufactured by the
target laboratory at GSI. The heated targets consisted of 10 um thick tungsten foils with a 0.9 ym thick
carbon coating on the backside. The target was heated to temperatures above 1000 °C using ohmic heating.
This method produces heat by passing an electric current through the target, causing the contaminant
layer to evaporate. To ensure accurate temperature measurement and reach the target temperature, a
pyrometer was utilized. The target holder was used to hold the target under tension to prevent significant
deformation due to thermal expansion.
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Figure 5.8: Diamond detector signal with a heated target (blue) and an unheated target (red) in the middle
of the Z4 target chamber with cavity turned off.

Figure 5.8 displays the measurement obtained using the diamond membrane detector at the center of
the Z4 target chamber for both heated and non-heated targets. The results demonstrate that heating
the target not only increases the number of carbon ions (200-400 ns), but also eliminate the accelerated
protons (98ns). Other contaminants, such as oxygen and nitrogen, are also increased by heating the
target, indicating that the target was not heated sufficiently to evaporate these contaminants or that these
contaminants are present in the bulk of the target and not only on the surface. All the transported peaks
are identified in Table 5.2 with their respective calculated flight times. The long falling edge at 342 ns
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was attributed to N** ions. All the ions simultaneously transported by solenoids have the same magnetic
rigidity, which is defined by their speed v, mass m, and charge ¢ (x %). Transported ions with a higher
charge-to-mass ratio exhibit a higher velocity and thus a shorter flight time.

Table 5.2: All the ions transported by the solenoids with their respective calculated flight times (see
Figure 5.8).
ion ‘ HT N7+ Cc5+ of+ ci+ N4+
flight time ‘ 98ns 195ns 234ns 260ns 293ns 342ns

Transport and Focus

To prepare for the transportation of carbon ions, solenoids were set up to transport protons with an energy
of 5.4 MeV, which have the same magnetic rigidity as C** ions with an energy of 7.2 MeV (0.6 MeV/u).
This results in the simultaneous transport of 7.2 MeV C** ions. The validity of this was confirmed through
beamline simulations (Metternich 2023). Using protons to adjust the beamline eliminates the need to heat
the target for the adjustment process. Additionally, an RCF stack with an active layer at the appropriate
energy can be utilized (refer to Section 5.1). After successfully transporting the proton beam, either
carbon targets or heated tungsten targets with carbon sputtered on them, depending on the corresponding
measurement’s necessity were used.
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Figure 5.9: Focal spots of carbon ions (C**) achieved with the LIGHT beamline measured with an RCF in
the center of the Z4 target chamber. The smallest circle that contains 50 % of the deposited
energy, with a diameter of (4.11 £ 0.02) mm, is depicted in red.

To measure the focal spot size, a heated target was used to accelerate as many carbon ions as possible. An
HD-V2 RCF with the active layer facing the ion beam was used to measure the focal spot. Figure 5.9 shows
the focal spot of all carbon ions, regardless of their charge state, as measured by the RCF. The RCF’s active
layer captures all or a significant portion of the kinetic energy of all ion species and charge states with
velocities up to 0.75 MeV/u. The achieved focal spot radius, containing 50 % of carbon ions, was measured
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to be (4.11 = 0.02) mm (red circle). Similarly to the measured proton focal spot, the carbon ion focal spot
is smaller than the radius of the simulated best possible focal spot radius of 5.45 mm.

Temporal Compression

To temporally measure and subsequently compress the ion bunch, a scattering foil (2 um Mylar) was
placed 300 mm in front of the diamond detector in order to disrupt the transverse filamentation of the
beam (Metternich et al. 2022). The average scattering angle for C** ions with an energy of £ = 7.2MeV is
13 mrad, which corresponds to a positional deviation of 3.9 mm over a distance of 300 mm, as calculated
by SRIM (James F. Ziegler et al. 1985).
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Figure 5.10: Diamond detector signal that corresponds to the time of flight of the ions transported through
the LIGHT beamline as well as the time of flight of the transported ions in the simulation. The
signals are normalized to the C** peak.

