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ABSTRACT

Plasma wakefields, driven by either a short, highly intense laser pulse or a short and
dense, highly relativistic charged-particle beam, can provide electric field strengths
orders of magnitude beyond what is in reach with conventional accelerator technology.
They could therefore drastically reduce the size and costs of particle accelerators
and, accordingly, their applications. Prospects for miniaturised light sources based on
electron beams delivered by compact plasma wakefield accelerators are particularly
attractive, however, require substantial improvements in beam quality.

An important compound quality parameter is the beam brightness. The beam
brightness attainable in plasma wakefield accelerators is largely determined by the
mechanism through which the electrons are injected into the accelerating wakefield. A
particularly promising method is the plasma photocathode, which utilises a compar-
atively low-intensity laser pulse to release electrons at precisely controlled locations
directly inside the wake structure. Plasma photocathodes offer a pathway for generat-
ing electron beams of highest brightness, and unfold their full potential in particle
beam-driven plasma wakefield accelerators (PWFAs).

However, establishing wakefield conditions suitable for plasma photocathode in-
jection requires particularly strong drivers with high peak-currents. Such drivers are
challenging to produce, and could thus far only be delivered by a kilometre-scale
conventional accelerator. Meanwhile, laser-driven wakefield accelerators (LWFAs)
are realised in many comparatively small-scale high-power laser facilities all over
the world. Compact LWFAs nowadays excel in generating short, high peak-current
electron beams that may provide superb drivers for a subsequent PWFA stage. Such a
hybrid LWFA-PWFA staging concept (LPWFA) thus offers to combine and exploit the
individual advantages of both laser- and particle beam-driven methods.

This thesis explores these two approaches — plasma photocathode injection and
hybrid staging — conceptually and experimentally.

The first part of this thesis introduces fundamental concepts of plasma wakefield ac-
celerators, briefly discusses differences in LIWFA and PWFA approaches, and provides
an overview of common injection methods. The second part of this thesis focuses
on plasma photocathode injection and presents a first proof-of-principle experiment
conducted at the Facility for Advanced Accelerator Tests at the SLAC National Labor-



atory (USA), utilising its ~2 km long conventional accelerator to provide electron drive
beams. While this experiment was not yet designed for delivering highest output beam
quality, it demonstrates the feasibility of plasma photocathode injection, showcases
the production of electron beams with substantially better emittance compared to the
original driver, and provides valuable insights for further implementations. The third
part of this thesis discusses prospects of the hybrid staging concept and presents a
first experimental realisation of a hybrid plasma wakefield accelerator prototype. This
experiment was conducted at the DRACO laser facility at the Helmholtz-Zentrum
Dresden—Rossendorf (Germany), utilising a ~3 mm long LWFA stage powered by a
~150 TW laser pulse to generate electron drivers for the subsequent PWFA stage. The
main result of this experiment is the acceleration of electrons up to ~130MeV in a
discrete, ~1.5 mm long PWFA section. This achievement constitutes the first demon-
stration of electron acceleration in a separate PWFA stage powered by LWFA-generated

electron drivers.

The results presented in this thesis demonstrate the feasibility of plasma photocath-
odes and establish hybrid LPWFA systems as novel accelerator platform. In the future,
a variety of PWFA concepts can therefore be explored and further developed at widely
accessible, compact LWFA systems, including advanced injection schemes such as
the plasma photocathode. Ultimately, the combination of hybrid staging and plasma
photocathodes may lead to a new class of truly compact accelerator systems delivering
electron beams of unprecedented brightness.

Vi
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INTRODUCTION

Over the past century, the acceleration of sub-atomic particles to highly relativistic
kinetic energies has become one of the most powerful tools of scientific discovery.
Continuously pushing the energy frontier resulted in ever increasing capabilities to
test and establish fundamental physics theories. The corresponding technological
advancements of particle accelerator machines have also brought forth a broad range
of applications beyond fundamental physics. Particle accelerators have become indis-
pensable for modern society, delivering a variety of particle types at various energies
for many purposes. For example, they enable photon science applications, facilitate
the engineering of novel materials and medications, provide medical diagnostics
and treatments, contribute to the development of sustainable energy sources and are
applied in numerous industrial processes [1, 2].

Depending on their purpose, today’s particle accelerators tend to be quite large
and rely on complex infrastructures. They are therefore costly to build and to operate.
The development of new accelerator technologies, aiming for substantially smaller
and more affordable devices, is therefore highly desired and of strong socio-economic
interest.

MODERN PARTICLE ACCELERATORS AND LIGHT SOURCES

The basic principle of particle accelerators is to generate a strong electric field to propel
charged matter constituents along a defined direction. Modern accelerator modules
utilise radio-frequency (RF) electromagnetic waves in metallic resonator cavities to
provide such directional accelerating electric field gradients. The size of these cavities
is thus typically on the order of a few centimetres to a metre. Magnetic structures
between the accelerator modules are used to steer and manipulate the resulting particle
beams. The final energy that these machines can impart to an ensemble of particles is
therefore, in its simplest approximation, the product of the accelerating field strength
and the combined length of the accelerator modules.

After nearly a century of continuous refinements [3], current RF-based accelerator
technology seems to approach a fundamental limit in the maximum field strength
that can be supported before the cavity material breaks down. This threshold is
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reached upon an electric field on the order of ~100MV/m, and modern accelerator
modules are typically operated at substantially lower field strengths. To increase
the particle energies to levels desired for future high-energy physics experiments
(several hundreds to thousands of GeV for lepton colliders), a linear accelerator (linac)
would consequently need to become as long as tens of kilometres, and twice that
when aiming for a head-on particle collider. Synchrotron machines, instead, steer the
particles along a closed circular path so they can pass the accelerating structures many
times and gain additional energy upon each turn. The particle energy that can be
reached in a circular accelerator machine with a fixed circumference is nevertheless
limited, by either the strength of the bending magnets (for heavy particles, such as
protons) or due to synchrotron radiation (for lightweight particles, such as electrons).
This synchrotron radiation is emitted whenever a charged particle is forced on a
curved trajectory, and carries energy away from the particle. The amount of energy
converted into synchrotron radiation upon one turn in a circular machine increases
with the fourth power of the ratio between the particle’s kinetic energy and its rest
mass, and decreases for a softer bending radius. Ultimately, the particle energy can
therefore only be increased by also increasing the machine circumference. Whether
using circular machines or linear accelerators based on current technology, accelerating
particles beyond a certain energy thus requires big and costly machines. The financial
investments required for future particle colliders based on linear [4, 5] and circular [6,
7] accelerator designs is estimated to be on the order of ten billion £ or more, and their
construction might be associated with a substantial impact on the environment.
While detrimental for reaching higher energies in a circular accelerator, synchrotron
radiation has unique characteristics that sparked a new era of particle accelerator-
based light sources. Both circular accelerators and linacs are nowadays re-purposed or
directly designed to deliberately generate synchrotron radiation. The latest generation
of these accelerator-based light sources are free electron lasers (FELs) [8-12]. FELs
utilise alternating magnetic structures, so-called undulators, to force electrons on an
oscillating trajectory. This allows the electrons to interact with the emitted radiation,
which, under appropriate conditions, results in a resonant amplification process. Free
electron lasers are thereby capable of generating short and intense pulses of coherent
radiation across a broad range of wavelengths, including soft and hard X-rays. State-
of-the-art FELs deliver sub-femtosecond, coherent flashes of hard X-ray radiation
which can resolve extremely fast and tiny processes. X-ray FELs therefore provide
unique tools, for example, for probing molecular systems and biological processes
on their natural scales, as well as studying nano-materials and exotic states of matter.
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They therefore enable new research perspectives across biochemistry, material science,
pharmacology and beyond.

Powering these formidable machines, however, requires short and highly relativistic
electron beams of exceptionally high quality. An important compound quality para-
meter combining several desired beam characteristics is the electron beam brightness.
Prominent examples for hard X-ray FELs, such as LCLS [13], the European XFEL [14]
and the most recent LCLS-II [15] rely on sophisticated kilometre-scale linacs to deliver
high-brightness beams with energies on the order of ~10 GeV . While not as excessively
expensive as colliders, constructing these facilities breached the billion-£ threshold.
Consequently, only a handful of X-ray FELs are available to users, which imposes
severe limitations on research capacities. The development of novel accelerator con-
cepts that could drastically reduce the spatial and economic footprint of future light
sources is therefore highly desired.

PLASMA-BASED PARTICLE ACCELERATORS

A plasma consists of already unbound, negatively charged electrons and positively
charged ions. Utilising plasma as an accelerator medium hence circumvents the
material breakdown issues of conventional metallic cavities. Plasma-based particle
accelerators can therefore provide and sustain electromagnetic field strengths orders
of magnitude beyond the limit of conventional accelerator technology. Accelerating
structures with a size of tens to hundreds of micrometres, associated with electric field
gradients on the order of ~100 GV/m, can be efficiently generated when a sufficiently
short, highly intense laser pulse [16] or a high-current, highly relativistic charged-
particle beam [17, 18] is sent through the plasma. Upon traversing the plasma with
nearly the speed of light, this laser- or particle-"driver" transiently separates the plasma
electrons from the substantially heavier ions and thereby induces collective charge-
density oscillations. The emerging plasma wave structure in the wake of the driver
is associated with strong electromagnetic fields, in both longitudinal and transverse
dimensions with respect to the driver propagation direction. These wakefields thus
trail the driver and can be harnessed to rapidly accelerate charged particles, while
also providing enormous focusing forces. The plasma can therefore be utilised as a
medium to transfer energy from the driver to an ensemble of charged particles located
at an appropriate co-moving position inside the wake structure.

Plasma wakefield accelerators are particularly well-suited to accelerate electrons,

which makes them especially attractive for powering future compact and economic
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light sources [19—21]. Realising X-ray free electron lasers based on compact plasma
wakefield accelerators could crucially enhance the capacities and accessibility of
photon science applications. Such plasma-based X-ray FELs are furthermore regarded
as a bridge technology towards a potential high-energy physics linear collider (par-
tially) based on plasma wakefield accelerator stages [22].

However, the reproducibility and attainable electron beam quality of plasma-based
accelerators are not yet on par with state-of-the-art conventional linacs. One of the
challenges is that the accelerating wake structure is not a manufactured device such
as RF cavities, but dynamically generated by the driver as it traverses the plasma.
The shape, stability and evolution of the wake, and correspondingly control over the
acceleration process, is hence colligated with the driver-plasma interaction. Another
key challenge is the development of mechanisms to precisely position electrons into
the accelerating wakefield. This electron injection process is critical, as it largely
predetermines the final electron beam characteristics and brightness.

Nevertheless, continuous innovations and refinements of experimental techniques
alongside substantial advancements in understanding and modelling the underlying
fundamental mechanisms have resulted in steady progress [23—27] towards achieving
technological maturity, including the development of plasma-based beam manipu-
lation techniques and sophisticated diagnostic tools. Multi-gigaelectronvolt electron
energy gains over tens of centimetres obtained within a single plasma accelerator mod-
ule have nowadays been demonstrated in both laser- and particle-driven scenarios [28-
30]. Moreover, recent experiments have shown first indications of a free electron lasing,
albeit at wavelengths above the X-ray regime [31]. Plans for a plasma-based FEL user
facility are actively being developed, for example within the EuPRAXIA project [32].

Further advancing the capabilities of plasma wakefield accelerators to reliably
deliver electron beams compatible with the stringent quality demands of X-ray FELs
is therefore a prime objective of current research [31, 33].

ABOUT THIS THESIS

Laser-driven wakefield accelerators (LWFAs) and particle beam-driven wakefield
accelerators (PWFAs) share the same fundamental working principle, but substantially
differ in the driver-plasma interaction dynamics. Another important difference lies in
the availability of adequate drivers.

Continuous advancements in laser technology, most prominently the chirped pulse
amplification technique [34] at infrared laser wavelengths, have lead to an ever in-
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creasing dissemination of high-power laser systems with infrastructures much smaller
and more economic compared to large-scale conventional accelerator facilities. The
first experimental demonstration of laser-driven plasma wakefield accelerators gener-
ating electron beams with a controlled energy distribution was reported in a series
of independent publications in 2004 [35-37], which is nowadays considered as the
breakthrough that lead to many subsequent advancements in LWFA research. As a
result of this development, compact LWFAs are nowadays commonly realised in many
university-scale laboratories worldwide.

In contrast, the development of advanced PWFA concepts relies on highly relativ-
istic particle drivers with sufficient charge density, and has thus far been restricted
to a few comparatively large-scale conventional accelerator facilities. Nonetheless,
particle beam-driven wakefields offer significant advantages compared to laser-driven
scenarios. PWFAs can, in principle, provide consistent accelerating conditions over
longer distances and hence enable higher energy gains. Electron-driven wakefields,
in particular, can be operated in a regime exhibiting enhanced resilience against the
driver evolution throughout the plasma. This further facilitates preserving the quality
of injected electron beams during acceleration. Moreover, PWFAs can provide a fa-
vourable environment for realising advanced ionisation-based injection schemes that
promise to generate electron beams of highest brightness.

One particularly promising method is the so-called ultracold underdense plasma
photocathode, also known as Trojan Horse injection [38, 39]. Plasma photocathodes
utilise a comparatively low-power, tightly focused laser pulse to release electrons at
precisely controlled locations directly inside the plasma wake structure. Provided
a sufficiently strong wakefield, the released electron distribution is subsequently
compressed, captured and rapidly accelerated by the plasma wave. The plasma
photocathode method therefore enables enhanced control over the injection process
and provides a pathway for the production of extremely short, sub-femtosecond-
duration electron beams with exceptionally high brightness values that may largely

surpass the capabilities of state-of-the-art conventional linacs.

A first proof-of-principle experiment demonstrating plasma photocathode injection
is presented in this thesis. These results were obtained during the "E-210" programme
at the Facility for Advanced Accelerator Tests (FACET) at the SLAC National Accel-
erator Laboratory located in the USA. The author has been involved in the iterative
design process of the experiment and joined the experimental team on-site for the
final three months of the E-210 campaign, during which the experimental setup was
finalised and the main part of the experiment was conducted. Thereafter, the author
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assisted in analysing the recorded measurements and contributed extensively to the
accompanying simulations that provided further insights on the wakefield and injec-
tion dynamics specific to this experiment. The author further contributed extensively

to writing the corresponding manuscript [40].

Generating wakefield conditions adequate for plasma photocathode injection, in
turn, requires sufficiently short electron beam drivers with particularly high peak-
current. Such electron drivers, however, are very challenging to produce in conven-
tional accelerators, and plasma photocathode injection could thus far only be explored
at the FACET facility utilising its ~2km long linac.

Meanwhile, recent advancements in laser-wakefield accelerators may offer an altern-
ative approach. LWFAs have nowadays shown a remarkable aptitude for generating a
unique class of short, high peak-current electron beams that are particularly attractive
to be utilised as PWFA drivers. The second strategy followed in this thesis is therefore
to explore a staged system consisting of a compact laser-driven plasma wakefield
accelerator followed by a separate electron-driven plasma wakefield accelerator. This
hybrid LWFA-PWFA staging concept thus aims to combine and exploit the advantages
and capabilities unique to each method. Preliminary experimental explorations of such
hybrid LWFA-driven PWFA (LPWFA) setups showed encouraging results, however,
did not achieve electron acceleration in a separate PWFA stage.

The second experiment presented in this thesis demonstrates, for the first time,
electron acceleration in a discrete PWFA stage driven by LWFA-generated electron
beams. This hybrid LPWFA experiment was conducted at the DRACO laser facil-
ity at the Helmholtz-Zentrum Dresden—-Rossendorf in Germany, and largely built
upon previously established LWFA capabilities reported and discussed, for example,
in [41—43]. A compact, ~3 mm long LWFA stage powered by a ~150 TW laser pulse
provided electron drivers for the PWFA stage, in which electrons were accelerated
up to ~130 MeV with gradients of at least ~50 GV/m . The author has been a primary
contributor to the hybrid LPWFA experiment throughout the entire project, from
its conception to developing the experimental design, realising and optimising the
experimental setup, performing the measurements and subsequently analysing and
interpreting the obtained data. Many aspects of this work were realised together with
Thomas Kurz as a joint Ph.D. project [44]. Thomas Kurz and the author jointly lead
the writing of the corresponding manuscript [45].

This first realisation of a functional LPWFA prototype enables the exploration and
development of various PWFA concepts at numerous small-scale LWFA systems,



INTRODUCTION

including advanced injection schemes such as the plasma photocathode. Hybrid
LWFA-PWFA staging and plasma photocathodes are a particularly promising com-
bination that raises prospects for a new class of miniaturised accelerator systems
delivering electron beams of unprecedentedly high brightness. Such LPWFA plasma
photocathodes could therefore enable particularly compact future light sources com-
patible with the infrastructure resources of university-scale laboratories, including soft

X-ray and hard X-ray free electron lasers.

This thesis is structured into three main parts. The first part introduces fundamental
concepts of plasma-based particle accelerators. Essential characteristics of plasmas are
briefly discussed in chapter 1, followed by a description of plasma generation via laser
pulses and strong electric fields in chapter 2. Basic aspects of plasma wakefields driven
by intense laser pulses and electron beams are discussed in chapter 3. Chapter 4
introduces essential beam quality parameters and briefly discusses basic electron
dynamics inside plasma wakefields. Characteristic differences between laser- and
electron-driven plasma wakefield accelerators are discussed in chapter 5. Chapter 6
provides an overview of electron injection concepts in both LWFA and PWFA scenarios.
In the second part of this thesis, methods of laser-induced injection in PWFAs are
addressed in more detail, whereafter the E-210 experiment is presented. The basic
principle and prospects of plasma photocathodes for generating high-brightness
electron beams are addressed in chapter 7. Another injection method was realised in
the E-210 experiment, and exploited to access the plasma photocathode regime. This
plasma torch injection method is introduced in chapter 8. The E-210 experiment itself
is presented and discussed in chapter 9. The third part of this thesis addresses hybrid
LWEFA-PWEFA staging. An overview of the hybrid staging concept, its motivation and
prospects is provided in chapter 10. Chapter 11 discusses the current status and
potential future developments of hybrid LPWFAs. The experimental realisation of a
first functional LPWFA prototype is presented and discussed in chapter 12. The final
part concludes with a brief summary of the concepts and results presented in this
thesis and offers an outlook into the future.
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PLASMA PARAMETERS

Plasmas are a particularly astonishing form of matter, found in numerous natural
terrestrial phenomena, in technological applications and in its more exotic forms at
the very basis of fundamental physics. As such, a plasma can be formed whenever
electrons are detached from their atomic or molecular shells, a process known as
ionisation. In fact, most of the ordinary matter throughout the observable universe
exists in an ionised state, abundant in stars, the interstellar and even the intergalactic
medium. Plasmas are thus associated with a remarkable variety of physical phenom-
ena, owing the wide range of densities and temperatures at which they occur. All
plasmas have in common that they consist of a large number of unbound positive and
negative charge carriers. It is in this context that the term plasma was first introduced
in physics by Nobel laureate Irving Langmuir, one of the pioneering scientists who
studied the properties of ionised gases:

"We shall use the name plasma to describe this region containing balanced
charges of ions and electrons." [46]

According to Harold M. Mott-Smith [47], Langmuir was inspired by medical science,
referring to a similarity he saw in the way erythrocytes and leukocytes are embedded
in blood plasma. Although there is no such underlying fluid medium in an ionised
gas, the analogy describes how a large number of microscopic constituents and their
mutual dynamics define the characteristics of a macroscopic substance. Not all ionised
matter can thus be considered a plasma per se. Instead, a plasma is commonly defined
as a quasi-neutral medium that comprises unbound charged particles and exhibits
collective behaviour [48]. This implies that plasmas are governed by cooperative
Coulomb interactions of a large number of particles rather than individual collisions
of its constituents, resulting in a variety of complex dynamics with characteristic
length and time scales. This chapter provides a basic overview of fundamental plasma

concepts and parameters, following references [48-51].
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1.1 PLASMA SHIELDING

Ionisation of a neutral gas releases a balanced amount of negatively charged electrons
and positively charged ions, and the resulting medium hence appears overall neutral.
One of the defining properties of plasma is that this remains true even if a local
imbalance in charge is introduced artificially.

In vacuum, a point-like charge Q gives rise to a Coulomb potential ¢ that scales
inversely with distance r

Q

 dmegr

$o(r) (1.1)

where €( is the vacuum permittivity. In a plasma with mobile charged constitu-
ents, however, such potential evokes a spatial re-arrangement of the surrounding
particles, effectively shielding the local perturbation in charge density. Consequently,
the corresponding electrostatic potential is screened exponentially:

d(r) = do(r) e /A0 (1.2)

The characteristic shielding distance Ap is the electron Debye length*

[ €0 kB T
)\D = e ez s (13)

which depends on the electron temperature T and the unperturbed electron number

density n., where kg and e are the Boltzmann constant and elementary charge,
respectively. The Debye length thus defines the radius over which an electrostatic
potential arising from a local charge perturbation is attenuated by a factor of 1/e, the
reciprocal of Euler’s number. For a plasma in thermal equilibrium, this corresponds
to the distance from the perturbation at which the potential energy equals the thermal
energy of the electrons.

A prerequisite for efficient Debye shielding is that a large number of charged
particles is in range of the perturbation, which necessitates that the population of the
Debye sphere,

4
Np =1 grr)\% , (1.4)

A similar Debye length including the ion response can be defined, though the contribution of ions is
typically neglected for processes on short time scales due to their substantially larger inertia.

10



1.1 PLASMA SHIELDING

largely exceeds unity. In this case, the plasma dynamics are governed by mutual
Coulomb interaction rather than binary collisions. The scaling of Np with plasma
density and temperature is visualised in Figure 1.1 for parameter ranges relevant for

plasma-based accelerators.

Np
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Figure 1.1: Electron population of the Debye sphere. The number of electrons that can
interact via their mutual Coulomb force depends on electron temperature and the
unperturbed electron density. Efficient Debye shielding necessitates Np > 1.

The shielding response of plasma on the microscopic scale, consequently, preserves
its neutral appearance on macroscopic scales > Ap . There, the electron density n. and
ion density n; can be considered homogeneous and equal to the unperturbed plasma
density ng to a good approximation:

Ny ~MNe >N = Z Zin , (1.5)
j

with Z; and n; indicating the charge number and density of individual ion species,
respectively. This quasi-neutrality, together with the predominance of cooperative
electrostatic interactions over collisions are defining characteristics of an ideal plasma.
Such plasmas with an extent much larger than the Debye length and a densely
populated Debye sphere (Np > 1) exhibit a wide range of collective phenomena,
including plasma waves capable of rapidly accelerating charged particles.

11
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1.2 PLASMA FREQUENCY

The ability of plasma to screen local charge imbalances results in an equilibrium
state absent of strong electrostatic potentials beyond the Debye length. Any transient
perturbation of charge neutrality, however, evokes a dynamic plasma response on a

characteristic time scale corresponding to the plasma frequency

e2ng

R (1.6)
In contrast to the electron Debye length, the plasma frequency does not depend on
temperature, but on the electron mass m.. The plasma frequency is thus, strictly
speaking, the characteristic frequency of the plasma electrons, that is, the angular
eigenfrequency of a an electron sheath performing harmonic oscillations after being
displaced against a homogeneous and static ion background. However, an artificially
induced charge separation in plasma, for example, by a transient electromagnetic
pulse or electron beam, manifests itself predominantly in the displacement of the far
more mobile electrons, and the ions are typically assumed to remain stationary on
time scales t ~ 271/ wy, .

1.3 PLASMA DISPERSION

The finite response time of plasma electrons gives rise to a non-zero current density
upon interaction with oscillating electromagnetic fields, which implies a frequency-
dependent relative permittivity. Consequently, the propagation of light in plasma
deviates from the vacuum case. This is expressed by the non-linear dispersion relation
for plane electromagnetic waves in plasma

w% =c?k?+ wf, , (1.7)

where w; is the frequency of the light wave, k = 2n/A; is the wavenumber asso-
ciated with its wavelength Ay in plasma, and c is the vacuum speed of light. The
corresponding refractive index arising in plasma is thus given by

k w? — w2 w2
T]EC—\/lzp—\/1—E. (1.8)
w1 u)l wl
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1.3 PLASMA DISPERSION

It follows that n < 1 for all wy > wp and the plasma appears transparent, whereas
the refractive index becomes imaginary for all w; < wy, . The latter is equivalent to
the wave number k becoming imaginary, which implies the absence of a wave-like
solution inside the plasma. Instead, the incident wave will be totally reflected at the
plasma boundary, with an exponentially decaying evanescent field penetrating the
plasma. The characteristic decay length is the plasma skin depth

c

K=, (1.9)
P 2 _ o2

w3 — wi

which, for w; < wy, reduces to kg T~ ¢/wy, . The Brillouin diagram visualising

the plasma dispersion relation and the resulting cut-off between a transparent and a

reflecting plasma at wy; = wy, is shown in Figure 1.2.
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Figure 1.2: Plasma dispersion relation. The solid red line illustrates the dispersion relation
of plane electromagnetic waves in plasma. The plasma appears transparent for
electromagnetic radiation with w; > wp, and asymptotically approaches the
vacuum dispersion (blue dashed line) with increasing w; . Electromagnetic waves
with frequency below the plasma frequency, in contrast, are unable to traverse the
plasma and are totally reflected, with an evanescent field inside the plasma.

On a microscopic level, this behaviour can be interpreted in terms of the rapidness
of the plasma response compared to an external perturbation. When the period of the
incident wave exceeds the plasma response time, the plasma is able to adiabatically
shield the electric field of the radiation, thus effectively forming a reflecting boundary.

13



1.3 PLASMA DISPERSION

Since the plasma frequency is directly linked to the plasma density, the cut-off condi-
tion w; = wp can also be expressed in terms of a critical plasma density, above which
reflection occurs:

2

Nerit, = e W]

(1.10)

A transparent plasma with ng < ngsj. is thus termed underdense with respect to
electromagnetic radiation, a reflecting plasma with ng > ng;. is, correspondingly,
called overdenseZ.

2 Such overdense plasma mirrors [52, 53] have been successfully utilised in plasma-based particle acceler-
ator experiments, for example, as a method for coupling a high-intensity laser pulse into [54, 55] or out
of [56][57] the accelerator section.
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PLASMA GENERATION

The plasma parameters, especially the plasma density profile, largely define the charac-
teristics and operational states of plasma-based particle accelerators. To utilize plasmas
as accelerator medium, however, they have to be generated artificially in a laboratory
environment, typically by ionising a gaseous substance inside a vacuum chamber.
One of the most prevalent techniques of plasma generation for particle accelerators
is ionisation via laser pulses. The virtue of this method lies in its ability to generate
comparatively cold plasmas over a wide range of sub-atmospheric pressures [58—60],
in conjunction with the potential to selectively access distinct ionisation levels of
individual atomic or molecular species. These ionisation levels are characterised by
the electrostatic potential energy &; binding electrons to their respective atomic or
molecular shell, and thus depend on the specific electron configuration and effective
nuclear charge. The process of ionisation overcomes this binding energy and trans-
itions an electron from its bound state into an unbound continuum state. The inverse
process to ionisation is recombination, which is in turn associated with emission of
light [61, 62].

The underlying mechanisms of ionisation by means of intense laser light are mul-
tifaceted, yet may be interpreted as energy transfer via direct absorption of one or
multiple photons, or, in the strong field regime, a distortion of the electrostatic binding
potential. In his seminal publication on strong-field ionisation [63], Leonid Keldysh de-
rived a parameter to identify the dominant ionisation process. In a broad classification,
the Keldysh adiabaticity parameter [64]

w1 me
YK=E \/2 ps) &l (2.1)

distinguishes between the regimes of photoionisation for yx > 1 and strong-field
ionisation for yx < 1, that is, whether ionisation processes are dominated by the
frequency or the electric field amplitude E¢ of the laser. More specifically, vk relates
the ionisation energy |&;| to the ponderomotive energy [50]
2¢2
ek
Up = —2 , (2.2)

4me w?
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2.1 PHOTOIONISATION

which is the average quiver energy of an electron in an oscillating electromangetic
field. The Keldysh parameter can thus be equally expressed as

&l
0, (2.3)

YK =

Alongside the binding energy and the ponderomotive energy, the third funda-
mental energy scale relevant for ionisation is the energy carried by a single photon,
hwy, where h is the reduced Planck constant. By relating [&;| to U, and hwy, the
classification of ionisation mechanisms can be further detailed [65].

2.1 PHOTOIONISATION

When the ponderomotive energy is negligible, then yx — oo, and the interaction of
bound electrons with electromagnetic fields can be reduced to a simplified picture
of individual photon absorption. In this low-intensity, high-frequency regime, a
single photon may carry sufficient energy to directly release an electron from its
binding potential. Such single-photon ionisation, characterised by hw; > [&] > U,
is illustrated schematically in Figure 2.1a. The transition from a bound state into an
ionised continuum state may also be achieved by the interaction of multiple photons
via (virtual) excitation states, as sketched in Figure 2.1b. In this case, the energy of a
single photon can be below the ionisation energy, such that |&;| > hwy > U, .

¢ 4
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(a) single-photon ionisation (b) multi-photon ionisation

Figure 2.1: Photionisation process. The energy transferred by (a) a single photon (red, dashed)
or (b) multiple photons is sufficient to liberate an electron (green) beyond the
atomic potential well (blue).
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2.2 STRONG-FIELD IONISATION

While photoionisation is the conceptually simplest ionisation mechanism, it relies on
high photon frequency, and thus necessitates lasers with sufficiently short wavelength.
The most prevalent short-pulse, high-intensity laser systems to date are Ti:sapphire
lasers with a typical central wavelength of 800 nm. However, accessing the single-
photon regime for the first ionisation level of helium, with ionisation energy of
~24.6eV, would require a laser wavelength below ~50nm . Similarly, the wavelength
threshold for ionising atomic hydrogen with an ionisation energy of ~13.6€V already
lies at ~91nm. Such wavelengths in the extreme ultraviolet spectrum are far below
what is in reach of current laser technology for plasma wakefield accelerators. Even
considering multi-photon interactions, the number of photons that need to coincide
with an individual electron is substantial. At that point, the required photon density,
and hence laser intensity, implies that the ponderomotive energy can no longer be
neglected. This highly complex multi-photon regime [65, 66], where |&;] ~ U, > hawy,

marks the transition to the strong-field regime of ionisation.

2.2 STRONG-FIELD IONISATION

For further increased field strength at low photon energy, the ponderomotive en-
ergy becomes increasingly dominant, until U, > [&] > hw;, which represents the
high-intensity, long-wavelength regime typically encountered in plasma wakefield
accelerators. Under this condition, the atomic binding potential is substantially dis-
torted by the superimposed external electric field, such that the potential barrier is
lowered and shortened. Consequently, a non-zero amplitude of the electron’s quantum-
mechanical probability density function arises beyond the barrier, which allows the
electron to tunnel through the remaining potential well into an unbound continuum
state. This tunnel ionisation process is illustrated in Figure 2.2a. Lowering the potential
barrier even further, as shown in Figure 2.2b, may ultimately allow the electron to
escape its binding potential classically.

Moreover, as yk — 0, these strong-field ionisation processes become adiabatically
independent of the laser frequency [63]. In other words, the electron then escapes
the atomic barrier within a fraction of a laser cycle [64], and the effective potential
deformation can be treated as quasi-static. One of the most widely used approaches
for modelling tunnel ionisation rates in this quasi-static limit has been formulated
by Ammosov, Delone and Krainov [67], based on the seminal ideas of Keldysh and
extensive previous work, for example by Perelmov, Popov and Terent’ev [68].

17



2.2 STRONG-FIELD IONISATION

(a) tunnel ionisation (b) barrier-suppression ionisation

Figure 2.2: Ionisation in the strong-field regime. In the presence of a strong, quasistatic
electric potential (red), the atomic potential barrier (blue) is deformed compared to
the unperturbed potential (grey, dashed). An electron (green) may thus (a) tunnel
through the remaining barrier or (b) escape directly when the barrier is sufficiently
suppressed.

Insightful reviews summarising the historical development and variations of tunnel

ionisation models are provided, for example, by Bauer and Mulser [69] or Popov [70].

