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A B S T R A C T

Investigating electronic motions in matter at their natural time and length scale requires

radiation pulses simultaneously providing attoseconds temporal and Ångstrom spatial

resolution. This could reveal a previously unexplored realm of nature. While hard X-ray

Free-Electron Lasers (XFELs) based on radiofrequency technology can routinely produce

coherent radiation pulses with femtosecond durations and Ångstrom wavelengths, they

require optimized kilometre-scale machines with limited beam time. This thesis shows

that plasma-based accelerators can produce multi-GeV electron beams with superior

beam quality on the sub-meter scale, paving the way for ultra-compact hard XFELs

at meter-scale distances. Three innovations constitute the blueprint for the ultra-

compact, plasma-based attosecond-Ångstrom class free-electron laser with unprecedented

electron and photon beam quality. First, the experimental demonstration of the plasma

photocathode injection in Plasma Wakefield Acceleration (PWFA) at Stanford Linear

Accelerator (SLAC) Facility for Advanced Accelerator Experimental Tests (FACET)

shows the feasibility of the plasma photocathode concept. In-depth simulations revealed

the full reach of the plasma photocathode in PWFA. This study also highlighted that the

impact of injector laser jitter on electron beam stability in the various building blocks is

compatible with the requirements of XFELs, thanks to the fundamental physics of the

mechanisms. Second, the development of a novel energy chirp compensation method

allows for the minimization of the projected relative energy spread of ultra-high 5D

brightness electron beams in the same plasma stage without compromising the nm-rad

normalized emittances of the beams, enabling the preservation of emittances at the

nm-rad level during the extraction from the plasma-stage. Third, an ultra-compact,

plasma-based hard XFEL concept is developed and backed by a high-fidelity start-to-end

simulations framework. A PWFA stage equipped with plasma photocathode injectors

produces electron beams of unprecedented 6D brightness. The electron beam quality

is preserved along the acceleration, dechirping, and extraction from the plasma stage.

Then, an optimized beam transport line captures, isolates, and refocuses these ultra-

high 6D brightness electron beams into an undulator without quality loss. A 10 m long
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undulator section leverages these electron beams to power a hard XFEL near the cold

beam limit. These electron beams straightforwardly generate nearly transform-limited

photon pulses at attosecond duration down to sub-Ångstrom wavelength, with prospects

towards higher photon energies and fully coherent radiation pulses. An experimental

feasibility analysis concludes with prospects and opportunities for realizing the concept

at linac-based PWFA facilities and/or at Laser Wakefield Acceleration (LWFA) facilities

through the Hybrid LWFA→PWFA approach, which may enable truly ultra-compact

plasma-based hard XFELs. The individual findings of this thesis may significantly

advance their respective subjects, though a transformative impact emerges from the

combined ramifications of the findings. For example, the realization of the concept

with an all-optical Hybrid LWFA→PWFA system or in combination with a linac-

based PWFA facility in collider geometry could enable collocated ultra-high brightness

electron beams, TW- to PW-class laser pulses, hard XFEL photon pulses, or γ-ray pulses

generated by these electron beams at the interaction point, all intrinsically synchronized.

Such a configuration may allow the ubiquitous use of photon and electron beams in

various permutations for completely novel photon science, nuclear and particle physics,

fundamental science and quantum electrodynamics exploration.
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1
I N T R O D U C T I O N

This chapter provides motivation and an introduction to the thesis subject and concludes

with the thesis outline and the author’s contributions.

1.1 motivation

In the 21st century, humanity will face significant challenges that can be solved by utiliz-

ing science, technology, and innovation. These challenges include developing sustainable

and abundant energy sources, developing functional materials, and understanding and

precisely controlling chemical and biochemical reactions [1]. For example, by making sci-

entific breakthroughs, we can create more efficient ways to harness energy from the sun,

progress fusion energy research, create functional materials for carbon dioxide recycling,

engineer sustainable fertilisers for food production, and manufacture eco-friendly goods

and medications [1, 2]. Functional materials are integral to quantum and information

technology and may enable the next generation of computing capabilities. Additionally,

accurately controlling chemistry and biochemistry may allow us to create novel medica-

tions to treat diseases once thought to be incurable, for example, cancer, Alzheimer’s

disease, and more and develop custom medications with bioengineering for precision

treatment [3] tailored to individual patients [4]. The foundation of bioengineering is

built upon the breakthrough results and Research and Development (R&D) in molecular

crystallography and material science from the past century.

Over the past century, molecular crystallography and material science have been

transformed by Synchrotron Radiation (SR) sources (known as 3rd generation light

sources). These novel radiation sources allowed investigation of atoms and molecules at

their natural length scale of Ångstrom (1 Å = 10−10 m). However, due to the comparably
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1.1 motivation

long radiation pulses lasting picoseconds (1 ps = 10−12 s), these sources have been

limited to providing insights into the static structure of specific molecules and materials

[5–7]. This changed with the advent of Free-Electron Lasers (FELs) (4th generation

light sources) in the soft and hard X-ray wavelengths [8, 9], offering femtoseconds

(1 fs = 10−15 s) temporal and nanometre-scale (1 nm = 10−9 m) spatial resolution with

radiation intensities many order of magnitude larger than SR sources [10, 11]. However,

FELs require high-quality electron beams at multi-Gigaelectronvolt (GeV) electron beam

energies, necessitating using kilometre-scale machines for generation, manipulation,

acceleration, transport of high-quality electron beams, and radiation production. This

high level of technology makes the cost of building hard XFELs facilities typically

around 1 billion pounds sterling. Additionally, only a handful of XFEL facilities are

available worldwide and are notoriously oversubscribed. More details on conventional

accelerators are provided in section (2.1.1).

Novel technologies can unfold their impact across science and industry if access to

technology is widespread. This is evident from femtosecond radiation sources enabled by

high-power laser systems. Thanks to the breakthrough innovations of femtosecond pulse

generation via Chirped Pulse Amplification (CPA) [12] at the infrared (IR) wavelength.

Then, these femtosecond high-power laser pulses unleashed through threshold-tunnel

ionization processes in gaseous media the production of attosecond duration pulses

(1 as = 10−18 s) at the extreme ultraviolet wavelength via the High-Harmonic Generation

(HHG) [13–15], however, at comparably low intensities. Both achievements have been

recognised by the recent Nobel Prizes in Physics [16, 17] and profoundly impacted

science and society.

Using light from FELs and ultra-short laser pulses has significantly advanced science

by allowing us to observe natural processes with femtosecond to attosecond temporal

resolution. With these tools, researchers can now observe atomic motion, electronic

excitation, and decay processes, which are essential for extracting crucial information

regarding fundamental interactions inside atoms, molecules, and solids [1, 2, 18, 19].

This development has also nourished the femto- and atto-chemistry fields [20, 21] and

significantly transformed our understanding of chemistry and biochemistry and many

other areas in science [22, 23].

The next scientific breakthrough is expected to come from the combination of at-

tosecond pulses and Ångstrom spatial resolution. This may allow us to reveal how
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Figure 1.1: Overview plot of temporal and spatial resolution of relevant radiation

sources and a path to new science frontier. Temporal and spatial resolution

capabilities enabled by selected radiation sources with a spatial footprint from

compact (few meters) to large-scale (km-scale) facility. Exploration of the novel

frontier of science requires novel radiation and particle sources. The ranges for the

different state-of-the-art radiation sources are estimated from [2, 22, 24]. Produced

by the author for the thesis.
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electrons move between electronic states in atoms, inside molecules and solids at the

attosecond time and Ångstrom length scale and may enhance our understanding of

ultra-fast charge transfer, electron-nuclear coupling, enable time-resolved observation of

chemical reactions and more [25, 26]. Observing electronic motion at their natural time

and length scale will ultimately allow the simultaneous manipulation and control of

electrons and electronic states in matter with attosecond pump and probe experiments

and, further, enable true diffraction before distraction type of single-molecule structural

determination experiments [27, 28]. This motivates the development of new research

tools to explore a previously hidden realm of nature. The breakthroughs anticipated from

this research direction will not only improve our understanding of basic science but also

have the potential to transform lives significantly. The ultimate goal is simultaneously

having attosecond duration and Ångstrom wavelength capabilities from FELs. It is

suspected that the future of attosecond science might be at FEL facilities [29].