Figure 5.10 displays the temporal shape of the bunch with the RF cavity turned off, along with the
corresponding time of flight signals of the carbon ions in the simulations. It is clear that, despite heating
the target, contaminants remained present. The detected peaks correspond to protons, C>* and C** ions,
respectively. Notably, there is no signal detected for C3* and C?* ions. The peak at 340 ns is attributed
to N** ions with E = 6 MeV (calculated flight time of 358 ns). However, it is unclear why the diamond
detector does not detect low energy ions (< 0.4 MeV/u). According to SRIM, these ions are not stopped
within the 2 pm thick Mylar foil. The Thomson parabola spectra (Ding 2018) and simulations were used to
determine that the space charge effects for C>* ions are lower than those for C** ions, ruling out space
charge effects as the cause of the missing signal. Similar to the proton measurements, the data indicates that
the efficiency of diamond detectors in detecting low-energy particles may be questionable. However, it does
demonstrate the successful transport of C** ions with an energy of £ = (7.2 4 0.2) MeV. (Metternich
2023)
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To compress the C** ions temporally, the voltage and phase of the RF cavity were incrementally adjusted
after each shot. Figure 5.11 shows the shortest diamond detector signal achieved through this procedure
(orange), along with the signal of the uncompressed beam (blue) and the temporally compressed beam
from the simulation (green).
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Figure 5.11: Measured and simulated time of flight of the temporally compressed C** ions along with the
measured time of flight of the uncompressed C** ions. The measurement was conducted
with a diamond membrane detector in the center of the Z4 target chamber.

The flight times and temporal distributions of the different carbon ion bunches from measurements
and simulations exhibit only minor variations. The shortest duration of the bunch achieved is 7 =
(1.23 + 0.04) ns (FWHM), which is 60 % longer than the shortest proton bunch achieved and three
times larger than the predicted value from simulations (refer to Table 5.3). As previously described,
several potential causes were examined and eliminated (Metternich 2023), leaving saturation effects in the
diamond detector as a potential cause of the observed phenomenon. To test this hypothesis, an FFC (refer
to Section 5.1) was used to measure the pulse length in a different experimental campaign. Figure 5.12
shows the FFC signal alongside a diamond signal obtained with reduced ion flux. The measured bunch
lengths are similar to those measured in the previous experimental campaign. The signal of the diamond
detector shows a long falling edge, which suggests the presence of saturation effects. In contrast, the
FFC does not exhibit such behavior. The measured bunch length is approximately 30 % lower with the
FFC, which is still significantly higher than predicted by simulations. This contradicts the hypothesis of
diamond saturation. The remaining most probable cause of the underestimation of the bunch length is the
inaccurate assumptions made about the longitudinal emittance growth when traversing the solenoids in the
beamline simulations. To confirm this, it is necessary to measure both the emittance and the energy width
of the transported ions at various locations in the beamline, especially before and after passing through a
solenoid.
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Figure 5.12: Diamond detector signal (DD) and fast faraday cup signal (FFC) of temporally compressed
C** ions. The measurements were conducted in the center of the Z4 target chamber.

Estimated Number of lons

To estimate the number of carbon ions transported, an HD-V2 RCF was positioned at the focal spot in the
middle of the Z4 target chamber (see Figure 5.9). The deposited energy of the temporally compressed ion
beam was measured by the RCF’s active layer (refer to Section 5.1). The energy deposited by protons in
the active layer can be neglected, as those with an energy of 5.25 MeV are not stopped in this layer and
lose minimal energy (=~ 8 keV per proton). Ions with energies up to 10 MeV are stopped in the active layer.
According to the measurements and simulations, the highest energy ions transported are C°* ions with
an energy of 12 MeV. They deposit approximately 80 % of their energy in the active layer. Therefore, for
the estimation, it is assumed that the total energy deposited in the active layer corresponds to the energy
of all transported carbon and nitrogen ions. The diamond detector faced difficulties in detecting lower
energies, which made it impossible to determine the energy spectrum of the transported ions from the
ToF data. Thus, the simulation results were used to estimate the energy spectrum of the carbon ions. The
transported beam in the simulation comprises 21 % C2*, 26 % C3*, 40% C**, and 13 % C°7 ions, and
uses the Thomson parabola spectra measured in Ding 2018 to reconstruct the TNSA source. The total
energy deposited in the active layer amounts to Egep = (2.0 £ 0.6) x 10'° MeV. The significant uncertainty
is due to the lack of calibration in the used RCF lot, which required the use of a calibration from an older
lot. The transported ion beam consists of (3.6 + 1.1) X 10? carbon ions, of which (1.4 + 0.4) x 10° are
C** ions, assuming that the spectrum of the measured beam corresponds to the spectrum obtained from
simulations. Simulations show that 14 % of transported C** ions can be temporally compressed, resulting
in (2.0 £ 0.6) x 10® compressed C** ions during the experiment. (Metternich 2023)