Deriving numerical values of tunnel ionisation rates wy is largely facilitated by

utilising atomic units, according to:

4
Hartree energy: Uy = %2 ~4.36x 10718~ 27.21eV (2.4a)

(4meph)

i n 2 1 -17

time: Tau = U = (41t eg) —— ~ 242 x10 S (2.4b)

4meo h?
Bohr radius:  §,y = Tt€oez ~529%x 107" m (2.40)

€
2,5

electric field: E,y = Un Me € ~514x 10" V/m . (2.4d)

e omn 64T el

Conversion between atomic and SI units thus follows the relations @y = Wy Tau,
Eo = Eo/Eau, and &; = |&;| /Ug . The tunnel ionisation rate for complex atoms or ions
in the quasi-static limit [67—71] can then be expressed in atomic units as

( . ); 2n*—|m|—1 ( R )é
A . 282 2 (2&)°
Dy = Ci*g* fle,m) & |2 ﬁ; X exp —3 £

(2.5)
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2.2 STRONG-FIELD IONISATION

The orbital of the electron is considered in the tunnel ionisation rate via

() — 20D () (2.6)

-2l mt (e —Jm)!

where { and m are the angular and magnetic quantum numbers, respectively. Further-
more, the electron energy state is characterised by the coefficient

22n*
n*M(n*+0+1) Mn*—*)

Chepe = (2.7)
Here, utilising the effective principle quantum number n* and effective angular
quantum number {* of an electron state in an arbitrary atom or ion forms the central
substitution in the Ammosov-Delone-Krainov (ADK) model [67, 72]. The effective

principle quantum number can be expressed in terms of the ionisation energy as

.z 13.6

v NEe

with Z indicating the integer charge number of the atomic residue after ionisation.

n (2.8)

Accordingly, the effective angular quantum number is defined as {* =ng§ —1, with
ng corresponding to the ground state. The Gamma function I'(n) = [° (" 'e~¢d( is
introduced to interpolate between non-integer factorials arising for complex atoms
other than hydrogen. Substituting expression 2.8 into equation 2.5, an equivalent
formulation [67] of the tunnel ionisation rate reads

g = 2. (0, m) (z/m)? [, (Z/m)? 2“**‘m'*1xex _2(z/m)? (2.9)
ti — L 7 7 EO P 3 EO . 9

The ADK rate in this form considers a quasi-static electric field. It can thus be directly
applied for circularly polarised lasers, or the electric space-charge field of a charged-
particle beam. In case of a linearly polarised laser field with an oscillating electric
field strength, the effective ionisation rate Wy is found by averaging @y over one laser
cycle [63, 67, 71], resulting in

(2.10)
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2.2 STRONG-FIELD IONISATION

A few further practical approximations can be made to facilitate the numerical
derivation of the tunnel ionisation rate. A simplified expression for the coefficient
Cﬁ*e* can be found using Stirling’s approximation for factorials, which, in the limit of
* < n*, reduces’ to [67, 71, 72]

lim C2 2 1(2\" (2.11)
im wpr 2 Coy — , .
trme e n 2ntn* \ n*

where e denotes Euler’s number. Besides the effective principal quantum number, the
exact ionisation rate depends on the specific orbital quantum numbers { and m via the
parameter f(¢, m). However, ionisation rates for electron states m # 0 are substantially
reduced [72], due to the exponential scaling with — |m| in equation 2.5 or 2.9. When
considering only the dominant ionisation process of levels with m = 0, the parameter
f(¢, m) stated in equation 2.6 simplifies to

f(£,0) =204+1 . (2.12)

A reduced expression to approximate the averaged ADK ionisation rate can thus be
stated in SI units as

wom=0 ~ @ (3)3/2 (20+1) 722 4e Eay 2° e X ex _% @ z?
ti ~ Tay \7T TL*9/2 EO Tl*4 P 3 EO n*s

(2.13)

The ADK model is, however, strictly valid solely in the pure tunnel ionisation regime.

It is thus only applicable up to a maximum field strength above which the Coulomb

binding potential barrier is suppressed below the energy level of the respective electron.

Transition from tunnel ionisation to barrier-suppression ionisation [72, 74] occurs at
the threshold field strength

E = = — .
BI= 27 T Jene (2.14)
or, for hydrogen-like atoms and ions with a single valence electron [73, 75], at
~ ~3/2
EBs1, Hilike = &i / (\[2— 1) . (2.15)

Although it has been noted that this approximation is often not particularly accurate, which has been
discussed, for example, in [70, 72, 73].
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2.2 STRONG-FIELD IONISATION

A selection of cycle-averaged ADK ionisation rates for various gases and their
respective barrier-suppression ionisation thresholds is shown in Figure 2.3. The
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Figure 2.3: Cycle-averaged tunnel ionisation rates for various gas species. Above a species-
specific onset, the ionisation rates (solid lines) increase rapidly with electric field
strength. The resulting separation of tunnel ionisation windows enables species-
selective ionisation control. Respective barrier-suppression thresholds are indicated
as dashed vertical lines.

individual ionisation rates show a similar shape but differ in the onset electric field
strength, owing the specific electron configuration and ionisation energy of their
respective atom or ion species. Beyond the onset, the ionisation rates are highly
sensitive to small increases in electric field strength. The tunnel ionisation regime is
thus restricted to a narrow, species-specific window of laser intensity. A careful choice
of laser parameters, therefore, enables selective ionisation of individual constituents in
a gas mixture, or to access specific ionisation levels of the same gas species at different
times and locations. The scenario in which some species are fully ionised, whereas
others remain unaffected by the ionising laser pulse may be realised by targeting
sufficiently separated ionisation levels. Such ionisation control, in conjunction with the
release of comparatively cold electrons, renders tunnel ionisation via short laser pulses
a highly attractive method for plasma-based diagnostics and controlled injection
schemes in plasma wakefield accelerators.

Predicting tunnel ionisation rates from the cycle-averaged ADK approach is appro-
priate under the assumption that the electric field amplitude E remains approximately
constant over many laser periods and that the electric field strength during one laser
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2.2 STRONG-FIELD IONISATION

cycle can still be treated as adiabatic, that is, for [&;| > hw and yx < 1. A compar-
ison of theoretical predictions with experimental data [72] suggests that reasonable
accuracy is maintained up to yk < 0.5. Adiabaticity is, however, not rigorously ful-
filled in the intermediate regime of yx ~ 1. The quasi-static assumption is likewise
not maintained for extremely short few-cycle laser pulses where the envelope of
the electric field strength varies substantially on the time scale of one laser period.
For such cases, Yudin and Ivanov [76] suggested a model for sub-cycle ionisation
dynamics that specifically includes the instantaneous phase of the oscillating laser
field. Further adaptions to the ADK model have been proposed since its original
formulation, including extensions into the barrier-suppression regime [69, 77, 78] and
for diatomic molecules [79].
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Particle accelerators employ controlled electromagnetic fields to propel sub-atomic
charged particles to relativistic energies. Conventional particle accelerator modules
achieve this typically by generating resonant electromagnetic standing or travelling
waves in the radio-frequency (RF) range inside a sequence of metallic cavities [80]. A
charged particle then gains kinetic energy when it passes each cavity at the appropriate
phase of the resonant wave. The physical dimensions of such accelerating structures
are largely determined by their operating frequency, usually resulting in centimetre-
to metre-scale devices. While modern RF structures have reached a remarkable level
of sophistication, their attainable peak accelerating gradient is limited to ~100 MV/m,
due to the onset of field emission at higher RF power and, ultimately, electrical or
thermal breakdown of the cavity material [81-85].

In comparison, a plasma can provide and sustain much larger field strengths. Util-
ising plasmas as accelerator medium is thus a compelling alternative to conventional
accelerator technology. In contrast to resonant RF waves in a metallic cavity, the
generation of an accelerating field configuration in plasma-based accelerators rests
upon the deliberate excitation of longitudinal plasma waves. This is achieved by
utilising a highly intense laser pulse or a strongly relativistic charged-particle beam to
continuously drive a dynamic charge-density perturbation inside a plasma. Thereby, a
sufficiently short driver rapidly displaces the plasma electrons against the virtually
stationary ion background. This initial charge separation induces subsequent plasma
electron oscillations, forming a longitudinal travelling electron density wave trailing
the driver. The wave number associated with such a plasma wave is thus the relation
of the plasma electron frequency to the velocity v4 of the driving perturbation

_ Yy

kp = v (3.1)

with an associated plasma wavelength

Ap = — . (3.2)
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The plasma wavelength determines the characteristic length scale of an accelerating
structure in plasma-based accelerators. The term nominal plasma wavelength refers
to the limit of driver velocities approaching the speed of light, while disregarding
relativistic effects of the expelled plasma electrons on the plasma frequency. The
nominal plasma wavelength, therefore, depends only on the plasma density, according

to:
lim A, =27c egme
e e ne (3.3)
~334pum (10 )
= oo pm (10‘8cm—3)

Plasma-based accelerators are typically operated at plasma densities in the range of
1016 1018 cm 3, with corresponding plasma frequencies several orders of magnitude
beyond the operating frequencies of RF-powered devices. Accordingly, typical plasma
wavelengths are on the order of ~ 100 pm, in turn substantially smaller than con-
ventional metallic accelerator cavities. The longitudinal electron density modulation
within such short plasma wave periods gives rise to a strong electrostatic potential
that is accompanied by a large-amplitude electric field gradient, forming a periodic
accelerating structure in the wake of the driver. These wakefields can provide extreme
accelerating gradients far beyond the capabilities of conventional metallic cavities, on
the order of the cold, non-relativistic wave breaking field" [86, 87]

Me C

(3-4)

These considerations summarise the key qualities that render plasma-based ap-

proaches highly attractive for a new generation of miniaturised particle accelerators.

Plasma wakefields have been proven to be particularly well-suited for the acceleration

of electrons, and the remainder of this thesis will be discussed in this context. The

capabilities of plasma-based accelerators for generating highly relativistic positron
beams are also actively explored [88, 89], but differ conceptually.

1 The phenomenon of wave breaking is further discussed in chapter 6.2.1.
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3.1 INTENSE LASER AND ELECTRON DRIVERS

The two main classes of plasma-based accelerators are laser-driven wakefield accel-
erators (LWFAs) and particle beam-driven wakefield accelerators (PWFAs). Laser
wakefield accelerators were conceptualised by Tajima and Dawson in 1979 [16]. First
ideas about using plasma wakefields generated by a charged-particle beam to accel-
erate electrons were expressed by Veksler in 1956/1957 [90, 91], yet were explicitly
formulated in 1984/1985 by Chen et al. [17, 18] and further examined by Ruth et
al. [92] and Keinigs & Jones [93]. The majority of PWFA concepts rely on electron-beam
drivers to excite a plasma wave, however, other variants driven by protons [94, 95] or
positrons [88, 89, 96] are being investigated. This thesis focuses on plasma wakefields
generated by short and intense laser pulses or compact electron bunches.

3.1.1 Laser drivers

A simplified mathematical description of laser drivers may be obtained by starting
from a linearly polarised, monochromatic electromagnetic wave. The electric and
magnetic field components of such a plane wave can be expressed in terms of the
scalar potential ¢ and vector potential A, according to

0

E=-Vo—2A (3-5a)
B=VxA . (3.5b)

A linearly polarised wave propagating in z-direction in vacuum is characterised by

the vector potential [49]
Alz,t) = Ag cos (ki z—wi t) (3.6)

where ki and w; are the wave number and frequency of the wave, respectively. As
the derivatives of the scalar potential ¢ vanish in vacuum, the associated electric and

magnetic fields are obtained as

(z,t) = Eo sin (ki z— wq t) (3.7a)

oL rmy

(z,t) = Bg sin (kiz— wy t) , (3.7b)

with Eg = c¢Bg = w1 Ap andEHKLg.
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3.1 INTENSE LASER AND ELECTRON DRIVERS

The energy flux density carried by the oscillating electromagnetic fields is expressed
by the Poynting vector

S=eoc? <E X ﬁ) . (3.8)

The corresponding intensity Iy, that is, the power per unit area, is a scalar quantity
equivalent to the cycle-averaged norm of the Poynting vector

IoE<‘§‘>:€oCZ <‘Ex§‘>:%eocE% . (3-.9)

Even though a plane electromagnetic wave has the ability to transport energy, it is
not capable of driving a plasma wave. This is elaborated on by the Lawson-Woodward
theorem [87, 97, 98], which states that a single electron interacting with a plane
electromagnetic wave, albeit undergoing harmonic oscillations, receives no net energy
gain. The average energy associated with the quiver motion of such an electron in an
oscillating electromagnetic field is the ponderomotive energy, which was introduced
in equation 2.2. This kinetic energy is associated with an equivalent ponderomotive
potential [50]

e? 2
5 B - (3.10)

Gpond. =Up = ——
pon P 4me wi

In a plane electromagnetic wave, Vdpond. = 0 and no work is done on the electron over
one oscillation period, as implied by the Lawson-Woodward theorem. The conditions
leading to this finding, however, are not fulfilled in case of tightly focused laser
pulses with finite duration. Such laser pulses are employed for driving laser-wakefield
accelerators. Close to their focus, they are typically well-approximated by a Gaussian
intensity envelope following the form [99]

2 2r2 1 (z—ct)?
I(z,7,t) =1 <v:\Eo;z)> exp <_w(rz)2) exp (—2 Z(ccct)2> , (3.11)

with peak intensity I . The temporal shape of Gaussian pulses is thus characterised
by the root-mean-square (rms) pulse duration o . Another commonly used charac-
terisation of the pulse length is its full-width-at-half-maximum (FWHM) duration
TEWHM = Zm ot . The transverse intensity distribution is described by the beam
waist w(z), defined as the 1/e?-radius of intensity, with wo denoting the focus spot
size. The peak intensity for perfectly Gaussian laser pulses is thus related to the peak
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3.1 INTENSE LASER AND ELECTRON DRIVERS

power Py and total energy Wi, contained in the pulse via Ip = 2P/ (T[W(Z)) and
Po = Wiaser/ (V20 ) . The beam waist thereby increases with longitudinal distance
from the focus position zy , according to

_ 2 2
w(z) =wo{/1+ (ZZO> , with 2zg = nﬂ . (3-12)
ZR 7\1

The characteristic diffraction scale zg is known as the Rayleigh length and corresponds
to the distance at which w(zg) = V2w and I(zg) = 1o/2.
The intensity profile thus exhibits a transverse and longitudinal gradient, which is

largest at focus. This gives rise to a conservative net force [50]

- 1 e2

Foond = —V e
pond. d)pond. 2 Me w% €oc

VI

2 22

:_;mezv<E > (3-13)
e W7

= —% mec?V <|d’|2> ,

the so-called ponderomotive force. As a direct consequence, an electron in the vicinity
of a laser pulse experiences an average drift superimposed on its fast quiver motion
in the oscillating electromagnetic field. The direction of the drift motion follows the
intensity gradient, such that electrons are effectively driven out of the central region
of the laser pulse. The ponderomotive force is thus the key mechanism to induce the
electron density modulations which form a laser-driven plasma wave.

An important parameter to quantify the interaction strength of a laser pulse with
the plasma electrons is the peak amplitude ap of the normalised vector potential d
introduced in equation 3.13, defined as

CAO e Eo e 210

ap = = = . (3.14)
MeC MeWC MeWicCl\ €pC

In the limit of low laser amplitudes, apc = eEp/ (me wy) denotes the maximum
electron quiver velocity, and the ponderomotive force scales linearly with the peak
intensity, or a . Clearly, this classical interpretation fails when ao ~ 1 and relativistic
corrections have to be applied to the electron dynamics [50, 87, 100-102]. The normal-
ised vector potential is thus an important parameter to differentiate between the linear
regime ap < 1 and the non-linear regime ap 2 1 of laser-plasma interaction.
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3.1 INTENSE LASER AND ELECTRON DRIVERS

3.1.2 Electron drivers

The mechanism of generating a plasma wave by means of a highly relativistic electron
bunch differs fundamentally from laser drivers. Such electron drivers constitute a
transient charge imbalance in the plasma and thus prompt a direct shielding response
by the plasma electrons. Therefore, the driver-plasma interaction is largely defined by
the ratio of the beam density ny to the unperturbed plasma density ng, whereby the
plasma is termed overdense for ny/ng < 1, and underdense for ny,/ng > 1. Similar
to laser pulses, an electron beam driver may be characterised by a Gaussian density
distribution

(z—vg t)2 2
Np (Z’I T, t) = Myp,0 EXp _T exp _20_2 ’ (315)

z

with peak density

Q/e

Npo = m (3.16)
and peak current
Q
Jp =4 (3.17)
P V2no,

depending on the total driver charge Q.

The electric field of a point charge q moving uniformly with velocity v is given by [49,
103]

q To

E= —
3 3/2 7
Ameors (1- 2 sin? (0))

(3.18)

where 1, is the distance from the charge to an observer, and 0 is the angle between
the observation vector 7, and the velocity vector V. Compared to a charge at rest,
the electric field in the direction perpendicular to the propagation axis is enhanced
by a factor of 1//T—v2/c2, whereas the electric field along the propagation axis is
suppressed by a factor of (1—v?/c?) and asymptotically vanishes for v — c. The
electric field of a uniformly moving charge approaching the speed of light is thus
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3.1 INTENSE LASER AND ELECTRON DRIVERS

effectively confined to the transverse plane®. This effect can be generalised to any
charge distribution moving with constant, relativistic velocity [103]. For a Gaussian
electron distribution, the transverse electric space-charge field is [106]

0 forr=0
Epi(zmt) = e o2 z—vgt 2
—?; N0 exp <_(ﬂc2d)> X (1 —exp <_202)> forr #0 .
z T
(3.19)

In contrast to a laser pulse, the transverse electric field of a Gaussian electron driver
is thus zero on axis3, with a peak value of Ey o ~ 0.451 nb‘éi:m located at a distance
1 = 1.585 0, from its centre. The current density of the electron beam further generates
an azimuthal magnetic field, which is related to the electric space-charge field via [49,

103]

v
By = c% Epl . (3.20)

The nature of the driver-plasma interaction depends on whether the driver traverses an
overdense or underdense plasma. When ny, o/no < 1, the electron beam imposes only
a small perturbation to the plasma density and the driver charge is rapidly shielded by
the plasma electrons. The resulting plasma density modulation trailing the driver then
forms the plasma wave, with wake amplitudes linearly scaling with ny o/no . As the
driver density increases and ny 0/ng S 1, however, the plasma density modulation
is no longer small compared to ng and the interaction becomes non-linear [107]. In
case of a driver traversing an underdense plasma with ny o/ng > 1, the number of
plasma electrons is insufficient to shield the driver entirely and all plasma electrons are
rapidly expelled from the driver region [108]. The plasma response is then governed
by the electric space-charge field and magnetic field of the driver.

The shielding efficiency thus depends on the number of plasma electrons in the

vicinity of the driver, whereby the characteristic interaction length is then the plasma

Note that this effect arises naturally in classical electrodynamics as a consequence of a finite speed
of light. Equation 3.18 has been first noted by Heaviside in 1888 [104] (see also [105]). A thorough
derivation can be found, for example, in [49] (chapter 10.3 therein) or in [103]. In the framework of special
relativity, the Lorentz transformations of electromagnetic fields and spacetime coordinates provide a
straight-forward method to arrive at the same result (see, for example, [49] (chapter 12.3 therein)).

3 Which is, of course, true for any radially symmetric charge distribution.
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3.2 1D COLD FLUID APPROXIMATION

skin depth. A measure of (non-)linearity can thus be found upon normalising the
beam dimensions to the skin depth [109, 110], such that

Npo Q
o - (27_[)3/2 kpo'z (kpﬁr)z ’ (3.21)
with
3
Q= 2 (3:22)

eno

The parameter Q corresponds to the number of driver electrons in a volume of cubic
skin depth and can be interpreted as normalised beam charge. Similar to the ag
parameter for laser drivers, it serves to distinguish between the linear regime for

Q < 1 and the non-linear regime for Q > 1.

3.2 1D COLD FLUID APPROXIMATION

The microscopic dynamics inside a plasma usually involves a huge number of particles;

3 contains 102 electrons.

at a plasma density of ng = 10’8 cm =3, a volume of 100 um™—
A rigorous derivation of all individual particle motions and their mutual interactions is
therefore extremely challenging. However, when the plasma dynamics are dominated
by collective effects, an approximative macroscopic description can be found under
certain assumptions.

The first prerequisite is that the driver traverses a homogeneous, unperturbed
plasma environment. The plasma response to the driver is then further assumed to be
governed solely by collective electron dynamics, implying that the ions form a static
background and collisions can be neglected on the time scale of the driver-plasma
interaction. In addition, the contribution of thermal velocities are assumed to be
negligible for the collective electron motion.

These preconditions result in the simplified cold electron fluid model [87, 100,
111, 112], which formulates the plasma dynamics in terms of a laminar flow with
associated fluid momenta, plasma densities and electrostatic potentials. A key element
in this picture is the quasi-static or frozen-field approximation. It implies that the
driver evolves on time scales much larger than 1/w;, and can hence be regarded as

being rigid during a plasma electron oscillation period. This results in a convenient

30



3.2 1D COLD FLUID APPROXIMATION

simplification of temporal derivatives when applying a Galilean coordinate transform

into the co-moving frame of the driver traversing with v4 in z-direction,

C = Z— \)dt (3'23a)
T=1 (3.23b)
0 0 0
22,2, (3-230)

ot ot 0¢

as the derivative with respect to T vanishes upon applying the quasi-static approx-
imation. In the limit of driver velocities approaching the speed of light, temporal
derivatives thus translate into 1D spatial derivatives

at = Cac (3-24)

implying that the electromagnetic fields, charge currents, and plasma density vari-
ations are frozen in the speed-of-light frame. The plasma wake is then fully character-
ised by its electrostatic 1D potential ¢, which is typically treated in its normalised
form

e

® ¢ . (3-25)

me c2

The normalised electrostatic plasma wake potential in the cold 1D fluid model obeys
the differential equation [87, 100, 111, 112]

e — (3.26)

(@ o 1T4+a%(Q  m(Q 1
'J%(zm+maf+ ng 2)’

where the a and ny, terms correspond to laser and electron-beam drivers, respectively.
It describes how the longitudinal shape of the driver determines the emerging plasma
wake structure. Finding solutions to this equation for arbitrary driver profiles generally
requires numerical methods with suitable boundary conditions reflecting the initially
unperturbed state of the plasma. Once ¢ has been derived, the longitudinal electric
field associated with the electrostatic wake potential follows directly from

B0y 00ld (3:27)
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3.3 LINEAR PLASMA WAVES

whereas the electron density variation is recovered according to

A n(Q—mno , 50920
o s =k 2 (3.28)

In this 1D form, the above equations provide a model describing the excitation
of purely longitudinal plasma waves. It is thus strictly valid only when transverse
components can be neglected, that is, if the contribution of the drive laser’s transverse
ponderomotive force, or, in case of electron drivers, of its transverse self-fields, are
small. This constraint holds approximately true for mildly intense drivers with ap < 1
or ny,0/no < 1, or wide drivers with radius oy > k; . Nevertheless, the 1D cold
fluid model is insightful to illustrate the general effects of varying driver parameters
on the shape of the resulting plasma wave.

3.3 LINEAR PLASMA WAVES

Drivers of strength ap ~ Q < 1 impose only a small perturbation on the nominal
plasma density. This, in turn, implies that ¢ < 1. In this case, the wake potential term
in equation 3.26 is well approximated by its linear Taylor expansion (1 + ©)* ~1-2¢.
The linearised version of equation 3.26 then takes the form#

2(C) a(Q nb(a) (5.20)

_ 12 2
3z kp@(0) +k; (2 e

This corresponds to a driven harmonic oscillator with an oscillation period 27t/k, = A, .
Under the constraint that the generated plasma waves remain purely longitudinal,
solutions to this equation can further be straightforwardly expanded for 3D driver
distributions. Analytic solutions to equation 3.29 can be derived, for example, for
cylindrically symmetric bi-Gaussian drivers. The density distribution of such an

electron driver in the co-moving frame is

CZ T.2
Ny ((, 1) =1np,0 exp <—20_2> exp <—20_2> . (3-30)

4 Here, the additional term aZ¢ has been neglected, since ¢ < 1 implies that a?p < a?.
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3.3 LINEAR PLASMA WAVES

In an equivalent expression for a linearly polarised laser driver at focus, the cycle-

averaged normalised vector potential corresponds to

<a2(Cr)>—a—éex —Cz ex —i I(¢,7) (
= P\ T 0z ) P T2ez ) G 331)

with 0, = o¢c and o, = wy/2.

The electrostatic wake potential for Gaussian drivers in the linear regime then evaluates

to [100, 112—114]

2

z 1‘2
sin (kp C) x exp <—262> , (3-32)

kf,cr
©((,1) =—@o V2tkpo, exp | — >

with @¢ = a(z) /4 for laser drivers and @¢ = ny,0/no for electron drivers. As this
expression is a steady-state solution, it describes the shape of the plasma wake
after its initial response to the driver, that is, for co-moving positions sufficiently far
behind the driver. The corresponding longitudinal wakefield is derived, according to

equation 3.27, from the co-moving derivative of the wake potential as

EZ(C/T) __k—'l a(p(C/T)
Ewb B P o¢
2

k%(rz
= @o V21tkyo, exp | — 5

2 (3:33)
) cos (kp C) x exp (—202> .

Due to the transverse shape of the driver, the wake potential further inherits a non-

vanishing radial derivative. This gives rise to a transverse electromagnetic wakefield

component
(E;—cBo)(G1) _ | 1 99(L1)
Ewb P or

k202
= —@o V21tkp0, exp (— p2 <

. kpr 2
) sin (kp ¢) x (kpzr)z exp <_2c7r2> ,

(3-34)

where Bg denotes the azimuthal magnetic field. The longitudinal and transverse

wakefields further obey the fundamental relation

0 0
aEz = ETC (Er —cBeo) , (3-35)
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3.4 NON-LINEAR PLASMA WAVES

which is known as the Panofsky-Wenzel theorem [87, 115]. The normalised plasma
electron density variation in the linear regime is simply the inverse of the electrostatic
wake potential, as

An(CI T) — kfz a(pz(Cl r)
no P aCZ (3-36)
=—o(7)

Evidently, the longitudinal shape of a plasma wave in the linear regime is characterised
by sinusoidal oscillations with period A, . The electric field is thereby zero in the
centre of the wake period, with positive values at the front and negative values
towards the rear. Electrons can thus be accelerated only in the second half of a
plasma wake period. The peak amplitude of the wake scales linearly with the driver

strength parameter, but also depends on the driver length, according to the scaling

2
z

@, E; x kpo, exp (—k%cr /2) . For a fixed ag or np o, the maximum wake amplitude
is thus attained when k0, = 1. This constitutes the resonance condition in the 1D
cold fluid picture.

In the transverse dimension, the density variation, accelerating field and wake po-
tential scale according to the radial shape of the driver. Therefore, the wake amplitude
is largest on axis. The radial wakefield, in contrast, is zero on axis with increasing
magnitude for |r| < o, . This is convenient for particle acceleration, as the plasma wave
can not only provide accelerating, but also focusing fields. However, examining equa-
tions 3.33 and 3.34 reveals that the accelerating and focusing fields are longitudinally
out of phase by 71/2, which means that only the rear quarter of a linear plasma wave

provides suitable conditions for electron acceleration.

3.4 NON-LINEAR PLASMA WAVES

As the driver strength increases, such that ap ~ Q ~ 1, the condition for the linear
approximation ¢ < 1 no longer holds, and thus the full form of equation 3.26 must
be considered. Furthermore, the transverse components of the driving force become
increasingly significant for drivers of finite transverse extent [114]. Nevertheless, the
1D model is useful to illustrate the qualitative implications on the longitudinal plasma
wave structure upon increasing the driver strength. The transition from the linear to
the non-linear regime is illustrated in Figure 3.1 for laser drivers and, correspondingly,
in Figure 3.2 for electron-beam drivers.
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Figure 3.1: Laser-driven plasma waves. The transition from linear to non-linear plasma waves
is illustrated for a linearly polarised Gaussian laser pulse driver with k,,0, = 1 and,
from top to bottom, increasing ay . In addition to normalised parameters, absolute
values of the accelerating field amplitude are indicated for ng = 108 cm—3.
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Figure 3.2: Electron beam-driven plasma waves. From top to bottom, the driver strength
Q increases, corresponding to a Gaussian electron beam with k,0, = 1 and
kpor = 0.5. Once again, absolute values of the accelerating field amplitude are
indicated for ng = 10" cm=—3.
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3.4 NON-LINEAR PLASMA WAVES

Both figures display numerical solutions to equation 3.26 for Gaussian drivers of
varying strength. For small wake amplitudes, the electrostatic potential, electric field
and electron density variations correspond to the analytic expressions found for the
linear regime, recovering the characteristic harmonic oscillations. As the driver strength
parameter approaches unity, the plasma electrons become increasingly relativistic and
the shape of the resulting plasma wave deviates substantially from this sinusoidal
form [111, 116-118]. The electron density then shows distinct peaks at the rear of the
plasma wave period, and the wake potential becomes increasingly distorted. In turn,
the amplitude of the electric field increases, and the position of the peak accelerating
field shifts towards the rear of the wake. For even higher driver strength, the electron
density evolves into strong spikes, while the electrostatic potential takes on a parabolic
shape around the wake centre. The electric field, accordingly, exhibits a linear slope
around the wake centre, with a sharp transition between accelerating and decelerating
phase at the edges of each plasma period. Another observation is that the plasma
wavelength increases, which can be attributed to relativistic mass increase of the

plasma electrons [116].
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3.5 BLOWOUT REGIME

3.5 BLOWOUT REGIME

A general characteristic of plasma waves in the 1D approximation is that the transverse
wakefield is determined by the radial shape of the driver. This further implies that the
accelerating field is non-uniform in the transverse dimension and the focusing field
is non-uniform in the longitudinal dimension. However, a purely 1D model cannot
be used to infer an accurate description for plasma waves driven by short, highly
intense and tightly focused drivers, that is, for ap ~ Q>1,0, 5 Ap/2and kpor S 1.
For electron beam drivers, this implies ny, > ng, such that the plasma is underdense
with respect to the drive beam. The plasma response then becomes highly non-linear
and is dominated by the transverse ponderomotive force or the space-charge field
of the driver, respectively. Such conditions lead to the so-called blowout regime [108,
119], in which all plasma electrons are rapidly expelled radially off-axis, resulting in
a region behind the driver that is completely void of electrons. The plasma ions, in
contrast, still remain nearly stationary. Subsequent to the initial impulse of the driver,
the plasma electrons therefore experience a radial restoring force emerging from the
Coulomb attraction of the homogeneous background of positively charged ions. They
thus ultimately return to the central axis at a distance of approximately one plasma
wavelength behind the driver. This results in a closed structure trailing the driver,
referred to as blowout. The formation of such a pure ion cavity surrounded by a thin
sheath of plasma electrons is the defining characteristic of the blowout regime>.

The necessary condition of expelling all plasma electrons from the central wake
region inevitably implies that individual electron trajectories cross each other in the
vicinity of the driver, which leads to the breakdown of the laminar flow assumption
essential for fluid models [120]. Instead, a fully kinetic treatment of individual particle
dynamics is generally required to accurately obtain the resulting wakefield over
the entire blowout structure. The established method for studying specific blowout
scenarios is therefore to resort to particle-in-cell (PIC) simulations, however, several
phenomenological and semi-analytical models have been developed for both LWFA
and PWFA scenarios [109, 121-127]. An example 3D PIC simulation® of an electron
beam-driven plasma wave is presented in Figure 3.3, visualising the blowout structure
in terms of the electron density, the longitudinal electric field and the transverse
wakefield.

In reference to the resulting shape, the term bubble regime is often used synonymously in the literature
when referring to the blowout regime.

Numerical simulations presented in this thesis are performed with the particle-in-cell code VSim [128],
unless otherwise stated.
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Figure 3.3: Blowout regime. Visualisation of a 3D PIC simulation of a plasma wave with
nominal plasma wavelength of 150 pm, driven by a 10GeV Gaussian electron
beam with Q ~ 1nC, ky,0, = 1 and kyo0r ~ 0.15, corresponding to Q ~ 10
and np/np =~ 30. Shown are the central slices in the y,z-plane of the electron
density (top), the longitudinal electric field (middle) and the transverse focusing
field (bottom). The colour-coding in the longitudinal (transverse) field indicate
accelerating (focusing) regions in blue, and decelerating (defocusing) regions in
red. The solid red line indicates the on-axis longitudinal electric field.

The formation of an electron-free cavity around the driver is clearly apparent in the
first wake period. The colour-scale used to illustrate the wakefield structure indicates
where electrons would experience an accelerating and focusing phase in blue, whereas
a red colour marks decelerating and defocusing regions, respectively. A discussion of
the general blowout characteristic and the wake structure observed in Figure 3.3 can
be formulated as follows:

At the rear of the blowout cavity, where the plasma electrons return on-axis, the
electron sheath collapses into a vertex of tremendous electron density. The initial
transverse charge separation induced by the driver thus translates into a longitudinal
charge separation with a sharp density excursion at the rear of the blowout. The
general structure of the associated on-axis wakefield in the blowout regime therefore
closely resembles the non-linear 1D approximation, particularly in recovering the
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3.5 BLOWOUT REGIME

linear slope of the on-axis longitudinal electric field around the wake centre (solid red
line in Figure 3.3). The transverse wake structure, however, differs substantially from
the 1D picture, due to the fundamentally different particle dynamics that lead to the
formation of the wake. More specifically, the radial wakefield inside the blowout is
not dictated by the driver shape, but the ion background instead. As the plasma ions
form a static column of homogeneous positive charge density, the transverse wake
component takes the form [108, 120, 121]

Kp Ewb .
2

7

E,—cBg =B =

Zeo

such that its magnitude is zero on axis and linearly increases with r. Moreover,
the homogeneity of the ion background implies that the transverse wakefield is
uniform along C, such that 9; (E, —cBg) = 0. It follows directly from the Panofsky-
Wenzel theorem (see equation 3.35) that, in turn, the longitudinal wakefield is radially
uniform across the entire blowout. This constitutes advantageous conditions for the
acceleration of electrons, as the blowout provides longitudinally independent linear
focusing fields along the entire wake structure?, while at the same time providing
radially independent accelerating fields.

Such a field configuration is a prerequisite for preserving the emittance of an electron
distribution during acceleration (see chapter 4.1.1). Accessing the blowout regime
is therefore the preferential mode of operation for a plasma wakefield accelerator.
This typically requires laser pulses with a peak power of ~100TW, or electron
driver bunches with a peak current of several kiloampere. To efficiently generate a
blowout, laser drivers thereby have to be focused to dimensions on the order of the
nominal plasma wavelength, with even smaller transverse size required for electron
drivers [120].

Most modern LWFAs rely on Ti:sapphire laser systems with a central wavelength
of 800nm to generate driver pulses with a few tens of femtoseconds duration and
up to several hundreds of terawatt. At this wavelength, peak intensities beyond
>10"8 W/cm? are required to reach the relativistic non-linear regime, which implies
focal spot sizes of a few tens of micrometres. Modern LWFAs are hence typically

operated at plasma densities on the order of 108 em—3.