Indeed, at the modern kilometre-size XFEL facilities, ingenious beam manipulation

techniques with spoiler foils, the interaction of the electron beam with radiation produced

by the electron beam itself, or manipulation of the electron beam with a fs duration

laser pulse, are utilized to modulate or de-emphasise or promote parts of the electron

beam for the generation of attosecond pulses [24, 30–34]. Many of these techniques are

either limited to the soft X-ray wavelength or require an exact spatiotemporal overlap

of the laser pulse with the electron beam and/or intricate arrangements of undulator

modules for a mode-locked FEL (ML-FEL) configuration [24, 35]. Figure (1.1) provides

an overview of the radiation sources discussed and the potential direction towards the

ultra-fast and ultra-small frontier of science by delivering single-cycle radiation pulses

at increasingly shorter wavelengths. The grey region indicates the temporal and spatial

resolution capabilities, which may yield new scientific breakthroughs.

The attosecond metrology in soft and hard X-ray FEL regimes can only unleash its

full potential across natural science if the XFEL technology is widely accessible. This

requires a pathway to miniaturise XFELs, bring the capabilities to small university-scale

laboratories, and increase the capacity to perform photon science experiments across

the natural science sector. However, fundamentally state-of-the-art XFELs are highly

optimised machines and are approaching their limit in terms of the accelerating gradient

of 100 MV/m [36]. Further, the means of electron beam generation also limits the

electron beam characteristics, which limits obtainable photon pulse properties (see
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1.2 thesis outline and role of the author

section (2.1)). Fortunately, emerging ultra-compact plasma-based particle accelerators

may provide a way forward to increase capacity and enable potential novel capabilities

and modalities in photon science and particle physics.

Plasma wakefield accelerators harness plasma waves excited in an ionized gaseous

medium that can sustain accelerating gradients and focusing fields three or four orders

of magnitude larger than conventional accelerators [37]. These plasma waves enable

multi-GeV electron beam energy gains on sub-m-scale distances and nourish the hope

for ultra-compact FELs on meter-scale distances. However, the electron beams from

plasma-based accelerators fail to overcome the electron beam quality requirements for

hard X-ray FELs. Hence, to close this electron beam quality gap, a great deal of effort

has been devoted to beam quality improvement in recent years with partial success (see

section (3.2.1)). One auspicious approach is the plasma photocathode injection (informally

known as Trojan Horse (TH) injection) (see section (3.2.5)). The plasma photocathode

injection can potentially improve electron beam quality by many orders of magnitude

and even surpass the best state-of-the-art accelerators. Beyond generating sufficient-

quality electron beams, subsequent preservation during acceleration and extraction from

the plasma stage and transport towards the application is challenging.

The present thesis identifies key obstacles of plasma-based accelerators that prevent the

realisation of ultra-compact hard XFELs and systematically develop innovative solutions

which when aggregated pave the way for an ultra-compact attosecond-Ångstrom free-

electron laser with encouraging first experimental results of the plasma photocathode

injection method. Section (1.2) outlines the thesis alongside the author’s role.

1.2 thesis outline and role of the author

The first half of chapter (2) reviews the fundamentals of high-brightness electron beams,

the limitations of conventional electron beam production and acceleration methods and

introduces the formalism governing the transformation of charged particle beams through

beam transport lines. The second half of the chapter discusses the fundamentals of free-

electron lasers with relevant theoretical concepts. Based on the findings of this chapter,

electron beam quality requirements for the ultra-compact hard X-ray free-electron laser

are established, which serve as reference values in the following chapters.
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In chapter (3), plasma characteristics and generation are briefly introduced. This

chapter continues with a comprehensive review of plasma-based acceleration, injection

methods and limitations. The author identifies critical obstacles preventing the realisation

of plasma-based free-electron lasers and outlines potential pathways to overcome electron

beam quality limitations.

In chapter (4), the author presents the results of a novel plasma-based spatiotemporal

alignment method based on plasma afterglow and the first experimental evidence for the

plasma photocathode injection method, which is highly encouraging for ultra-compact

hard XFELs. In the second half of the chapter, the author presents strategies and

results for improving the quality and stability of the electron beams produced by plasma

photocathode, addressing one of the obstacles towards ultra-compact hard XFELs.

The author has contributed conceptually to the plasma afterglow publication [38] and

significantly contributed to data and simulation interpretation and the publishing of the

work. O. Karger and A. Knetsch led the data acquisition of the plasma photocathode

injection experiment (E-210). The author contributed significantly to the post-processing,

evaluation, and interpretation of experimental and simulation data. Further, the author

contributed significantly to the writing and publishing of the manuscript [39]. This

chapter’s second half concerning stability and prospects is the author’s original work

and is published in [40, 41] as a first author.

In chapter (5), the author develops a versatile energy chirp/spread compensation

method capable of dealing with electron beams of unprecedented brightness in the

same plasma stage where the electron beam is generated and accelerated. The author

expands the investigations by studying the stability and extraction of electron beams

from the plasma stage while considering the newly developed energy chirp compensation

approach. This chapter’s innovation and findings are crucial components that solve one

of the significant obstacles in plasma-based acceleration and enable the production of 6D

phase space compact electron beams. The results of this chapter are the author’s original

work and are in parts published in [42] as an equivalent first author and contributing

author in [43]. The author conceived the innovation, performed the simulation, and,

jointly with co-authors, wrote the manuscript.

In chapter (6), a plasma-based attosecond-Ångstrom class free-electron laser concept

is developed and is backed by a high-fidelity start-to-end simulations framework. Here,

the innovations, results, and findings of previous chapters inform the design of a
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dedicated plasma-based acceleration stage to produce electron beams with unprecedented

brightness. Then, a beam transport line is designed and optimized to capture, transport,

isolate and match the ultra-high quality electron beam into an undulator section

without quality degradation. The undulator section harnesses the ultra-high quality

electron beam for hard X-ray coherent photon production. This chapter concludes with

a discussion of the experimental feasibility and stability of the plasma-based hard XFEL

concept. The results of this chapter are the author’s original work and are in parts

published in [44] as the first author. The author conceived the concept, performed the

start-to-end simulations, and led the manuscript writing jointly with co-authors.

In chapter (7), the results and conclusions of this thesis are summarised, and a brief

outlook is provided.
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2
F U N D A M E N TA L S O F F R E E - E L E C T R O N L A S E R S

The first part of this chapter reviews conventional accelerator components and establishes

basic concepts of charged particle optics and the characterisation of particle beams.

The second part introduces the theory of free-electron lasers and defines electron beam

target parameters for the PWFA-powered FELs.

2.1 high-brightness beams in conventional accelerators

This section discusses radio-frequency (rf) based particle accelerators, their brief history

and challenges. Further, the concepts of electron beam parameterisation and characteri-

sation, beam focusing, and compression are introduced. This is an important background

for the scope of this work. Further, state-of-the-art electron beam sources exploited

in rf-accelerators for high-brightness beams are reviewed, and their limitations are

described.

2.1.1 Review of radiofrequency-based particle accelerators

Particle beam experiments have played a significant role in studying the structure of

matter and exploring fundamental science. One of the most notable experiments that

contributed to this field was the ’gold foil experiment’, conducted by undergraduate

Ernest Marsden under the supervision of Ernest Rutherford and Hans Geiger [45].