Table 5.3 summarizes and compares the most important parameters of the final carbon bunch to the
simulation. Although the ion bunch was longer than anticipated by the simulations, it is more suitable for
stopping power experiments than the ion bunches used in previous experiments. It has three orders of
magnitude more ions in a five times shorter bunch than previous stopping power experiments with linear
accelerators (W. Cayzac et al. 2017).
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Table 5.3: Comparison between simulated (refer to Section 4.1) and measured parameters of the tempo-
rally compressed carbon bunch.

parameter experiment simulation
mean energy (7.2 £ 0.2) MeV 7.2MeV
energy spread (width at 20 % of maximum) not measured 2.2%
temporal bunch width (FWHM) (1.23 £ 0.04) ns 0.43ns
focal spot radius (50 % encircled) (4.11 £0.02)mm 5.45mm
estimated number of C** ions (2.0 = 0.6) x 108

5.4 Stopping Power Measurement in Solid Target

This section reports on experiments conducted during beamtimes on stopping power using a cold carbon
foil. The stopping power for protons and carbon ions was measured.

5.4.1 Protons

The proton beam presented in Section 5.3.1 was used for a stopping power experiment. The protons lost
energy as they passed through a carbon foil with an areal density of 105 pg/cm? and had a time of flight
distance of dror = (0.818 £ 0.002) m. Two shots without and two shots with the stopping target were
conducted, in order to measure the energy loss of the protons in the carbon foil. Figure 5.13 illustrates
the time signals of the start and stop detectors for a shot without and with the carbon foil. The observed
variation in the baseline is attributed to the varying intensity of the gamma flash detected in the laser-matter
interaction of the TNSA process.
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Figure 5.13: Time of flight measurements of the proton energy with a scintillator (start) and a diamond
detector (stop). Time of flight measurement of initial proton energy without carbon foil (left).
Time of flight measurement of final proton energy with carbon foil (right). The dashed lines
show the center of mass of the proton bunch used for the stopping power measurement.
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The scintillator signal was deconvolved using the response function of the AXUV photodiode, which was
measured with a short-pulse laser. The laser pulse length was approximately 500 ps and was measured with
a Det10A photodetector from Thorlabs. Deconvolving the AXUV signal with the Det10A signal produced the
response function of the AXUV diode. The Det10A detector cannot be used with the scintillator because its
sensitivity is too low for the radiation emitted by the scintillator. Figure 5.14 shows the resulting response
function. A Wiener deconvolution was used to obtain both the response function and the deconvolved start
signal.
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Figure 5.14: Response function of the AXUV20HS1 photodiode by Optodiode produced with a 500 ps laser
pulse.

The responses of the scintillator and the diamond detector were not considered since both of them have
fast rise and fall times (=~ 10~ s). The shots without the carbon foil are used to measure the initial energy
of the proton bunch. The central energy was obtained by using the peaks’ center of masses. An initial
energy of E; = (595+5) keV was determined. The final energy after the carbon target with an areal density
of 105 ng/cm? was determined with the two shots in which the protons passed through the carbon foil.
The signal was observed to shift towards later times, indicating a reduction in the energy of the protons.
An energy of Ff = (566 + 4) keV was determined. Using the measured initial energy of the protons it is
possible to calculate their energy after passing through the stopping foil with SRIM, which concludes to
Efspiv = (563 £ 12) keV. The calculated and measured energies of the protons after passing through the
carbon foil are within each other’s error bars.