7 Conversely, this poses a fundamental challenge for positron acceleration.
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3.5 BLOWOUT REGIME

PWFAs thus far rely on large-scale conventional linear accelerators to provide the
electron drivers. Generating sufficiently short, high-current electron beams, however,
imposes challenging operating conditions upon compressing, transporting and focus-
ing the designated drivers. Such linac-driven PWFAs are thus typically restricted to
operate at significantly lower plasma densities in the range of 10'® —10'" cm—3 [129].
An emerging promising alternative is to utilise electron beams generated in comparat-
ively compact, high-density LWFAs as PWFA drivers, a concept further discussed in
chapter 10.
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ELECTRON BEAM DYNAMICS IN PLASMA WAKEFIELDS

Electrons placed inside a plasma wave can continuously gain forward momentum,
provided that the wake structure persists and the electrons remain in the accelerating
phase of the wake. A population of electrons accelerated in a plasma wakefield is
commonly referred to as witness beam. As plasma wakefields are electromagnetic in
nature, the predominant force acting on witness beam electrons is the Lorentz force

Fl=""=—c(E+vxB) , (4.1)

with relativistic momentum p =y m.V and Lorentz factor

(4.2)

o<

Because the wakefield phase propagates at relativistic velocities, witness electrons need
to be initially injected into the accelerating structure. This can be an intricate process,
and several methods of injection are discussed in chapter 6. Under the approximation
that the wake structure remains static and injected electrons match the phase velocity
of the wake, some basic aspects of the longitudinal and transverse dynamics of the

witness beam are discussed in the following.

4.1 BEAM QUALITY PARAMETERS

The tremendous accelerating fields inside a plasma cavity result in a huge energy gain
over short distances, and therefore provide a pathway for building much more com-
pact particle accelerators. However, the final witness energy is just one performance
indicator. The output from an ideal particle accelerator would be a collimated electron
bunch with small spatial dimensions, consisting of a large number of particles with
equal kinetic energy. This goal is generally unattainable; a realistic particle ensemble
of finite size will always inherit a finite energy distribution and a finite transverse
momentum spread. Key quality parameters are therefore based on an analysis of the
statistical moments of the particle beam distribution along several degrees of freedom.
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4.1 BEAM QUALITY PARAMETERS

4.1.1 Beam emittance

A single particle is fully characterised by its 6D phase space vector in the laboratory
frame 11 - [X/ pX/ y/ Py 7 Z’/ pz} T

of many particles, in turn, spans a phase space volume consisting of all individual

and its evolution during acceleration. An ensemble

particle phase vectors. The emittance is, in its broadest definition, a measure of this
phase space volume. A high density in phase space is usually desired, therefore a
small emittance is an indicator of high beam quality.

However, the entire 6D phase space distribution is inaccessible to a single simul-
taneous measurement [130]. Moreover, the typical experimental observable consists
of a geometric projection of the particle beam onto a two-dimensional detection
plane, determined by the slopes of the individual particle trajectories. Such geometric
projections onto a (virtual) 2D plane depend on the choice of coordinate system. There-
fore, the phase space is typically parametrised with respect to a reference trajectory,
whereby the spatial coordinates are transformed onto an orthonormal basis centred
around a reference vector and the transverse momentum variables are replaced by
the angular deviation from the reference direction [131]. This forms the so-called
trace space. Inside a plasma wakefield, the reference trajectory follows a straight line
along the central wake axis and is thus determined by the driver trajectory. Following
previous conventions, the acceleration direction is chosen along the z-dimension. The
trace space vector is then iy = [x,x’,y,y’, ¢, 517 , with the single-particle divergences
x' =dx/dz = px/p. and y’ = dy/dz = py/p:, since p, > Py, py - The longitudinal
trace space component is thereby expressed in terms of the co-moving beam coordin-
ate { = z— (z) and the particle’s relative momentum deviation & = (p, — (pz)) / (Pz),
defined here with respect to the mean forward momentum (p.). The 6D trace space
distribution spanned by all particles may then be separated into three individual
projections onto its principal planes, X = [x,x’ 17 ,Y=1[yy’ 1"and Z = [C, 57 , such
that each can be associated with its own emittance value. A robust definition of
these emittances is based on statistical measures of the resulting 2D distributions,
exemplified for X in the following.

In this transverse plane, the extent of the beam in x and x’ dimensions can be
expressed by the rms values oy and oy along the individual axes, respectively. The

joint distribution, in turn, is characterised by the covariance matrix

Cov(x,x) Cov(x,x’ Var(x Cov(x,x’
Sxx = Cov(x,x) = | SOV Covloxt 1 Varbo - Covloxl)) - oy

Cov(x/,x) Cov(x’,x) Cov(x,x’)  Var(x/)
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whereby diagonal elements correspond to the second central moments of the indi-
vidual x and x’ distributions and off-diagonal elements denote their linear correlation.
The covariance matrix is symmetric and positive semi-definite, which implies that its ei-
genvectors are orthogonal with associated non-negative eigenvalues. More importantly,
its determinant represents the generalised variance of the underlying two-dimensional
distribution, quantifying the spread of points in the x-x” plane around their barycentre.
The square root of the determinant, consequently, corresponds to the joint standard
deviation from the mean, which defines the transverse trace space emittance

ex = Vdet(Zxx) = \/Var(x) Var(x/) —Cov(x,x’)2 . (4-4)

For a beam distribution centred around the reference trajectory, that is, for vanish-
ing first central moments (x) = (x’) = 0, expression 4.4 corresponds to the rms
emittance [132]

Exrms = \/ (x2) (x2) — (xx/)? . (4.5)

The transverse trace space emittance is thus a key quality parameter of particle beams,
providing a measure of the joint spread in transverse particle positions and divergences
in units of metre times radian.

The geometric representation of this emittance is an ellipse in the trace space
projection, encompassing all particles within the rms region of the joint particle
distribution. An example of such rms trace space ellipse is shown in Figure 4.1. Its
orientation is defined by the unit eigenvectors of the covariance matrix, with major
and minor axes scaled with the square root of their corresponding eigenvalues. If
the emittance is preserved, the area enclosed by the ellipse A = 7t ey is a constant of
motion. The shape and orientation of the ellipse, however, is continuously altered
along the particle beam’s trajectory. The evolution of the projected beam distribution
can thus be reduced to a parametric description of the trace space ellipse. This is

achieved by normalising the covariance matrix by the emittance, such that it represents

a unit area:
b B —& xx’ N x2 x'?
Doc_ | P pwith =0 g 00 g 6 (46)
€x —& 3 €x €x €x
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Figure 4.1: Trace space rms emittance. Individual distributions in x and x’ are shown as
histograms to the left and bottom, respectively. The rms region of the joint particle
distribution is enclosed by an ellipse characterised by the Courant-Snyder paramet-
ers &, p and ¥ . The area of the ellipse is defined by the emittance ey .
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The determinant of the normalised covariance matrix then evaluates to 3 ¥ — &% =1,
with &, § and ¥ being the Courant-Snyder parameters [133]. An illustration of this
parametrisation of the trace space ellipse is included in Figure 4.1.

The rms values of the particle distribution and the Courant-Snyder parameters are
thus related according to

A

ox =1\/€x P (4.7&)
o = /ex T (4.7b)
o Eex& exV Bf/ —1
Pxx' = — ==, (4.7¢)
Ox Oy’ Ox Oy’

where py x is the linear correlation coefficient between x and x’. The correlation
term vanishes for & = 0, corresponding to a collimated beam, whereas the beam is

converging for & > 0 and diverging for & < 0.

Such a projected emittance and parametrisation of the corresponding trace space rms
ellipse can be equivalently defined for all three principal projection planes X, Y and Z
individually. In the longitudinal plane, o; = 1/((2) thereby corresponds to the rms
beam length and o5 = 1/(52) to the rms relative energy spread. The emittance of the
full 6D trace space is generally obtained from the whole beam matrix

Ixx Ixy Xxz

€x,y,z = \/ det(ZX,Y,Z) = |det Zvx Xyy Xyz . (48)

Xzx Lzy Xzz

If, however, the individual projected distributions are linearly independent, that is, if
the diagonal coupling elements of the beam matrix vanish', the generalised emittance
reduces to the product of the principal emittances

€xy,z N Ex €y € . (4-9)

1 This is usually a desired condition, although deliberate coupling and emittance exchange between
principal planes can be exploited for manipulating the shape of the 6D beam distribution (see, for
example, Ha et al. [134]).

46



4.1 BEAM QUALITY PARAMETERS

The full beam distribution is thus characterised by a six-dimensional rms hyperellips-
oid of volume

3 3

s s
V6D,rms = ? \/ det(ZX,Y,Z) ~ ? €Ex €y €z . (4-10)

The average trace space density can then be formally defined as the charge contained
in this volume, such that

_ Q V()D,rms

= a1
V6D,rms (4 )

PeD
Liouville’s theorem states that the trace space volume and, by extension, the trace
space density is preserved under linear transformations and as long as energy is
conserved [80, 131]. The latter is, of course, not the case in plasma wakefields, where
the particles are supposed to continuously gain energy; the transverse divergences x’
and y’ and the relative energy spread & reduce adiabatically with increased forward
momentum. This energy gain can be accounted for by defining the normalised trace

space emittances® [8o, 132],

€nx = <BY> €x , €Eny = <BY> €y and €nz = <B 'Y> €z , (4~12)

with By = \/1/27—1 = p./ (mec). For highly relativistic beams,  — 1 and is thus
often dropped. Under the condition that the coupling terms between the principal
trace space planes remain zero and the beam is subject only to linear focusing forces,
such as offered by the blowout regime, the normalised transverse emittances are thus
preserved under acceleration. Likewise, the normalised longitudinal emittance does
not decrease during acceleration and is preserved under accelerating fields that only
introduce a correlated energy spread. An accumulated correlated energy spread can
thus be reversed, in principle (further discussed in chapter 4.3). However, this also
implies that the uncorrelated fraction of the normalised energy spread, that is, an
absolute residual energy spread, cannot be reduced without increasing the bunch
length.

Note that an often implicitly used assumption is that the normalised trace space emittance obeys

enx ~ (mec)”! \/ (x2) (p2) — (xpx)?, and equivalently for the other principal planes. However, this

approximation is only accurate for a sufficiently small energy spread, such that (3 SRR (B2¥?) [132,
135, 136].
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4.1.2  Beam brightness

An important quality figure for many applications is the particle flux per area per solid
angle, also known as Richtstrahlwert or, more commonly, the beam brightness [137,
138], defined as

dJ

dB= oo (4.13)

with beam current ], solid angle around a reference direction ) and the corresponding
normal surface area S. The brightness is thus generally a function of the longitudinal
current profile and varies along the transverse trace space coordinates, though an
average brightness may be measured (and defined) by the beam’s projection through
(virtual) apertures [137]. Associating a single brightness value for an entire particle
beam is therefore often ambiguous and several conventions exist throughout the liter-
ature. A common method to quantify the beam brightness is based on the transverse
rms trace space volume

2 2

7T Tt
V4D,rms = 7 \/ det(ZX,Y) ~ 7 Ex €y - (4-14)

and the peak current J,, thereby combining the transverse emittance implicitly with
the beam charge and duration. The resulting 5D beam brightness may then be defined3

as
Jp 2Jp
B.p = ~ 1
5D V4D,rrns 2 €x €y (4 5)
and its normalised equivalent, accordingly, as
Bsp 2]
Bn,5D = : ~ P (416)

(By)? 7 enxeny

Light source applications, particularly free electron lasers, not only benefit from high
5D brightness, but further have stringent requirements on small energy spread [139].

Similar common definitions drop the geometric factor 2/7t? or rely on a percentile of the trace space
distribution instead of rms emittances.
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4.1 BEAM QUALITY PARAMETERS
A crucial quality parameter is then the 5D brightness per energy bandwidth, typically
expressed in units of 0.1 % [80, 140], which defines the 6D brightness

B . Br1,5D ~ Br1,5D
"D 0 1%bw 103 05

(4-.17)

The 6D brightness is therefore closely related to the trace space density+. It can thus
be regarded as a compound measure of overall beam quality, as it is highest for a
combination of high beam current, low transverse emittances and low energy spread.

Modern state-of-the-art X-ray FEL machines deliver electron beams with projec-
ted 6D brightness on the order of ~ 10" A/(m? rad? 0.1%) [140], albeit relying on
kilometre-scale linacs. Plasma-based accelerators could drastically reduce the spatial
and economic footprint of such facilities, which is crucial to make them more accessible
to a wider group of researchers. Moreover, both 5D and 6D brightness benefit from
the comparatively small dimensions of plasma wakes, as they generate intrinsically
short, and thus high peak-current electron beams. Recent experimental breakthroughs
towards plasma-based FELs were attained with projected 6D brightness values on
the order of ~10"3 —10"* A/(m? rad? 0.1%) (estimated from data in [31] using equa-
tions 4.16 and 4.17). Alongside enhancements of final energy, reproducibility and
repetition rates, a substantial improvement in beam brightness through a reduction
of energy spread and emittance is thus a primary objective of current plasma-based
accelerator research [31, 33]. The inverse quadratic scaling of brightness with trans-
verse emittance thereby emphasises not only the necessity for low-emittance injection
methods, but also the importance of emittance preservation during acceleration and
beam extraction from the plasma.

While the focusing fields inside a blowout provide a linear system, the transverse
emittance may nevertheless deteriorate, due to non-linearities arising from space
charge forces [141] or non-negligible ion motion [142], due to chromatic effects com-
bined with misalignment or mismatching, Coulomb scattering and collisions, or
higher-order mode couplings [143]. Not all of these processes necessarily increase
the total phase space volume, specifically if they only introduce linear correlations
between the transverse and longitudinal planes. Those processes are thus reversible,
in principle [144]. The severity of each effect further differs for specific scenarios,
with chromatic effects usually being the most common source of projected emittance

growth, as discussed in the following chapter.

Similar to the 5D brightness, definitions differ, and some works equate the 6D brightness directly with
the 6D trace- or phase space density.

49



4.2 BETATRON OSCILLATIONS AND TRANSVERSE MATCHING

4.2 BETATRON OSCILLATIONS AND TRANSVERSE MATCHING

An electron beam inside a blowout experiences two competing transverse fields, the
focusing field of the wake and its own repulsive space-charge field. The effective radial
Lorentz force on an electron propagating in z-direction is thus

FT = Fw,r + Fb,r

(4.18)
— —el(Ewyr— BcBuo) + (Eoy — BcBoo)l g

where the index w indicates the contribution from the wake and b denotes the
space charge components from the beam itself. Recalling equations 3.20 and 4.2, the
transverse space charge force can be expressed as

Fb,r = —¢€ (Eb,r - BZF—b,T)

= —eEor (1-8) (4.19)
F—b,r

Y2

Space charge effects are therefore quickly suppressed upon acceleration and effectively
"frozen" for ultra-relativistic electron beams. This has two significant consequences.

First, an electron beam with 3 — 1 propagates ballistically in the absence of external
fields, whereby the evolution of its transverse extent is governed by the transverse
emittance [131],

Z—2Z0

Bo

2
) , with Boch,oel . (4.20)

n

or(z) = 0o |1+ (

Second, the transverse evolution of the beam inside a blowout is dominated by the
linear focusing wakefield>. Making again use of the ultra-relativistic approximation

5 In plasma-based accelerators, space charge effects may nevertheless play a significant role, especially in
the early stages of acceleration [106, 141].
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and recalling equation 3.37, the transverse restoring force acting on an electron beam

inside a blowout reduces to

Fr~Fyr+0
e’n
~ —¢ (Ew,r _CBW,G) = - > 0
€0
=—Kr . (4.21)

This corresponds to a harmonic oscillator with frequency

wp = K —&oc o (4.22)
PV yme vy TV oy *

Each electron thus perform transverse oscillations around the central propagation axis,

known as betatron oscillations. The betatron frequency wp thereby increases with
plasma density and decreases with the kinetic energy of the electrons, and is thus
damped during acceleration.

Following equation 4.21 and assuming (3, < 1, the transverse equation of motion
of a single electron [145, 146] is

d?x 1dydx 2(

where kg(z) = \/K(z) / (v(z) mec?) = kp(z) /\/m is the betatron wavenumber.
This corresponds to a continuous spiralling motion of each individual particle in
the transverse trace space. However, not all electrons of the beam ensemble are
simultaneously at the same oscillation phase, which is a direct reflection of a finite
transverse emittance. Nevertheless, if all particles have the same kinetic energy, they all
rotate in trace space coherently at an equal rate. In this case, the normalised transverse
emittance is preserved and the rms trace space ellipse rotates as a whole at twice the
betatron frequency.

Any energy spread, in turn, means that the phase relation between individual
particles is no longer constant. This betatron decoherence, consequently, increases
the phase mixing and thus the projected transverse emittance upon every turn of the
trace space ellipse, until full decoherence is reached and the emittance saturates [112,
147-149]. At this point, the rms trace space ellipse aligns with the individual particle
trace space trajectories, and the rms beam envelope will cease to oscillate. The beam is
then said to be matched to the focusing field.
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An initially mismatched beam with a finite energy spread will thus asymptotic-
ally develop into a matched beam due to phase mixing, albeit with increased final
transverse emittance®. It is therefore prudent to achieve matching of a witness beam
already during injection to mitigate transverse emittance growth during acceleration.
The matching condition can be expressed in terms of the Courant-Snyder parameters
as [148, 152]

. . 1dpm o _(+ad)
Bm—kB(Z), bm = =54, and  Ym = B (4-24)

In a plasma channel with uniform density and no acceleration, this corresponds to
Bm = /2 (V)/kp, &m =0and ym =1/ B . The matched spot size of the electron
beam can then be retrieved from equation 4.7a

fg 5 1/2
€n,x Pm,x o €n,x
Oxm = || Ty ( W) K ) : (4-25)

The emittance growth due to an initial mismatch of the whole beam distribution can

be quantified by means of the mismatch parameter [153]

M:;<B+f/+ (B+v)2—4> , (4.26)

where B = B/Bm, & = &— &mp and ¥ = (1 + 6(2) /B denote the relative deviations
from the matched parameters. Full betatron decoherence then occurs over a distance
of Lge = 27t pm /05 [147, 150] and the final transverse emittance increases to [143, 151]

1 1
€sat. = Einit. 5 (M + M) . (4.27)

The emittance increase therefore only depends on the initial mismatch, whereas
the relative energy spread determines the emittance growth rate. For large betatron
oscillation amplitudes, radiation effects additionally affect the emittance and energy
spread evolution [150].

While emittance growth due to chromatic decoherence is thus minimised if the
whole beam is initially matched to its central kinetic energy according to expres-
sions 4.24, energy components that deviate from the central energy may still be

6 Very similar arguments apply for emittance growth due to transverse misalignment [143, 150, 151].
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mismatched. Such a partial mismatch per energy deviation can be expressed in terms
of the chromatic amplitude [154, 155]

A\ 2 AN 2
0& & 0P 108
(66_(366> +<ga5) ’ (4-28)

which results in an estimated relative growth in transverse rms emittance of [155]

Ae 1
~-W?o? . .2
€init. 2 o (4 9)

Once a beam becomes fully matched, however, it will maintain to be matched and
its normalised emittance is preserved — as long as changes in kg occur adiabatically,
that is, for |dkg/dz| < kg . In an accelerating structure with constant focusing forces,
this translates to |dy/dz|/(2y) < 1, hence pure acceleration is adiabatic once the
electron beam is sufficiently relativistic. If the accelerating gradient is also constant,

the matched beta function then scales with Bm x z/2

1/4

and the matched spot size with

Ox,m X z~ /7. Variations in plasma density further alter the matching conditions,

/2 and Ox,m X ng” * . Adiabatic matching via tailored plasma

whereby B o ny
density ramps can thus be used to mitigate emittance deterioration during plasma-
vacuum transitions and to facilitate coupling the electron beam between plasma and

conventional beam transport components [148, 149, 156—160].

4.3 BEAM LOADING

The accelerating field in a plasma wake is generally not longitudinally uniform and
exhibits a slope dE,/d(. A witness beam of finite length will thus experience a
differential energy gain and accumulate an energy correlation in ¢, also termed chirp.
Transverse emittance growth due to betatron phase mixing can then be understood
as differential decoherence [112, 144] of longitudinal slices along ¢, whereby the
trace space ellipses of each individual (unmatched) slice rotate at different rates. It
is therefore important to differentiate between a correlated energy spread emerging
from a chirp, and the uncorrelated, or residual energy spread component within each
longitudinal slice. Betatron decoherence due to residual energy spread develops into
transverse emittance growth within each slice, whereas a purely correlated energy
spread does not deteriorate the slice emittance, provided that no particle exchange
between slices occurs [161]. Moreover, a linear chirp does not affect the normalised
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longitudinal emittance, which implies that the correlated fraction of the energy spread
is also reversible without deteriorating the (slice) transverse emittance.

An important phenomenon affecting the magnitude and shape of the chirp is
the effect of beam loading [92, 162, 163]. Any charge placed inside the accelerating
phase of a plasma wake will experience the wakefield generated by the driver, as
well as its own wakefield [92]. A witness beam with sufficient current can therefore
significantly alter the effective wakefield. Figure 4.2 illustrates the effect of beam
loading in the 1D cold fluid model, corresponding to the scenario shown in Figure 3.2

for Q = 2 in the presence of a witness beam with varying peak density. It shows that

¢ [um]
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Figure 4.2: Illustration of beam loading. Shown is the first wake period corresponding to
Q = 2 in Figure 3.2 in the presence of a witness beam with o0, ,, = Tum located
at { = —25pm. From top to bottom, the witness peak density n,, ¢ increases,
resulting in negligible beam loading (top), a nearly flattened wake at the centre of
the witness (middle), and an overloaded wake (bottom).

the wakefield is increasingly deformed upon higher witness densities, resulting in
a reduced peak accelerating field and an elongated wake period. The wakefield is
also locally modulated along the witness, which can result in a local flattening of
the accelerating field or even a reversal of the longitudinal wake slope. This further
implies that only a limited amount of charge can be efficiently accelerated in a given
plasma wakefield [92, 162-167]. The influence of the witness current profile on the
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local wake slope has been theoretically investigated for the linear [162, 163] and 3D
non-linear regime [168, 169], suggesting that wake flattening over the entire witness
beam length can be achieved, in principle, for trapezoidal current profiles.

In terms of witness beam quality, beam loading may or may not be a desired
effect. On the one hand, deliberate beam loading can be exploited to reduce the
correlated energy spread of a witness, either by suppressing the accumulation of a
chirp in the first place [41, 170-173], or by reverting a previously accumulated chirp
via overloading the wake with another beam [174, 175]. Precisely tuned beam loading
can even be used to transiently restore partial betatron coherence in scenarios where
initial phase mixing occurs during injection [176].

On the other hand, the high witness charge density required for beam loading
implies that its transverse emittance may be significantly deteriorated due to space
charge effects in the early stage of acceleration. Moreover, a correlated energy spread
and the resulting betatron decoherence is a well-known mechanism that mitigates
the growth of resonant instabilities arising from transverse beam loading that could
otherwise lead to complete beam loss [177-180].
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Laser- and electron beam-driven plasma accelerators share the same working principle,
however, the distinct nature of the drivers implies also profound differences [181].
Perhaps the most striking distinctness is found in the driver field configuration: the
oscillating field of laser drivers is in direct contrast to the unipolar space-charge field
of electron beam drivers. An illustration of the electric field of an exemplar Gaussian

laser pulse and electron beam is juxtaposed in Figure 5.1. Both drivers are considered

to be at focus and are capable of driving a blowout at plasma densities of ~10'8 cm=3.
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Figure 5.1: Driver electric field. (a) shows the oscillating field of a laser driver with wavelength
A = 800nm, tTrwnm = 30fs, wop = 25pm and ap = 2. (b) shows the unipolar
field of an electron driver with equivalent length, Q = 250 pC, o, = 2.5 pm, which
results in a peak current of ~ 7.8 kA . Its normalised charge amounts to Q ~ 10.4
for a plasma density of ng = 10'8cm=3.

A few further general observations can be made directly. As noted in chapter 3.1,
the electric field strength of a Gaussian laser driver peaks at its centre and reduces
exponentially in transverse dimension. The reach of its ponderomotive force is thus
effectively confined to the transverse extent of the laser. Conversely, the transverse field
of an electron beam is zero on axis with a maximum at r ~ 1.585 o, . It extends much
farther than the laser field, due to the 1/r scaling for r > o, . This distinction, along
with guiding considerations discussed later in chapter 5.2, motivates the substantially
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different spot sizes of the example laser- and electron drivers. Another key observation
is that LWFA drivers require much higher field strength than PWFA drivers for similar
operating conditions. In the example presented in Figure 5.1, the laser pulse field
amplitude exceeds the electron beam peak field by two orders of magnitude. This is a
direct consequence of the ponderomotive force being a cycle-averaged gradient force,
as opposed to the Coulomb force exerted by an electron beam. Such discrepancy in
field strength also implies that LWFA drivers are, in virtually all practical scenarios,
able to ionise a gaseous target already at the front edge of the laser pulse, whereas
PWFAs often employ auxiliary setup components to create a pre-formed plasma
environment.

LWFAs and PWFAs further differ not only in the mechanism of generating the wake,
but also in the evolution of the driver during its passage through a plasma. Therefore,
different scalings and limitations on the effectively attainable accelerating distance

apply.
5.1 DRIVER AND WAKEFIELD VELOCITIES

A more subtle difference between laser- and electron-driven plasma waves lies in their
respective phase velocity. As such, the wake velocity is predominantly determined
by the driver velocity, which generally approaches the vacuum speed of light to a
reasonable approximation. For the sake of introducing the general wake properties in
chapter 3, the plasma wave was hence considered in the limit of propagating with a
phase velocity of v, — ¢. On a closer examination, however, the velocities of electrons
and laser pulses in plasma follow fundamentally different scalings.

The velocity of electrons, be it driver or witness electrons, is determined solely
by their kinetic energy, regardless of whether they traverse a vacuum or plasma
environment. It can be expressed in terms of their Lorentz factor (see equation 4.2),

~2 7 (51)

and asymptotically approaches the speed of light for y. > 1. The transverse mo-
mentum component of a highly relativistic electron driver is thereby usually con-
sidered to be small compared to its forward momentum, such that the phase velocity
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of a PWFA wake can be associated with a Lorentz factor approximately equal to that

of the driver?,

Yo ™ =y (52)

In contrast to electron beams, however, laser drivers in plasma are subject to disper-
sion, according to equation 1.7. The plasma wave phase velocity is then determined by
the group velocity vi = dw1/0k of the laser pulse [49], which, following equations 1.8
and 1.10, can be expressed as

0wy w? No
= —— = = 1——F = 1— . .
vy K cn=c w% Cq/ — <c (5-3)

Comparing above equation 5.3 to the relations for beam-driven plasma waves, stated

in equations 5.1 and 5.2, yields the Lorentz factor associated with an LWFA wake,

LWFA W1 Merit,
Y(p XYL = -
Wp Mo

(5-4)

The group velocity of a laser pulse, and accordingly the phase velocity of a laser-
driven plasma wave, is thus always lower than ¢ and constant for a given laser
frequency and plasma density®. Witness electrons injected into a plasma wake, how-
ever, asymptotically approach the vacuum speed of light upon gaining kinetic energy.
That means that electrons accelerated in a laser-driven plasma wave will eventually
outrun the wake, until they enter the decelerating phase of the wakefield. This effect,
termed dephasing, limits the attainable energy gain in LWFA scenarios.

The relation between electron and laser velocities is further visualised in Figure 5.2,
exemplified for a laser wavelength of 800 nm . It shows the ratio vy./v1, depending on
the plasma density and electron energy. Regions coloured in shades of red indicate the
parameter range over which an electron beam propagates faster than a laser pulse in
plasma, and vice versa for regions coloured in shades of blue. Solid lines, respectively,
indicate contours of constant velocity ratio ve/vy . The black solid line marking equal
velocities illustrates that the laser group velocity approaches zero at the critical density
of 2~ 1.74 x 1021 cm—3 . It also shows that an electron energy of a few tens of MeV is
sufficient to outrun a laser-driven plasma wave for plasma densities ~10'8 cm—3 . The

It is further implicitly assumed that driver head erosion, discussed in chapter 5.2, is negligible.
In fact, the wake phase velocity in LWFAs can be even lower than suggested by equation 5.4, due to
non-linear and 3D effects [87, 182] such as laser etching discussed in chapter 5.3.
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Figure 5.2: Laser- and electron velocities in plasma. The colour-coding represents ye/v1,
indicating the minimum electron kinetic energy required to outrun a laser pulse in
plasma, exemplified for a laser wavelength of 800 nm. Solid lines correspond to
contours of constant ratio ve/vy .

almost vertical slope of the red lines towards higher energies corresponds to electron
velocities approaching c¢ and illustrates that ve is virtually constant over a wide range
of energies, even though v, differs by orders of magnitude. For this reason, dephasing
is negligible in PWFA scenarios, provided both driver and witness beam are highly
relativistic.

The iso-contours of constant velocity ratios also reveal that the relative difference
in electron and laser velocities remains in the sub-permille range for typical plasma
densities, even for high electron energies. While this seems miniscule, the absolute
velocity difference is indeed significant in limiting the effective acceleration distance in
LWFAs [183]. This limit, referred to as dephasing length, is reached when the witness
electrons approach the decelerating phase of the wake, that is, once their forward
phase slippage amounts to approximately half the plasma wavelength. Following the
considerations above, the dephasing length can be approximated as Lyeph. = y% Ap [871],
which amounts to ~5.8 cm for a plasma wave driven at ng = 10'8 cm—3 by an 800 nm
laser. This overly simplified estimation, however, is based on assumptions that restrict
its validity to the 1D linear regime. It specifically assumes that the plasma density
remains largely unperturbed and further neglects any evolution of the driving laser
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pulse, as well as additional non-linear dispersive effects originating from high laser
intensities and a finite frequency spectrum [184]. More elaborate expressions for the
dephasing length have been derived in the 1D [87] and 3D non-linear regime [166].
The latter suggests that the dephasing length for ap > 2 scales according to

4 (1)2 Qap
Ldeph. = gwié K . (55)

This results in Lyepn. &~ 1.8 cm for the example above, which is substantially lower than
the estimate from linear theory. The apparent discrepancy can be attributed mostly to
local driver depletion, discussed in section 5.3 .

Several mitigation strategies have been proposed to overcome the dephasing limit
in LWFAs, for example by gradually or rapidly increasing the plasma density along
the acceleration distance [185-188], or employing multiple [189] or structured laser
pulses [190]. In turn, dephasing can also be deliberately exploited to manipulate
or narrow the energy distribution of the accelerated witness beam, as was partially
utilised in the seminal LWFA publications of 2004 [35-37].

5.2 DRIVER GUIDING AND WAKEFIELD STABILITY

Accessing the blowout regime necessitates drivers that are sufficiently short, but also
sufficiently narrow. Laser and electron drivers alike thus need to be focused to small,
albeit different, transverse sizes when entering the plasma [120]. In the absence of
further focusing effects, the driver will naturally diverge once it passes its focus,
associated with an attenuating driver strength parameter. Such driver expansion, if
not compensated, thus eventually leads to the collapse of the wake and poses a further
limitation on the attainable acceleration distance.

The characteristic diffraction scale of a Gaussian laser pulse is defined by its Rayleigh
length zg , and for electron drivers by its beta function at focus 3o (compare equations
3.12 and 4.20). These two expressions are equivalent in the sense that the Rayleigh
length denotes the distance from the focus where the laser intensity halves, whereas
o corresponds to the distance at which ny = ny,0/2. While both zg and Bo scale
with the driver size at focus, the laser diffraction length depends on its wavelength,
whereas the electron beam divergence is determined by its normalised emittance and
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energy3. Figure 5.3 illustrates the natural transverse size evolution of the two drivers
previously considered in Figure 5.1, whereby the electron driver is depicted for a
conservative emittance value of €,, = 5pmrad and moderate kinetic energies. It shows
that the electron driver diverges considerably less than the laser driver, even though it
is focused to a substantially smaller spot size.
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Figure 5.3: Driver size evolution in vacuum. LWFA and PWFA drivers require different focus
sizes to drive a blowout at the same plasma density. While the characteristic dif-
fraction scale for laser drivers is fixed for a specific focus size and laser wavelength,
the divergence of electron drivers is determined by their emittance and energy.
Shown is the transverse envelope evolution of the example drivers in Figure 5.1,
with red lines corresponding the laser driver and blue lines to the electron driver
with e = 5pmrad and different kinetic energies.

To maintain a wakefield over extended distances much longer than the natural
diffraction scale, however, any driver needs to be guided through the plasma. In case
of electron drivers, the blowout regime offers the same advantageous focusing field
configuration as for the witness beam, in principle. The considerations for betatron
oscillations and transverse matching discussed in chapter 4.2 thus also apply to the
driver, as long as it remains sufficiently narrow with respect to the local blowout radius.

This prerequisite, however, is not fulfilled at the very front of the driver where the

Energy here refers to the kinetic energy of the individual driver electrons, in analogy to the energy
associated with the laser frequency hwy . The laser frequency is, however, typically fixed in LWFA
scenarios. It is further assumed that both laser and electron drivers are mono-energetic for the sake of
simplicity.
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focusing ion cavity is not yet fully established (see Figure 3.3). A fraction of the driver
front will thus always continue to expand, an effect termed head erosion [191]. As a
result, the local driver density at the front will gradually decrease and the leading edge
of the ion cavity will slowly shift backwards with respect to the driver. Considerable
head erosion can thus lead to a decrease in PWFA wake phase velocity reminiscent
of dephasing, albeit due to a fundamentally different process. Along the core of
the driver, however, the sheath electrons forming the blowout are rapidly expelled
outwards and follow trajectories beyond the driver charge distribution, where they are
then dominated by the driver’s long-ranging transverse electric field component. This
also means that the blowout structure is remarkably resilient against small betatron
oscillation amplitudes of the driver [192], as the electric field sufficiently far from
the driver core is independent from the exact shape of its local charge distribution,
according to Gauss’s law [49].