During this experiment, Marsden directed α-particles at atoms from naturally occurring

radioactive sources and observed unexpected scattering angles. This led to the discovery

of a new theory of atomic structure [46]. Ernest Rutherford realized that higher energy
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2.1 high-brightness beams in conventional accelerators

particles were necessary for advancing the field. To generate high-energy charged particle

beams, interaction with electromagnetic fields is necessary. The interaction of charged

particles with electromagnetic fields is governed by the Lorentz force equation, which

reads

F = q(E + v × B), (2.1)

where q is the charge of the particle, E and B are the electric and magnetic field

vectors, respectively, and v is the particle’s velocity vector. The magnetic field produces

a force perpendicular to the particle velocity, caused by the cross product of velocity

and magnetic field vectors v × B. In laboratory settings, electric fields can be used to

accelerate charged particles. For example, a charged particle between two conducting

plates will be accelerated along the electric field lines. The total energy gain in an

electric field can be expressed mathematically with

∆W = q

∫ L

0
Ez(s)ds, (2.2)

where Ez(s) is the longitudinal electric field along the particle’s propagation direction

s, and L is the total acceleration length. Equation (2.2) shows that higher energies W

can be achieved by increasing either the strength of the electric field or the acceleration

distance. However, due to limitations arising from discharges between the conductive

plates, the available electrostatic machines could not produce the desired particle energies

for research at the time.

Gustav Ising suggested alternating drift tubes for linear particle acceleration in 1924,

which aimed to overcome the limitations of existing techniques. Later, in 1928, Rolf

Widerøe introduced the concept of using radio-frequency voltage between successive

drift tubes. It led to the development of standing and travelling wave cavities. Currently,

a cavity-based accelerator that utilizes rf-waves, similar to the one shown in Fig.(2.1)

(top), is used to achieve accelerating gradients up to 100 MV/m [36]. Building tens of

kilometres of linear accelerator (linac) infrastructure is necessary to achieve electron

and positron beam energies at the TeV -level [36]. For example, modern XFELs utilize

km-long linacs to achieve multi-GeV electron beam energies. Fig.(2.1) (bottom) shows a

bird’s-eye view of the km-size linacs operated at SLAC with annotation of FACET-II

amount of other facilities.

Alternatively, particles can pass through an accelerating structure multiple times

in a circular configuration, increasing their energy W with each turn. In 1931, Milton
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2.1 high-brightness beams in conventional accelerators

Figure 2.1: A modern version of rf-cavity and modern linacs based on rf-technology.

A modern version of the rf-technology-based accelerator cavity (top) and modern

linacs at SLAC (bottom) based on the rf-technology are depicted. Adapted from [36]

(top) and SLAC homepage [47] (bottom). This work is openly licensed via CC BY

4.0.
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2.1 high-brightness beams in conventional accelerators

Stanley Livingston and Ernest Lawrence began developing the cyclotron based on this

concept [48]. A uniform magnetic field B is required to keep the particles in a circular

motion with the particle bending radius r following the relation

r ∝ B

W
. (2.3)

The revolution frequency of the particles in the non-relativistic limit is known as the

cyclotron frequency

f = qB

2πm0
, (2.4)

where m0 is the mass of the particle species. When the rf-accelerating structure is tuned

to the cyclotron frequency, particles gain energy with each turn and spiral outward with

increasing energy, obeying Eq.(2.3). However, with increasingly relativistic energies, i.e.,

β = v/c0 ≈ 1, the relativistic mass increases

m∗ = m0√
1 −

(
v
c0

)2
= m0√

1 − β2 = γrelm0, (2.5)

where v is the velocity of particles, and c0 is the speed of light in vacuum. This changes

the cyclotron frequency to

f = qB

2πγrelm0
, (2.6)

where γrel = 1 +W/m0c
2
0 is the relativistic Lorentz factor. This change in cyclotron fre-

quency causes the particles to detune from the rf-signal, thereby preventing acceleration

to ultra-relativistic energies (γrel ≫ 1).

In Eq.(2.3), a solution is apparent that suggests keeping the radius constant instead

of the magnetic field. This can be achieved by linearly increasing the particle beam

energy through an rf acceleration section at each revolution. The bending magnetic

field B should also be increased synchronously with the particle energy W to maintain

a constant radius. However, this solution presents a challenge to the stability of the

particle beams in the accelerator. The development of the strong focusing theory

(see section (2.1.2)) provided a way out of this dilemma. It uses external multipole

electromagnets to focus and keep the particle beam within the desired orbit. Nicholas

Christofilos proposed the strong focusing approach in 1949 [49] and later independently

developed by Ernest Courant, M. Stanley Livingston, Hartland Snyder, and J. Blewett

at Brookhaven National Laboratory [50]. This conceptual breakthrough enabled circular

particle accelerators to advance into sophisticated machines, such as the Large Hadron
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Collider (LHC) at the European Organization for Nuclear Research (CERN). The LHC,

with a circumference of 27 km, produces proton beams with an energy of 7 TeV for High

Energy Physics (HEP) R&D.

It is ironic that Eq.(2.3) indicates a solution to the problem while also revealing

the fundamental limitation of circular accelerators. As beam energies increase, the

accelerator’s bending magnetic field or radius must also be increased. However, since

superconducting bending magnets based on current technology have hit their limits, the

only variable left to increase is the size of the accelerator. The proposed Future Circular

Collider (FCC) is an example of this, with a circumference of 100 km, compared to the

existing LHC as shown in figure (2.2).

Figure 2.2: Particle accelerator at CERN. Bird’s-eye view of the LHC and proposed FCC

particle accelerator at CERN. Adapted from the CERN homepage [51]. This work is

openly licensed via CC BY 4.0.

Thus, it is the primary motivation of R&D in Advanced Accelerator Concepts (AACs)

to find ways to shrink the size and costs of future particle accelerators with potentially

new particle beam capabilities and modalities beyond the reach of existing state-of-the-

art technologies. Indeed, AACs has a vibrant R&D community with various proposals

and concepts addressing particle acceleration, focusing and modifying particle beams,

and novel diagnostic methods for extreme beams (see chapter (3)).

2.1.2 Transverse dynamics of charged-particle beams

When designing a beamline for a particle accelerator, many beamline elements are

involved in accelerating, focusing and steering the particle beam. Solving and evaluating

the equation of motion in the laboratory frame may become challenging. Therefore,
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2.1 high-brightness beams in conventional accelerators

a right-handed coordinate system is introduced, mapping the laboratory frame into

a co-moving reference particle frame. The Frenet-Serret coordinate system travels on

the design orbit and simplifies the mathematical equations significantly. The reference

particle is not necessarily an actual particle but rather a mathematical construct

representing the centre of mass of a particle beam. Figure (2.3) illustrates the Frenet-

Serret coordinate system spanned by three orthogonal basis vectors x̂, ŷ, and ẑ, where

x̂, ŷ are the horizontal and vertical directions, respectively, and ẑ the longitudinal

direction, and ŝ = vt is the distance along the design orbit. In the figure, ẑ points always

tangentially to the design orbit because of the curved trajectory of ŝ; however, in linacs,

z, s or t are often used interchangeably because the design orbit is usually a straight line

for most of the linac. Now, a single particle can be uniquely described in this frame of

reference by a six-dimensional state vector, three positions and corresponding momenta

values

X =



x

x′

y

y′

ζ

δ


, (2.7)

where x′ = dx
dz ≈ px

p0
and y′ = dy

dz ≈ py
p0

are the slopes/angles with px,y being the

transverse momenta, ζ = z − z0 is the longitudinal beam coordinate and δ = ∆p
p0

is the

relative momentum deviation and p0 is the central forward momentum. For particle

beams consisting of millions of particles, tracking single particle trajectories becomes

impractical for analytical expressions. For now, the single-particle picture is considered

for simplicity. Later, concepts on the parameterization of particle beams are introduced.

Charged particles can be steered and focused very efficiently by magnetic fields, as

discussed in section (2.1.1). Specialised magnets are installed along the design orbit

with mid-plane symmetry x = y = 0 for guiding and deflecting the particle beams.

Multi-pole expansion of the magnetic field By(x) at x = 0 reveals the higher order

B-field components

By(x) =
∞∑
n=0

xn

n!
∂nBy
∂xn

= p0
e

(
k0 + k1x+ k2

x2

2 + ...