An energy loss of dE = (29 + 6) keV was measured, corresponding to an uncertainty of 21 %. This
uncertainty is due to the inaccuracy of the time measurements with the scintillator g, and the diamond
detector tsiop and the measurement of the time of flight distance dror. Approximately 73 % of the uncertainty
arises from the scintillator and the photodiode (Atgare = 0.36 ns), 20 % is due to the uncertainty of the
time of flight distance (Adtor = 2mm), and 7 % is attributed to the stop signal from the diamond detector
(Atstop = 0.111s).
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5.4.2 Carbon lons

For the stopping power experiment, a similar carbon ion beam was used as presented in Section 5.3.2.
The time of flight distance was dop = (1.519 £ 0.002) m, which was increased compared to protons due to
the higher response of the diamond detector to carbon ions. However, during the experimental campaign
with carbon ions, it proved challenging to obtain shots where both the start and stop detectors generated
signals at the same time. This was due to time constraints and the limited number of shots that could be
conducted with the final adjusted setup. To measure the initial energy, six shots were used where only the
start detector received a signal, two shots where both the start and stop detectors received a signal, and
four shots where only the stop detector received a signal. Three stop signals were measured when the
stop target was in place. All shots are depicted in Figure 5.15. It is evident that during the three shots
with the stopping target (orange), the ions arrived approximately 10 ns later at the stop detector. After
considering all of the deconvolved start signals, the center of mass of the bunch arrives at the scintillator at
tstart = (292.940.8) ns (blue). The stop signals without the stopping target arrive at tsop = (453.3+£0.7) ns
(green), resulting in an initial energy per nucleon of E; = (503 £+ 7) keV/u. The stop signals with the
stopping target, a carbon target with an areal density of 104 ug/cm?, average to (463.7 + 0.8) ns (orange),
resulting in a final energy of (442 = 7) keV/u. The initial energy measurement was used by SRIM to
calculate a final energy of (441 = 9) keV/u, which falls within the error bars of the measurement.
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Figure 5.15: Time of flight measurements of the carbon ion energy with a scintillator (start) and a diamond
detector (stop). The deconvolved signals of all measured start signals with scintillator and
photodiode are shown in blue. The green lines represent all stop signals without a stopping
target measured with the diamond detector, while the red lines represent all stop signals with
the stopping target. The dashed lines indicate the average center of mass of the relevant
peak for the respective signals.

The measured energy loss is (61 = 10) keV/u, corresponding to a 16 % uncertainty. The uncertainties
of the temporal signals ¢siare and tsiop wWere determined statistically using the standard deviations of the
signals, resulting in Atsare = 0.79ns and Atgop = 0.69ns. They contribute to the final uncertainty with
55 % and 41 %, respectively, while the uncertainty of the distance contributes with 4 %. The difficulties in
obtaining signals for both diagnostics on the same shot necessitate the use of statistical uncertainty, which
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increases the uncertainty compared to the measurement with protons. However, the increased time of
flight distance (d1or) reduces the impact of the uncertainties when calculating the ion velocity, resulting in
a smaller relative uncertainty of the energy loss.

5.5 Implications for Stopping Power Measurements in Plasma

In this section, the resulting proton and carbon ion beams are compared with the ion beam used in the
stopping power measurements described in Section 3.1.1. This experiment had similar conditions to the
one planned with the LIGHT beamline, as described in Section 3.2. To summarize the previous experiment,
W. Cayzac et al. 2017 used the UNILAC ion source at GSI to provide nitrogen ions. The ions were passed
through a 0.5 mm pinhole to reduce their size. The beam was then further degraded to reach the target
energy of (0.586 + 0.016) MeV/u where the projectile velocity is similar to the thermal velocity of the
plasma electrons (vp ~ vg,). The microbunches of the nitrogen beam contained around 102 ions and had a
Gaussian temporal profile and a bunch width of 5.5 ns (FWHM). The main uncertainties in the stopping
power calculations were due to the temporal averaging of the plasma parameters over the 5.5 ns and the
low particle count, resulting in a low signal-to-noise ratio (refer to Section 3.1.1). The use of temporally
compressed protons and C** ions from the LIGHT beamline for plasma probing offers several advantages,
which will be discussed in the following.

The temporal width of the proton bunch and the C** ion bunch is (0.76 = 0.04) ns and (1.23 + 0.04) ns,
respectively, which is five to seven times shorter. This reduces the need for time averaging in the stopping
power experiment with the LIGHT beamline.