In contrast, the ponderomotive force of a laser driver is directly tied to its transverse
intensity distribution. The blowout structure in LWFAs is thus much more susceptible
to the transverse evolution of the driver. Combined with the typically shorter diffrac-
tion scale compared to electron drivers, guiding the laser driver in LWFAs is crucial to
attain acceleration distances beyond a few millimetres. One method to achieve this
is to generate a preformed plasma channel with a transverse density gradient, such
that the thereby altered index of refraction provides a tailored guiding structure [29,
60, 193—201]. However, the non-linear response of plasma to a highly intense laser
pulse also affects the index of refraction. As the quiver velocity of plasma electrons in
the oscillating laser field approach the speed of light, their relativistic mass increase
effectively lowers the local plasma frequency. This leads to a gradient in the refractive
index with largest values on axis where the intensity is highest, thus providing a
focussing effect. Such relativistic self-focusing [202, 203] can be sufficient to balance
the diffraction of the laser, which is achieved at a critical laser power of

Me 2

2
Puit. = 2¢ - 4mteg < > w—i ~ 1742GW w—i . (5.6)
Wy Wy
Further, the local plasma density rarefication imposed by the driver in itself forms
a focusing transverse density gradient, known as ponderomotive guiding [204]. Ad-
ditional non-linear effects render predicting the precise evolution of a laser pulse in
plasma challenging, and is typically assisted by numerical simulations. A phenomen-
ological model obtained this way suggests that guiding the driver in LWFAs under
blowout conditions can be achieved when the laser spot size follows the relation
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kp wo =~ 2,/ap [166]. Experimental findings corroborate that thereby even short pulses
can be self-guided over multiple Rayleigh lengths [205].

5.3 DRIVER ENERGY TRANSFER AND ACCELERATION LENGTH

In LWFAs and PWFAs alike, the plasma acts as a medium to transfer energy from
the driver to the witness beam via the wakefield. The driver energy is thus gradually
depleted upon establishing and maintaining the wake. After dephasing and diffraction,
driver depletion constitutes an ultimate limit to the attainable acceleration distance in
a single plasma wakefield accelerator stage.

In PWFAs, the kinetic energy of the driver is transferred into the plasma wave. The
rate of energy transfer is therefore directly correlated with the electric field strength
in the decelerating phase towards the front of the wake. The exact shape of the
decelerating field along the driver is thereby largely determined by its axial current
profile and is generally non-uniform. Longitudinally separated slices of the driver
thus experience varying depletion rates, with the most anterior electrons remaining
virtually unimpaired [92]. The propagation distance over which the earliest slice is
decelerated to non-relativistic energies defines the depletion length [116, 185]

2
[PWEA MeC Yd

depl. — ‘E;max‘ ’ (5-7)
where E} .. denotes the peak decelerating field. Beyond the depletion length, an

increasing number of electrons will slip back with respect to the remaining part of
the driver. The driver current profile is thus no longer maintained and the wake
will gradually degrade. During this process, a fraction of initially depleted driver
electrons may even enter the accelerating phase of the altered wake and get partially
re-accelerated [56, 206, 207]. However, continuous depletion of further portions of the
driver will ultimately result in the collapse of the wake. The depletion length therefore
constitutes an estimate of the maximum acceleration distance over which an electron
driver with a certain kinetic energy can sustain a stable wakefield with consistent
accelerating conditions. A considerable energy spread of the driver can result in an
effective depletion length significantly lower than its nominal value.

While the peak decelerating field E} defines the maximum rate of energy

z, max

transfer from the driver to the wake, the peak accelerating field E

2 min determines the

maximum rate at which the witness beam can extract energy from the wake. A key
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performance figure in PWFAs is thus the so-called transformer ratio [92, 208—210],
defined as

R = ;,min ( 8)
E T >

In this form, the transformer ratio indicates the maximum attainable rate of energy
transfer from the driver to the witness. In a practical scenario, however, the witness
beam may not be situated at precisely the peak accelerating phase of the wake, which
has to be considered when deriving the effectively realised transformer ratio. In both
cases, the maximum energy gain of a witness electron is

Ay = Rrvg (5.9)
A transformer ratio Rr > 1 thus suggests that the witness energy gain can exceed
the mean kinetic energy of the driver. Energy conservation dictates that this is only
possible if the witness beam carries substantially less charge than the driver. This
may also be understood from an alternative point of view: a witness beam with
considerable charge will attenuate the accelerating gradient via beamloading, and
thereby diminish the effective transformer ratio. While a high transformer ratio is thus
generally desirable for maximising the mean kinetic energy of the witness electrons,
it is distinct from the overall energy-transfer efficiency, that is, the fraction of total
energy transferred from the driver to the witness [170, 173, 211].

The transformer ratio is theoretically maximised if all driver slices (except the very
front) are depleted at an equal rate, which requires a flat decelerating field along
the majority of the driver. The fundamental theorem of beamloading [212] implies
that this is not possible for longitudinally symmetric drivers. Linear theory predicts
that the nominal transformer ratio is restricted to Rt < 2 in this case [92, 93, 209],
although this limit can be exceeded in the blowout regime [213]. Various asymmetric
bunch profiles that aim to optimise the transformer ratio have been conceptualised
theoretically [116, 185, 208-210, 214, 215] and, recently, explored experimentally [216,

217].

Driver depletion in LWFAs manifests itself in a redshift of the laser frequency
spectrum [218—222]. Conversely to electron drivers, the front of the laser pulse gets
depleted fastest in the highly non-linear regime [218, 223]. Since the group velocity of a
wave packet is reduced for lower frequencies (see equation 5.3), the depleted front will
start to slip back, similarly to depleted PWFA driver electrons. In contrast to PWFAs,
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however, the slippage of the laser front commences immediately upon interacting
with the plasma. The LWFA wake will thus continuously recede approximately with
an etching velocity [166, 223] of

'—‘EN ‘ ‘UEN

Vetch ~ C (5'10)
This, in effect, further decreases the wakefield phase velocity and thus exacerbates the
dephasing issue in LWFAs. Laser etching due to local driver depletion is considered
in the dephasing length estimate provided by the scaling in equation 5.5.

The etching rate also provides an estimate for the overall depletion length, that is,
once the laser front has receded by a distance on the order of the initial driver length.
The LWFA depletion length in the 3D non-linear regime [166] can thus be expressed

as
LWFA C TFWHM w%
Liepl. ¥ C¢———— =CTFWHM — > - (5.11)
Vetch wp

Referring once more to the example laser in Figure 5.1, driving a blowout at a nominal
plasma density of ny = 10'® cm—3 yields a depletion length of ~1.6cm, implying
that depletion occurs before dephasing in this scenario. This is not ideal, as depletion
commences immediately, but dephasing only after witness electrons have been injected
into the wake. According to these scalings, the laser pulse duration should therefore
be Trwam > 4/3 \/ao/wyp to ensure that the depletion length is slightly larger than
the dephasing length. It is noteworthy that this relation is independent of the plasma
density, since Llé‘é\gffg X Lgeph. o no_3/ % as long as the laser pulse duration is scaled
accordingly.

Due to dephasing, an LWFA witness electron will experience a diminishing accel-
erating field E,.. along its acceleration distance L, . The attainable witness energy
gain is thus AYIVFA — ¢/ (me cz) Lace. (Eacc.) - In the blowout regime, the average ac-
celerating field over a dephasing length can be estimated as (Eacc.) > Ewp, 1/a0/2 [166].

The maximum energy gain in a dephasing-limited LWFA thus evaluates to

2 w? 1
AyLWEA £ 1 _ 12

This suggests that higher witness energies can be achieved for lower plasma densities,
despite a reduced peak accelerating field.
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The reason is that (Eaec.) o< Eyp n;/ 2

-3/2 oL g .
scales as Lace, o< 1 /2 However, to maintain self-guiding conditions, k,wy has to be

, while the attainable acceleration distance

kept constant, which means that the laser spot size has to be increased when operating
an LWFA at lower plasma densities. In turn, the laser power and energy have to be
increased to maintain the same ag . Moreover, scaling the depletion length alongside
the dephasing length requires to keep wT constant, which results in a longer pulse
duration and further increases the demand in laser energy. Under these considerations,
the attainable witness energy gain thus scales according to

AYEWEA o Py oc W23 (5.13)

w laser ’

with peak power Py and total energy Wi,ser 0f the driver (see chapter 3.1.1). In other
words, to increase the attainable witness energy gain tenfold, one requires ten times
higher laser power, but already ~32 times more energy contained in the laser pulse.
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One of the key objectives for progressing plasma-based accelerators into application-
ready platforms is ensuring reliable and stable operation, while at the same time
providing high-quality electron beams. As outlined in the previous chapters, this
necessitates identifying intrinsic processes that enable a stable wakefield configur-
ation and beam quality preservation along the acceleration distance, but also the
development of technical solutions for supporting infrastructure and diagnostics [224].

Another equally important prerequisite is a mechanism to precisely control how
electrons are situated into the wake structure. The process of injecting electrons into
the plasma wake defines the initial phase space of the witness beam distribution and
its phase relation to the accelerating gradient, and thus predetermines the attainable
beam quality. The desired beam parameters ultimately depend on the anticipated
application, however, low energy spread, low transverse emittance and high peak-
current are generally required to achieve high beam brightness. An ideal injector
thereby offers not only a tunable balance between these parameters, but simultaneously
high robustness and reasonable experimental complexity.

Over the past decades, numerous injection techniques have been proposed and
realised experimentally. One may categorise them according to the source of injected
particles. In principle, there are three main approaches of injecting electrons into
the plasma wake: witness electrons can be provided externally from a separate pre-
accelerator, captured from the plasma forming the wakefield, or additional electrons
can be released directly inside the wake via ionisation of an ambient atom or ion
species.

6.1 EXTERNAL INJECTION

In contrast to conventional accelerators, the accelerating structure formed by plasma
waves is not static, but trails the driver at highly relativistic speed. As a consequence,
charged particles must match the phase velocity of the wake to continuously gain
energy. One of the earliest approaches for demonstrating a functional plasma wake-
field accelerator was thus to augment conventional accelerators with a plasma booster
stage [225—227]. Thereby, multiple electron bunches were brought to relativistic en-
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ergies prior to entering a plasma, where subsequent energy transfer between the
preceding and trailing electron populations could be observed.

Similarly, energy transfer from the head to the tail of a single electron bunch
with length on the order of a plasma wavelength has been shown, resulting in a
continuous energy distribution up to twice of its initial central value of 42 GeV in less
than a metre of plasma [28]. Aiming for a narrow-band energy spectrum, however,
generally requires a defined spatial separation between the driving and trailing
electron populations, owing the continuous gradient of the longitudinal electric field
inside a plasma wave. Systematically generating such discrete pairs of sufficiently short
driver and witness bunches can be achieved by dividing one individual bunch [228],
for example via employing masks in a dispersive section [170, 211, 229]. The advent
of photocathode electron sources, combined with sophisticated bunch compression
modules, enabled further means of generating two bunches in quick succession while
controlling their individual charge and shape, with notable achievements such as
the demonstration of high transformer ratio wakefields [216], witness energy spread
compensation [230] and first lasing of a PWFA-driven free electron laser [231].

Ultimately, the need for a conventional RF-accelerator can be overcome entirely
when utilising a compact laser-driven plasma wakefield accelerator as the source for
both driver and witness bunches. This approach is based on the idea of generating
two individual electron populations in consecutive cavities of a laser-driven plasma
wave [232]. The spatial extents of these discrete bunches, as well as their inter-bunch
separation, naturally scales with the LWFA plasma density. Consequently, such dual-
bunches can, in principle, provide excellent driver-witness pairs for a subsequent
PWFA stage operated at slightly lower density. A first experimental demonstration of
this dual-bunch LWFA-PWFA conversion scheme has ben recently achieved [233][45].

In addition to electron-electron driver-witness configurations, external injection of a
pre-formed witness bunch has been shown also for electron-positron [88], positron-
positron [234], as well as proton-electron [95] variants. Besides these PWFA concepts,
pre-accelerated bunches were also utilised for some of the earliest demonstrations of
electron acceleration in laser-driven wakefields [235-238]. Today, external injection
into LWFAs remains the subject of extensive research and development, for example
as one of the projects within the EuPRAXIA Conceptual Design Report [32]. The
main prospect of this approach is the potential to define the initial bunch character-
istics before injection via well-understood mechanisms in conventional accelerator
structures, aiming for precise control and enhanced stability. Yet, the vastly different
spatial scales and field strengths between RF technology and typical plasma wakes
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render the technical aspects of external injection multi-faceted. Providing pre-formed
electron bunches with femtosecond-scale duration and transverse extents matched
to high-density plasma wakefields [147][239, 240], while simultaneously maintaining
attractive emittance and charge levels, requires elaborate machines with sophisticated
bunch compression and focusing methods [241—243]. Precise synchronisation and
pointing between the laser-driven wake and the injected electron bunch pose further
challenges for successful injection and bunch quality preservation. Despite these in-
trinsic complexities, external injection with a charge capture efficiency of nearly 100 %
has been reported recently [244]. Further novel approaches are actively being explored,
for example to compensate synchronisation jitter [245] and to reverse an accumulated
energy spread in a staged LWFA concept [246].

6.2 CAPTURE OF AMBIENT PLASMA ELECTRONS

A fundamentally different approach to external injection is to modify the plasma
wave to capture its own electrons. Since the entire accelerating structure is formed in
plasma, there is already a vast reservoir of ambient electrons that can, in principle,
be injected into the wake to be accelerated. This is achieved when a fraction of
electrons participating in the wake formation, at least temporarily, exceeds the plasma
wave phase velocity and ultimately remains located in the accelerating phase of the
wakefield.

6.2.1  Wave breaking

Following early theoretical works on non-linear plasma waves [247], it soon became
apparent that the 1D cold fluid model predicts a finite upper limit for the attainable
wakefield amplitude [86]. Beyond this field strength, some plasma electrons nominally
gain sufficient forward momentum to exceed the phase velocity of the wake, which
substantially alters the wake structure. This process is referred to as wave breaking.
Under wave breaking, the coherence of the plasma wave oscillations collapses and
individual particle trajectories intersect. As a consequence, a fraction of the plasma
wave electrons may be captured in the accelerating phase at the rear of the broken
wave. The range of complex dynamics involved in this process is often gathered under
the rather loosely defined collective term of self-injection.
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Wave breaking manifests itself in fluid models as singularities in the associated
plasma density [86]. While fluid approaches are thus incapable of providing an
accurate description of the ensuing plasma wave breakdown, they can indicate the
field strength at which self-injection can occur. In its simplest form, that is, neglecting
relativistic and thermal effects, the 1D fluid model predicts wave breaking at field
strengths beyond [86]

MmeC

Ewb = Wp (61)
A full relativistic treatment reveals that highly non-linear plasma waves can sustain
substantially larger wake amplitudes before breaking [107, 247-249],

B = Eup /2 (Yo — 1), (6.2)

where vy, corresponds to the Lorentz factor associated with the plasma wave phase
velocity. A finite plasma temperature, in turn, lowers the effective wave breaking
threshold [107, 248, 250—254]. Self-injection that follows this purely longitudinal
wave breaking picture is characterised by the capture of plasma electrons originating
from positions initially close to the central axis defined by the driver. When further
considering the entire 3D structure of a highly non-linear plasma wave and the
transverse momentum distribution imposed on the plasma electrons by the driver, self-
injected particles may also originate from positions further off-axis. Such transverse
wave breaking [121, 255-257] is the leading mechanism for self-injection in the blowout
or bubble regime and can occur at wake amplitudes significantly below the 1D
limit [120, 258, 259]. Moreover, operating a plasma wakefield accelerator close to the
wave breaking threshold means that the conditions to initiate and terminate self-
injection become sensitive to variations of the wake structure induced by the driver
evolution [260-266].

While the majority of theoretical and numerical studies on wave breaking have
been carried out in the context of LWFAs, the general mechanism also applies for
PWFAs. However, self injection in LWFAs is strongly facilitated in comparison to
PWFAs, due to the combination of lower phase velocities of laser-driven plasma
waves, the considerable heating of plasma electrons during their interaction with
the laser driver, and the typically higher plasma densities at which LWFAs can be
operated. In addition, the short diffraction scales and oscillating electromagnetic
field of laser drivers enable self-injection schemes based on driver self-focusing and
-compression [267-269]. In PWFA scenarios, driver focusing does not significantly
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alter the wake structure once the blowout regime has been reached and the driver
becomes substantially narrower than the blowout radius [270]. A transition from the
linear to the blowout regime through (self-)focusing of an electron-beam driver can
nevertheless lead to self-injection, albeit this is predicted to require exceptionally high
driver peak-currents and particularly high plasma densities [270].

The accessibility of self-injection due to wave breaking in laser-driven wakefield
accelerators has contributed to early experiments on LWFA electron-bunch genera-
tion [35-37, 271, 272], and has since remained prevalent in numerous LWFA scen-
arios [29, 195, 196, 273-277]. However, the complexity of the self-injection process and
its inherent non-linear dependence on driver parameter evolution renders self-injection
susceptible to shot-to-shot instabilities. This is particularly applicable for transverse
wave breaking, as emphasised by a direct experimental comparison of longitudinal
and transverse self-injection [278].

6.2.2  Plasma density gradients

Instead of modifying the wake structure by means of driver evolution, a similar
mechanism of initiating and terminating wave breaking injection can be achieved
through longitudinal plasma density transitions [256, 279]. A longitudinally varying
plasma density no(z) locally alters the nominal plasma wave number k,(z) (recall
equations 1.6 and 3.1), and thus the plasma wave phase ¢ = k;(z) ¢ = kp(z) (z —vqt).
The instantaneous plasma wave frequency & = —0¢/0t and plasma wave number
k = 9¢/9z then define the nominal plasma wave phase velocity in the co-moving

frame (also recall equations 3.23), according to [87, 279—281]":

Y ¢ Okplz)\

V(G z) = T =Vd <1 - kp(z) 0z > (6.3)
B ¢ Ong(z))
=Vq <] + Zno(Z) 0z )

A negative plasma density gradient thus leads to a gradual reduction of the phase
velocity at increasing distances ¢ < 0 behind the driver. This is equivalent with an
increase in nominal plasma wavelength and, therefore, blowout expansion. Naturally,
a reduced plasma wave phase velocity at the rear of the wake facilitates wave breaking.

It follows that a localised, sufficiently steep transition from higher to lower plasma

1 Here, the influence of the plasma density variation on the group velocity of a laser driver is neglected.
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density can be utilised to elicit transient injection largely decoupled from the driver
evolution. Employing a tailored density down-ramp, therefore, enables enhanced
control and stability of the injection rate and duration.

Optimising the down-ramp shape, gradient and dimensions has been extensively
explored theoretically for both LWFA [282-286] and PWFA scenarios [281, 287—-292]. A
general distinction can be made between the limiting cases of gradual down-ramps
with an extent Liamp >> Ap and sharp ramps on the order of a single plasma wavelength,
for similar initial and final densities. The former is governed by adiabatic expansion of
the blowout and steady injection at the rear of the wake [262, 286], whereas the latter
is characterised by a rapid transverse collapse of the wake structure and re-phasing
of electrons enclosed by the newly forming blowout sheath at the lower density
plateau [286—288]. Detailed numerical studies predict a clear scaling of injected charge
with increasing ramp steepness, however, also suggest that the resulting beam quality
parameters show a rather complex dependence on the specific driver and density
down-ramp scenario [281, 285, 286].

Moreover, practical differences between electron- and laser-driven plasma waves
arise, due to similar considerations as for self-injection [293]. The driver velocity
in LWFAs, by its nature, generally depends on the plasma density, hence v o in
equation 6.3 becomes a function of z and slightly increases during a density down-
ramp. Conversely, the constant, but higher, driver velocity in PWFAs, combined with
the prerequisite of high driver peak-current to achieve sufficient forward momentum
of the sheath electrons [281], typically necessitates particularly steep gradients to access
density down-ramp injection in beam-driven scenarios. Experimental realisations of
down-ramp injection, therefore, have proven remarkably elusive for PWFAs, whereas
they have become part of the standard repertoire of LWFA operations.

Such LWFA density down-ramp injectors can be further distinguished by the method
of generating the plasma density transitions. Gradual ramps have been successfully
employed for injection by tailoring the hydrodynamic flow in gas targets [294—297].
Partially obstructing the flow in supersonic gas jets can further be utilised to generate
localised density shocks with steep gradients [183, 187, 298—304]. This commonly
applied technique, for example, has been a key element in the first proof-of-principle
experiment demonstrating exponential amplification in an LWFA-based free electron
laser [305]. Another variant deploys an additional transverse laser to form density
structures in the plasma directly, instead of modifying the underlying gas target.
Thereby, an intense laser forms a hot plasma column prior to the main laser driving
the wake, which subsequently expands rapidly into the surrounding neutral gas [60,
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306—308]. On a time scale of a few nanoseconds, the transient plasma profile exhibits
a region of lowered density in the centre of the expanding pre-ionised channel and
correspondingly increased density at its edges. Adjusting the transverse pre-ionising
laser parameters and the expansion time delay then provides means of tuning the
injection along the emerging longitudinal density ramps [309-315].

Introducing a transverse laser pulse was also the key element in demonstrating the
very first density down-ramp injection in a PWFA setup [40]. Although similar in its
components, the corresponding technique, termed plasma torch injection [316, 317],
follows a distinctly different concept, which is further discussed in chapter 8.

6.2.3 Colliding laser pulses

An intense transverse laser directly intersecting the wake structure has also been pro-
posed as injection method [318]. This concept is based on exploiting the ponderomotive
push of an orthogonal laser pulse to transfer additional forward momentum directly
to the plasma electrons sustaining the wake. A fraction of these electrons may thus be
injected into the accelerating phase of the wake, provided a sufficiently high injector
laser intensity and proper delay with respect to the driver [319].

A refined variation of this initial idea was formulated shortly after, suggesting
to use two longitudinally counter-propagating injector lasers instead [320]. This
colliding-pulse injection (CPI) scheme relies on the ensuing beat wave pattern when
the two injector pulses interfere inside the wake, which locally and rapidly alters
the momentum of wake electrons to facilitate injection [320-323]. In the simplest
case of two counter-propagating lasers with identical wavelength and polarisation,
a standing wave is formed during the time of their overlap, providing a transient
longitudinal ponderomotive force component in addition to the wakefield. However,
numerical studies reveal more complex dynamics to be involved in colliding-pulse
injection, including a contribution of stochastic electron motion [324, 325] as well as
transient wake deformation [326]. The prerequisite of multiple high-intensity laser
pulses renders CPI de facto exclusive to LWFA scenarios, where the drive laser can
simultaneously act as one of the two injector pulses [322, 323]. Such a configuration led
to the first experimental demonstration of colliding-pulse injection [327, 328], where
a drive laser with ap = 1.3 was applied in conjunction with an injector laser with
ag =04.

Despite its conceptual simplicity, the collision of two high-intensity laser pulses im-
poses considerable complexity on the experimental setup, with stringent requirements
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on alignment and synchronisation as well as necessitating safety guards to prevent
damaging critical laser components. Further experimental realisations [329-334] allevi-
ate the latter issue by introducing a small angle between the two pulses. The principal
capabilities of CPI for tuning the resulting beam parameters were shown by adjusting
the collision delay, the laser intensities and their respective polarisations [335-338].
Nevertheless, the intricacies of colliding-pulse injection experiments has restricted
their exploration to only a handful of groups over the past two decades, and thus

remains rather exotic in the realm of injection concepts.

63 IONISATION INJECTION

A more direct approach for injection is to release electrons directly inside the wakefield
structure via additional ionisation. The defining characteristic of such ionisation
injection is that the electron source for injection is distinct from the electrons forming
the plasma wave. This necessitates the abundance of an ambient medium within
the plasma wake with at least one remaining ionisation level. Typical experimental
realisations employ a mixture of gas species consisting of a low ionisation threshold
(LIT) component and high ionisation threshold (HIT) dopant. The wakefield is thereby
driven in the LIT medium, either pre-ionised by a dedicated ionisation technique or by
the electric field of the driver itself. Importantly, the mechanism generating the plasma
in the LIT component leaves the target HIT level at least partially unionised, providing
a reservoir for deliberately releasing additional electrons within the wakefield structure
via further ionisation.

In contrast to external injection or density manipulation techniques, ionisation
injection usually feeds electrons into the plasma wave with negligible initial forward
momentum. Such electrons will slip back with respect to the wakefield, and thus have
to be accelerated to match the phase velocity of the wake within one period of the
plasma wave in order to get carried along with the wakefield. This capturing process,
referred to as trapping, therefore requires a sufficiently strong accelerating field. The
condition for successful trapping can be expressed in terms of the electrostatic trapping

potential [259, 339, 340]

C
w(rr C) = - € 2 J’ Ez(r/ C/) dC/ s (6.4)

Me € Joo

where ¢ =z —v,t, and a quasi-static wakefield in the blowout regime is implied.
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Electrons injected with initial longitudinal velocity v; and corresponding Lorentz factor

vi will reach the wake velocity once they experience a potential difference [259, 341]

Ve Ve Vi
A =i~ = L —vi (1-257) (6:5)
Yo ¢
provided their trajectories lie within the blowout region. Here, \; and ¢ refer to the
potential values at the injection and final trapping location, y¢ and vy, refer to the
Lorentz factors of the electron at the instant of trapping and the wake, respectively.
For electrons released at rest close to the central axis, vi =0, y; =1 and y¢ = v, the
trapping condition reduces to its 1D form
1
A =i — = ——1 . 6.6)
Yo
When the phase velocity of the wake furthermore approaches the speed of light, as
is the case for plasma waves driven by ultra-relativistic electron beams, the on-axis
injection region that leads to trapping is confined according to

A\b = 11)1 _wmax < -1 ’ (67)

where Pmax denotes the maximum of the trapping potential located at the rear of the
wake. Such a scenario is illustrated in Figure 6.1, showing the longitudinal electric
field and the corresponding on-axis trapping potential for the first plasma cavity of
a beam-driven plasma wakefield obtained from a PIC simulation with equivalent
parameters as presented in Figure 3.3. The electric field exhibits its characteristic
linear gradient around the blowout centre, from which follows that the trapping
potential inherits an approximately parabolic shape. Naturally, the extrema of the
trapping potential correspond to the zero crossings of the longitudinal electric field,
with its minimum located at the transition from decelerating to accelerating phase
at the blowout centre, and vice versa, its maximum located at the transition from
accelerating to decelerating phase at the blowout vertex. The trapping region, that is,
the set of injection positions where A < —1, is indicated by the dark blue shaded
area. It extends into the vicinity of the drive beam, showing that electrons do not
necessarily need to be released in the accelerating phase of the wake in order to get
trapped.

The initial injection position Gy, , however, defines the final trapping location Crap ,
and therefore the accelerating phase experienced by the trapped electron. This is
illustrated by the inset bars in Figure 6.1. Their extents indicate the on-axis injection
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Figure 6.1: PWFA trapping region. Central slice of a wakefield structure driven by an electron-
beam (yellow), obtained from a PIC simulation equivalent to Figure 3.3 . The on-axis
electric field (red line) exhibits a linear slope around the blowout centre, resulting
in a nearly parabolic shape of the corresponding trapping potential A (blue line).
Electrons injected at rest at positions fulfilling Ay < —1 (dark blue shaded area)
can get trapped at the rear of the wake. The inset bars visualise the relation between
injection positions (i, and trapping positions Crap. -

range and the corresponding range of trapping positions, respectively, while their
colour-coding visualises the trapping function relating (iyj. t0 Cirap - One immediate
observation is that the range of final trapping positions is substantially shorter than the
initial release range. This implies that an electron population injected with an initial
spread in release positions can experience significant longitudinal compression during
trapping. The compression effect is attributed to rapid velocity bunching [341-343],
which is particularly efficient when the electrons are not yet fully relativistic. The
possibility for intrinsic bunch compression therefore constitutes an important charac-
teristic of ionisation injection. The colour-coding furthermore reveals that electrons
released closest to the trapping potential minimum are trapped at the most anterior
position in the wake, whereas electrons injected towards the edges of the trapping
region will accumulate towards the rear of the blowout. It also shows that the trapping
function is a nearly symmetric surjective map, indicating that electrons released with a
similar absolute offset from the trapping potential minimum will share the same final
trapping location. Releasing electrons closely around the trapping potential minimum
thereby results in highest attainable bunch compression during injection. This is a
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direct consequence of the approximately parabolic shape of the trapping potential
around the blowout centre.

It follows from these considerations that precise tuning of the release positions
can be utilised to manipulate and optimise the resulting trapped bunch distribution,
in principle. The actual accessible injection region and the degree of control over
electron release positions, injection duration and injected charge, however, varies
for different realisations of ionisation injection schemes, depending on their specific
method for achieving excess ionisation of the HIT component. In general, ionisation
injection mechanisms rely on strong field ionisation induced via a localised maximum
in absolute electric field strength. Such confined regions of strong electric fields can be
readily provided by the driver, by the wakefield itself or by introducing auxiliary laser

pulses.

6.3.1 Driver ionisation

The laser pulse or electron beam driving a plasma wakefield suitable for ionisation
injection is typically substantially shorter than the trapping region and naturally
carries a considerable electric field. The peak field of the driver can thus be utilised for
injection, provided the driver field magnitude and duration is adequate for ionising
the HIT medium, and the trapping region extends sufficiently towards the front of the
wake into the vicinity of the driver.

This is particularly applicable for laser-driven plasma wakefield accelerators. A laser
pulse with ap = 1 and A; = 800 nm yields a peak electric field of Eg ~ 4 x 10'2V/m,
providing ample field strength to ionise even the innermost shell electrons of various
gaseous elements. Consequently, already the rising edge of the laser pulse is capable
of fully ionising the LIT component and several levels of the HIT dopant. The thereby
released electrons are then subsequently expelled off axis by the ponderomotive force
of the driver and establish the wakefield. A careful choice of a HIT species with higher
ionisation levels that are only accessible by the very peak of the laser pulse then
enables the release of additional electrons directly inside the fully formed wakefield.
These peak-ionised electrons are therefore available for trapping, provided that their
ionisation front sufficiently overlaps with the trapping region.

Various HIT gas types have been explored experimentally [344—346] for ionisation
injection in LWFAs. Combining helium (&.+ ~ 24.6€eV) with traces of nitrogen has
since been established as a practical mixture of LIT and HIT media, due to the large
gap in ionisation potentials between the 5" L-shell electron (£,s+ =~ 98€V) and the
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two innermost K-shell electrons (Ey6+ ~ 552V and &7+ ~ 667 €V) of nitrogen atoms.
A representative example of the resulting on-axis ionisation fronts in such a helium-
nitrogen mix is depicted in Figure 6.2, showing the spatial separation of ionisation
positions with respect to the drive laser pulse. In this scenario, helium and the first
five levels of nitrogen are fully ionised already by the rising edge of the laser pulse,
whereas the 6" and 7 levels of nitrogen are partially ionised only close to the laser
peak amplitude.
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Figure 6.2: LWFA driver ionisation. Ionisation fronts for a typical ionisation injection scenario
in LWFA, with helium as LIT medium and nitrogen as dopant HIT species. The
red line represents the electric field envelope of the laser driver (here, ap = 2,
Al = 800 nm, tpwrmMm = 30 fs) on axis. The rising edge of the driver is capable of
fully ionising helium, as well as the outer five electrons of the nitrogen dopant.
These electrons thus contribute to the wakefield formation. The two electrons from
the innermost nitrogen shell, in contrast, are accessed only near the peak laser
amplitude located inside the wake.

A finite ionisation volume around the peak of the laser driver, however, also im-
plies that released electrons are immediately subject to a considerable transverse
ponderomotive push, which poses a conceptual limit on the attainable emittance [347].
The usual linear polarisation of the drive laser further leads to an asymmetry in
emittance and divergence between the plane parallel and orthogonal to the laser
polarisation [301, 344, 345, 347, 348].

Moreover, continuous ionisation injection tends to generate correspondingly con-

tinuous, broadband energy spectra, as electrons injected at later times experience
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shorter accelerating distances [347, 349, 350]. When aiming for electron bunches with
a defined central energy, the injection process is thus ideally confined not only to
a localised region within the wakefield, but also to a brief period of time. As for
any injection scheme, continuous accumulation of charge in the wake is eventually
terminated by overloading the wake (see chapter 4.3). More control over the injection
duration can be achieved by confining the volume of HIT gas to a specific section
along the accelerator. Such cascaded LWFAs utilising sophisticated gas target designs
with dedicated injection and acceleration sections have been demonstrated experi-
mentally [351—356]. The length of the injection section was thereby reduced to a few
millimetres, resulting in peaked electron energy spectra with several percent energy
spread, albeit with comparatively low charge.

Another approach for manipulating the injection duration is to exploit the intrinsic
laser evolution during its passage through the plasma. It has been shown that ionisa-
tion injection in LWFAs can occur even for laser intensities initially below the threshold
of ionising the higher HIT levels, as the peak field strength of the driver is increased
through self-focusing [357, 358]. This concept can be extended to not only initiate,
but also deliberately terminate the injection process for highly intense laser drivers.
Such self-truncated ionisation injection (STII) schemes specifically exploit the rapid
self-focusing of an intentionally unmatched laser pulse to either substantially modify
the wake until the trapping condition is no longer fulfilled [359], or to subsequently
prompt laser diffraction until the laser intensity becomes insufficient to ionise the
target HIT level [360]. The injection distance can thereby be confined to a region as
short as a few tens of micrometres, promising low-energy spread electron bunches.
After injection, the laser driver ideally enters an approximately guided mode for the
remaining acceleration distance.

Experimental realisations of self-truncated ionisation injection have demonstrated
the generation of electron beams with several hundred MeV energy and few percent
energy spread [361], with remarkable reproducibility [43]. The amount of trapped
charge can thereby be controlled by varying the HIT dopant concentration, which
enables energy spread optimisation via beamloading [41, 171]. Nowadays, such LWFA
systems utilising ~100 TW class laser drivers and employing STII excel in routinely
delivering electron bunches approaching nanocoulomb charge levels, with associated
peak currents of several tens of kiloampere.