)
, (2.8)
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2.1 high-brightness beams in conventional accelerators

Figure 2.3: The Frenet-Serret coordinate system is commonly utilized in accelerator

physics. x̂, ŷ, and ẑ form an orthogonal basis, ŝ is the distance along the design

orbit, and ρ is the local bending radius.

where e is the electron charge, and p0 is the central momentum of the particle. The

dipole k0, quadrupole k1 and sextupole k2 terms read

k0 = e

p0
B0 = 1

ρ
[m−1], k1 = e

p0

∂By
∂x

[m−2], and k2 = e

p0

∂2By
∂x2 [m−3]. (2.9)

The dipole and quadrupole components of the B-field are relevant to this work for

beam steering and focusing. Still, higher-order components are utilized in particle

accelerators for achromatic focusing or correction of the beam orbit and tilt. Considering

the multi-pole fields Eq.(2.8) with the equation of motion Eq.(2.1) and using the paraxial

approximation for δ ≪ 1, the Hill’s equations is obtained for particle trajectories [52–54]

x′′ +
(
k0(s)2 − k1(s)

)
x = k0(s)δ (2.10)

y′′ + k1(s)y = 0 . (2.11)

When δ equals zero, Eq.(2.10) becomes a classical harmonic oscillator, a homogeneous

second-order differential equation with well-known solutions (see section (2.1.3)). If

dipole fields are absent, then k0 becomes zero, and the equation in the x-direction is

further simplified to x′′ − k1(s)x = 0. The negative sign before the k1(s)x term indicates

a fundamental property of quadrupole fields: the ability to focus particle beams only

in one transverse plane while defocusing them in the other. To achieve net focusing in

both transverse planes, a second quadrupole must be added that is rotated by 90◦ in

the x− y plane. A two quadrupole configuration is called a doublet.

A matrix formalism for particle beam optics can be formulated by solving Hill’s

equation. This formalism is similar to the ABCD-matrix formalism used in laser beam

optics and allows for a convenient transformation of particle beams through a beamline.
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The effect of a beamline component on an initial state vector Xi of the particle can be

evaluated by matrix multiplication

Xf = RiXi, (2.12)

where Ri is the transfer matrix of a beamline component, and Xf is the final state

of the particle. When a beamline consists of multiple elements, such as drifts, dipoles,

and quadrupoles, then the transformation of Xi through the entire beamline can be

calculated by multiplying matrices of individual beamline elements sequentially

Xf = Rn...R3R2R1Xi. (2.13)

The general form of the transfer matrix is

R =



R11 R12 R13 R14 R15 R16

R21 R22 R23 R24 R25 R26

R31 R32 R33 R34 R35 R36

R41 R42 R43 R44 R45 R46

R51 R52 R53 R54 R55 R56

R61 R62 R63 R64 R65 R66


. (2.14)

Mathematically, matrix (2.14) is symplectic, and the elements are derived from the

Hamiltonian description of motion, which can mediate particle beam transformation

through beamline elements and allow beam dynamics computation to conserve, e.g.,

phase space volume [52]. In the case of a transport line that consists of linear elements

such as drifts, dipoles, and quadrupoles, the transfer matrix can be simplified by

removing coloured elements in the matrix (2.14). It is possible because the transverse

planes are decoupled, and no acceleration is present.

The following arguments are provided to reduce the number of free parameters in

the matrix (2.14). Well-aligned linear elements do not introduce coupling between the

x− y planes. Therefore, the off-diagonal elements in the blue region can be neglected.

Without time-depended elements, such as rf-cavities, the purple region becomes zero

except for the R55 element, an initial offset in z or s. The transport matrix R obeys the

symplectic condition, RTUR = U, where RT is the transpose of R and U is a block

matrix containing the identity matrices In. Further, the product of symplectic matrices

is symplectic. Applying this to R, the yellow elements in the fifth row can be expressed
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in terms of R26, R16, R46, and R36 [52]. Finally, the red row can be omitted because

energy losses due to synchrotron radiation are minimal, and energy is conserved. The

simplified transfer matrix reads

R =



R11 R12 0 0 0 R16

R21 R22 0 0 0 R26

0 0 R33 R34 0 R36

0 0 R43 R44 0 R46

R26 R16 R46 R36 1 R56

0 0 0 0 0 1


. (2.15)

Out of the initial 36 free parameters, only 16 describe beams’ horizontal, vertical and

longitudinal transformation. Each element of the beamline has a transfer matrix for

drifts, dipoles, and quadrupoles. Matrices for the relevant beam optic elements are

summaries in the appendix (8.1.1). These matrices can be combined to assemble, design,

and optimize beamlines. Particle tracking codes are typically used to compute the

trajectories of millions of particles through a complex beamline lattice. Particle tracking

codes used in this work are discussed in section (2.3.1).

2.1.3 Courant-Snyder parameters, emittance and brightness

The following introduces important concepts of particle beam parametrisation and

characterisation. Specifically, the Courant-Snyder, also called Twiss parameters, are

discussed, allowing the design of beam transfer lines in particle accelerators. Electron

beam emittance and brightness are introduced for beam quality characterisation.

The starting point is the Hills equation for a particle with nominal momentum p0 in

a focusing field

u′′ + k1(s)u = 0, (2.16)

where k1(s) is a piecewise constant of the quadrupole focusing channel. The variable u

represents an arbitrary transverse direction and assumes decoupled motion in the x and

y planes. The Ansatz (trial function) [52, 55]

u(s) = A
√
β(s) cos(Ψ(s) + Ψ0) (2.17)
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2.1 high-brightness beams in conventional accelerators

and its first derivative, where Ψ′(s) = β(s)−1 is used

u′(s) = A√
β(s)

[
β′(s)

2 cos(Ψ(s) + Ψ0) − sin(Ψ(s) + Ψ0)
]
, (2.18)

is a solution of Eq.(2.16), where A and Ψ0 are constants, β(s) and Ψ(s) is the Twiss

beta function and phase advance, respectively. Note that β(s) is the amplitude function

of the betatron oscillation in the focusing channel and is not the relativistic beta term.

Substituting the Ansatz into the Hills equation reveals the relation of Twiss beta and

the phase advance as

Ψ(s) =
∫ s

0

ds′

β(s′) . (2.19)

The phase advance Eq.(2.19) describes the location of a particle on the trace space

ellipse Eq.(2.21).

The trace space ellipse equation can be derived by combining u(s) and u′(s), and

with the introduction of new Twiss parameters

α(s) = −β′(s)
2 and γ(s) = 1 + α2(s)

β(s) . (2.20)

This gives an ellipse equation in the trace-space u− u′

A2 = γ(s)u′2(s) + 2α(s)u(s)u′(s) + β(s)u2(s) . (2.21)

Eq.(2.21) describes the evolution of the trace space along a beamline. The area of the

ellipse defines the particle beam’s emittance ϵu, a key measure of beam quality. Most

importantly, the emittance of a particle beam under linear transformation is preserved.

The slope and shape of the trace space ellipse are characterized by the Twiss parameters,

where β is also a measure of the beam size, α represents the phase space ellipse slope

(correlation of u− u′) and its orientation in the trace space, and γ denotes the angular

envelope of the trajectory and is a measure for the divergence of the particle beam.

Below, equation (2.31) shows the connection of measurable statistical beam quantities

with Twiss parameters and the emittance. Figure (2.4) displaces a trace space with

annotation of characteristic points and highlights that the trace space of a particle beam

is fundamentally characterized by the emittance and Twiss parameters. As the particle

beam travels through the beamline, the shape and slope of the ellipse may change; if

emittance is preserved, the enclosed area of the ellipse πA2 stays constant. Hence, this

is known as the Courant-Snyder invariant A and represents the constant of motion of

particles.
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2.1 high-brightness beams in conventional accelerators

Figure 2.4: The trace space ellipse of a particle beam. The trace space ellipse envelopes the

potential states of particles at a position along the beamline. The relation between

Twiss parameters is highlighted.