According to simulations (refer to Chapter 4), the particle number passing through the pinhole is expected
to be around 0.15 %, which corresponds to 3 X 10° C** ions and 9 X 10° protons. Consequently, the
LIGHT beamline yields approximately two to three orders of magnitude more particles in a single bunch
than the UNILAC in the previous stopping power experiment (W. Cayzac et al. 2017), as well as in the
proton bunch generated by Malko et al. 2022 through magnetic filtering of laser-accelerated protons (refer
to Section 3.1). This enables an increase in the ToF distance, which in turn improves the energy resolution.

The stopping power experiments in a solid target provide information on the resolution of the measurement.
The experiment measured an energy loss of dE = (29 + 6) keV with an uncertainty of 21 % for protons.
Theoretical models (refer to Section 4) anticipate that the protons will lose approximately 70-100 keV in
the plasma targeted for the planned experiment (F = 2 x 30J, A\ = 527nm, 7 = 7ns (FWHM), d = 1 mm).
The expected reduction in uncertainty is approximately 5 keV due to the longer flight time. The resulting
uncertainty for 70 keV is 7 %. For C**, an energy loss of dE = (61 & 10) keV/u was recorded, resulting in
an expected uncertainty of 6 % in the stopping power measurement with a plasma.

These energy resolutions are adequate for distinguishing between the stopping power models presented
in Chapter 2 and utilized to forecast the energy loss of protons and carbon ions in Chapter 4. Only
the Li-Petrasso and RPA models require a higher resolution for protons of 6%. According to previous
experiments (W. Cayzac et al. 2017; Frenje et al. 2019), the stopping power is expected to be best
represented by the T-Matrix with A\(v) model. In this case, a resolution of 11 % is sufficient to eliminate all
other stopping theories.

Some of the findings presented in this chapter have been published in Nazary et al. 2024.
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6 Summary and Outlook

6.1 Summary

The objective of this thesis was to conduct a stopping power experiment with the LIGHT beamline. A
detailed model of the planned experiment was developed to demonstrate its feasibility and define the
requirements. The generation of the required ion beams and the measurement of their energy losses in a
cold foil were successfully demonstrated.

The stopping power experiments I planned will use a carbon ion (C*t) beam and a proton beam with an
energy-to-mass ratio of 0.6 MeV/u selected and transported by the LIGHT beamline (refer to Chapter 3).
The ions will be accelerated with the PHELIX laser and transported with two solenoids. The projectile
bunches will be temporally compressed with an RF cavity to the shortest possible bunch length, in order to
probe the transient plasma with as precisely defined parameters as possible. A new and upgraded version
of the nhelix laser was designed and constructed in the scope of this work for the generation of the plasma
target. The nhelix laser will irradiate a carbon foil with an areal density of 100 pg/cm? from both sides
with an energy of 30J each. The pulse length is 7 ns and the wavelength is 527 nm. The resulting plasma is
designed to have a free electron density of 3 X 102° cm™3 and a temperature of 180 eV. This configuration
ensures that the projectile velocity is close to the thermal velocity of the plasma electrons (vp = vg,). In
this regime, the stopping maximum is located, and stopping theories show the highest discrepancies. The
laser-generated plasma is diagnosed with an interferometric measurement of the free electron density.
The development, construction, and successful testing of the interferometric setup were overseen by me
throughout this work.