In comparison, realising driver-induced ionisation injection in PWFAs is generally
more challenging than in LWFAs, owing the substantially lower peak electric field

of the driver in typical scenarios. Moreover, the maximum electric field for radially
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symmetric particle drivers is located off-axis (see chapter 3.1.2). Successful driver-
induced ionisation injection in PWFAs therefore requires particularly narrow drivers
that carry sufficient peak current to achieve ionisation of the HIT component within
the trapping region. Experimental results are thus comparatively scarce, yet have been
reported for the first time [340] utilising lithium vapour (§;;+ ~ 5.4eV) generated
in a heat-pipe oven [362] as LIT medium, with helium as HIT dopant for injection.
These initial results were subsequently refined and discussed in more detail [363, 364],
indicating a final witness beam emittance roughly ten-fold lower than the original
drive beam. However, inherent off-axis injection paired with transverse momenta
imprinted by the driver fields during injection again ultimately limits the minimum
attainable emittance. Ionisation injection in a PWFA was further observed in a series
of similar experiments using rubidium vapour [365, 366], serving simultaneously as
LIT and HIT medium (&gy,+ ~ 4.2V, &2+ ~ 27.3€V). Similar to LWFAs, a deliberate
mechanism for self-truncation of driver-induced ionisaton injection in PWFAs has
been conceptualised, based on betatron oscillations and periodic focusing of the drive
beam inside the plasma wake [367], with the potential for producing several energy-
separated witness beams over extended acceleration distances. Finally, the use of HIT
media with generally substantially lower ionisation thresholds than in LWFAs also
implies that additional ionisation injection may be induced by the space-charge field
of the trapped witness beam [368], which is usually regarded as an undesired source
of dark current.

6.3.2  Wakefield ionisation

At the opposite end of the plasma cavity, the accelerating field of the wake reaches
its peak, providing a second localised electric field maximum. An appropriate com-
bination of driver parameters, plasma density and ambient gas media may thus yield
wakefield amplitudes sufficiently high to enable selective ionisation of a chosen HIT
species. As an example, the electric field close to the rear of a plasma wake operated
in the blowout regime is capable of ionising a significant fraction of helium already at
moderate plasma densities of ~10'” cm ™3 [363].

The intrinsic wakefield itself can therefore, in principle, also be utilised for ionisation
injection [369]. A prerequisite for such wakefield-induced ionisation injection (WII)
is that the targeted HIT medium is not depleted at the front of the wake. More
specifically, when aiming for isolated WII, the absence of driver-ionised electrons is
desired, which implies that the peak wakefield exceeds the field strength of the driver.
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In direct contrast to driver-induced ionisation injection, WII is hence most relevant for
PWFA scenarios.

Nonetheless, similar considerations as for driver-induced ionisation injection apply.
Another prerequisite for successful wakefield-induced ionisation injection is thus
sufficient overlap between the ionisation volume and the trapping region. This neces-
sitates particularly strong wakefields, which in turn is associated with the requirement
for electron beam drivers with high peak-current > 8.5kA [370]. In comparison to
driver-induced ionisation injection, however, the strength of the wakefield — and con-
sequently the ionisation yield — is less susceptible to microstructures in the driver,
promising improved shot-to-shot stability. A comparatively small intersection between
ionisation volume and trapping region in WII results in intrinsically short electron
bunches trapped at the rear of the blowout close to the strongest accelerating phase.
Moreover, wakefield-ionised electrons released towards the rear of the plasma cavity
do not experience transverse emittance degradation from the driver field and are
immediately subject to the focusing wakefield. As a consequence, WII promises to
deliver high-quality electron bunches with sub-pm bunch lengths and sub-pmrad
emittances for plasma densities on the order of 10'8 cm—3 [370].

While the release of electrons in WII is inherently localised in the co-moving frame
of the wakefield, the injection duration can be limited by confining the spatial extent
of the HIT gas distribution [369, 370]. This measure also prevents further, in this
case, undesired, ionisation injection due to driver focusing for the remainder of the
acceleration distance. With a confined injection section, the trapped charge in WII
is then tunable via controlling the dopant density, facilitating the optimisation of
beamloading conditions to attain low energy spread.

Wakefield-induced ionisation injection therefore offers a promising approach for
generating high-quality electron beams in PWFAs, with its primary attraction being
its conceptual simplicity. However, successful WII has thus far not been directly
demonstrated experimentally, although it may have played a role in studies exploring
the viability of rubidium vapour as plasma source [365, 366]. One of the reasons may be
found in the experimental challenge of accessing the blowout regime at comparatively
high plasma densities, which necessitates particularly short, high peak-current drive
beams. Such drive beams enabling WII could, however, be provided by laser-wakefield
accelerators [41, 277][371].
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6.3.3 Auxiliary laser pulses

Ionisation injection by either driver or wakefield inherently confines the release volume
to the front or the rear of the wake, respectively. Albeit, it can be argued that the ideal
release position is located at the centre of the blowout:

Similar to WII, particles released in the wake centre are not subject to inheriting
transverse momentum from the driver, provided the driver is sufficiently short. Releas-
ing particles at the trough of the trapping potential, however, relaxes the requirement
on wakefield strength for successful injection. Further, the bunch compression ef-
fect is maximised, yielding high-current witness beams even for moderate levels of
injected charge, while simultaneously minimising the accumulation of correlated
energy spread. Targeting the wakefield centre for ionisation injection thus promises
intrinsically enhanced witness brightness.

The injection scheme offering arbitrary choice of release positions inside the wake is
the ultracold underdense plasma photocathode [38, 39]. Its eponymous key element is
an additional laser pulse tightly focused directly into the plasma cavity to locally ionise
the HIT medium. In a collinear geometry, that is, the injector laser co-propagating
with the blowout, its focusing, alignment and delay with respect to the driver can be
utilised to precisely tune the electron release positions, the overall release volume and
injection duration. Also known under the colloquial term Trojan Horse Injection, this
injection scheme was originally proposed in the context of PWFA, where selective
ionisation of the designated HIT species can be achieved with comparatively low
injection laser intensities. The released electrons thus inherit marginal transverse
momentum from the injector laser, opening a pathway for generating witness beams
with unprecedentedly low emittance and, accordingly, extreme brightness values.
Further details of the plasma photocathode are discussed in chapter 7, and a first
proof-of-principle experimental realisation in a perpendicular injector geometry [40]
is presented in chapter 9.

Further variants of this scheme have been proposed, including a counter-propagating
injector geometry [372], as well as utilising two colliding injector lasers to further
restrict the ionisation volume in a transverse injector geometry [373]. It has also been
theorised that trapping of electrons released via a dedicated injector laser pulse can
be facilitated even for wakefields below the nominal trapping threshold, by either
applying a plasma photocathode on a plasma density down-ramp [341] or exploiting
the additional ponderomotive push of a mildly relativistic injector laser traversing the
plasma cavity under an oblique angle [374].
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Employing an injector laser for selective ionisation in a laser-driven wake, however,
faces additional conceptual challenges. Since the peak electric field of laser drivers
is typically orders of magnitude larger than the electric self-field of electron drive
beams, highly relativistic injector laser intensities are required to access remaining
elevated ionisation levels of an ambient HIT medium [375]. This effectively means
that the injector laser itself is usually capable of driving a substantial plasma wave, at
least transiently when it is close to its focus. The trapping dynamics are thus more
complex and increasingly governed by emittance-degrading ponderomotive effects for
higher injector laser intensities. A numerical study exploring the LWFA equivalent of
a transverse colliding injector geometry reveals that ionisation can then become only a
secondary contribution to injection [376].

To circumvent this issue, ionisation injection facilitated by a co-propagating injector
laser pulse has also been conceptualised for LWFA scenarios employing laser drivers
with only mildly relativistic intensities ap S 1 [377]. A first experimental realisation
of such a configuration has been recently reported [378], however, the laser-driven
wakefield in this scheme is operated in a quasi-linear regime and the prospects for
attaining sub-pm rad emittances are likewise inherently limited [377, 378].

Further proposed LWFA adaptions suggest the utilisation of an injector laser with
substantially higher frequency than the driving pulse to mitigate the ponderomotive
emittance contribution during injection. This approach explicitly makes use of the
scaling ap o< Ep/wi, which means that the ponderomotive force of a high-frequency
injector laser can be attenuated despite its electric field strength exceeding the peak
field of the driver. In turn, longer driver wavelengths combined with circular polar-
isation maintain a strong ponderomotive force even for considerably reduced driver
field amplitudes. Such two-colour LWFA driver and injector laser schemes have been
explored theoretically in both longitudinal and transverse injection geometries [379—
381].

Yet another proposed LWFA concept similarly employs a higher-harmonic injector
laser in collinear geometry, albeit with the injector pulse initially superimposed on the
drive laser [382, 383]. The frequency difference between driver and injector lasers then
leads to a relative phase shift between the two pulses due to their different dispersion
within the plasma. This leads to a transient increase of their combined electric field
strength which can be utilised to induce and tune ionisation injection. In essence, this
scheme thus resembles laser-assisted driver ionisation injection in LWFA.
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6.4 OTHER METHODS & INJECTION SCHEME COMBINATIONS

Besides the above non-exhaustive overview of distinct injection modes, a plethora
of alternative methods and injection scheme combinations have been conceptualised.
For example, applying external magnetic fields has been investigated as means for
enhancing and controlling self-injection [384, 385], ionisation injection [386] and
density down-ramp injection [387]. Suppressing self-injection on a plasma up-ramp,
followed by rapid injection at the transition to a subsequent density plateau has been
theorised as a method of generating sub-femtosecond electron bunches [388, 389].
Another approach for assisting and controlling self-injection in LWFAs introducing
nanowires [390] or nanoparticles [391] was conceptualised, with encouraging initial
experimental results [392, 393] and recently reporting the injection and acceleration of
a ~340 pC electron beam up to 10 GeV [30].

Further noteworthy experimental achievements include a combination of shock-
front and colliding-pulse injection in a single LWFA stage, by which a dual-bunch
configuration with tunable energy separation and delay was demonstrated [394].
Density down-ramps have been successfully employed to initiate and localise driver-
induced ionisation injection in LWFAs [395, 396]. A carefully tuned combination of
tailored density ramps and ionisation injection in composite gas targets has since been
shown to provide remarkable reproducibility and further means of controlling the
final beam parameters [172, 354].
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PLASMA PHOTOCATHODE

As outlined in the previous chapter, one of the virtues of plasma-based accelerators is
that they can be simultaneously operated as injector, with a rich variety of methods
resulting in different witness beam characteristics. The majority of such internal
injection schemes, however, relies on either exploiting the driver evolution, deliberate
modifications of the wake structure, or combinations thereof to initiate and terminate
the injection process. In contrast, the plasma photocathode employs a dedicated
injector laser pulse to release electrons directly inside the wake via selective tunnel
ionisation. The plasma photocathode therefore uniquely decouples injection control
from the driver and the accelerating structure. This offers a distinctive versatility in
tuning the witness beam parameters, including the generation of ultra-short, ultra-low
emittance beams with correspondingly ultra-high brightness [38, 39, 397, 398].

As other ionisation injection methods, the plasma photocathode relies on the avail-
ability of an ambient HIT medium combined with a strong blowout with sufficiently
deep trapping potential to capture the HIT electrons released by the injector laser.
The decisive capability of the plasma photocathode method is to prompt localised
and swift injection around the transverse and longitudinal centre of the wake. This
principal injection mode is illustrated in Figure 7.1 for a collinear injection geometry in
a PWFA scenario. A high peak-current electron beam drives a blowout associated with
a sufficiently deep trapping potential in an ambient, pre-ionised LIT medium. The
driver is thereby sufficiently short as to not affect the wake centre. An independent,
co-propagating laser pulse trails the driver on-axis at a distance corresponding to
the minimum of the trapping well. Upon traversing its focus, the injector laser thus
transiently releases HIT electrons in a confined volume around the wake centre. These
electrons slip back with respect to the wakefield until they are trapped at an accelerat-
ing phase towards to the rear of the wake. Targeting the longitudinal wakefield centre
for injection thereby specifically exploits the intrinsic bunch compression effect (recall
Figure 6.1).
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Figure 7.1: Plasma photocathode injection. Visualisations of a PIC simulation at success-
ive time frames illustrate the plasma photocathode injection process, exemplified
here for a 1:1 mixture of hydrogen and helium. The electron beam (yellow) with

Q =5 and kp0, = 0.5 and a peak current of Jp =~ 5.4 KA drives a blowout in the
pre-ionised hydrogen plasma with density corresponding to Ap = 150 pm. An
independently tunable injector laser (red colour-scale), here shown in collinear geo-
metry with Ay = 800nm, tTpwpam = 30fs, wo = 10 pm and ag = 0.02, transiently
releases cold helium electrons around the wake centre upon traversing its focus at
to . The released electron population (colour-coded energy) is trapped and acceler-
ated at the rear of the wake to form a witness beam, in this example with length
02w ~ 0.1um, charge Qw =~ 5.3 pC and emittance of ey x =~ €ny ~ 150nmrad.
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As such, the injection phase, effective release volume and release duration are
determined by the injector laser parameters’. More specifically, the injector laser
intensity, focal spot size and pulse duration jointly define the central co-moving
position, length, width and curvature of the ionisation front, as well as the relative
velocity? and maximum longitudinal variation with which the ionisation front sweeps
back and forth with respect to the pulse centre [341]. Provided a sufficiently strong
wakefield, all electrons thereby released within the trapping volume are ultimately
captured and form the witness beam. For fixed laser parameters, the resulting witness
charge can hence be independently controlled by adjusting the HIT dopant density.

The potential of the plasma photocathode is indeed most advantageously exploited
in PWFA scenarios. Electron-driven plasma wakefields can provide tens to hundreds
of gigavolt-per-metre accelerating fields while being largely immune to self-injection,
due to their ultra-relativistic phase velocities. Comparatively low PWFA driver electric
fields further facilitate the retention of an adequate HIT medium that can in turn
be accessed via tunnel ionisation with non-relativistic laser intensities ag < 1. For
example, intensities on the order of ~ 10" W/cm™2 are sufficient to tunnel-ionise
a significant fraction of helium, corresponding to Eo ~ 80GV/m or ap ~ 0.02 for
typical linearly polarised Ti:sapphire laser pulses with 800 nm central wavelength
(see also Figure 2.3 and equation 3.14). Such injector laser intensities just above the
tunnel ionisation threshold release electrons with negligible inherited temperature
corresponding to <10eV [381, 397][399]. In this configuration, the initial witness beam
emittance is therefore governed by the transverse spread in release positions and the
linear focusing force of the blowout. Assuming a Gaussian laser in collinear injector

geometry, the resulting transverse residual emittance can then be estimated as [381]

3

€nx ™~ €ny =K aowf% ST <£H>2

ey PN 4v2« \ Elrr (7.1)
5 :

~156x 10711y /ng [em—3] ag m (Emrr [eV])_% ,

where 1. = €2/ (47T€0TT113C2) is the classical electron radius, o = e?/ (4mephc) is the
fine structure constant and &y ~ 13.6€V is the ionisation potential of atomic hydrogen.

It is assumed that the absolute wakefield magnitude close to the blowout centre is small compared to
the injector laser field strength. In this case, the contribution of the wakefield to the net ionisation rate
can be neglected. The influence of superimposed laser- and wakefields, however, may be significant for
exceptionally strong wakes or different injector geometries.

For Gaussian injector laser pulses, the ionisation front moves superluminal before traversing the focus,
and subluminal afterwards.
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Therefore, ultra-low residual emittances on the order of 10~? mrad to 108 mrad are
attainable from a PWFA plasma photocathode operated at typical plasma densities
no ~ 10'7 em—3, utilising injector lasers with wavelength of A; ~ 800nm, focal spot
size wg <

~

10pm and ap < 1 to ionise a suitable HIT medium. Witness electrons
released in such an environment are rapidly accelerated to relativistic velocities,
minimising subsequent emittance growth due to non-linear space-charge forces [400,
401] (also recall equation 4.18). Strong accelerating gradients, in conjunction with
ultra-relativistic PWFA wakefield phase velocities furthermore maximise the intrinsic
bunch compression during injection [341-343]. The plasma photocathode is thus
capable of generating ultra-short witness beams with sub-femtosecond duration
and correspondingly multi-kiloampere peak currents already for picocoulomb-scale
injected charge [398]. At the same time, such short witness beam durations minimise
the accumulation of correlated energy spread. The residual energy spread, in turn, is
determined by the longitudinal variation of release phases and the injection duration.
The latter is proportional to the Rayleigh length zr of the laser pulse and usually
constitutes the dominant contribution to the residual energy spread in collinear
injection geometry [402], which can thus be approximated as [403][174]
2
AWims = 2 Evseap. 7:2)
Here, E, trap. denotes the accelerating field at the mean trapping location. The estimated
residual energy spread obtained from plasma photocathodes is thus typically on
the order of a few MeV or below, which translates to relative values of <1 % upon
reaching GeV energies. Both residual emittance and energy spread scale, for fixed wake
conditions, with the effective ionisation volume o w% /A1. A confined release volume
around the wake centre, combined with comparatively low witness charge thereby also
minimises longitudinal and transverse phase mixing during and after injection [397,
402, 404]. In conjunction with practically phase-constant acceleration in a quasi-static
blowout up to driver depletion offered by PWFAs, the plasma photocathode thus
provides a pathway towards generating multi-GeV electron beams with unprecedented
(5D) brightness values beyond ~10'? —10%2° A/(m? rad?) [3981[399, 405], surpassing
the capabilities of conventional accelerators by several orders of magnitude.
Importantly, the quality demands on the electron driver are very moderate in
comparison. While realising the plasma photocathode necessitates drivers with a sub-
stantial peak current 2 5kA to establish adequate trapping conditions, the formation

of a stable blowout is largely impervious to the initial emittance and energy spread
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of the driver. In fact, a reasonably large matched spot size and considerable betatron
phase mixing of the driver is prudent to efficiently inhibit dark current originating
from, in this case, undesired driver ionisation [406]. Consequently, witness beams
generated by a plasma photocathode may exceed the brightness of the initial driver
by several orders of magnitude in exchange for reduced charge, albeit maintaining
similar or even higher peak-currents. The plasma photocathode can therefore operate
as a highly efficient brightness transformer of the original electron driver source.

The intrinsic versatility of the plasma photocathode concept thereby offers a broad
variety of scenarios and adaptions, including multiple laser pulses and different in-
jector geometries [372, 373][407]. Multiple injector lasers may also be successively
deployed to generate witness beams with defined energy separation in a single or
consecutive wake cavities [408, 409][399]. Sequential plasma photocathode injection
can furthermore be exploited to subsequently adjust the longitudinal phase space
of a previously injected witness beam. While comparatively low injected charge is
beneficial for achieving lowest emittances, such a witness beam typically does not
significantly load the wake and hence accumulates a correlated energy spread during
acceleration. However, once this low-emittance electron beam becomes relativistically
stable and largely resilient against space-charge forces, a second plasma photocathode
injector laser may be utilised to inject a high-charge, lower quality electron distribution
superimposed on the original witness beam. The secondary electron beam thereupon
overloads the wake locally and effectively reverts the correlated energy spread of
the previous witness beam without compromising its emittance [403][174, 175]. This
technique thus not only further enhances the 6D brightness, but also largely facilitates
emittance-preserving extraction from the plasma and subsequent transport of the
primary witness beam. A recent simulation study showcases that thereby electron
beams with 6D slice brightness on the order of ~1 07 A/(m? rad? 0.1 %) can be gener-
ated, isolated and delivered to drive a hard X-ray free electron laser with substantially
reduced gain length [403][407]. Further optimisations of the witness beam parameters
may be achieved through enhanced control over the size and shape of the effective
ionisation volume upon utilising advanced injector laser optics [410-413][175, 399].

Generally, the plasma photocathode offers a wide variety of witness phase space
control mechanisms beyond tuning the laser focus size and intensity, for example by
deliberately detuning the injector laser delay, adjusting the pulse duration, frequency
and polarisation, as well as introducing transverse offsets and oblique angles [399, 405].
Even exotic witness beam phase space distributions may be generated with structured
laser pulses [414].
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The principle injection mechanism, meanwhile, is independent of the injection
geometry. However, when utilising injector lasers with Rayleigh lengths larger than
the blowout dimensions at arbitrary angles, the electron release region may extent
beyond the nominal wakefield. The spread of witness beam origin locations is then
determined by the geometric overlap of the ionisation volume and the trapping
region. Experimental realisations may be nevertheless largely facilitated specifically
in perpendicular laser geometry. Such a 9o° injection mode has been exploited in the
E-210 experiment presented in chapter g, resulting in the first demonstration of a
plasma photocathode [40].
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The conceptual setup components of a 9o° plasma photocathode can alternatively be
utilised to generate steep density gradients ahead of an electron-driven wake. In this
scenario, the injector laser traverses the central axis several picoseconds before the
arrival of the driver and ionises a substantial fraction of the ambient HIT medium along
its path. This results in a confined column of elevated plasma density perpendicular to
the driver trajectory, colloquially termed plasma torch [316, 317, 415]. Upon traversing
the resulting longitudinal density variation, the wake can thus be significantly distorted
to prompt injection via a density transition mechanism (see chapter 6.2.2).

In contrast to density down-ramp injection schemes relying on hydrodynamically
shaped gas profiles or hot plasma expansion, the plasma torch gradients result purely
from localised, selective ionisation. Generating a sufficiently dense plasma torch for
injection therefore requires an adequate two-component mixture of a LIT and HIT
medium, whereby the HIT component must remain largely unaffected by the driver.
Plasma torch injection is thus mostly applicable in PWFA scenarios. In a typical PWFA
environment, however, a comparatively low-intensity laser pulse is sufficient to access
the designated HIT component, resulting in a cold plasma filament superimposed
on the plasma originating from the LIT medium. The shape of the resulting plasma
torch is therefore determined by the laser intensity profile and remains nearly static
on a nanosecond time scale [40, 416]. Combined with the non-linear sensitivity of
tunnel ionisation rates on electric field strength, the laser-generated plasma torch can
hence exhibit exceptionally sharp density gradients suitable for PWFA down-ramp
injection [316, 317, 415, 417][40, 416].

The maximum attainable density enhancement within the plasma torch is defined
by the underlying HIT density and the targeted ionisation levels. Upon full ionisation,
the plasma torch density thus becomes invariant to the local laser intensity, such that
flat-top density profiles with tunable plateau and ramp lengths can be generated. A
HIT species with multiple available ionisation levels may also produce several density
steps. Employing a laser pulse with a Rayleigh length and diameter considerably larger
than the nominal plasma wavelength thereby generates nearly uniform longitudinal

density gradients over the entire width of the blowout.
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However, laser spot sizes significantly smaller than the blowout dimensions can also
be utilised to intentionally generate confined plasma filaments with strongly localised
density gradients. The plasma torch therefore offers unique capabilities of perturbing
the wake uniformly, but also partially at defined locations. The ensuing injection
dynamics then depend on the volumetric overlap of the 3D plasma torch density
profile with the wakefield [417][416]. In effect, the plasma torch approach allows
density down-ramp injection to be extended to multiple dimensions. This provides
advanced techniques for manipulating the resulting witness beam distribution, arising
from adjusting the laser intensity, focal spot size, as well as varying the incident angle
and spatio-temporal offsets with respect to the driver. Various injection scenarios can
thus be realised, including the generation of asymmetric witness beams and twin
beamlets with defined separation in transverse phase space. Further aspects of these
multi-faceted injection dynamics and their specific dependencies are discussed in
detail in [417][416].

Evidently, plasma torch injectors are similar to plasma photocathodes in their
essential setup components and tunability methods. However, both schemes are based
on fundamentally distinct injection processes. The defining difference is that the
plasma torch releases additional HIT electrons sufficiently ahead of the wake to elicit
density down-ramp injection, whereas the plasma photocathode releases electrons
directly inside the wakefield. Nevertheless, plasma torch and plasma photocathode

injection can, in principle, be realised in the same experimental configuration [40].

Plasma torch and plasma photocathode modes then differ in injector laser delay
and minimum required laser intensity. The plasma photocathode further necessitates
accurate timing of the injector laser to coincide with the wake. In contrast, plasma
torch injection is feasible within a vastly larger timing window, due to the relative
longevity of the cold, laser-generated plasma density profile. Plasma torch injection
can thus be exploited as a robust intermediate operating mode to facilitate accessing
and isolating the plasma photocathode regime. This strategy was successfully applied
in the E-210 experiment discussed in the following chapter.

The nature of plasma torch injection further does not strictly demand wakefields
capable of trapping electrons from rest, and can thus be also realised in PWFA
configurations insufficient to support plasma photocathode injection. Following its
first implementation in the E-210 experiment, such a stand-alone plasma torch injector
has been demonstrated at the FLASH-Forward facility [418].
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Realising the plasma photocathode imposes several principal prerequisites. The imper-
ative condition is a plasma blowout with sufficiently deep trapping potential, which
implies electron drivers with a high peak-current on the order of 5kA to T0kA . The
second requirement is an adequate plasma source to accommodate the electron-driven
wake while maintaining a HIT medium with sufficiently separated ionisation energy.
The third fundamental component is a corresponding laser pulse, focused into the
wake with appropriate synchronisation to access such a HIT medium for injection.

Linac-driven PWFA facilities able to provide these conditions simultaneously are
extremely scarce, and could thus far only be offered by the Facility for Advanced
Accelerator Experimental Tests (FACET) [129] at the SLAC National Accelerator
Laboratory. Prior to the commissioning of FACET, major milestones in PWFA research
and development have been achieved at the Final Focus Test Beam (FFIB) facility [28,
340, 363, 419, 420], utilising electron and positron beams from the ~3 km SLAC linac
which previously powered the Stanford Linear Collider. As successor to the FFTB
facility, FACET comprised the first 2/3 of the SLAC linac and was operated as user
facility from 2011 to 2016.

An international collaboration between several research teams and industry partners
from Europe and the USA was thus formed to explore plasma photocathode injection
at FACET in a dedicated experimental programme titled "E210: Trojan Horse PWFA".
While FACET could deliver electron drivers with sufficient peak current of ~10kA,
several technical aspects of the experimental target design had to be developed and
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refined during the E-210 programme, specifically for generating a metre-scale plasma
compatible with dark current free PWFA operation [406], as well as achieving accurate
spatial superposition and synchronisation of the injector laser and plasma wake [421].
To facilitate addressing these challenges, the experiment was designed and realised
in a 9o° injector geometry. This configuration further enabled the implementation of
the plasma torch injection method in the same setup to assist accessing the plasma
photocathode regime.

The author has been involved in the process of designing the experiment throughout
its various iterations, and joined the experimental team on-site during the last three
months of the E-210 campaign. With joint effort and valuable support by other FACET
experiments and SLAC personnel, this campaign resulted in the first demonstration of
a plasma photocathode, utilising the plasma torch method as an intermediate stepping
stone. The author thereafter assisted in analysing the recorded measurements and
contributed extensively to subsequent numerical simulations that provided further
insights on the injection and acceleration dynamics under the specific conditions
realised in the experiment.

The following summarises key design aspects, methods and the main results of
the E-210 campaign. These results are also reported in [40, 422], and additional in-
sights, experimental strategies and arising perspectives are discussed in accompanying
publications [399, 416, 421], as well as various related theses [341, 403, 409, 417, 423,

424].
9.1 EXPERIMENTAL CONCEPT

Experiments at FACET are located 10 m underground in sector 20 of the SLAC linac
tunnel. For the E-210 experiment, FACET delivers electron beams with a charge of
Q ~ 3.2nC, energy of W =~ 20.35GeV + 2% FWHM and transverse emittances of
€nx ~ 100 pmrad and €,y ~ 10 umrad to the experimental area. They originate from
a thermionic electron gun and are cooled in an emittance damping ring before being
subsequently accelerated in a series of S-band radio-frequency cavities to ~ 9 GeV,
compressed in a magnetic chicane, and further accelerated to their final energy along
the remainder of the ~2km beam line [425]. Upstream of the interaction point (IP),
the E-210 driver is ultimately compressed to a bunch length of o, ~ 20 —40 ym and
focused to transverse sizes of o ~ 25um and oy ~ 30 pm, respectively.

The second essential infrastructure utilised in the E-210 experiment is a ~ 10 TW-
class Ti:sapphire laser system located on the surface level near sector 20, providing
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~500m] pulses at a central wavelength of 800nm. The laser pulses are locked to
the RF phase of the linac and delivered into the tunnel via a 28 m vacuum transport
beam line [426]. The main laser energy is allocated to several laser paths inside the
experimental area, providing individual pulses for diagnostics, plasma generation and
injection.

o Probe & injection laser
Electron driver beam Beamsplitter 05" Y\N\(\\‘\
- BPM 5%
©
Be window Energy
\.\ 4 attenuator
EOS diagnostic

g 3
e

)
. BN )
S Preionization W Axilens
S laser \;\!\\Y\

N ot

Delay stage

Holed mirror

Off-axis
parabolic mirror

e gun N

Diamond window

AN e BPM
Ss Imaging .‘e peole

quadrupole 1

Damping ring

Compressor Imaging

Final focusing quadrupole 2

Phosphor
Experimental area X‘\ — screen

Beam dump ST T -

Figure 9.1: E-210 experimental setup. The electron drive beam is generated in the ~2 km SLAC
linac and delivered into the experimental area after final compression and focusing.
The interaction section is homogeneously filled with a gas mixture of hydrogen
and helium, confined by an upstream and downstream window. The high-power
fraction of the FACET laser ionises the hydrogen component and generates a
plasma channel along the driver axis. The electron beam then drives a highly non-
linear plasma wave in the pre-formed plasma. A comparatively low-power injector
laser pulse with adjustable energy and delay is focused perpendicularly onto the
driver axis to ionise the remaining neutral helium. Several cameras observe the
injection region. The inset on the top right shows a snapshot obtained from the
camera positioned below the injection point. An additional EOS diagnostic provides
information about the relative delay between the injector laser and electron drive
beam. BPMs and OTR screens assist in alignment of the electron beam and plasma
channel. An imaging spectrometer downstream of the interaction section is used to
characterise the resulting witness beams. Illustration composed by P. Scherkl with
assistance from the author, published in [40].

A conceptual layout of the main experimental components comprising the E-210
setup is illustrated in Figure 9.1. The interaction section of the experiment is isolated
from the vacuum accelerator beam line, enclosed upstream by a 50 pm thin beryllium
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foil and downstream by a 100 pm diamond window. This entire ~ 5.4 metre long
region is filled with a 1:1 gas mixture of hydrogen and helium with ny, ~ nge =
0.65 x 10'” cm~3 to provide the LIT and HIT medium, respectively. The main fraction
of the FACET laser is used to generate a metre-scale plasma channel along the driver
axis by selectively ionising the hydrogen component. The FACET electron beam then
drives a highly non-linear plasma wave in the pre-formed hydrogen plasma. An
independently tunable injector laser pulse is focused perpendicularly into the pre-
formed plasma channel to release additional electrons from the remaining neutral
helium.

A third laser pulse, derived from the same beam line that powers the injector laser,
supplies an electro-optical sampling (EOS) diagnostic. This EOS diagnostic is used to
infer the relative delay between the injector laser and the electron driver [341]. The
trajectory of the electron driver is monitored online by two beam position monitors
(BPMs) located upstream and downstream of the interaction section. These BPMs
additionally function as intermediate charge monitors. Retractable optical transition
radiation (OTR) screens within the experimental section assist in aligning the pre-
ionisation laser to the driver axis.

After traversing the downstream diamond window, the driver and resulting wit-
ness beams are characterised by an imaging electron spectrometer, consisting of a
tunable quadrupole doublet and an electromagnetic dipole. At the end of the ~22m
long spectrometer vacuum transport section, the dispersed electrons traverse a 5 mm
aluminium plate and are subsequently observed on scintillating screens. The charge
and energy read-out of the spectrometer is calibrated against the unperturbed driver
prior to filling the interaction section with gas.

Precise coordination between the electron driver and laser pulses constitutes the
major technical and operational challenge in the E-210 experiment. This includes
generating an adequate plasma environment along the driver axis, as well as focusing
the injector laser onto this central axis with a specified delay. A controlled interplay of
all components thus requires robust spatial alignment procedures with high accuracy,
in conjunction with determining and adjusting the temporal synchronisation of the
injector laser to the electron-driven plasma wake. The 9o° injector geometry thereby
facilitates establishing such spatio-temporal alignment, but also enables exploiting
plasma torch injection as intermediate step towards the first demonstration of a plasma
photocathode. Further aspects of the E-210 plasma source, injector laser and alignment
procedures are discussed in the following.
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9.1.1 Plasma source

During its operation, FACET was the only facility capable of delivering sufficiently
dense, high-current electron beams for driving a blowout suitable for plasma pho-
tocathode injection. A closely related prerequisite is an adequate plasma source
sustaining the electron-driven plasma wake, while at the same time conserving a
higher ionisation level for controlled injection. This can be realised through a suitable
combination of LIT and HIT media and selective tunnel ionisation of each component
via individual laser pulses with appropriate intensities. Such laser pulses are offered
by the FACET laser system.

The E-210 experiment employs hydrogen and helium as LIT and HIT species,
respectively. This choice provides several conceptual and operational advantages. Both
media exist in a gaseous state at room temperature, which facilitates maintaining
a homogeneous target species density with controlled mixing ratio over the entire
interaction section. This configuration further enables the addition of essential access
ports and windows to the enclosure for diagnostics, monitoring the generated plasma,
and, crucially, in-coupling of the injector laser. Molecular hydrogen thereby provides
up to two electrons with a comparatively low threshold for full ionisation. Beyond this
threshold, the resulting hydrogen plasma density is thus insensitive to higher laser
intensities. Gaseous helium, in turn, is an adequate complementary HIT medium,
as its first ionisation level exhibits the highest binding energy of any element. The
space-charge field of the FACET electron beam, with parameters used in the E-210
experiment, is not sufficient to ionise the hydrogen component. Instead, a pre-formed
plasma is provided by means of a dedicated pre-ionisation laser pulse.