The matrix formalism introduced in section (2.1.2) can be extended to transforming

the Twiss parameters through a beamline. First, the trace-space ellipse equation is

formulated as

A2 = XT
u · B−1 · Xu =

(
u u′

)
·

β α

α γ

 ·

u
u′

 (2.22)

where B is the beta matrix

B =

 β −α

−α γ

 , (2.23)

and defines the sigma matrix, also know as beam matrix

Σ = ϵuB = ϵu

 β −α

−α γ

 , (2.24)

because det(B) = βγ − α2 = 1, the determinant of the Σ-matrix defines the emittance

with

ϵ2u = det(Σ) (2.25)

It is valid because, geometrically, the determinant of a 2n× 2n matrix computes the

stretching factor of an area or a volume. Hence, because of det(B) = 1, the determinant

18



2.1 high-brightness beams in conventional accelerators

det(Σ) measures the area enclosed by the phase space ellipse representing the geometric

emittance. The geometric emittance is preserved under linear transformation in a

beamline R with

B(s1) = Ru · B(s0) · RT
u , (2.26)

which recovers the Courant-Snyder invariant discussed before.

A particle beam consists of millions of individual trace space ellipses and corresponding

single-particle emittances and Twiss parameters. It requires a statistical approach to

beam characterisation to capture the dynamic of the entire beam. The covariance matrix

encapsulates all relevant correlations of the six dynamic variables of a particle beam

vector in a 6 × 6 matrix

Σ6D =



⟨x2⟩ ⟨xx′⟩ ⟨xy⟩ ⟨xy′⟩ ⟨xζ⟩ ⟨xδ⟩

⟨x′x⟩ ⟨x′2⟩ ⟨x′y⟩ ⟨x′y′⟩ ⟨x′ζ⟩ ⟨x′δ⟩

⟨yx⟩ ⟨yx′⟩ ⟨y2⟩ ⟨yy′⟩ ⟨yζ⟩ ⟨yδ⟩

⟨y′x⟩ ⟨y′x′⟩ ⟨y′y⟩ ⟨y′2⟩ ⟨y′ζ⟩ ⟨y′δ⟩

⟨ζx⟩ ⟨ζx′⟩ ⟨ζy⟩ ⟨ζy′⟩ ⟨ζ2⟩ ⟨ζδ⟩

⟨δx⟩ ⟨δx′⟩ ⟨δy⟩ ⟨δy′⟩ ⟨δζ⟩ ⟨δ2⟩


, (2.27)

where ⟨...⟩ denotes the first momentum of distribution (mean value). Note, matrix (2.27)

is a 6D representation of the sigma matrix. For an ideal Gaussian beam without any

cross-plane correlations, the green annotated regions can be neglected, and the sigma

matrix simplifies to the block diagonal elements

Σ6D,r =



⟨x2⟩ ⟨xx′⟩ 0 0 0 0

⟨x′x⟩ ⟨x′2⟩ 0 0 0 0

0 0 ⟨y2⟩ ⟨yy′⟩ 0 0

0 0 ⟨y′y⟩ ⟨y′2⟩ 0 0

0 0 0 0 ⟨ζ2⟩ ⟨ζδ⟩

0 0 0 0 ⟨δζ⟩ ⟨δ2⟩


. (2.28)

When the sigma matrix of a particle beam is block diagonal, the spatial directions are

decoupled, and each plane can be independently treated. By evaluating the block of
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x-direction (same analysis applies for y-direction), a statistical definition of the root

mean squared (r.m.s or rms) geometric emittance is obtained with

ϵ2x,rms = det(Σxx) = det

 ⟨x2⟩ ⟨xx′⟩

⟨x′x⟩ ⟨x′2⟩


ϵx,rms =

√
⟨x2⟩⟨x′2⟩ − ⟨xx′⟩2 (2.29)

The r.m.s geometric emittance is preserved under linear transformation but will change

with increasing particle beam energy. To be able to compare emittance values at different

particle beam energies W , the normalized emittance is used, which reads

ϵx,n = βζγrelϵx,rms, (2.30)

where βζ and γrel are relativistic factors and not Courant-Snyder Twiss parameters.

When the particle beam is at the waist, and no correlation is present (⟨xx′⟩ = 0), the

r.m.s projected beam size and divergence read

σx,rms =
√

⟨x2⟩ =
√
ϵx,rmsβx and σx′,rms =

√
⟨x′2⟩ = √

ϵx,rmsγ. (2.31)

Further, from bottom right block of the Σ-matrix (2.28) the definition for r.m.s beam

length and projected r.m.s relative energy spread can be read out

σζ,rms =
√

⟨ζ2⟩ σδ,rms =
√

⟨δ2⟩ . (2.32)

This work also annotates beam length and relative energy spread with σz,rms and

∆Wrms/W . Eqs.(2.31) show the fundamental importance of particle beam emittance for

the minimal achievable beam size and divergence.

Similarly to Eq.(2.29), the 6D emittance of a particle beam is

ϵ26D,rms = det(Σ6D,r). (2.33)

Matrix (2.28) is a block diagonal matrix; as such, the determinant of a block diagonal

matrix A is equal to the product of the determinants of the diagonal blocks Aj , meaning

det(A) =
∏

det(Aj), (2.34)

with this and Eq.(2.29) and Eq.(2.30), the 6D normalized r.m.s emittance reads

ϵ6D,n = β2
ζγ

2
rel

√
det(Σ6D,r) = β2

ζγ
2
rel

√
det(Σxx)det(Σyy)det(Σz,δ) (2.35)

ϵ6D,n = ϵx,nϵy,nϵz,n . (2.36)
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2.1 high-brightness beams in conventional accelerators

Eq.(2.36) can be interpreted as the beam’s 6D phase space volume. Combined with the

particle beam charge Q, this provides a more generalized definition of the normalised

6D brightness of a particle beam

B6D,n = Q

β2
ζγ

2
rel
√

det(Σ6D)
= Q

ϵx,nϵy,nϵz,n
(2.37)

The 6D brightness in Eq.(2.37) measures a particle beam’s phase space charge density.

Brightness is a crucial measure of beam quality and determines the performance of FEL

and other applications. A more handy expression of 5D and 6D brightness is in terms

of the peak current Ip ≈ c∆Q/∆ζ [56]

B5D = 2Ip
ϵx,nϵy,n

B6D = Ip
ϵx,nϵy,n(∆Wrms/W )0.1%bw . (2.38)

The 5D brightness considers the transverse normalized emittance and the peak current

Ip, and the 6D brightness additionally includes the relative energy spread in units of

0.1% bandwidth. The emittance and energy spread are crucial parameters for beam

transport and dynamics and, in the context of FEL activity, determine thresholds for

lasing. Generally speaking, emittance and energy spread should be minimized to achieve

beams with dense real and phase space volumes. In this work, Eqs.(2.38) are used for

brightness calculations, and a significant part of the study is concerned with improving

the brightness of electron beams for the XFEL applications. Eq.(2.37) highlights that

the most substantial contribution is expected from minimizing the electron beams’ 6D

phase space volume det(Σ6D). Chapter (5) presents a novel approach for reducing an

electron beam’s 6D phase space volume in plasma-based accelerators.

2.1.4 Electron beam generation and compression

In a state-of-the-art accelerator, improving the brightness of electron beam sources

opened the path towards FEL-based light sources [56] and high-energy colliders. The

process of generating and subsequently accelerating electrons to high energies is the

purpose of an electron injector in rf-accelerators. Typically, in the electron injectors,

electrons are accelerated to non-relativistic or mildly relativistic energies, which are

further accelerated to target energies in the high-energy section of the linac. Electron

injectors can be divided into three different injector types.