I modeled the planned stopping power experiment in great detail (refer to Chapter 4). Beamline simulations
were conducted to predict the resulting beam characteristics and requisite beamline settings. I modeled
the transport and temporal compression of 7.2 MeV carbon ions and 0.6 MeV protons. The final simulated
bunches showed a temporal bunch width of 300-340 ps and a focal spot size of 4.5-5.5 mm at the plasma
target. I used the hydrodynamic code MULTI2D to model the plasma and the non-LTE FLYCHK code to
determine the charge state of the plasma ions. These simulations allowed me to study the plasma expansion,
identify the homogeneous region of the plasma, and confirm the required laser parameters. The plasma
reaches a maximum temperature of 180 eV and a free electron density on the order of 102° cm™2 after
7.75ns. Here, the plasma is longitudinally homogeneous. In the innermost region, where the projectile
beam passes through the plasma, transverse homogeneity is achieved after 8 ns. In the final step, the
interaction of the ion beam with the plasma target was modeled according to different theoretical models
describing the stopping power. A comprehensive two-dimensional simulation of the experiment was
successfully conducted. In the stopping maximum, the stopping power models predict an increased energy
loss of 185-230 % for protons and 230-290 % for carbon ions compared to the energy loss in a solid target.
The two-dimensional simulations were employed to identify the optimal pinhole size for the projectile beam
in the stopping power experiments, resulting in a diameter of 0.5 mm. The results of the stopping power
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simulations with the different models indicated that a required energy resolution of 11 % would enable the
discrimination of the different stopping power models and facilitate the acquisition of meaningful results.
With an energy resolution of 14 %, the results of the BPS and T-Matrix model can be distinguished from the
other theories. Based on previous experiments with similar properties, it is anticipated that the T-Matrix
and BPS models will provide the most accurate description for this experiment.

I performed a series of beamtimes in preparation for the planned stopping power experiments in plasma with
the LIGHT beamline (refer to Chapter 5). In these experiments, the optimal target setups for both carbon
ions and protons were established. For protons, the use of plastic targets on plastic holders resulted in the
least amount of electromagnetic pulse (EMP) during the target normal sheath acceleration (TNSA) process.
Conversely, for carbon ions, the use of ohmically heated targets was found to be optimal in order to maximize
the number of accelerated carbon ions. During these beamtimes, the low efficiency of the diamond detectors
for low-energy particles was identified. However, it was still possible to demonstrate the transportation of the
desired beam. The capability of the beamline to generate the required ion beams was demonstrated. Carbon
ions (C*T) with an energy of (7.2 * 0.2) MeV were successfully transported and temporally compressed to
a bunch duration of (1.23 * 0.04) ns (FWHM). The focal spot size was (4.11 * 0.02) mm in diameter,
and the compressed bunch was estimated to contain (2.0 = 0.6) x 108 ions. Additionally, protons with
an energy of (0.63 = 0.01) MeV were transported and temporally compressed to a bunch duration of
(0.76 + 0.04) ns. The focal spot size was (2.82 + 0.03) mm in diameter, and the bunch was estimated
to contain (5.9 + 0.4) x 108 protons. The measured bunch durations for protons and carbon ions were
found to be longer than the simulated ones. Several potential causes were investigated, including the
saturation effects of the diamond detector. However, none of these could explain the discrepancy. The most
probable cause was identified as the underestimation of longitudinal emittance growth by the solenoids
in the beamline simulation. The achieved projectile beams are still five to seven times shorter than the
projectile beams used in previous experiments using linear accelerators. This reduces the time averaging
over the changing plasma parameters, which change on a nanosecond timescale, during the passing of the
projectile bunch. Additionally, the particle numbers of the beam are estimated to be two to three orders
of magnitude higher than in similar experiments, which allows for a higher ToF distance and therefore a
higher energy resolution. The transported beams were used to conduct stopping power experiments in a
solid carbon foil, to demonstrate the feasibility of the planned experiment. The energy loss for protons
was measured to be dE = (29 + 6) keV, while for carbon ions, the energy loss was dE = (61 + 10) keV.
These results align with the energy losses predicted by SRIM. With these measurements, an uncertainty of
7 % for protons and 6 % for carbon ions is predicted for the stopping power experiments with the plasma
target. This will lead to meaningful data for benchmarking stopping power theories. These preliminary
experiments demonstrate the viability of the proposed stopping power experiment.

6.2 Outlook

This section outlines the future directions of research in plasma physics with regard to stopping power. It
builds on the findings of this thesis and highlights upcoming experiments and the potential for advancing
both experimental and theoretical frameworks. It thus sets the stage for further contributions to the field
and its applications.