An ideal plasma source for the E-210 experiment fulfils further necessary and desired
conditions simultaneously. The hydrogen plasma density needs to be sufficiently low
to allow the FACET electron beam to drive a blowout, but at the same time sufficiently
high to generate accelerating fields capable of trapping helium electrons released
directly inside the wake. Further, a reasonable level of complementary matching
between the plasma density and driver is necessary to avoid a strong pinch of the
electron beam, as to prevent premature depletion of the helium component by driver
ionisation and potential dark current injection [406]. Moreover, transferring a decent
amount of driver kinetic energy to the injected witness demands tens of centimetres
acceleration distance, and thus a correspondingly long plasma environment. At
the same time, maintaining a stable wakefield requires a radial plasma extent that

encompasses the blowout transversely over the entire accelerating distance. Generating
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such adequately long and sufficiently wide plasma channel constitutes one of major
technical challenges of the E-210 experiment.

The ultimately realised plasma source implementation is a result of a reasonable
balance between the electron driver parameters, attainable laser power and spatial
constraints in the experimental area. In this configuration, the pre-ionisation laser
utilises 90 % of the FACET laser energy delivered into the tunnel, where it is sub-
sequently compressed in a dedicated vacuum chamber to a FWHM pulse duration of
about 55 fs. After compression, a total energy of ~170m] is focused by a holographic
axilens [341, 425, 427] with a focal length of 3m and depth of focus of 1m. Such
axilens, in principle, generates a Bessel-shaped beam profile with the sought-after
balance of distributing the laser intensity over a longitudinally elongated and wide
focus, while maintaining peak intensities below the ionisation threshold of helium.
The estimated intensity distribution of the axilens focus realised in the experiment is
shown in Figure 9.2, calculated from the measured input beam profile.
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Figure 9.2: E-210 plasma channel. The top panel visualises the calculated intensity profile
of the pre-ionisation laser after being focused by the axilens, derived from the
measured input beam profile. The bottom panel shows the corresponding plasma
electron density distribution along the electron driver axis, calculated for a hy-
drogen gas density of ny, ~ 0.65 x 10'7 cm™3. The pre-ionisation laser is thus
capable of generating a fully ionised hydrogen plasma channel over several tens of
centimetres, albeit with varying width. Data generated by M. Litos for [40]. Figure
adapted from [399] under license CC BY 4.0.
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The pre-ionisation laser is folded onto the electron beam axis via a holed mirror (see
Figure 9.1) before it reaches its focus. There, it ionises the hydrogen component about
20 ps prior to the electron beam arrival. The resulting electron density distribution
along the driver axis is further shown below the intensity profile in Figure 9.2,
illustrating that a fully ionised hydrogen plasma channel is indeed generated over
several tens of centimetres, albeit inheriting a complex transverse shape. While the
plasma channel diameter initially extents up to 130 pm, it subsequently narrows along
the driver propagation axis.

This entails a lower limit on the applicable plasma density at which a stable blowout
can be maintained over the entire plasma length, as otherwise the nominal blowout
radius exceeds the transverse channel boundary. In turn, an upper limit is imposed by
the imperative to avoid excessive driver focusing and concomitant premature depletion
of the helium species [406]. These considerations are not conceptual limitations of
the plasma photocathode per se, but rather inherited from the technical realisation
specific to the E-210 experiment. As a trade-off between these boundary conditions,

the hydrogen gas density is set to ny, ~ 0.65 x 10" ¢cm~3

, resulting in a fully
ionised plasma density of about 1.3 x 10'” cm~2 and a corresponding nominal plasma
wavelength of ~20 pm .

The experiment is thus operated at a slightly higher plasma density than desired
for optimal plasma photocathode injection conditions [397], in exchange for reduced
blowout dimensions. This also implies that the driver longitudinally extends deeper
into the wake and may thus detrimentally affect the attainable emittance of electrons
released in its direct vicinity. A further consequence is an increased sensitivity of
the injection process on the spatio-temporal alignment accuracy and precision of the

injector laser.

9.1.2 Injector laser

Another central element of the E-210 experiment is an independently tunable laser
pulse to ionise the HIT medium. This injector laser is derived from the remaining
low-energy contingent of the FACET laser, which is individually compressed in air to
a pulse duration of Trwam ~ 65fs. A 10 % portion of this auxiliary beam line is also
used to supply the EOS diagnostic.

The subsequent injector laser arm is further equipped with an energy attenuator,
consisting of a A/2 wave plate and a polarising beam splitter. The energy of the injector
laser can thus be remotely adjusted in a range of 0.5 —5m]. An additional motorised
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delay stage is used to individually control the temporal offset of the injector relative to
the other laser pulses. A joint delay of all laser arms with respect to the electron driver
is tuned by varying the synchronisation between the FACET laser and the linac RF
phase. The collimated injector laser is then transported through a CaF, window into a
vacuum chamber attached to one of the available access ports of the interaction section,
where it is focused onto the driver axis by an f/22.9 off-axis parabolic mirror (OAP) to
a vacuum spot size of wg ~ 20 pm . As a result of this fixed geometry, the injector laser
intersects the pre-formed plasma channel at a longitudinal position corresponding
to 0.2m in Figure 9.2. The pitch, yaw and roll of the OAP can be remotely adjusted,
whereby the latter is used to align the injector laser focus vertically onto the driver
axis. The focus spot is further monitored on a dedicated diagnostics camera.

With maximum energy supplied to the injector laser, its peak intensity is estimated
to Ip =~ 1.17 x 10" W/cm~2, sufficient to fully ionise the helium HIT medium. The
nominal Rayleigh length thereby corresponds to zg ~ 1.6mm, which implies that
the injector laser generates a helium filament substantially longer than the nominal
plasma wavelength A, ~ 90 pm associated with the hydrogen LIT medium density.
On the one hand, such configuration compromises the minimum attainable emittance
in a 9o° plasma photocathode, as it implies that the injector laser releases electrons
across the entire width of the electron-driven blowout, thus introducing additional
transverse momentum spread to the resulting witness beams. On the other hand, a
perpendicular plasma filament with steep longitudinal density gradients over the
entire blowout width provides ideal conditions to realise plasma torch injection. The
E-210 injector laser implementation thus enables the exploration of both plasma torch
and plasma photocathode methods in the same setup.

Thereby, the capability of the injector laser to generate a millimetre-long helium
plasma filament effectively alleviates the required spatial alignment accuracy in the
horizontal dimension. Moreover, observing the interaction of the electron driver
with only the injector laser filament proves to provide a critical tool for refining the
alignment in the remaining vertical and temporal dimensions, as discussed in the
following section.

9.1.3 Spatio-temporal alignment

Meticulous spatio-temporal alignment between the electron driver and laser pulses is
one of the fundamental prerequisite in the E-210 experiment. However, conventional
alignment and synchronisation diagnostics cannot be applied directly in a plasma
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environment with coinciding high-intensity electron beams and ionising laser pulses.
Interceptive methods, such as OTR screens, are susceptible to damage, whereas
indirect methods, such as the EOS system, are impaired by the shielding properties of
the plasma or overpowered by a strong plasma response to the electron driver. The
application of such methods is therefore either restricted to locations afar from the
plasma and injection point, or to operating modes with substantially attenuated laser
pulses. In contrast, a spatially confined plasma is not only resilient to damage, but at
the same time highly sensitive to the intersection with the electron beam. The plasma
itself can therefore be exploited as detector medium to characterise spatio-temporal
alignment. The E-210 experiment thus employs an incremental alignment procedure,
utilising a combination of established methods refined by plasma-based diagnostics.

9.1.3.1 Pre-ionisation laser alignment

The pre-ionisation laser generates a plasma channel with a diameter on the same order
of magnitude as the anticipated blowout width. This, in turn, demands a particularly
stringent superposition of the pre-ionisation laser path and the electron beam axis.

To first determine the driver trajectory through the interaction section, two 500 pm
thick titanium OTR foils are alternately inserted onto the central axis and monitored
with dedicated cameras through viewing ports. The pre-ionisation laser is then released
as well, albeit with substantially reduced energy. This way, the laser does neither
generate a plasma nor damage the OTR screens and cameras. Instead, the electron
beam OTR signal and the transverse Bessel-shaped profile of the pre-ionisation laser
are observed together on the respective cameras with similar intensities. The laser
profile is then centred around the electron beam signal in an iterative two-point
alignment process.

After this initial procedure, the viewing screens are retracted and the pre-ionisation
laser is enabled with full power, allowing the electron beam to interact with the pre-
ionised plasma channel. This driver-plasma interaction is thereafter used to assess the
accuracy of the preliminary alignment; a potentially remaining angular misalignment
between the narrow plasma filament and electron beam alters the outgoing electron
beam trajectory [428], which can be detected on the downstream BPM. The previous
alignment can thus be refined by further steering the laser in minute steps until the
output trajectory of the driver matches the original BPM readout observed without
plasma. This plasma-based method is further used to ensure that accurate alignment
is maintained during the measurements. Potential drifts of the driver input trajectory
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are additionally monitored on the upstream BPM, variations in the laser pointing are

detected online on various near- and far-field monitors along the laser beam line.

9.1.3.2 Injector laser alignment

To realise plasma photocathode injection, the injector laser must ultimately intersect
with the electron-driven wake. This necessitates a high spatial alignment accuracy
corresponding to a few micrometres, as well as a synchronisation accuracy on the scale
of a few tens of femtoseconds. This is again achieved in an incremental procedure,
whereby the pre-ionisation laser remains blocked.

A coarse vertical alignment of the injection laser is achieved by adjusting the roll of
the OAP, such that its focal spot coincides with the previously determined electron
beam axis. This is monitored, for example, on the injector laser focus diagnostic (see
Figure 9.1). An additional plasma imaging camera observes the horizontal plane of
the injection region from below and thereby detects the recombination and relaxation
light emitted from the thin plasma filament generated by the injector laser (see again
Figure 9.1). This plasma afterglow signal [61, 62] is collected over an exposure time of
25ms. To confirm that the injector laser is capable of ionising the helium component of
the gas mixture, the camera is equipped with a remotely inserted 10 nm bandpass filter
centred around a particularly prominent helium emission wavelength at ~587nm .
The integrated plasma imaging camera read-out thus provides an empirical relative
measure of the amount of ionised helium.

The delay of the injector laser is then adjusted such that it crosses the central axis
about 2 ps prior to the arrival of the driver. Once the electron beam interacts with
the plasma filament, a substantial enhancement of the afterglow signal is observed.
This effect is attributed to the transient energy transfer of the electron beam into the
filament [429], resulting in subsequent plasma heating and expansion associated with
secondary impact ionisation of the surrounding neutral gas [421]. The amount of
transferred energy thereby depends on the geometric overlap of the electron beam
with the plasma filament. Consequently, the magnitude of the integrated afterglow
signal is highly sensitive to the vertical alignment of the injector laser with respect to
the driver axis.

Such scaling of measured afterglow enhancement in relation to a vertical offset is
illustrated in Figure 9.3, together with the driver-to-plasma energy transfer derived
from PIC simulations. The afterglow magnitude is thereby characterised over a series of
99 consecutive measurements, recorded while scanning the OAP rotation. Comparing
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Figure 9.3: Plasma afterglow vertical alignment. The vertical offset the injector laser to the
electron-beam axis is adjusted by rotating the OAP. The magnitude of the meas-
ured afterglow enhancement (black data points) is thereby proportional to the
amount of energy transferred from the driver into the plasma filament (red data
points, inferred from PIC simulations). A maximum observed afterglow signal thus
indicates optimal vertical alignment. Figure adapted from [421] under license CC
BY 4.0.

experiment and simulations suggests that the magnitude of the afterglow enhancement
is proportional to the energy deposited into the plasma, with both maximised upon
overlapping the centres of the electron beam and plasma filament. Based on this
measurement, the optimal vertical alignment of the injector laser is then determined
with an accuracy of 4.1 um, which is substantially smaller than the dimensions of the
electron driver and its associated wake.

Further aspects of the complex electron dynamics induced by the driver upon
traversing the plasma filament, subsequent energy dissipation and secondary plasma
generation are discussed in [421], as well as in [341] and [409]. In effect, the plasma
afterglow enhancement maps the initial femtosecond-micrometre scale interaction onto
a millisecond-millimetre observable. The plasma afterglow diagnostic thus provides
an efficient and robust tool to characterise and ascertain the superposition of injector
laser and electron driver.

This technique is therefore similarly applied to also determine the temporal syn-
chronisation between the injector laser and the electron driver, in conjunction with the
EOS diagnostic. Such electro-optical sampling is an established method for inferring
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temporal structures as well as the time of arrival (TOA) of highly relativistic electron
beams [430—433]. The EOS system used in the E-210 experiment is located upstream of
the plasma section, comprising a 100 pm thick electro-optic gallium phosphide (GaP)
crystal positioned a few millimetres above the electron beam axis. A short laser pulse,
derived from the same beam line that supplies the injector laser, traverses the GaP
crystal under an angle of 45°. The laser thus illuminates different parts of the crystal
at different times. The crystal surface is further imaged onto a camera, equipped with
a polariser set to maximum extinction. Under the influence of the electric field of the
driver passing below, however, the crystal exhibits a transient birefringence, such that
the polarisation of the laser is partially rotated and a signal is detected on the camera.
A change of the electron beam TOA then results in a lateral shift of the observed
EQOS signal. Further details of the EOS setup and analysis are discussed, for example,
in [341].

The EOS system thus provides a non-intrusive online method to determine the
relative delay between the driver and injector laser for each shot. The single-shot
TOA can thereby be determined with an accuracy of 25+ 2.5fs, again substantially
shorter than the duration of the driver and its wake. The EOS diagnostic is also used
to quantify the rms synchronisation jitter between driver and injector laser, which
corresponds to an rms value of 109 £ 12 fs. Individual measurements obtained in the
E-210 experiment are therefore sorted according to their corresponding EOS delay.

However, the timing information inferred from the EOS diagnostic on its own does
not provide knowledge of the absolute zero delay, that is, when the driver and injector
laser overlap temporally at the injection point. Such absolute calibration of the EOS
time stamps is attained by again utilising the afterglow diagnostic [421][341, 409]. In
this procedure, the injector laser delay is varied over a range of several picoseconds,
such that laser ultimately traverses the central axis at the injection point before and
after the passage of the electron beam.

This transition is illustrated in Figure 9.4, showing the afterglow enhancement
obtained from a dataset of 256 consecutive measurements while scanning the injector
laser delay. Individual data points are thereby sorted according to their corresponding
EOS time stamp. When the laser arrives too late, the electron beam has already passed
the injection point and therefore does not interact with the plasma filament at all.
Consequently, only the initial afterglow of the laser-generated plasma is observed. In
the opposite scenario, when the laser arrives sufficiently early, the driver traverses a
fully formed plasma environment yielding a maximum enhancement of the afterglow
signal. During intermediate timings, however, the driver samples a varying amount of
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Figure 9.4: Plasma afterglow temporal alignment. Upon scanning the delay of the injector
laser over a range of several picoseconds, the electron beam interacts with a varying
amount of plasma. The magnitude of the observed afterglow enhancement (black
data points) can thus be utilised to characterise the temporal overlap between the
injector laser and electron beam. Individual experimental data points are sorted
according to their EOS time stamp, revealing a steep slope for intermediate timings.
A similar transition is apparent from analysing the energy transferred from the
driver to the plasma in PIC simulations (red data points). The inflection point
of a sigmoid fitting function (blue line) is used to define the absolute zero delay
reference for subsequent measurements. Figure adapted from [421] under license
CC BY 4.0.

plasma and the afterglow magnitude exhibits a steep slope. Once more, the observed
transition agrees well with the simulated energy transfer from the driver into the
plasma. Such simulations further suggest that the width of the transition window and
the associated slope of the observed afterglow enhancement inherently depend on the
relative transverse dimensions of the plasma filament and electron beam, as well as
the bunch length and adiabaticity of the interaction [421][409].

The nominal centre of the measured transition window can be determined by evalu-
ating a sigmoid fitting function applied to the experimental data points. Subsequent
measurements obtained in the E-210 experiment hereafter utilise the EOS time stamp
associated with the inflection point of the fitting function to reference the zero time of

arrival.
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Equipped with reliable spatio-temporal alignment procedures, the main E-210 experi-
ment is conducted following a stepwise strategy. To at first evaluate the synergistic
interplay of all experimental setup components, exploring the plasma torch injection
scheme provides a conveniently robust starting point; it is largely insensitive to timing,
as long as a longitudinal plasma density profile with sufficiently steep gradients is
fully formed prior to the arrival of the electron driver.

The injector laser is thus initially deployed with maximum energy and set to cross
the injection point about a picosecond before the electron driver. It thereby generates a
localised column of increased plasma density by ionising the helium HIT medium on
top of the pre-ionised hydrogen plasma. Upon establishing spatial alignment, a first
indicator for successful injection is observed in the form of excess charge detected on
the beam position monitor located downstream of the interaction section. To ascertain
that injection is evoked solely by means of the injector laser, the corresponding laser
path is repeatedly blocked over a series of 360 consecutive shots.
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Figure 9.5: Plasma torch injection. The top panel illustrates the excess charge detected on the
downstream BPM upon repeatedly engaging and disabling the injector laser over a
series of 360 consecutive shots. Corresponding electron spectra are shown below,
signifying injection and acceleration of witness electrons up to about 2 GeV . Figure
adapted from [40].
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The result of this measurement is illustrated in Figure 9.5, showing the recorded charge
difference between the downstream and upstream BPMs, alongside the corresponding
electron spectra. A substantial amount of excess charge is observed in nearly every shot
when the injector laser is engaged. In contrast, no significant charge is observed with
the injector laser disabled. In addition, energetically distinct witness beam signatures
are observed on the electron spectrometer up to 2GeV, beyond which they start to
merge with the signal associated with the non-imaged driver distribution®. These

measurements provide compelling experimental evidence of plasma torch injection.

To the author’s knowledge, this finding further constitutes the first demonstration of
density down-ramp injection in PWFAs.

Moreover, this initial result confirms the principal operating capabilities of the E-210
experiment; the FACET electron beam is able drive a dark-current free wake in the
pre-ionised plasma, which at the same time is suitable to accelerate witness electrons
to considerable energies. Spatial overlap of the injector laser with the driver axis can
be achieved, upon which injection is reliably observed. The accelerated witness beams
can also be transported through the electron spectrometer.

With these essential operating conditions established, the injection dynamics can be
further controlled by adjusting the injector laser parameters. Specifically, a deliberate
transition from plasma torch to plasma photocathode injection can be elicited by
tuning the injector laser delay and energy. The conceptual difference between these two
injection modes is illustrated in Figure 9.6, showing visualisations of PIC simulations
representative of the E-210 operating conditions.

Plasma torch injection is realised when the injector laser generates a sufficiently
pronounced plasma filament ahead of the wake. Upon traversing this region of
locally increased plasma density, the blowout sheath is transiently distorted and
ambient plasma electrons are injected into the wake. The resulting witness beam thus
comprises electrons originating from locations outside of the blowout. A pure plasma
torch injection process is thereby restricted to timings when the injector laser crosses
the driver axis sufficiently early, and ceases for later delays. Similarly, the plasma torch
becomes increasingly ineffective for reduced laser energies. Once the laser ionises only
a certain fraction of the available helium reservoir, the diminished plasma density

perturbation is insufficient to significantly deform the blowout.

During this measurement, the nominal imaging energy of the electron spectrometer is adjusted to
0.5GeV . As a result, the projection of the higher-energy driver electrons onto the spectrometer screen is
dominated by their divergence and does not reflect the actual driver energy. The effective deceleration of
the driver is characterised in an ancillary measurement and amounts to about 2 —4 GeV .
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Figure 9.6: E-210 injection simulations. Distinct injection dynamics differentiate the plasma
torch (top row) from the plasma photocathode regime (bottom row). Visualised
is the horizontal plane of PIC simulations representing the conditions around the
injection point in the E-210 experiment (corresponding to 0.2 m in Figure 9.2). From
left to right, individual frames depict sequential simulation snapshots: when the
driver (blue) arrives at the injection point, during injection, and after about 1 mm
of propagation. Dots colour-coded with energy represent pre-ionised hydrogen
plasma electrons, as well as hydrogen and helium electrons released by the injector
laser. In both shown scenarios, the driver generates an equivalent blowout in the
hydrogen plasma channel before injection. Plasma torch and plasma photocathode
modes then differ in energy and delay of the injector laser. In the top row, a 5m]

injector laser generates a fully ionised helium plasma filament ahead of the wake.

Upon traversing this region of locally increased density, the blowout is substantially
distorted and electrons are subsequently injected into the wake. Trajectories (green
lines) indicate that these electrons originate from outside the blowout. In the
bottom row, the injector laser energy is substantially reduced to 0.5 mJ and its delay
adjusted to intersect the wake. The injector laser (red) thus releases helium electrons
directly inside the wake, without altering the blowout structure significantly. Figure
adapted from [40].

In contrast, the plasma photocathode regime is only accessible in a finite timing
window during which the injector laser is able to traverse the blowout. The laser then
releases helium electrons directly within the wake, which are subsequently trapped
and accelerated. Plasma photocathode injection thus remains functional even if the
injector laser ionises only a small fraction of the helium component.

These considerations inform a strategy to isolate the plasma photocathode in the
E-210 experiment: Starting from the established plasma torch injection regime, a
series of sequential timing scans is performed, whereupon the injector laser energy is
successively reduced. The results of this procedure are presented in Figure 9.7. The
measurements depict the injected charge detected on the electron spectrometer in
relation to the relative TOA between injector laser and electron driver as inferred from
the EOS time stamps. Negative timings thereby indicate that the laser reaches the
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Figure 9.7: Transition from plasma torch to plasma photocathode. A series of timing scans
with varying injector laser energy reveals and isolates the plasma photocathode
regime (right column). Individual measurements (blue crosses) represent the injec-
ted charge determined from the electron spectrometer. The relative timing between
the injector laser and drive beam is inferred from the EOS diagnostic. Blue bars
visualise the maximum measured charge per timing bin. Plasma torch injection
is accessed when the laser generates a sufficiently dense helium filament before
the electron driver arrives at the injection point (negative timings). Successively
reducing the injector laser energy lowers the nominal helium ionisation ratio
(middle column, calculated assuming a Gaussian laser focus) and thus attenuates
the plasma torch filament. For lowest laser energy, the plasma torch process is
inhibited and pure plasma photocathode injection is realised. The observed scaling
of injected charge with laser energy and timing agrees well with PIC simulations
(red data points). The right panel of the figure is adapted from [40].

injection point earlier than the driver, and positive timings vice versa. The previously
observed plasma torch injection is recovered when the laser arrives earlier than the
driver and a high laser energy of 5m] is maintained. The injected charge thereby

remains fairly consistent over all measured negative timings, as is characteristic for the
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plasma torch regime. Once the delay is adjusted to positive timings, the detected charge
quickly diminishes. Upon reducing the laser energy to 1m], consistently less charge is
injected for negative timings. This indicates a diminished effectiveness of the plasma
torch injection mechanism, concordant with an attenuated helium filament. However,
a pronounced increase in injected charge is then observed around the zero delay. This
implies a gradual transition from the plasma torch to the plasma photocathode regime,
associated with an intermediate mixed mode. In a final iteration, the laser energy is
further reduced to 0.5m] . Significant injection is then exclusively observed within a
short timing window when the laser arrives immediately after the driver. The width
of this injection window is thereby consistent with the temporal range over which the
injector laser overlaps with the first plasma wake period, which is further corroborated
by accompanying simulations. Witness beams generated during this operating mode
must therefore be attributed to a pure plasma photocathode injection process.
Exploiting the characteristic injection dynamics and distinct scalings differentiating
the plasma torch from the plasma photocathode thus unambiguously reveals and
isolates the plasma photocathode regime. This first experimental demonstration of a
plasma photocathode constitutes the main achievement of the E-210 experiment.
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In summary, the E-210 programme at FACET culminated in the implementation of
controlled laser-induced injection in a PWFA via two complementary mechanisms, the
plasma torch and the plasma photocathode scheme. Plasma torch injection is thereby
utilised as a stepping stone to facilitate a deliberate transition into a pure plasma
photocathode mode. These measurements further demonstrate that both mechanisms
can be distinguished and accessed independently.

The E-210 experiment hence successfully accomplished its main objective of realising
the very first plasma photocathode. Its technical configuration is, however not yet
optimised to deliver highest witness beam quality. While instrumental to establish
plasma torch injection, the perpendicular injector laser geometry combined with a
long Rayleigh length implies that the plasma photocathode releases electrons across
the whole width of the wake, suggesting an increased transverse momentum spread
and thus a larger inherited source emittance. This effect is further exacerbated by the
presence of the driver throughout a large fraction of the wake, which may additionally
impart transverse momenta onto the witness electrons during injection (as illustrated,
for example, by the trajectories in Figure 9.6). To a large extent, this condition is a
result of the restrictions imposed by the narrow pre-ionised plasma channel.

Moreover, the varying width of the plasma channel continuously alters the wake-
field phase experienced by the trapped witness beams during their propagation. This
distortion of the wake along the channel is visualised in Figure 9.8, obtained from
simulating the driver interaction throughout the whole length of the plasma. While a
comparatively stable wakefield is generated within the initial plasma section, where
the channel radius is largest, the wakefield successively deteriorates after passing the
injection point. The wake structure repeatedly expands and contracts upon traversing
plasma regions of alternating width, until the accelerating phase vanishes eventually.
Tracing the longitudinal electric field corresponding to the witness trapping position
through the simulation further suggests that injected electrons may be initially acceler-
ated to GeV energies, however, subsequently experience a decelerating wakefield over
a substantial fraction of the remaining propagation distance.

The underlying dependence of the E-210 blowout dynamics on the plasma channel
width has been discussed, for example, in [40, 399, 406] and is further illustrated in
Figure 9.9. Depicted is an idealised simulation scenario akin of the E-210 conditions,
wherein a FACET-like driver interacts with a perfectly cylindrical plasma channel.
Individual panels visualise the resulting plasma response associated with different
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Figure 9.8: Wakefield evolution along the E-210 plasma channel. The longitudinal wakefield

along the pre-ionised plasma channel is traced through a dedicated PIC simulation.

The channel profile with varying width is again shown in the top panel, the
bottom panel corresponds to the unloaded on-axis electric field. A co-moving
coordinate of ¢ = 0 thereby corresponds to the driver centre. The vertical dashed
line indicates the injection point in the E-210 experiment, the blue dashed line
denotes the co-moving witness trapping position at { ~ —107 pm, inferred from
injection simulations. Around the injection point, the channel diameter narrows
below the nominal blowout width and the wake structure is altered. Downstream
of the injection point, the wake repeatedly elongates and contracts according to
the channel width. The electric field at the trapping position, indicated by the red
solid line, therefore varies substantially throughout the channel. This suggests that
witness beams experience an accelerating wakefield phase only over a fraction of
the propagation distance, and may even be partially decelerated along the second
half of the channel. The top panel of the figure is adapted from [40], the bottom
panel is adapted from [399] under license CC BY 4.0.

channel radii. With an initial channel radius of 60 pm , the plasma is sufficiently wide to

accommodate the blowout. A strong wake is formed over several plasma periods, with

an on-axis electric field and trapping potential characteristic to the blowout regime.

Once the channel narrows to 45 um, approximately the same extent as the nominal
blowout radius, the electron sheath partially extents beyond the region of isotropic
ion density. This leads to a spread in effective plasma frequencies towards lower
values. The associated sheath electron trajectories are thus altered and the first plasma

113


https://creativecommons.org/licenses/by/4.0/

a

-13e+19

y (km)

y (km)

9.3 DISCUSSION

b

p/e (cm3) p/e (cm3)

-1.0e+19 -7.4e+18 -4.9e+18 -2.3e+18 -1.4e+19 -11e+19 -8.1e+18 5.3e+18 -2.5e+18

4 50
120 80
40
2
60 40
= T s
£ 1% [*2
= £ <
0o O [ X
e T =
g = =
l-l-lu E 20
——
_so L ST | -
-2
10
-80
-4 0
200 300 500 200 300 500
¢ (um) {(um)
i
ple (cm) pre om?)
-1.6e+18 -1.2e+18 -8.5e+17 -4.8e+17 -l.1le+17 -1.2e+17 -4.1e+16 3.4e+16 1.1e+17 1.8e+17
4 50
40
2
d) 30
e —
s | 2
> 20
<
-2
10

Figure 9.9:

-4 0

200 300

¢ (um) Z (um)

Blowout dynamics in a confined plasma channel. Idealised simulations of the
E-210 conditions illustrate the plasma dynamics imposed by the driver (black)
traversing a confined cylindrical pre-ionised plasma channel. (a) A characteristic
blowout is generated for a sufficiently wide channel radius r. = 60 pm, with
strong on-axis accelerating field (dark red line) and sufficiently deep trapping
potential for injection (blue line). (b) A plasma channel of r. = 45pm leads
to elongation of the first blowout cavity and deterioration of subsequent wake
periods. (c) Narrowing the channel to . = 30 um results in severe distortion of the
wake structure, associated with further blowout lengthening and a substantially
elongated wake vertex. Consequently, the accelerating field is largely diminished.
(d) With rc = 15um, plasma electrons are ultimately expelled from the channel
region entirely and a wakeless ion channel is generated behind the driver. Data
generated by the author for [434]. Figure adapted from [399] under license CC BY
4.0.
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cavity becomes effectively elongated®. While a similar accelerating field and trapping
potential is maintained in this first cavity, the blowout is substantial deteriorated
behind the first wake vertex. Such conditions are representative of the presumed
blowout structure at the injection point in the experiment (as shown in Figure 9.6), and
thus elucidate why no significant plasma photocathode injection is observed when the
injector laser coincides with subsequent wake cavities (see Figure 9.7). Upon further
reducing the channel radius to 30 pum, the blowout is severely distorted, resulting
in increased cavity lengthening and substantial elongation of the wake vertex. The
accelerating field is thus largely diminished and trapping conditions are no longer
maintained. In addition, an increasing fraction of the plasma electrons does not return
to the central axis within a time scale of ~1/w; . The blowout structure ultimately
collapses entirely when the plasma channel is further constricted. With a channel
radius of 15 um, practically all plasma electrons are rapidly expelled far beyond the
focusing ion region. The electron beam therefore generates a pure ion channel with
negligible wakefield at locations sufficiently behind the driver.

Certain aspects of the driver interaction with a confined plasma channel are inter-
esting in their own right. For example, the intermediate regime characterised by an
elongated wake vertex can provide beneficial conditions for positron acceleration [435,
436]. The generation of a purely electron-focusing ion channel in the wakeless regime
is highly attractive for the realisation of an ion channel laser [437, 438][399, 405].

In the E-210 experiment, however, the profound impact of the plasma channel
topology on the blowout structure is detrimental for emittance preservation and limits
the attainable energy gain. Furthermore, the narrow plasma channel renders the
injection and acceleration process highly susceptible to pointing deviations between
the electron beam and the pre-ionisation laser. The spatial offset jitter of the pre-
ionisation laser, determined at the injection point, amounts to ~20 pm rms, compared
to a ~5 pm rms jitter of the driver and ~9 pm rms for the injector, respectively [40, 399].
The largest jitter contribution thus originates from the pre-ionisation laser pointing,
exacerbating the adverse effects attributed to the radial constrictions of the plasma
channel. It is therefore reasonable to argue that the plasma source setup represents
the main technical limitation in the E-210 experiment, affecting the attainable witness
beam quality and energy as well as injection stability. As a consequence, a large spread
in witness charge is observed during the measurements presented in Figure 9.7.

A slightly narrowing plasma channel hence has similar implications as a density down-ramp, albeit due
to a fundamentally different process. Nevertheless, an injection method based on a rapid constriction of
the plasma channel is conceivable.
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Nevertheless, selected electron spectra obtained in the plasma photocathode regime,
shown in Figure 9.10, showcase that witness beams in the range of ~300 — 700 MeV
are detected with an energy spread of ~2 % and derived emittance on the order of
~1.5pmrad.
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Figure g.10: E-210 plasma photocathode electron spectra. (a) Witness beam energy projections,
obtained from successive measurements in the pure plasma photocathode regime
with injected charge > 5pC and TOA > 0. (b) Selected spectrum of a witness
beam with central energy close to the spectrometer imaging energy of 500 MeV,
from which an rms energy spread of 2.1 + 0.3% is determined. (c) Selected
witness spectrum with central energy below the imaging energy, which enables
to determine the horizontal divergence to 380 & 30 prad, corresponding to an
estimated normalised emittance of 1.5 pmrad . Figure adapted from [40].

On the one hand, such a result is encouraging as it serves to show that, even un-
der suboptimal conditions, the plasma photocathode can be realised and is able to
generate witness beams with substantially lower emittance than the original driver.
This finding therefore substantiates the prospects of utilising plasma photocathodes
as brightness transformers. On the other hand, the insights gained during the E-210
programme reveal ample potential for technical improvements of the setup and experi-
mental concept. Major advancements are anticipated through its successor programme
"E-310 Trojan Horse-II" and supporting ancillary experiments at FACET-II [439—441].
These include enhanced performance and stability of the electron beam and laser
pulses, as well as optimised pre-ionisation laser optics for generating a substantially
wider plasma channel. Such amendments would allow the plasma photocathode to be
realised at lower plasma densities and correspondingly larger blowout dimensions. A
sufficiently wide region of fully ionised LIT plasma would therefore not only effect-
ively neutralise the influence of fluctuations attributed to the plasma source, but also
substantially alleviate the impact of spatio-temporal jitters between the driver and
injector laser [40, 399].
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Such a scenario is particularly powerful when combined with a collinear injector
geometry, as showcased in a dedicated simulation study investigating a potential E-310
plasma photocathode operated at a nominal plasma wavelength of 250 pm [403][399].
These simulations demonstrate prospects of generating witness beams with nor-
malised emittance as low as ~15nmrad and corresponding 5D brightness up to
~10" Am~2rad ™2, in conjunction with remarkable resilience against spatial jitters
as encountered in the E-210 experiment as well as variations in the effective TOA and
injector laser energy.