In direct current injectors, an electric field is applied between a cathode and an

anode, which can accelerate electrons to non-relativistic energies. A more sophisticated
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2.1 high-brightness beams in conventional accelerators

electron injector design embeds a cathode material, typically metals (such as copper) or

semiconductors (such as caesium telluride)[57], into an rf-cavity. The rf-cavity provides

the extraction fields to accelerate electrons released from the cathode material and can be

room-temperature or superconducting rf-cavities made of niobium (Nb). Superconducting

rf-cavities electron injectors have the advantage of larger accelerating gradients up to

100 MV/m, which minimizes emittance degradation effects.

The materials’ work function must be overcome to release electrons from the cathode

material into the accelerating cavity. The energy source may be a strong electric field

at the cathode material releasing thermionic electrons or, in a more controlled way, a

laser pulse directly exciting electrons above the work function of the cathode material,

well-known as Einstein’s photoelectric effect [58]. Much of the effort is focused on

producing electrons with reduced thermal emittance and preserving the emittance

during acceleration to relativistic energies [57]. Projected normalized emittance from

these cathodes is typically of the order of ϵn ≈ 1 − 100µm-rad and in recent highly

optimized photocathodes cathode injectors down to ϵn ≈ 0.2µm-rad at few pC charge

levels [59, 60]. Minimizing the emittance in both transverse directions and maximizing

the peak current of the electron beam is vital for increasing the brightness of the electron

beams according to Eq.(2.38).

However, electron beams from photocathodes typically have a few Ampere peak

currents after the photocathode injector. In the subsequent accelerator structure, the

off-crest acceleration of the electron beam introduces a time-energy correlation in the

longitudinal phase space. This is known as the energy chirp and is displayed in the left

panel of Fig.(2.5). The energy chirp is negative when the head of the electron beam

has lower energy than the tail and positive when the head has higher energy than the

tail. The sign of the energy chirp is important for the compression of the electron beam

from initially picosecond to femtosecond beam duration and the corresponding increase

of the current to a few kA. A magnetic chicane made of four dipoles in a C-shaped

configuration (BC#) (see Fig.(2.5)) produces a dispersion section where an electron

beam with negative energy chirp is compressed due to the path differences inside the

chicane. Because the deflection of particles in dipole fields is energy-dependent, the

low-energy head will travel a longer path than the high-energy tail of the electron beam,

such that at the exit of the chicane, the electron beam has a shorter duration and higher

peak current. The first-order longitudinal dispersion, the R56-element of the transfer
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Figure 2.5: Schematic representation of C-shaped chicane. Schematic representation of

C-shaped chicane based on four dipole magnets for electron beam compression or

energy collimation. An electron beam with a negative energy chirp (see longitudinal

phase space plot at the top left) enters the chicane from the left side and propagates

on the design orbit (black solid line) to the right. The low-energy head of the electron

beam has a longer path (blue dashed line) compared with the high-energy tail of

the electron beam (red dashed line). Due to the energy chirp, the electron beam is

compressed in the longitudinal direction after the chicane.

matrix (2.15) with the energy chirp h, dictates the compression of electron beams in

magnetic chicanes. The R56-element can be expressed as [61]

R56(θ) ≈ −2θ2
(
D + 2Ld

3

)
, (2.39)

where θ is the bending angle of the electron beam, Ld is the length of the dipoles, and

D is the drift distance between the first two and last two dipoles in a C-shaped chicane.

The electron beam compression factor can be expressed as [61]

C = 1
1 +R56h

. (2.40)

The compression factor maximizes when 1 + R56h = 0. However, non-linearities in

electron movement due to higher-order contributions through the chicane results in the

caustics formation of the electron trajectories [62], which leads to double-horn current

formation and limits the minimum achievable electron beam length. When an electron

beam at nominal momentum exits the second dipole, its dispersion and transverse

displacement are at their maximum. The maximum transverse displacement of the

electron beam in a symmetric C-shaped chicane is [63, 64]

xmax(θ) = 2L tan
(
θ

2

)
+D tan (θ) . (2.41)

Remember θ is energy dependent, such that an electron beam with non-zero energy

spread δ will lead to a spread of x-position after the second dipole.
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2.2 high-gain free-electron laser

The higher peak current after compression comes at a price. When strong compression

is applied Coherent synchrotron radiation (CSR) generated by the electron beam interacts

with the electron beam. It introduces density modulations, which can deteriorate the

electron beam emittances in one or both transverse directions and reduce the overall

brightness [62, 65, 66]. In section (2.2), the fundamentals of free-electron lasers are

discussed and show that degradation of electron beam quality dramatically impacts the

FEL performances. Therefore, maintaining high-beam quality during acceleration and

transport to the entrance of the undulator section is paramount in FELs.

Plasma-based accelerators produce inherently fs duration particle beams with high

peak currents and do not require additional compression via chicanes. Nevertheless, in

this work, a C-shaped chicane is repurposed as an effective energy collimator by inserting

slit collimators after the second dipole for isolating electron beams of different energies

without degrading the beam quality thanks to the small R56-element (see chapter (6)).

2.2 high-gain free-electron laser

This section starts with a brief review of free-electron laser developments. Further, the

theoretical basis of high-gain FEL and performance estimates based on the Ming Xie

formalism will be introduced.

2.2.1 Review of free-electron lasers

This section provides a concise overview of the development of free-electron lasers

throughout history. The following paragraphs draw from the review conducted in [9, 67].

A free-electron laser exchanges energy between charged particles and an electromagnetic

field. The electromagnetic field can be an external source or generated by the electron

beam when forced on a sinusoidal path along the propagation direction. Typically, inser-

tion devices called undulators are employed with alternating magnetic fields, resulting

in the electron beam’s oscillatory motion. The electron beam emits radiation which may

coherently overlap along the undulator (see section (2.2.2) and (2.2.3)).

The idea of extracting energy in the form of radiation from electron beams was

first proposed in a patent application by Gorn in 1947 [68] and later in peer-reviewed

works by others [69, 70] in 1951. The initial experimental observations of bunching
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Figure 2.6: Undulator used in the first experimental demonstration of SASE FEL and

a modern undulator used at LCLS. Undulator used in the first experimental

demonstration of SASE FEL in the high-gain regime at 12µm resonance wavelength

[75] by Hogan et al. (left panel) and for comparison, a modern undulator segment

employed at the LCLS (right panel). Adapted from [9] (left panel) and [76] (right

panel). This work is openly licensed via CC BY 4.0.

and energy exchange were achieved by Phillips [71] in an undulator microwave device

called "ubitron". This demonstrated the fundamental principles of energy exchange and

marked a significant milestone. Later, Madey introduced the term free-electron laser

in his seminal theoretical work on FELs [72], which was widely accepted following the

experimental verification of the amplifier [73] and oscillator FEL [74].

Experimental work was accompanied by crucial theoretical progress that established

the classical nature of the FEL process, as long as the electron recoil effects due to

photon emission are negligible. It significantly simplified the theoretical framework for

predictions [9, 67, 77, 78]. Much of the work focused on the so-called low-gain regime,

where the equation of motion resembles the pendulum equations (see section (2.2.2)).

However, a breakthrough was achieved by developing the high-gain FEL theory, a

self-consistency model of electron and radiation evolution and interaction. The high-gain

theory considers radiation coupling with the electron beam and back, treating radiation

evolution in a self-consistent manner. It revealed a micro-bunching instability effect

where the radiation modulates the electron beam current at the resonance wavelength,

resulting in higher intensity radiation, enabling exponential radiation gain in a single

pass. Developing high-gain FEL theory was a community-driven effort [9, 67].

Soon after, a proof-of-concept experiment demonstrated the high-gain regime at

microwave wavelengths [79]. A critical scientific breakthrough was achieved at the Uni-
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versity of California, Los Angeles (UCLA) by demonstrating Self-Amplified Spontaneous

Emission (SASE) FEL at the infrared wavelength and verifying the properties of the

output radiation against the high-gain theory [75] by Hogan et al.. Figure (2.6) (left)

displays the undulator used during the UCLA experiment, and the right panel shows a

modern undulator segment developed for Linac Coherent Light Source (LCLS). These

results not only showed the verification of the high-gain theory but also demonstrated

the scalability of the single-pass high-gain FEL towards harder photon energies, which

was crucial for the realisation of the first X-ray laser at the Ångstrom wavelength [9].