The next step is to conduct the planned stopping power experiment with a plasma target. This experiment
will allow for benchmarking of theories in the regime of the stopping maximum with higher accuracy than
in previous stopping power experiments performed at GSI.
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Future stopping power experiments should aim to reduce uncertainties in ion stopping measurements.
While the main uncertainties in energy loss measurements originate from temporal diagnostics (accounting
for approximately 80-96 % of the total uncertainty, as outlined in Section 5.4), the most effective method
for reducing this uncertainty is to increase the time of flight distance. As the time of flight increases, the
contribution of each uncertainty decreases. There are numerous ways to increase the time of flight distance.
A larger stop detector could be employed to capture a greater number of ions from the divergent beam
at greater distances. An increased number of projectile ions would also enable a high enough signal at a
greater time of flight distance. This could be achieved by increasing the energy of the PHELIX laser or by
optimizing the TNSA mechanism by optimizing the target. Additionally, a third solenoid could be used to
collimate the beam after passing through the plasma. This approach generates a collimated beam, which
enables the detector to detect a sufficient number of ions at greater distances. Besides increasing the time
of flight distance, future experiments will also aim to optimize the time of flight diagnostics.

The improvement of the modeling of the experiment will facilitate the benchmarking of the different ion
stopping models. In order to obtain more meaningful results, it is necessary to measure and compare
the energy spread of the generated ions with the beamline simulations. Furthermore, it is essential to
investigate the cause of the discrepancies between the simulated and measured temporal bunch width. The
understanding of this issue could contribute to a reduction of the bunch width, thus decreasing the temporal
averaging over the plasma parameters. The modeling could be further enhanced by the development of
advanced plasma diagnostics for the accurate measurement of plasma parameters that affect ion stopping.
For instance, the incorporation of an X-ray spectrometer for the measurement of plasma temperature would
enable the benchmarking of the simulated plasma temperature in addition to the benchmarking of the free
electron density. This would facilitate more precise modeling of stopping power experiments.

Expanding experiments to include a wider range of plasma densities, temperatures, and ion species can
enhance the understanding of ion stopping phenomena. This can be achieved by using various target
materials and laser parameters to generate plasmas that closely resemble conditions found in stellar
environments or future fusion reactors.

Understanding ion stopping in plasmas is crucial for optimizing designs for both inertial confinement
fusion (ICF) and magnetic confinement fusion (MCF). Future research could concentrate on applying
improved ion stopping models to increase the efficiency of energy deposition in fusion plasmas, which
could potentially enhance the net energy gain in future fusion reactors.

Additionally, the study of ion stopping power is relevant to astrophysical processes, including interactions
with stellar winds and the propagation of cosmic rays. Advanced theoretical and experimental insights
into ion stopping could contribute to more accurate models of stellar atmospheres, interstellar medium
dynamics, and the behavior of cosmic rays.

The LIGHT beamline is a noteworthy technological advancement in ion acceleration and beam manipulation.
Future developments could focus on improving beam quality, increasing ion energies, and reducing bunch
durations. Upgrading the PHELIX laser at the Z6 experimental facility will expand the parameter space of
the ion beams generated with the LIGHT beamline. A higher repetition rate would enhance the LIGHT
beamline and increase its usefulness in most applications. This will not only benefit studies on ion stopping
power but also expand the use of laser-driven ion sources in medical physics, materials science, and radiation
therapy. One current investigation concerns the generation of an ion beam with the LIGHT beamline, which
will be injected into the heavy ion synchrotron SIS18 of GSI. The injection of a laser-generated ion beam
into a synchrotron would represent a significant advancement for the laser-plasma accelerator community.
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The upcoming stopping power experiment will be the first of many utilizing the infrastructure and platform
at the experimental area Z6 at GSI. The LIGHT beamline can cover a wide range of parameters for stopping
power experiments by using various configurations of different targets, plasma parameters, and ion beams.
These experiments aim to enhance our understanding of ion stopping in plasma and the validity of different
stopping power models in various regimes. With an increase in experimental data, new advanced theoretical
models, approaches, and corrections are likely to emerge.

This thesis research has established a fundamental understanding of ion stopping in plasma, emphasizing
the importance of theoretical models, experimental accuracy, and the impact of plasma parameters. The
future of research in plasma physics looks promising, with potential breakthroughs in theoretical modeling,
experimental methodologies, applications in fusion and astrophysics, and technological advancements. As
the field progresses, it will continue to play a pivotal role in the advancement of plasma physics, fusion
energy research, and our understanding of the universe.
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