In a converse strategy, the plasma photocathode may also be explored at substan-
tially higher plasma densities, albeit targeting a HIT medium with elevated ionisation
energy. Considerably reducing the blowout dimensions would, in principle, greatly
facilitate the provision of an adequate plasma source. The adverse impact of spatial
alignment jitters between the driver and injector laser can, in turn, be mitigated when
the blowout extent is similar to or smaller than the injector laser, since electrons
are then invariably released over the entire wake. Nonetheless, witness beams with
exceptionally high brightness may still be generated, as with sufficiently high plasma
density the effective trapping region is also inherently confined to a tiny absolute
volume. In this specific scenario, best results might, in fact, be obtained in perpen-
dicular plasma photocathode geometry, because injection is then further temporally
confined to the short time frame of spatial overlap between the injector laser and
wakefield. Such miniaturised plasma photocathodes, however, require a unique new
class of particularly compact, high peak-current drive beams. As shall be elaborated on
in the remaining part of this thesis, such drivers can, indeed, be provided by current
laser-driven wakefield accelerators.
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Today’s landscape of plasma-based accelerators consists predominantly of LWFAs.

OVERVIEW

This is a direct reflection of the prevalence of high-power laser facilities [442], largely
enabled by the adaption of chirped pulse amplification (CPA) [443] to optical frequen-
cies [34]. The significance of this development has since been recognised with a Nobel
prize in physics for Donna Strickland and Gerard Morou in 2018 [444].

The majority of LWFAs today rely on CPA-based Ti:sapphire laser systems, cap-
able of delivering pulses with a duration of a few tens of femtoseconds and peak
power in the terawatt to petawatt range. Resting upon continuous development, LW-
FAs nowadays routinely deliver highly energetic electron beams in university-scale
laboratories all over the world, with remarkable achievements such as generating
multi-GeV electron beams [29, 30, 275, 445], advancements in output control and
stability [172, 274, 348, 446] and demonstrations of LWFA-powered light sources
based on betatron radiation [447-449], Compton scattering [450—456] and alternating
magnetic structures [457-460], including first signatures of FEL lasing at infrared [461]
and extreme ultraviolet [305] wavelengths. Nevertheless, the complexity of the laser-
plasma interaction and the intrinsic sensitivity of the wakefield on the driver evolution,
combined with continuous dephasing and driver depletion pose considerable chal-
lenges for achieving witness beam parameters compatible with the stringent quality
requirements of X-ray FELs.

PWEFAs operated in the blowout regime, in comparison, promise enhanced wakefield
stability and phase-constant accelerating over extended distances (see chapter 5),
thereby providing auspicious prospects for witness beam emittance preservation,
energy spread control via persistent beam loading conditions, and, concomitantly,
facilitate the generation of ultra-high brightness beams via advanced injection schemes
such as the plasma photocathode or wakefield-induced ionisation injection. Yet, the
necessity for adequate high peak-current PWFA drivers has hitherto restricted the
exploration of such operating modes to a very limited number of dedicated large-scale
conventional accelerator facilities.

This disparity of capacities is illustrated in Figure 10.1, showing a non-exhaustive
list of high-power laser facilities over the world together with sites of dedicated PWFA
research and development (R&D) centres. Moreover, only the FACET facility could
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Figure 10.1: Selection of high-power laser facilities and PWFA R&D centres over the world.
Red dots indicate laser systems with a peak power beyond 10 TW, known to
the International Committee on Ultra-High Intensity Lasers (ICUIL) [462], blue
dots correspond to dedicated PWFA R&D centres [463]. While not all of the
shown laser facilities currently engage in LWFA studies, it serves to illustrate
the discrepancy in elementary LWFA and PWFA research capacities. Even more
so, only the FACET facility was thus far able to provide electron drive beams
enabling the exploration of plasma photocathode injection in PWFAs.

thus far deliver electron drivers capable of establishing a blowout with sufficient
trapping conditions to realise a plasma photocathode.

In the meantime, however, LWFAs have reached a technological maturity that offers
a particularly attractive alternative source of potential PWFA drivers. Indeed, state-of-
the-art LWFAs nowadays excel in delivering electron beams with femtosecond-scale
duration [333] and tens of kiloampere peak currents [41, 277]. Since the accelerated
electron population inside a laser-driven plasma wakefield accelerator naturally occu-
pies only a fraction of the blowout volume, they already inherit the spatial dimensions
required to themselves drive a subsequent plasma wave at similar, or even higher
densities than the wakefield from which they originate. This provides a clear advant-
age over electron beams accelerated in conventional RF-based metallic cavities, which
require additional sophisticated beam optics for transporting, focusing and compress-
ing a high-current electron beam to bridge the vastly different spatial scales and
field strengths between RF technology and plasma. Further, the quality requirements
on LWFA-generated electron beams for driving a PWFA blowout are much more

modest compared to direct light-source applications, and are well within currently
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attainable LWFA parameters. In fact, a sizeable energy spread and emittance may
even prove beneficial in increasing resilience against driver instabilities in PWFAs [464,
465]. Utilising high-current electron beams from existing LWFAs to drive a strong
blowout in a subsequent PWFA stage is therefore not only conceptually feasible, but
also promises to exploit and combine the advantages unique to each method while
simultaneously addressing their individual challenges. The prospects of such hybrid
LWEFA-driven PWFA (LPWFA) systems are accordingly manifold.

Realising electron beam-driven wakefield accelerator concepts at widely accessible
laser systems increases PWFA R&D capacities substantially, thereby offering a flexible
infrastructure with considerably reduced spatial and economic footprint compared
to their linac-driven siblings. LPWFA systems can thus provide a complementary
research platform for fundamental PWFA studies, for example on driver and wakefield
stability, emittance preservation and energy spread control, as well as driver-to-witness
energy transfer efficiency and optimising in- and out-coupling of electron beams at
the plasma-vacuum interface.

The intrinsic compactness of LIWFA-generated beams further enables the exploration
of strong-blowout operating modes at high plasma densities above 10'® cm 3 with
accelerating gradients beyond 100 GV/m. This not only nurtures prospects of mini-
aturised PWFAs with GeV energy gains within centimetre-scale accelerating distances,
but also facilitates the application of capable optical probing diagnostics [224] already
established in LWFA systems operated at similar plasma densities [466—472][473]. Such
auxiliary laser pulses with comparatively low power, when derived from the same
laser system that drives the LWFA, are intrinsically synchronised to the designated
PWEFA driver and thus provide convenient means not only for probing, but also for
pre-ionisation and injection with femtosecond precision.

A synergistic nexus of laser- and electron-driven plasma accelerator concepts may
therefore crucially enhance the capabilities of both PWFAs and LWFAs alike. Aug-
menting existing LWFAs with a discrete PWFA stage has been conceptualised as a
method for overcoming the intrinsic energy limitations of a single-stage LWFA [232],
whereby a dual-bunch is generated in consecutive LWFA cavities to form a PWFA
driver-witness pair with controlled spatial separation. The energy of the trailing bunch
is then efficiently boosted to higher energies in a practically dephasing-free wake
driven by the anterior bunch, much akin to the plasma-based "afterburner" concept
formulated for RF linacs [17, 474, 475]. The perhaps most impactful prospect of hybrid
LPWFAs, however, is to exploit selective ionisation injection methods specifically
designed to produce witness beams with ultra-low transverse emittances approaching
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the nanometre radian scale, paired with ultra-short, sub-femtosecond duration and
multi-kiloampere peak currents. Theoretical studies emphasise the potential of plasma
photocathodes and wakefield-induced ionisation injection for generating witness
beams with several orders of magnitude superior brightness compared to the original
LWEFA output [38, 370, 398, 415][174, 371, 399]. The plasma photocathode thereby bene-
fits especially from readily available auxiliary laser pulses inherently synchronised to
the electron-driven wakefield. Moreover, the resulting final witness beams may exceed
the initial energy of the LWFA-generated electron beams if the appended PWFA stage
is driven close to driver depletion while maintaining a transformer ratio of Ry > 1.

A subsequent PWFA stage augmenting existing LWFA setups may therefore ef-
fectively act as brightness and energy transformer, with the potential of decisively
enhancing the currently attainable output from laser-driven wakefield accelerators
without compromising their comparatively modest infrastructure and resource de-
mands. Such a hybrid staging concept therefore raises new perspectives on realising
truly compact, purely plasma-based electron sources with unprecedentedly low emit-
tance and high brightness at university-scale laboratories and, consequently, their
applications.

These prospects strongly motivate dedicated research and development of LPWFA
concepts, and the ability of state-of-the-art LIWFA systems to generate the required high
peak-current beams render such explorations topical. Experimental implementations
of hybrid staging schemes are, however, currently in its infancy. Nevertheless, several
strategic milestones can already be formulated and are summarised in chapter 11. A
first experimental demonstration of electron acceleration in a discrete PWFA stage

driven by LWFA-generated electron beams is presented in chapter 12.
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The conceptualisation of hybrid plasma wakefield accelerators has gained significant
momentum over the past years. This is reflected by the formation of a dedicated
"Hybrid Collaboration" amongst research teams from the UK, France and Germany
to coordinate and consolidate their efforts towards experimental realisations of the
LPWFA concept. The author has been a core contributor to this collaboration from
its inception. Recent developments and prospects of LWFA-driven PWFAs have been
extensively discussed in various publications [38, 370, 398][181, 371, 399, 476, 477],
from which several strategic milestones can be identified. The following summarises
established and future development phases in a rough classification of hybrid LPWFA
generations, characterised by key achievements.

o' generation — LWFA-PWEFA self-mode transition

Whenever a significant amount of charge is accelerated in a laser-driven plasma wave,
the witness will alter the wake structure due to beam loading (see chapter 4.3). The
resulting effective wake is thus governed by both the laser driver and the acceler-
ated witness'. Upon diffraction and depletion of the driving laser pulse, however, its
contribution to the wakefield eventually ceases and a gradual transition to a wake
dominated by the previously accelerated electron beam occurs. Such natural trans-
ition from beam-loaded to beam-dominated, and ultimately beam-driven regime has
initially been studied in simulations [478, 479], followed by first experimental obser-
vations indicating such self-mode transitions [167, 480, 481]. A more recent study
combines extensive experimental and simulation studies to provide a comprehensive
overview and characterisations of such mixed-mode regimes [482]. A transition from
laser- to beam-driven wakefields has also been interpreted as the main mechanism in
LWFA experiments observing enhanced energy gain of a secondary witness beam in a
plasma section elongated beyond the nominal dephasing and depletion limits [483,
484]. In these experiments, an additional energy transfer between the two electron

1 In the linear regime, the effective wake is simply a superposition of laser- and beam driven components
(see equation 3.29).
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distributions via a beam-driven wake component was identified to assist in attaining
the final energies.

While natural self-mode transitions over extended propagation lengths may thus
initiate a subsequent PWFA process enabling the acceleration of a secondary electron
beam, the implied substantial wakefield alteration is challenging to control [481]
and detrimental for beam quality preservation. Moroever, simulations show that the
emittance of such secondary witness beams may be substantially deteriorated by
the laser remnant as it continues to dephase and slip backwards in the henceforth
beam-dominated wake [478]. While it is conceivable to evoke injection of a dedicated
PWEFA witness beam only after full conversion into a stabilised, purely beam-driven
wakefield, reaching such operating mode may be well beyond the depletion length of
the PWFA driver, depending on its initial energy obtained during the LWFA process.
A clear termination of the LWFA and subsequent controlled conversion into a distinct,
pure PWFA mode is therefore vital for enabling the envisaged functionalities of the
LPWEFA platform.

1% generation — distinct staging and acceleration

Important steps towards a first LPWFA prototype were achieved in several incremental
experiments employing individually controlled plasma targets [485, 486][56][57]. The
first target provides, and limits, the laser-driven accelerator section, whereas the LWFA-
generated electron beams interact with the subsequent plasma stage. A potential laser-
driven wakefield in the second target is thereby effectively inhibited by introducing
sufficient spatial separation or a laser blocker between the two stages. The progression
of these preliminary experiments is characterised by incrementally increasing the
charge of the LWFA output, hence enhancing the beam current and interaction strength
in the second stage [477].

Among the first observed effects in such two-stage setups was a reduction in
divergence of a comparatively low-charge < 5pC electron beam [485, 486] in an
overdense passive plasma lens [487-493]. Upon increasing the LWFA output charge
to several tens of picocoulomb, first signatures of longitudinal electron beam-driven
wakefields excited in the second plasma stage have been obtained through measuring a
collective reduction of the original electron energy [56]. The corresponding decelerating
gradients in the second stage were thereby estimated to be on the order of ~10GV/m.
In a further iteration, the LWFA output charge was increased beyond several hundred
picocoulomb. This lead to a series of experiments in which electron-driven plasma
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waves were directly visualised, characterised and distinguished from laser-driven
plasma waves via few-cycle shadowgraphy [233][57]. These remarkable results not only
demonstrate the capabilities of LWFAs to generate electron beams capable of driving
plasma wakefields at unprecedentedly high plasma densities up to ~10 x 10'? cm~—3,
but also showcase that synchronised auxiliary laser pulses can be derived and re-
deployed in such hybrid staging setups. They further substantiate the applicability of
optical probing tools in high-density LPWFA scenarios and emphasise how hybrid
staging concepts can provide valuable insights on fundamental PWFA processes.

The decisive milestone towards establishing compact LWFA-driven PWFAs as an
accelerator platform, however, is demonstrating witness beam energy gain in a purely
electron-driven plasma wakefield. This break-through was achieved in two comple-
mentary experiments, jointly reported in [45]. One of these seminal implementations
is presented and discussed in chapter 12. Such a proof-of-principle realisation can
be regarded as the first generation of hybrid LPWFAs and leads to the conception of
future near-term and long-term developments.

2" generation — controlled injection, performance optimisations and enhanced witness beams

Establishing a functional prototype of the hybrid LPWFA platform provides the
basis for systematic explorations of a broad range of operating modes at numerous
LWFA facilities. This encompasses further optimisations of the LWFA performance
specifically for generating electron drivers with tunable parameters for various PWFA
scenarios, including the generation of driver-witness bunch pairs [232, 233]. A vari-
ety of controlled, tunable internal injection schemes may further be realised in the
PWFA stage, for example via hydrodynamic [494] and laser-generated [495] density
down-ramps. Moreover, the unique operating conditions accessible through high
peak-current drivers facilitate the exploration of advanced injection schemes that are
currently challenging to realise in linac-driven PWFA scenarios, specifically plasma
photocathodes and wakefield-induced ionisation injection.

Fundamental PWFA studies conducted in miniaturised hybrid setups can further
complement and assist linac-driven PWFA research and development beyond investig-
ating injection schemes, for example on driver and wakefield stability, driver depletion,
charge capture and energy transfer efficiency, as well as witness emittance preservation
and energy spread compensation. Such studies benefit from the enhanced flexibility
and versatility offered by hybrid configurations, in conjunction with powerful optical
probing tools for characterising and monitoring the wake formation [496].
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A second generation of hybrid LPWFA systems may thus be characterised by
successful implementations of various injection concepts and complementary optim-
isations of both LWFA and PWFA stages, with the ultimate aim of demonstrating
PWEFA witness beams with parameters largely superior to the original LWFA output.
This may manifest in form of reduced divergence and energy spread, enhanced final
energy or combinations thereof.

3™ generation — pathways towards application readiness

A third generation of hybrid LPWFAs may aim for extending their capabilities bey-
ond fundamental PWFA testing environments towards reliable, compact sources of
ultra-high brightness beams. To reach this level of maturity, further anticipated studies
may address general challenges arising from controlled in- and out-coupling of laser-
and electron beams, inter-stage beam transport and matching, as well as emittance-
preserving witness extraction from the plasma and subsequent separation from the
driver. These challenges are not unique to hybrid LPWFAs, but indeed shared to a
large extent with linac-driven PWFAs and LWEFAs in general, and in particular with
external injection schemes in LWFAs as well as any staging concept of plasma-based
accelerators [151]. The advancement of hybrid staging concepts may thus synergistic-
ally contribute to the development and testing of purposefully tailored plasma targets,
novel plasma-based and conventional beam optics as well as sophisticated diagnostics.
Naturally, LWFA-driven PWFAs also directly benefit from recent developments
towards improved LWFA reliability and reproducibility [172, 348, 446]. However,
hybrid staging offers a unique approach to not only enhance the final witness beam
quality, but also to improve output stability [495], specifically exploiting the intrinsic
insensitivity of an electron-driven blowout against variations in the initial driver
energy and energy spread. These prospects for a conceptual resilience against LWFA
output fluctuations are especially impactful and further extended when combined
with decoupled injection offered by the plasma photocathode [399, 497].
Third-generation hybrid LPWFAs may thus ultimately operate simultaneously as
brightness, energy and stability transformers of currently existing and future LWFA
systems. This development could eventually lead to a new class of application-ready,
truly compact and widely accessible sources of highly energetic, ultra-short and

ultra-bright electron beams.
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4" generation — scalability

While hybrid staging promises to enhance the output brightness of currently existing
LWFA systems by several orders of magnitude, in conjunction with the potential for
increased final energy and improved stability, the maximum attainable witness energy
is, however, ultimately tied to the power of the parent laser system. The final witness
beam energy gained in the PWFA stage depends on the realised transformer ratio and
the initial energy of the LWFA-generated driver. The latter, in turn, is proportional to
the laser pulse power (recall equation 5.13). Consequently, the attainable energy gain
in hybrid LPWFAs ultimately depends on the available laser power. High-brightness
witness beams from hybrid staging can nonetheless be scaled to several GeV upon
approaching petawatt laser powers [371].

Similarly, the average current delivered by hybrid LPWFAs is limited by the repeti-
tion rate of the LWFA laser. Current high-power laser systems operate at repetition
rates on the order of ~1Hz, substantially below state-of-the-art conventional linacs
which typically operate at a fundamental repetition rate of ~100 Hz and can deliver
micro-bunch bursts up to MHz [498]. However, plasmas can, in principle, sustain
both laser- and electron-driven wakefields at repetition rates in the kHz to MHz
range [499-501].

Future capabilities and capacities of hybrid LPWFA systems hence naturally scale
with further advancements in laser technology and an increasing proliferation of
high-power laser systems. This is a fortunate correlation, encouraged by a steady
trend towards an ever increasing number of such laser systems, alongside continuous
development towards higher peak power and repetition rates [442]. Enabled by hybrid
LPWFAs, high-brightness electron sources delivering multi-GeV energies may thus
become ubiquitous in the near future. Simultaneously reaching repetition rates beyond
a kilohertz may, however, still be a long-term goal in comparison. Alternatively, higher
LPWFA driver energies may also be achieved through LWFA staging concepts [54,
55], utilising several ~ 100 TW laser drivers with potentially higher repetition rates.
Such staged LWFA concepts may be particularly attractive for generating drivers for a
final PWFA stage, as a potential quality degradation between the LWFA stages can
be tolerated as long as high charge throughput is maintained. Future laser-wakefield
accelerator concepts may hence be designed and optimised explicitly with hybrid

staging taken into consideration.
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Demonstrating electron acceleration in a discrete PWFA driven by LWFA-generated
electron beams constitutes a decisive milestone towards establishing the hybrid LPWFA
concept as a platform for research and applications. This was achieved in a joint effort
within the Hybrid Collaboration network, with two complementary experimental
campaigns conducted at the DRACO laser facility at the Helmholtz-Zentrum Dresden-
Rossendorf (HZDR) and the ATLAS laser at the Ludwig-Maximilians-Universitat
Miinchen (LMU). The results of both experiments are reported in [45]. The author has
been a primary contributor to the HZDR project throughout its entire duration, from
its conception to designing, realising and analysing the experiment. Many aspects of
this work were conducted together with Thomas Kurz in the context of a joint Ph.D.
project [44].

The conceptual design of the hybrid plasma wakefield accelerator at the DRACO
laser facility largely builds upon previously established LWFA capabilities. Preced-
ing experiments explored and optimised an LWFA scheme utilising self-truncated
ionisation injection (see chapter 6.3.1), thereby demonstrating reliable generation of
high peak-current electron beams with 2 10kA at central energies of 200 — 300 MeV
and moderate energy spreads of ~15 % [41—43, 502, 503]. Such LWFA performance
provides an excellent foundation for exploring the LPWFA concept. The following
introduces the essential components of the hybrid accelerator setup and summarises

the main results from this experimental campaign.
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A schematic sketch of the hybrid plasma accelerator design is shown in Figure 12.1.
To realise hybrid LWFA-PWFA staging with a distinctly separated PWFA section, two
consecutive, millimetre-sized and independently controlled gas jet targets [504] are
employed. A laser blocker foil positioned at the entrance of the second gas jet reflects
the spent LWFA driver, ensuring a pure PWFA process in the subsequent section.

LWFA stage
pre-ionisation
drive laser laser
XD | K X -0 il
laser
blocker Y.
few-cycle
. probe
PWFA stage %

Figure 12.1: Conceptual design of the hybrid plasma accelerator experiment. Two consecutive
gas jet targets are utilised as discrete LWFA and PWFA stage, respectively. A high-
intensity laser pulse (red) drives a plasma wave (greyscale) in the first stage,
generating a high peak-current electron beam (blue). After exiting the LWFA
stage, the spent LWFA driver is reflected by a blocker foil. The LWFA-generated
electron beam passes through the foil and drives a plasma wave in the remaining
section of the second gas jet, wherein a witness beam (yellow) is accelerated.
An additional counter-propagating laser pulse can be employed for optionally
pre-ionising the designated PWFA section downstream of the laser blocker foil.
A transverse few-cycle probe pulse enables visualisation of the beam-driven
plasma wave. The insets illustrating the laser- and beam-driven plasma waves are
obtained from simulations using the PIC code OSIRIS [505], originally conducted
and visualised by A. Martinez de la Ossa. Figure adapted from [45] under license
CC BY 4.0. Proportions of individual components are sketched not-to-scale.

The LWFA-generated electron beams in this experiment are sufficiently intense to
autonomously generate a plasma downstream of the laser blocker via their electric
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space-charge field. Nevertheless, a dedicated pre-ionisation laser can optionally be
deployed to pre-ionise the designated PWFA section. The compact size of the PWFA
stage thereby largely alleviates the requirements on the pre-ionisation setup compared
to the E-210 experiment discussed in chapter 9. The hybrid LPWFA experiment can
thus be operated in two distinct modes. Characterising and comparing the interaction
of the LWFA-generated driver with the self-ionised and pre-ionised PWFA section,
in conjunction with the emerging beam-driven plasma waves and resulting witness
acceleration, constitutes the main capability of this experiment.

Two centrepiece diagnostics are utilised for this purpose. An electron spectrometer
provides essential information about the kinetic energy spectrum, angular divergence
and charge of the generated electron beams. Additionally, a few-cycle laser probe is
utilised to visualise the electron-driven plasma waves. Further aspects of the main
experimental components are detailed below.

12.1.1  DRACO laser system

The LWFA driver and the auxiliary pulses are derived from the ~150 TW arm of the
DRACO laser system [506]. The DRACO laser is based on a Ti:sapphire double-CPA
system, delivering pulses at a central wavelength of 800 nm with a pulse duration
of tTrwnm =~ 30fs after compression. Their spectral shape is characterised via direct
electric field reconstruction (SPIDER, A.P.E) in conjunction with a self-referenced
spectral interferometer (WIZZLER, Fastlite), dispersion corrections are applied via an
acousto-optical dispersive filter (DAZZLER, Fastlite). Several online near- and far field
diagnostics are employed along the laser beam line for monitoring the laser stability
during operation.

Prior to focusing the laser on target, a small energy fraction of ~21m] is extracted
via a 1/2-inch mirror from the central area of the main pulse for powering the counter-
propagating pre-ionisation laser and providing a seed for the few-cycle probe. The
remaining laser pulse provides the LWFA driver, focused by an f/20 off-axis parabola
to a measured FWHM vacuum spot size of 19.5um. The vacuum focus is optimised
by applying a wavefront correction, utilising a wavefront sensor (SID-4, Phasics) in a
closed loop with a deformable mirror. A pulse energy of ~1.7] is delivered on target,
resulting in an estimated peak intensity of Ip 2 1.0 x 10’ W/cm 2 and normalised
vector potential of ap ~ 2.1. A dedicated "exit-mode diagnostics", situated at the end
of the laser path after traversing the target and electron spectrometer, can be used to
characterise the laser profile after its interaction with the LWFA stage.
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12.1.2  Gas targets

The dedicated LWFA and PWFA stages are formed by two individually controlled
super-sonic gas jets of identical design. These two gas jets consist of round de-Laval
nozzles with an opening diameter of 3 mm and Mach number of 10.4, connected to
a commercial pulsed valve (Series 9, Parker). Their respective gas density profiles
were characterised before the experiment in a dedicated interferometric setup [507].
Reconstructed density profiles along the driver propagation axis are shown in Fig-
ure 12.2, evaluated at a backing pressure of 15bar. Both gas jets generate a central
flat-top region of ~1.6 mm width with adjacent density ramps of ~0.6 mm.
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Figure 12.2: Gas jet density profiles. Density profiles along the driver propagation axis for
both the designated LWFA and PWFA stage, obtained at a backing pressure of
15bar. Data provided by T. Kurz.

The gas targets are installed together on a 3D translation stage to enable precise
alignment to the laser axis. The distance between the two gas jets can be further
adjusted remotely to arbitrary close positions. To minimise turbulences between their
respective gas flows, they are mounted in a 90° geometry with respect to each other.
The default configuration in this experiment was chosen such that the two gas profiles
are directly adjoint with no vacuum gap between their respective density ramps. This
operating mode of minimum separation between the stages aims to maintain a small
transverse size of the diverging electron driver upon entering the PWFA section.
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12.1.3 Laser blocker

A minimum distance between the two gas targets implies that the remnant of the
LWFA laser needs to be extracted before the PWFA section to subsequently ensure
a purely electron beam-driven process. For this purpose, a 12.5 pm thin steel foil is
implemented into the experimental setup. It can be remotely positioned onto the
laser axis with its lower edge slightly above the nozzles, such that its longitudinal
location relative to the two gas jets can be freely adjusted. The material of the foil
was predominantly chosen for its sturdiness under the influence of the co-located gas
flows.

The steel foil effectively blocks the main laser. After its interaction with the first
stage, the spent LWFA laser is still sufficiently intense to ionise the foil material,
thereby generating an overdense plasma mirror (see chapter 1.3). While the LWFA-
generated electron beam is able to pass through the ionised foil, the remaining LWFA
driver is thus reflected and cannot penetrate the subsequent PWFA section. This
can be empirically confirmed for each shot by the absence of a signal on the "exit
mode diagnostic". Damaging back-reflections along the laser beam line are thereby
obviated by introducing a shallow angle to the laser blocker foil. During the laser-foil
interaction, however, the incident area of the laser on the foil is destroyed and needs
to be refreshed prior to a subsequent measurement. This is realised by utilising a disk-
shaped foil installed on a rotational mount, which is advanced by a few degrees after
each shot. Figure 12.3 shows a close-up photograph of the final target configuration
including the laser blocker foil.

Although the laser blocker efficiently separates the laser driver from the LWFA-
generated electron beam, the latter is, amongst other processes, affected by the complex
magnetic field fluctuations emerging from current filamentation instabilities under the
highly intense laser-foil interaction [508]. These significantly deteriorate the divergence
of the designated PWFA driver during its passage through the ionised foil. It is
therefore sensible to position the laser blocker foil directly in front of the anticipated
PWFA section, that is, inside the density plateau region of the second gas jet. On the
one hand, extending the distance to the LWFA exit reduces the laser intensity on the
foil and thereby the severity of the electron beam divergence growth [508]. On the
other hand, the absence of a vacuum drift after the laser blocker mitigates subsequent
beam expansion, as the transverse beam dynamics is thereafter largely dominated by
its self-generated focusing wakefield. Further, electron beam transport between the
LWFA and PWFA section may be assisted by a focusing effect due to a laser-driven
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Figure 12.3: Experimental target configuration. A photograph of the final target geometry,
showing the two gas nozzles and the laser blocker.

plasma lens [509] along the up-ramp section of the second gas jet still exposed to the
remnant of the LWFA driver. A side-effect of such configuration is that the presence
of the laser blocker perturbs the gas flow of the second jet and introduces substantial
shock-fronts around the foil.

12.1.4 Pre-ionisation laser

The designated PWFA section downstream of the laser blocker can be optionally
ionised prior to the arrival of the electron driver. For this purpose, the majority of the
extracted auxiliary laser, about 20m]J, is transported in a vacuum bypass beam line
around the target setup and the electron spectrometer, where it is ultimately focused
back on target by curved mirror with 1 m focal length. This curved mirror is positioned
slightly below the main laser axis. The pre-ionisation laser thus illuminates the second
target from the downstream direction at a shallow angle. With a FWHM focal diameter
of about 120 um, its peak intensity is estimated to ~4 x 10'> W/cm? . As illustrated in
Figure 12.4, such intensity is suitable to generate a 2 160 um wide plasma channel
of ionised hydrogen and the first ionisation level of helium over several centimetres.
Its intensity is, however, sufficiently low to not compromise the integrity of the laser
blocker foil prior to the main laser arrival. Additional delay sections along the main
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laser path are introduced such that the pre-ioniser incides about 1 ps earlier on target
than the LWFA laser.

z-zp [cm]

-20 -10 0 10 20
T T T T

r[pm]
o
I

-200—

100+ H,
r He
80~ — He*

60—

40t

ionisation ratio [ %]

20—

r[pm]

Figure 12.4: PWFA pre-ionisation. The top panel shows the calculated plasma channel profile
(see chapter 2.2) generated by the pre-ionisation laser with pulse energy of 20mJ,
FWHM pulse duration of 30fs and FWHM diameter of 120 um for hydrogen
and helium as target gas species. The bottom panel illustrates the corresponding
ionisation ratios at its nominal focus position zy along the radial dimension. The
pre-ionisation laser is thus capable of generating a 2 160 um wide plasma channel
over several centimetres.

12.1.5 Electron spectrometer

The main diagnostic for online-characterisation of the generated electron beams is
a magnetic spectrometer designed by JurjenP. Couperus Cabadag, which has been
successfully utilised in previous LWFA experiments [42, 506]. Its dispersive section
consists of a 0.4 m long permanent dipole magnet with a pole gap of 40 mm and a field
strength of 0.9 T. Two scintillating screens (Konica Minolta OG 400) are placed above
the magnets in an optimised geometry that enables near point-to-point imaging of
divergent electron beams up to 200 MeV . Higher energies up to 550 MeV are projected
onto a third screen, with an estimated read-out uncertainty of —1.2 (+1.6) % at 300 MeV
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and —2.5 (+3.1) % at 400 MeV for a 6 mrad pointing error in the dispersive plane [42,
506]. The light emission from the detection screens are imaged onto 12-bit cameras
and post-processed to combine and linearise the recorded spectra.

The spectrometer thus provides information about the electron energy distribution,
as well as the angular projection of the electron beam perpendicular to the dispersion
plane. To further retrieve absolute charge information from the spectrometer images,
the charge response of the scintillating screens was calibrated against the Electron Linac
for beams with high Brilliance and low Emittance (ELBE) in a dedicated campaign [44,
510]. The results from this measured absolute charge response was subsequently
cross-calibrated against a set of secondary light sources in the from of gaseous tritium
capsules, which were then installed strategically along the scintillating screens of the
spectrometer. With both spectral and charge information obtained from the electron
spectrometer, the compound quantity of spectral charge density S = Q/(AW/W) can
be defined as empirical measure for comparing individual electron beams.

12.1.6  Few-cycle shadowgraphy

A key capability of this experiment is to directly visualise electron beam-driven plasma
wave structures via shadowgraphy. To resolve the short time scale of the plasma density
modulations, a few-cycle probe-laser beam line was developed, characterised and

integrated into the experimental setup as a Master’s project by Susanne Schobel [511].

The probe setup consists of a hollow-core fibre of 1m length filled with 2.0bar of
neon gas, utilising the remaining 1 m] fraction of the auxiliary laser beam line as a
seed. After spectral broadening in the fibre [512], the probe is collimated to a beam
diameter of 7 mm and further compressed to ~9.2fs by a set of chirped mirrors. The
probe is then directed onto the PWFA stage, transversely illuminating the electron
beam-driven plasma wave structures. The resulting shadowgrams are imaged via a
microscope objective and recorded with a 14-bit camera.
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The LWFA stage is operated in a configuration similar to previous, pure LWFA
experiments [41, 43], utilising an optimised regime of self-truncated ionisation injection
to generate the designated PWFA electron drivers. The LWFA gas target is hereby
supplied with a pre-mixed composition of 97 % helium doped with 3 % nitrogen,
providing the LIT and HIT media, respectively. The LWFA output is then optimised
and characterised while the second gas jet remains disabled. The backing pressure of
the LWFA gas target, as well as the spectral phase and vacuum focus position of the
laser driver are thereby adjusted to yield a maximum amount of charge in a narrow
energy bandwidth measured on the spectrometer. As a result of this optimisation
routine, the LWFA gas jet is ultimately operated at a backing pressure of 14 — 16bar,
corresponding to a plateau plasma density of 4.0 —4.5 x 108 cm—3 .

A significant difference to previous LWFA experiments is the deployment of the laser
blocker foil. In the final hybrid configuration, the foil is located 800 pm downstream
of the LWFA exit. Example electron spectra of the LWFA output with and without
the laser blocker foil in place are displayed in Figure 12.5 and essential performance

parameters summarised in Table 12.1.