Eventually, a convincing case for the LCLS at SLAC was proposed and approved

[9, 80, 81]. Among other advancements, the key to the successful realization of LCLS

was the development of advanced photocathode electron injectors to fulfil the stringent

requirements on electron beam quality [9]. In 2010, LCLS produced its first light [82],

and other facilities followed [83–85]. Since then, these machines made groundbreaking

contributions in life and material science, chemistry and biology, and physics after a

decade of operation [10, 11, 86–88]. Today, a handful of FEL facilities operate at the

hard X-ray wavelength [82, 84, 85] with limited capacity.

It is important to note that developing highly efficient and specialised simulation tools

incorporating the known theories was integral in developing FELs. Most notably, the

wavelength-averaged FEL codes GINGER [89] and GENESIS [90] build the backbone of

the simulation efforts for the LCLS and are widely used in FEL R&D today. However,

the new class of electron beams from plasma-based accelerators push the boundaries of

applicability; therefore, for the 5th generation light source developed in this work, the

Parallel Unaveraged Fel INtegrator (Puffin) FEL code [91] is utilized to model radiation

production in high-fidelity simulations (see section (2.3.2) for more details on Puffin).

2.2.2 Electron motion and undulator radiation

A planar undulator is an insertion device made of electro- or permanent magnets with

an alternating magnetic field in one transverse direction [92] of the form [93, 94]

By(z) = −B0 sin(kuz), (2.42)

where B0 is the on-axis undulator peak field and ku = 2π/λu the undulator number

corresponding to the undulator period λu. The force on a relativistic electron beam
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can be obtained from the Lorentz force equation evaluating the v × B term, assuming

that the longitudinal velocity is much greater than the transverse velocity vz ≫ vx. The

equation of motion yields the trajectory x(z) and velocity vx(z) of the electron beam in

the undulating plane

x(z) = K

γrelku
sin(kuz) and vx(z) = cK

γrel
cos(kuz), (2.43)

where K is the dimensionless undulator parameter with

K = eB0
mec0ku

≈ 0.9336 ·B0[T]λu[cm]. (2.44)

The dimensionless undulator parameter measures the maximum deflection angle θmax

of an electron beam relative to the undulator axis, which reads

θmax = eB0
γrelmec0ku

= K

γrel
. (2.45)

Eq.(2.45) also dictates the opening angle of the radiation cone produced by an electron

beam. These simplified considerations show that the opening angle of the radiation

depends on the electron beam energy and the K parameter. The output radiation

becomes forward-directed and highly collimated at increased beam energy and decreased

K-parameter. At the same time, the undulator parameter depends on the undulator

configuration defined by the peak magnetic field B0 and the undulator period λu. The

material, configuration and geometry of the pole tips used determine the accessible peak

magnetic field in an undulator.

Generally, undulators are based on permanent magnets made of rare-earth materials,

such as SmCo5 or NdFeB, or are based on electromagnets. The magnets can be cryo-

genically cooled or superconducting, enhancing performance in peak magnetic fields

and period length. Designing and engineering a new undulator can be challenging and

requires dedicated effort; undulator design is an entire field of R&D in its own right and

is an active field of research [92]. Nevertheless, a simplified fitting function for the peak

magnetic field developed by Elleaume et al. in [95] provides an simple tool to estimate

the magnetic field based on few accessible parameters such as material in use, λu and

the undulator gap g between the pole tips. The corresponding fitting function is [95]

B0 = a1 exp
(
a2

g

λu
+ a3

(
g

λu

)2
)
, (2.46)

where the ai’s are the fitting coefficients. This fitting function is applicable for the

gap range of 0.1 < g/λu < 1. Table (2.1) summarises the fitting parameters for a few

common undulator configurations from Ref.[95].
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Table 2.1: Fitting coefficients for three different planar undulator types.

Case Undulator typ a1 a2 a3

I Hybrid with iron poles 3.381 −4.730 1.198

II Hybrid with vanadium permendur poles 3.694 −5.068 1.520

III Superconducting undulator 12.4 −π −2.2

As an example, a superconducting undulator at a gap-to-undulator period ratio of
g
λu

= 0.4 and g
λu

= 0.32 can generate peak magnetic fields of B0 ≈ 2.5 T and B0 ≈ 3.5 T

(note similar peak fields are desired for the PWFA FEL undulator configuration in

chapter (6)), respectively. In state-of-the-art FELs, the undulator period is of the order

of centimetres; however, advanced undulator designs suggest that mm-scale undulator

periods with standard permanent magnet-based technology are possible [96] and novel

directions based on Micro electro-mechanical systems (MEMS) and Dielectric Laser

Undulator (DLU) promise further miniaturisation of undulators and beam optics [97–99].

Chapter (6) shows that short-period and advanced undulators go hand in hand with

the ultra-high brightness beams driving an FEL.

Due to the sinusoidal motion of the electrons, described in Eq.(2.43), inside the

undulator, the electrons emit radiation confined axially along the undulator with the

opening angle scaling with the beam energy as θ ∝ 1/γrel (Eq.(2.45)). The radiation

cone will spatially overlap in the forward direction for γrel ≫ 1 and K ≤ 1. It may

coherently overlap and become spectrally narrow due to coherence effects at the on-axis

fundamental frequency ω and higher harmonics. The radiation is initially broadband,

but the bandwidth decreases with increasing undulator period number Nu [92, 93]

∆ω
ω

≈ 1
Nu

. (2.47)

Coherence effects can only take place for those wavelengths which meet the resonance

condition, which reads [92, 93]

λn = λu
2nγ2

r

(
1 + K2

2 + γ2
r Θ2

)
, (2.48)

where n = 1, 2, 3, . . . represents the number of harmonic, γr is the relativistic factor at

the resonance energy and Θ is the observer angle of the radiation. The odd harmonics

are emitted on-axis, while even harmonics are radiated off-axis. Note the λ1 ∝ λu
γ2

r
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scaling of the radiation wavelength in Eq.(2.48); the γ2
r -term results from the relativistic

contraction of the undulator in the rest-frame of the electron beam and blue-shifting of

the radiation from the observer point of view. In other words, the electron beam ’sees’ an

undulator with an effectively shorter period. This undulator radiation is monochromatic

with well-defined spectral modes linearly polarised in the oscillation plane of the electron

beam. When the undulator parameter K ≫ 1, the deflection of the electron beams is

much greater than the opening angle of the radiation cone such that the coherence

effects are increasingly suppressed, and the radiation spectrum resembles the well-known

broadband dipole radiation.

From a different point of view, the resonance condition (2.48) ensures the energy

exchange between an electron beam and a radiation field. Consider now a plane electro-

magnetic (EM) wave of the form [92, 93]

Ex(z, t) = Ex,0 cos(klz − ωlt+ ϕ0), (2.49)

where kl is the radiation wavenumber, ωl = klc0, the corresponding radiation frequency,

and ϕ0 is a phase. The energy exchange between an electron and an electromagnetic

wave is

dW

dt
= −evx(t)Ex(t)

= −ec0KEx,0
2γrel

cos(ψ), (2.50)

where ψ is called the ponderomotive phase

ψ = (ku + kl)z − ωlt+ ϕ0, (2.51)

ψ measures the electron’s longitudinal position relative to the radiation field phase.

Eq.(2.51) shows that energy exchange is ensured when ψ = const, meaning dψ
dt

!= 0 [92,

93]. After some algebra, evaluation of Eq.(2.51) under this condition leads directly to

the resonance condition

λr = λu
2γ2

r

(
1 + K2

2

)
. (2.52)

Note the profound similarities between Eq.(2.52) and the previously presented resonance

condition for undulator radiation in Eq.(2.48). Indeed, this confirmed that the resonance

condition ensures a sustained energy exchange between an electron beam and a radiation

field. The source of the radiation field can be external or produced by the electron beam

itself.