LWFA w /o foil LWFA w/ foil

W [MeV] 26345 26049

AW [MeV] 2742 2444
Q [pC] 103+6 104+ 12
0 [mrad] 42402 6.240.4

Table 12.1: LIWFA-beam parameters. Average parameters of the LWFA-generated electron
beams, evaluated within the FWHM energy bandwidth around the high-energy
peaks recorded on the spectrometer. Inserting the laser blocker foil does not
significantly alter the average energy W, absolute energy bandwidth AW and
charge Q, but results in a ~50 % higher divergence 6.

In both configurations, the LWFA electron spectra exhibit distinct peaks in charge
density in the range of 200 — 300 MeV, with a FWHM bandwidth of ~10%. The
integrated charge within this bandwidth amounts to about 100 pC on average. A
substantial amount of charge is also detected at lower energies, attributed to additional
injection on the density down-ramp transition at the exit of the LWFA gas jet. This

observation is consistent with previous measurements [41, 43].
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Figure 12.5: LWFA reference spectra. Consecutive electron spectra recorded for pure LWFA
operation, without the laser blocker foil (left column) and with the foil at its
final position (right column). The latter thus provides a reference dataset for
characterising the LWFA output before its interaction with the second stage. The
spectrum highlighted by the red rectangle is also shown in Figure 12.7. Figure
adapted from [45] under license CC BY 4.0.

Introducing the foil does not significantly alter the spectral shape of the high-energy
fraction of the LWFA output, however, leads to an increase of ~50 % in divergence
(see Table 12.1). Directly comparing the spectra in Figure 12.5 further reveals that the
low-energy fraction of the LWFA spectrum is much more severely affected by the laser
blocker foil, leading to a substantial dilution of the angular charge distribution and
a visual cut-off of the low-energy background at ~30MeV . The recorded shots with
the laser blocker foil in place serve as a reference dataset for characterising the PWFA

driver before its interaction with the second stage.
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Once optimisation and characterisation of the LWFA stage is completed, the second
gas jet is enabled. For the results presented in the following, the second gas target is
supplied with a mixture of 90 % hydrogen and 10 % helium. The backing pressure

applied corresponds to a plasma density of 3.5 —4.2 x 10" em—3

, assuming full
ionisation of hydrogen and the first level of helium. The location of the laser blocker
foil then corresponds to ~ 100 pm inside the nominal plateau region of the second
gas jet. The interaction of the LWFA-generated electron beam with the second stage
is then characterised by repeatedly switching between self-ionised and pre-ionised

operating modes.

12.3.1 Drive beam degradation

In total, a series of 25 shots is recorded without pre-ionisation, complemented by a
set of 43 measurements with the pre-ionisation laser engaged. A strong interaction
of the LWFA-generated electron beam with the PWFA section is observed in both
configurations. This is evidenced by the recorded electron spectra, characterised by
spectral broadening and a substantial reduction of the charge density within the
FWHM bandwidth of the spectral peak. The electron spectra obtained from both
datasets are shown in Figure A3, statistical averages of the electron driver before and
after its passage through the second stage are summarised in Table 12.2.

LWEFA PWFA PWFA
reference self-ionised pre-ionised
W [MeV] 260+ 9 260+5 235+5
AW [MeV] 24+4 36+2 51£3
Q [pC] 104 +12 48+3 40+2
S [pC/%] 11.3+£2.1 3.5+0.3 1.9+£0.2

Table 12.2: PWFA driver parameters. Average FWHM values of the LWFA-generated electron
beam, obtained from the reference dataset and after interaction with second stage
in self-ionised and pre-ionised mode. Pre-ionising the PWFA section results in
significantly stronger drive beam degradation.

The significant degradation of the electron beam implies that the driver is sufficiently
intense to generate a plasma downstream of the laser blocker even without the aid of
the pre-ionising laser and transfers energy into the plasma. However, the pre-ionised
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and self-ionised modes can be clearly distinguished. Upon traversing a pre-formed
plasma section, the driver experiences more severe charge degradation and spectral
broadening, accompanied with a substantial reduction in central energy. On average,
the measured spectral charge density in the self-ionised mode decreases to ~ 31 %
compared to the LWFA reference set, whereas pre-ionisation further reduces the
remaining spectral charge density of the driver to ~17 % of the reference.

12.3.2  Observation of electron-driven plasma waves

The substantial degradation of the drive beam is a strong indicator of electron-driven
plasma waves. The few-cycle probe shadowgraphy diagnostics confirms this hypo-
thesis. Examples of recorded shadowgrams for both self-ionised and pre-ionised mode

are shown in Figure 12.6. The shadowgram corresponding to the self-ionised scen-

PWFA self-ionised PWFA pre-ionised

-
drive-beam filament

laser-generated
plasma channel
~170 ym

y (um)
y (um)

-150 -100
z (um) Z (um)

-150 -100

Figure 12.6: Few-cycle shadowgrams. Example shadowgraphy images recorded at the centre
of the PWFA stage, obtained without (left) and with (right) the pre-ionisation
laser engaged. Magnifying and post-processing the highlighted region evidences
and visualises beam-driven plasma waves in both scenarios. Pre-ionisation of
the PWFA section results in a more pronounced plasma wave structure. Post-
processed images provided by S. Schobel, adapted from [45] under license CC BY

4.0.

ario directly visualises the plasma filament generated by the electron beam. Upon
magnifying the region at the front of the filament and applying a noise reduction
filter, a few oscillation periods of a plasma wave are clearly visible. The raw shad-
owgram recorded in pre-ionised mode, in turn, shows the plasma channel generated
by the pre-ionising laser. The post-processed and magnified image then reveals a
more pronounced plasma wave structure compared to the self-ionised scenario, with
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more than 10 consecutive cavities apparent. Despite their different shape, both plasma
waves exhibit a similar period length of ~17 um, indicating nearly equivalent plasma
densities corresponding to ~4 x 10"8 cm™3 .

The difference in observed plasma wave structures and the stronger driver degrada-
tion in pre-ionised mode are consistent with theoretical and numerical predictions;
without pre-ionisation, only a fraction of the driver contributes to the wake forma-
tion. As further discussed in Appendix A1, this results in a characteristically distinct
plasma wave structure and a correspondingly weaker wakefield compared to the
pre-ionised scenario. To the author’s knowledge, the shadowgrams obtained during
this experiment constitute the first direct visual comparison of electron beam-driven

plasma waves under self-ionised and pre-ionised conditions.

12.3.3 Witness acceleration

The primary finding of this experiment, however, lies in the observation of electron ac-
celeration. Distinct witness beam signatures are detected on the electron spectrometer
in ~25 % of the shots in self-ionised mode, and in about ~40 % of the shots with the
pre-ionising laser engaged. A prominent example electron spectrum of each dataset is
presented in Figure 12.7, together with an example of the reference measurements.
The lower panel further shows the charge distribution of each spectrum integrated
over a divergence angle of 6 mrad. As previously presented in Figure 12.5, the
reference driver spectrum features a narrow-band charge density peak at around
260MeV and a highly diverging low-energy electron background extending up to
~30MeV . With the second jet activated, the driver exhibits substantial degradation
in both angular-resolved and integrated spectral charge density, as well as spectral
broadening to lower energies. Moreover, a distinct witness beam signature at ~60 MeV
is detected in the self-ionised example spectrum, visually extending above the electron
background of the low-energy fraction and the spent driver. With the pre-ionisation
laser engaged, a similar, but more pronounced witness beam signature is observed at
~130MeV , with peak angular-integrated spectral charge density clearly exceeding
the electron background by ~2pC/MeV .

Such a difference in witness energies is also apparent upon evaluating the entire
dataset. Figure 12.8 illustrates the individual measured witness beam energies cor-
related to the corresponding remaining spectral charge density of the spent driver.
Consistently higher energies of 100 +5MeV on average are observed with the PWFA
section pre-ionised, compared to 62 +4MeV in the self-ionised case, accompanied
with stronger driver degradation.
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Figure 12.7: Example LPWFA spectra. From top to bottom, prominent electron spectra are
shown from the LWFA reference dataset (corresponding to the shot highlighted in
red in Figure 12.5), with the second stage operated in self-ionised mode, and the
PWEFA section pre-ionised’. The lower panel shows the angular-integrated charge
density distribution of the spectra above. With the second stage enabled, the driver
is substantially degraded and distinct witness beam signatures are detected above
the electron background originating from the spent driver. A significantly higher
witness energy is observed in pre-ionised mode. Figure adapted from [45] under
license CC BY 4.0.

1 Again, the spectra of the full PWFA datasets are shown in Figure Az.
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Figure 12.8: Witness energies against the remaining spectral charge density of the driver. For
all shots exhibiting a distinct witness beam signature, the energy of the observed
spectral peak is evaluated against the corresponding spectral charge density of
the spent driver. A lower remaining spectral charge density indicates stronger
driver degradation during its interaction with the PWFA section. Individual data
points correspond to shots recorded in self-ionised (orange) and pre-ionised
(blue) operating modes. The squares denote average values, with error bars
indicating the standard deviation around the mean. Ellipses encircle the region of
two standard deviations. Consistently stronger driver degradation together with
higher witness beam energies are observed in the pre-ionised scenario, implying
a higher-amplitude wakefield. Figure adapted from [45] under license CC BY 4.0.

Since the pre-ionisation laser only affects the target section downstream of the laser
blocker, such increase in witness energy and driver degradation must be attributed to
a higher wake amplitude of the purely beam-driven plasma wakefield. Together with
the direct observation and qualitative comparison of plasma wave structures in both
self-ionised and pre-ionised scenarios, these findings form a conclusive evidence of
first electron acceleration in a discrete PWFA stage driven by LWFA-generated electron
beams.
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In summary, the experiment successfully demonstrates a miniaturised PWFA driven
by LWFA-generated electron beams. This prototype of the LPWFA concept is realised
in a centimetre-scale target configuration. Two individually controlled gas jet targets
comprise the LWFA and PWFA stages, respectively. Propagation of the LWFA laser into
the designated PWFA section is unequivocally terminated by means of a laser blocker
foil, separating laser-driven and electron-driven processes. The LWFA stage thereby
utilises self-truncated ionisation injection, optimised for providing high peak-current
electron drivers for the subsequent PWFA section. Before enabling the second stage,
the pure LWFA performance is characterised with and without employing the laser
blocker to quantify its influence on the LWFA output. With both gas jets in operation,
the PWFA section downstream of the foil can be optionally pre-ionised by means of a
dedicated auxiliary laser pulse. Comparing these two operating modes leads to the
main result of this experiment. Even without engaging the pre-ionisation laser, the
electron driver is capable of generating a plasma environment and wakefield, as evid-
enced by a substantial degradation of the driver spectrum and the direct observation
of electron-driven plasma waves via few-cycle shadowgraphy. This further constitutes
the first visualisation of beam-driven plasma waves in the self-ionised regime. En-
abling the pre-ionisation laser results in significantly stronger driver degradation and
more pronounced plasma wave structures, consistent with theoretical and numerical
predictions. This shows that self-ionised and pre-ionised operating modes can be
clearly distinguished. As a primary finding, distinct signatures of accelerated witness
beams are detected on the electron spectrometer in both scenarios, with consistently
higher energies attained upon pre-ionising the PWFA section.

The precise origin of the accelerated witness beams, however, cannot be determined
unambiguously in this experimental configuration. Several injection processes, or
combinations thereof, are conceivable. The choice of a hydrogen-helium mixture in
the second gas jet was intended to, in principle, enable injection based on additional
ionisation of the helium dopant by either the driver or the wakefield. A significant
contribution from ionisation injection, however, can be empirically excluded, as witness
beam signatures have also been observed in a similar experimental configuration with
pure hydrogen supplied to the second gas jet. Alternatively, a fraction of the low-
energy electron reservoir generated on the density down-ramp transition at the end
of the LWFA stage may have been captured and further accelerated in the electron
beam-driven plasma wake. Start-to-end simulations accompanying the experimental
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results reported in in [45] render this process plausible. Moreover, the appearance
of witness beam signatures is directly correlated to the laser blocker foil position,
as empirically confirmed during initial measurements performed in preparation of
the main experiment. Further analysis of these preliminary datasets, combined with
auxiliary simulations lead to the conclusion that the observed witness beams are most
likely injected via the density shock-fronts caused by the laser blocker foil partially
obstructing the gas flow in the second gas jet [44].

Notwithstanding the remaining uncertainty about the witness beam origin, the
clear distinction between self-ionised and pre-ionised operating modes conclusively
ascertains a PWFA process in the section downstream of the laser blocker, substantiated
by systematically stronger driver degradation, the observation of more pronounced
plasma wave structures and higher witness beam energies upon pre-ionising the
PWEFA section. The highest witness energy thereby observed amounts to 128 MeV,
compared to an average of 62 MeV in the self-ionised regime. Assuming an effective
PWEFA acceleration distance of 1.5 mm, from the laser blocker to the end of the flat-top
plateau region of the second gas jet, one can thus deduce that the average accelerating
gradient in the pre-ionised PWFA was up to ~50 GV/m higher than in self-ionised
mode. This provides a conservative lower limit to the actual accelerating gradient.
Such acceleration strength is already on par with large-scale PWFAs driven by RF-
accelerators [28]. Numerical simulations suggest that the LWFA-generated electron
beams in this experiment are capable of driving a wake with a peak accelerating
gradient beyond 100 GV/m [45].

While the experiment thus successfully achieved its primary aim of unambiguously
demonstrating acceleration in a pure PWFA driven by LWFA-generated electron beams,
its conceptual design was not yet optimised specifically for generating high-quality
electron beams. Nevertheless, the observed witness beams already exhibit encouraging
parameters. The energy, charge and spectral charge density of the five most prominent
witness beams from the pre-ionised dataset are illustrated in Figure 12.9, with all
parameters evaluated within their spectral FWHM bandwidth after subtracting the
driver background. The data point highlighted by the ellipse corresponds to the pre-
ionised spectrum shown in Figure 12.7, featuring a witness charge of 12 pC within
a bandwidth of 7.8 MeV around its spectral peak at 128 MeV . This corresponds to a
relative energy spread of 6 %, nearly a factor of two smaller than the original LWFA
output, together with a slightly lower divergence of 3.8 mrad (compared to 4.2 mrad,
see Table 12.1), albeit at roughly half the initial driver energy.
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Figure 12.9: Witness beam parameters in pre-ionised PWFA. Energy and charge obtained
from the spectra of the five most prominent witness beams in the pre-ionised
PWFA dataset. Vertical bars indicate the FWHM energy bandwidth, the colour-
coding corresponds to spectral charge density. The data point highlighted by
the ellipse corresponds to the spectrum shown in Figure 12.7, with Q = 12pC,
W =128 MeV, AW = 7.8 MeV , and spectral charge density of 2pC/%.

Future implementations of the LPWFA concept with improved injection control
directly within the PWFA stage are expected to deliver substantially enhanced witness
beam quality parameters. This necessitates to place the laser blocker sufficiently
upstream of the second gas target. Transporting the driver between the two stages,
as well as out-coupling the final witness may then be further assisted by tailored
plasma density ramps [148, 156—160] or plasma lenses [509, 513-515][485]. Further
adaptions could include elongated gas targets to study driver depletion and facilitate
boosting the witness energy beyond the initial LWFA output. Characterising the
electron-driven plasma waves and witness beams along the acceleration distance may
benefit from additional diagnostics, for example based on polarimetry [468, 469] or
multi-plane shadowgraphy [516]. Recently developed diagnostic approaches could
provide valuable tools for quantifying the final witness quality parameters [517-519].

Another technical aspect of the laser blocker desires amendments. Due to its specific
design, only a limited number of shots is available before the foil is fully depleted,
restricting the sample size of consecutive measurements in this experiment. Replacing
the rotational wheel-shaped blocker with motorised spools accommodating metres of

foil [233, 520, 521], for example, could largely increase the number of measurements
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between breaking the vacuum for maintenance, thus facilitating extensive parameter
scans with enhanced statistical significance. Ultimately, the laser blocker might be
removed from the setup entirely if the divergence of the LWFA output is sufficiently
small. In this case, introducing a considerable spatial separation between the LWFA
and PWFA targets can be used to ensure a purely beam-driven process in the PWFA
stage, thereby specifically exploiting the much larger divergence of the spent laser
driver [56][485].

Such a configuration was utilised in the complementary LPWFA campaign conduc-
ted at LMU [45]. In this alternative experimental concept, a tailored density shock-front
is introduced to the LWFA stage to deliberately inject two electron bunches into con-
secutive plasma wave cavities. The distance between the two electron populations
thus corresponds to approximately one plasma wavelength. This technique effectively
utilises the LWFA to provide a driver-witness bunch-pair with controlled spatial
separation for the subsequent PWFA stage, as conceptualised in [232]. Similar to the
HZDR experiment, several datasets are recorded to characterise the driver and witness
spectra before and after interacting with the second stage, albeit each comprising a
substantially larger sample size of 200 consecutive measurements. The initial elec-
tron driver energy is thereby determined to 244 &+ 1 MeV on average, together with a
FWHM-integrated charge of 120 £ 5 pC. The trailing witness bunch initially exhibits
a distinct spectral peak at 119 = 1 MeV, approximately half of the driver energy, and
a substantially lower charge of 36 &= 2pC. The driver energy and charge are thus
comparable to the LIWFA-generated electron beams in the HZDR experiment. How-
ever, the driver-witness bunch pair in the LMU experiment features a considerably
smaller divergence of 1 mrad. The distance between the two stages can therefore be
considerably increased, allowing the spent LWFA laser to diverge and diminish its
intensity without compromising the ability of the designated PWFA driver to generate
a wakefield. After a vacuum propagation distance of 6 mm, the intensity of the laser
remnant is sufficiently reduced to no longer drive a significant wakefield, however,
is still able to pre-ionise the PWFA stage. This PWFA stage is formed by a 1 mm gas
jet, operated initially at a considerably lower plasma density than the LWFA stage,
with ng pwra/Mo1wra ~ 0.3. The nominal plasma wavelength is hence elongated
beyond the spatial separation between the bunch pair, such that the trailing witness
beam is placed in an accelerating phase of the wake driven by the anterior bunch.
Thereby, a similar characteristic degradation of the driver as in the HZDR experiment
is observed. At the same time, an energy gain of the witness population by about
14MeV is detected, signifying energy transfer from the driver to the witness via a
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plasma wakefield. This finding is corroborated by repeating the measurement with
increased PWFA plasma density, upon which the effective energy transfer is enhanced
and the driver and witness spectra start to merge. Further aspects of this experiment
are discussed in detail by Max E. Gilljohann in [233].

In conclusion, witness acceleration in discrete PWFAs powered by LWFA-generated
electron beams is demonstrated, for the first time, in two independent experiments.
Together, they showcase the viability and versatility of the hybrid LPWFA platform
and substantiate that a variety of PWFA scenarios can be realised at currently exist-
ing LWFA facilities. This achievement can be considered as the first generation of
hybrid plasma wakefield accelerators, encouraging and providing the basis for future
explorations.
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Since their conceptualisation almost half a century ago, the research and development
of plasma-based particle accelerators has advanced tremendously, with steady refine-
ments in both theory and experiments. Both laser- and particle beam-driven concepts
have demonstrated their outstanding capabilities to generate and harness accelerating
gradients far beyond the reach of conventional technology.

Especially LWFAs are nowadays commonly realised in numerous university-scale
laboratories worldwide, largely enabled by the continuous proliferation of high-
intensity laser systems based on of chirped-pulse amplification. This development
encourages the conception of miniaturised and economic electron sources for a
broad range of applications [1], with the prime example being future compact light
sources [19—21]. Prospects of widely accessible, resource-efficient free electron lasers en-
abled by plasma wakefield accelerators are particularly attractive, in turn empowering
new research perspectives in chemistry, biomedical and material science and bey-
ond. Recent experimental advancements towards such plasma-based FELs achieved
amplification of radiation in the infrared to extreme-ultraviolet range [31], and plans
for a plasma-based FEL user facility are actively being pursued [32]. Nonetheless,
electron beams delivered by current plasma wakefield accelerators do not yet fulfil the
demanding beam brightness requirements for X-ray FELs. Substantial improvements
in electron beam quality are therefore highly desired, specifically in terms of (slice)
emittance and energy spread. Addressing this challenge is widely regarded as the
primary objective of current and future plasma wakefield accelerator research [31, 33].

This thesis explores two complementary approaches — Plasma photocathode in-
jection and hybrid LWFA-PWFA staging — which, in conjunction, offer a pathway
towards compact plasma-based electron sources delivering highest beam brightness.

The injection dynamics in plasma wakefield accelerators largely define the witness
beam’s residual emittance and energy spread, and hence predetermine the attainable
output quality. Plasma photocathodes utilise a synchronised injector laser to release
electrons directly inside the plasma wake via selective ionisation, and thus uniquely
decouple injection control from the evolution of the driver and the wake structure. Such
plasma photocathodes unfold their full potential in particle beam-driven wakefield
scenarios, thereby promising the generation of witness beams with unprecedentedly
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low emittance, in combination with sub-femtosecond duration and kiloampere peak
currents. Plasma photocathodes may thus deliver electron beams exhibiting extreme
5D and 6D brightness values, with prospects of largely surpassing the capabilities of
current conventional linacs [399, 407].

The first demonstration of a plasma photocathode, realised during the E-210 experi-
ment in a perpendicular injector geometry, marks an important milestone. Although
the experiment was not yet designed to achieve highest witness beam quality, the
obtained results substantiate the prospects of plasma photocathodes to operate as
highly efficient brightness transformers, and further provide valuable insights regard-
ing experimental strategies and technical improvements for future implementations.
Optimisations resulting in significantly enhanced witness beam parameters and repro-
ducibility are anticipated for the successor programme E-310 at FACET-II, including
plasma photocathode injection in collinear geometry.

An essential prerequisite to access the full capabilities of plasma photocathodes is
a particle beam-driven plasma wake in the blowout regime with adequate trapping
conditions, which in turn necessitates short, high-density drivers with sufficient
peak current. Delivering such drivers poses considerable challenges for conventional
accelerators, and a PWFA operating mode suitable for realising a plasma photocathode
could thus far only be achieved at the ~2 km long FACET facility. In a broader context,
the development of PWFA concepts in general is hitherto restricted to a few large-scale
conventional accelerator infrastructures.

The second strategy pursued in this thesis is therefore to utilise electron beams
generated in a compact laser-driven wakefield accelerator as drivers for a subsequent,
individually controlled PWFA stage. The exploration of such hybrid LWFA-PWFA
staging concepts is encouraged by recent developments in laser-wakefield accelerators,
demonstrating the generation of intrinsically short, multi-kiloampere electron beams
in compact LWFA systems. These drivers, in principle, allow stable electron-driven
blowouts to be generated at high plasma densities of ~10'8 cm—3, enabling practically
dephasing-free witness beam acceleration with gradients beyond ~100 GV/m . Hybrid
LPWFA systems are thus attractive as a complementary research and development
platform for exploring operating modes currently challenging to achieve in conven-
tional linac-driven PWFAs. These prospects are further enhanced by the availability of
intrinsically synchronised auxiliary laser pulses for diagnostics, pre-ionisation and,
auspiciously, plasma photocathode injection with femtosecond precision. Hybrid sta-
ging therefore promises to combine the characteristic advantages unique to laser- and
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electron-driven plasma acceleration methods, while simultaneously addressing their
individual challenges.

However, the development of hybrid plasma wakefield accelerators is still in its
infancy. The first demonstration of witness beam acceleration in a discrete PWFA stage
driven by LWFA-generated electron beams marks the decisive milestone to establish
the first generation of hybrid LPWFAs. The significance of this seminal achievement is
emphasised by a series of subsequent experimental advancements obtained in quick
succession after the initial results presented in this thesis. In a similar setup, the laser
blocker could be placed upstream of the PWFA stage and controlled injection was
achieved upon introducing a wire target generating hydrodynamic shock-fronts [494].
Another subsequent implementation utilised a laser-generated hydrodynamic shock-
front to induce injection, showcasing the production of witness beams with improved
angular-spectral charge density and enhanced stability compared to the original LWFA
output [495]. A detailed investigation of shadowgraphy images obtained in part during
the study presented in this thesis provides further valuable insights on the wakefield
formation under varying driver parameters [496]. These additional results substantiate
the versatility and prospects of the hybrid LPWFA research platform, and may be
regarded as first indications of an emerging second generation of hybrid plasma
wakefield accelerators.

The first realisation of a plasma photocathode in a linac-driven PWFA, in com-
bination with the demonstration of a first LIWFA-driven PWFA, gives rise to new
objectives and perspectives for the immediate, near-term and long-term future. Nat-
urally, an immediate objective is to merge these two approaches and explore plasma
photocathode injection in a compact, hybrid LPWFA configuration. While this is by no
means a straightforward task, all essential components and processes are now already
established. The hybrid experiment showcases that auxiliary, comparatively low-power
laser pulses can be derived from the parent laser system and steered onto the target
under various geometries. The obtained results further indicate that LWFA-generated
electron drivers can generate blowout conditions sufficient for plasma photocathode
injection, corroborated by the shadowgraphy data and supporting simulations. In
the near future, plasma photocathodes may therefore be complementary developed
and optimised in both linac-driven and hybrid LPWFA scenarios, thereby mutually
benefiting from individual insights. Due to the considerably stronger driver- and
wakefields associated with operating a PWFA at high plasma densities, an LPWFA
plasma photocathode may, however, target a different HIT species, potentially the
second ionisation level of helium.
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Another near-term objective specific to the future advancement of hybrid staging
concepts is further research on LWFA operating modes delivering optimal PWFA
drivers. While self-truncated ionisation injection and shock-front injection have been
shown to reliably deliver high peak-current PWFA drivers, further refinements of the
LWFA stage and inter-stage transport may yield enhanced driver tunability, reprodu-
cibility and stability. In a more forward-oriented outlook, future LWFA concepts may
even be designed specifically to be augmented by a subsequent plasma photocathode
stage.

Such LPWFA plasma photocathodes are envisaged to operate as highly efficient
brightness transformers of the initial LIWFA output, with further prospects for en-
hanced final witness beam energy and stability. The combination of hybrid staging and
plasma photocathodes may therefore crucially advance the capabilities of current and
future LWFAs without compromising their modest spatial and economic footprint. Em-
ploying a secondary plasma photocathode injector may further be utilised to revert the
correlated energy spread of a witness beam accumulated during acceleration, thereby
substantially increasing the 6D brightness and facilitating emittance-preserving ex-
traction from the plasma and further beam transport [174, 407][403]. Multi-GeV final
witness beam energies are in reach upon employing state-of-the-art petawatt-scale laser
pulses to drive the initial LWFA. Staged LWFA setups powered by several 100 TW-class
laser pulses are conceivable to further increase the initial PWFA driver energy. The
steady trajectory of advancements in laser technology towards higher power and repe-
tition rates, together with an increasing number of commercially available high-power
laser systems further strengthens the prospects of future LPWFA capabilities and
capacities.

Ultimately, these developments could lead to a new class of truly compact, widely
accessible plasma-based electron sources with integrated diagnostics, reliably deliver-
ing electron beams with unprecedentedly low emittance and exceptionally high 5D
and 6D brightness. A variety of light sources based on LPWFA plasma photocathodes
may therefore become ubiquitous in the future, ranging from inverse Compton scat-
tering sources [409] to soft X-ray and hard X-ray free electron lasers with substantially
reduced gain lengths [403], but also including plasma-based betatron radiation sources
and ion channel lasers [399, 405]. Such miniaturised, high-quality electron and light
sources could be integrated in university-scale laboratories and, in turn, empower and
diversify adjacent research fields across chemistry, biomedical and material science, as

well as medical radiation therapies and numerous industrial applications.
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Compact LPWFA photocathodes may also provide important contributions to an-
swering open questions in fundamental physics. For example, they could support the
development and commissioning of future conventional and plasma-based particle
colliders [22] by providing cost-efficient, low-emittance and high-brightness test beams
for the corresponding accelerator modules, transport systems and diagnostics, or
directly supply the final beam line with electrons. Upon a more courageous look
into the future, however, a whole ecosystem comprising high-intensity laser pulses,
plasmas, high-brightness electron beams and plasma-based free electron lasers may
be provided, all synchronised, in a compact assembly. Such systems could then be
either duplicated, or added to existing high-energy physics machines, linac-driven
PWFAs and FELs to establish potent infrastructures with colliding geometries. This
perspective offers entirely new modalities in generating and co-locating high-density
plasmas, highly relativistic electron beams with extreme charge densities, and pulsed
high-intensity radiation at infrared, X-ray and y-ray frequencies. The enormous field
strengths attainable in a variety of these configurations would enable innovative ex-
perimental pathways for probing condensed matter and vacuum beyond the threshold
of non-linear quantum electrodynamics [522-525].

Although a lot of work lies ahead, the prospects of both plasma photocathodes and
hybrid plasma wakefield accelerators are manifold individually, and amplified upon
their combination. Likewise, the further development of plasma photocathodes and
hybrid LWFA-PWFA staging concepts is highly synergistic and mutually reinforcing.
The experimental strategies and results presented in this thesis may contribute to
laying the foundation for these future advancements.
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In contrast to common LWFA scenarios, PWFAs often rely on a pre-formed plasma
environment, due to the substantially lower peak electric field strength of the drivers
(see chapter 5). Nevertheless, several experiments at FFTB and FACET have shown
that intense electron beams can autonomously generate a plasma and drive a wake in
alkali metal vapours with a particularly low ionisation threshold [28, 340, 363, 365, 366,
420], created in a heat-pipe oven [362]. A self-ionised PWFA was also demonstrated
at FACET in a less complex target configuration utilising argon with a considerably
higher ionisation energy [526]. In this experiment, the driver initially only partially
ionised the gas but was rapidly focused to a higher density in the emerging wakefield,
thus increasing its field strength and enhancing the ionisation yield. In hybrid plasma
wakefield accelerator scenarios, the LIWFA-generated electron beams can be sufficiently
intense to ionise a broader range of gas species, including hydrogen and helium.

However, tunnel ionisation processes occur over a finite amount of time, and further
scale non-linearly with the electric field strength (see chapter 2.2). The self-generated
plasma density profile, consequently, varies along the driver in both the longitudinal
and transverse dimension. Therefore, only a fraction of the driver interacts with a fully
formed plasma and can effectively contribute to the wake formation.

This further implies increased head erosion rates [28, 527, 528], which can lead to
premature deterioration of the electron-driven wake before the driver energy is fully
depleted. Moreover, simulations show that the trajectories of the expelled plasma
electrons differ from a PWFA scenario in a pre-ionised plasma environment, resulting
in a more diffuse blowout sheath and a more dilute wake vertex [529]. In a direct
simulation comparison to a pre-ionised PWFA with equivalent initial drivers, the
self-ionised regime is thus characterised by a weaker peak accelerating field, but also
in a collapse of the plasma wake structure after a few oscillation periods [530].

This effect is also observed in the hybrid LPWFA experiment discussed in chapter 12,
and visualised directly through the shadowgraphy diagnostic. Ancillary PIC simu-
lations representative of the experimental conditions in the second stage further
substantiate this finding. In these simulations, a Gaussian electron driver with central
energy of 260 MeV , rms energy spread of 5% (=12 % FWHM), total charge of 150 pC
(=114 pC in FWHM bandwidth), peak current of about 7 kA and normalised emittance
of 5umrad (corresponding to a FWHM divergence of 6 ~ 5mrad) traverses a pure
hydrogen gas target with a flat-top plateau length of 1.6 mm and adjacent 0.6 mm long
cosine-shaped ramps. Upon full ionisation, the resulting plasma density corresponds
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to a nominal plasma wavelength of 17 pm. As in the experiment, the section upstream
of the nominal laser blocker position (100 um into the gas density plateau region) is
considered to be pre-ionised by the remnant of the LWFA driver. Other than separating
the plasma and neutral gas sections in the self-ionised scenario, no further influence
of the laser blocker on the electron driver or the gas density is considered. Figure A1
shows the plasma wave structure obtained from the simulations at the centre of the

PWEFA gas jet in the pre-ionised and self-ionised regime, respectively.
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Figure A1: Electron-driven plasma waves in the self-ionised and pre-ionised regime. PIC
simulations representative of the scenario in the hybrid LPWFA experiment further
illustrate the distinct plasma wave structures in the self-ionised and pre-ionised
regime. The simulations are visualised at a the approximate centre of the gas jet,
corresponding to the shadowgrams shown in Figure 12.6. The simulations concur
with the experimental observations.

As observed in the experiment, the plasma wave is much more pronounced in the
pre-ionised regime, whereas the wake structure quickly collapses after a few plasma
periods in the self-ionised regime. Further, pre-ionising the PWFA section downstream
of the laser blocker results in a substantially stronger wakefield. This also implies
a stronger driver deceleration and more severe degradation of its spectral charge
density. Corresponding virtual electron spectra of the driver obtained after its passage
through the second stage are shown in Figure A2, again in good agreement with the
experimental observations.
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Figure Az:

Charge density (pC/MeV/mrad)

0 0.5 1 1.4
T |
self-ionised
. 10f
K
£ of -
® _10f
re-ionised
. 10f P
e
o
g Or
® _10f
% —— self-ionised
s 4t
o —— pre-ionised
2
w 2+
3
3 A
T 0 1 1 1
0 100 20 30

Electron energy (MeV)

Virtual driver spectra after the PWFA stage. To compare the spent driver in
the simulations with the experiment, a virtual spectrum of the simulated driver
is generated after it has passed through the PWFA stage. Consistent with the
experiment, stronger driver degradation is observed in the pre-ionised regime
compared to the self-ionised scenario.
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Figure A3: Recorded LPWFA electron spectra. The full dataset of electron spectra recorded
in the hybrid LPWFA experiment discussed in chapter 12, operated without the
pre-ionisation laser engaged (left column) and with the PWFA section ionised prior
to the arrival of the LWFA-generated drive beam (right column). Electron spectra
highlighted by a red frame correspond to the spectra shown in Figure 12.7. Figure
adapted from [45] under license CC BY 4.0.
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