29



2.2 high-gain free-electron laser

Figure 2.7: FEL Separatrix. FEL potential "bucket" with the electron motion trajectory

(contour lines) is depicted in the ψ-η phase space. Closed contour lines are the bound

electron motions (black solid lines) separated by the separatrix from the unbound

motion (dashed black lines). The separatrix is the outermost contour line with a

closed orbit. Electrons within the separatrix contribute to the energy exchange

process. The red dashed lines separate the phase space into four areas of interaction,

discussed in the main text.
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2.2 high-gain free-electron laser

In the low-gain regime, when the energy exchange is negligible compared to the

electron beam energy, the evolution of the longitudinal phase space of the electron

beam can be described by a simple pendulum equation. Redefining Eq.(2.50) in terms

of normalized particle energy deviation or energy detuning η = γrel−γr
γr

yields

dη

dt
= − eK̂Ex

2mec0γ2
r

cos(ψ). (2.53)

Here, K̂ is the modified undulator parameter, taking the longitudinal oscillatory motion

of the electron beam into account as vz =
√
v2 − v2

x with v2 = c2
0(1 − 1/γ2

rel). The

modified undulator parameter reads

K̂ = K ·
[
J0

(
K2

4 + 2K2

)
− J1

(
K2

4 + 2K2

)]
, (2.54)

where J0 and J1 are Bessel functions of the zeroth and first kind, respectively. The time

evolution of the ponderomotive phase is then

dψ

dt
= 2kuc0η. (2.55)

Eq.(2.53) and (2.55) is a system of differential equations describing the longitudinal

phase space evolution of the electrons in the low gain regime. Figure (2.7) shows electron

trajectories in the Ψ − η phase space calculated from the pendulum equations (Eq.(2.53)

and (2.55)). In analogy to the mathematical pendulum, two kinds of electron motions

are present. The solid black lines indicate bound motion, and the dashed black lines

are unbound electron motion within the ψ-η phase space. The rotation of electrons is

clockwise on the solid black lines, and electrons within the separatrix contribute to the

energy exchange. The length of each FEL bucket is ∆ψ = 2π, corresponding to the

resonance wavelength ∆ψ ≡ λr.

Fig.(2.7) highlights also that electrons in the left half of the FEL bucket with

ponderomotive phase ψ < 0 move towards positive η, i.e. gain energy from the radiation

field while electrons in the right half of the bucket ψ > 0 move towards negative η,

i.e. lose energy to the radiation field, therefore, contributing to the radiation field

amplification. At the same time, electrons change their relative position in ψ during

propagation through the undulator. Electrons with lower energy than the resonance

energy γr (η < 0) will slip back in phase, and electrons with higher energy will move

ahead in the pondermotive phase. Fundamentally, this charge redistribution process

describes the core mechanism behind the formation of micro-bunches at the scale of
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2.2 high-gain free-electron laser

the resonance wavelength. So far, the electric field change was considered ’small’ in the

low-gain regime. However, in the high-gain regime, the electric field of the radiation

may grow exponentially in a single pass and evolve in its phase, which requires a

self-consistent treatment of the interaction, which is discussed in the following section

(2.2.3).
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2.2 high-gain free-electron laser

2.2.3 High-gain free-electron laser theory

In the high-gain FEL regime, spontaneous undulator radiation produced by the electron

beam or an external seed field interacts with the electron beam and seeds the FEL

process. An initially small amplitude radiation field modulates the energy of the electron

beam. This energy modulation is translated into density modulation, leading to bunching

at the resonance wavelength. This bunching then drives the radiation phase and promotes

more energy modulation. At the FEL start-up, due to the randomly distributed electron

phases, the emitted radiation is incoherent; hence, initially, the radiation amplification

is small and the power scales linearly with the number of electrons Ne, as P ∝ Ne.

However, bunching at the resonant wavelength results in increasingly coherent emission

and increases the intensity of the radiation. The higher intensity radiation promotes

stronger energy modulation, and this loop starts over again. As a result of this positive

feedback loop, the radiation field grows exponentially along the undulator with power

scaling of P ∝ N2
e . Figure (2.8) displays this process schematically.

The FEL pendulum equations are extended to capture the positive feedback loop math-

ematically, such that radiation field evolution and bunching effects are self-consistently

incorporated into the system of FEL equations. A few assumptions are required to

simplify the mathematics. The steady-state approximation demands that the electron

beam is infinitely long with uniform properties across the beam. The radiation field has

only spatial dependency. Note, these approximations neglect that the electron beam

propagates slower in the forward direction than the radiation field, leading to a relative

slippage between the radiation field and electron beam over many undulator periods,

Su = Nuλr. However, for now, this is a secondary consideration. A self-consistent

complete set of coupled first-order 1D FEL equations can be derived [93, 100]

dψ
dz = 2kuη (2.56)

dη

dz
= − e

mec2
0γr

ℜ
[(

K̂Ẽx
2γr

+ Ẽz

)
eiψ
]

(2.57)

dẼx
dz = −µ0c0K̂

4γr
· j̃1 (2.58)

j̃1 = 2j0⟨eiψ⟩ = 2j0b, (2.59)

where Ẽz is the complex notation of the longitudinal space charge electric field, j0
is the initial current density, and b = ⟨eiψ⟩ is the average modulation of the current
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2.2 high-gain free-electron laser

Figure 2.8: Schematic representation of the FEL principle. An initially unstructured

electron beam radiates at the resonance wavelength inside the undulator (left).

Interference effects of the randomly phased radiation fields produce a small amplitude

coherent field. This initial field energy modulates the electron beam, resulting in

density modulation at the resonance wavelength, and promotes coherent emission.

This positive feedback loop progresses until the electron beam is bunched at the

resonance wavelength, resulting in exponential radiation field growth along the

undulator (right). Adapted from [67].

density at the scale of the resonance wavelength. The latter term is also known as the

bunching factor b, and the modulus of the bunching factor can take values between

0 ≤ |b| ≤ 1, whereby |b| = 1 corresponds to maximum modulation at the resonance

wavelength. The bunching factor increases exponentially throughout the FEL interaction,

leading to radiation power growth. It reaches its highest value when the FEL goes into

saturation and decays afterwards [67, 93]. Like the FEL pendulum equations, the first

two equations describe the dynamics in the ψ− η phase space while taking into account

self-consistently the electric field Ẽx of the radiation driven by the current density j̃1.

The current density j̃1 depends on the ponderomotive phase ψ.

These FEL equations can be solved by the fourth-order Runge-Kutta method [101].

The uniform electron current density distribution in the longitudinal direction is produced

with the Hammersley quasirandom sequence. It adds random shot noise to the electron

beam distribution and is the initial source of the density modulation on the λr-scale.

In the SASE FEL, this initial shot noise contains modes at the resonance wavelength,

which are then amplified along the undulator. Additionally, the slippage effect leads

to independent coherent spikes determined by the so-called cooperation length (see
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2.2 high-gain free-electron laser

Figure 2.9: Numerical solution of the 1D first-order coupled FEL equations. The peak

power gain curve is presented along the undulator distance. The undulator distance

is normalised to the 1D gain length Lg. The undulator parameters are λu = 3 cm and

K = 2.4 . This 1D FEL simulation is performed for electron beam of W ≈ 10 GeV

beam energy with uniform current profile of Ip ≈ 4 kA.

detailed discussion below and Eq.(2.66)). Hence, SASE FELs at saturation exhibit a

spiky temporal profile from shot-to-shot.

Figure (2.9) presents a numerical solution to the one-dimensional first-order coupled

differential FEL equations. The figure shows the peak power gain curve normalized to

gain length. The gain curve is divided into three distinct sections. The FEL enters the

start-up (lethargy regime) regime; The electron beam emits incoherent spontaneous

undulator radiation at the resonance wavelength λr. It takes the FEL approximately

2 − 3 power gain lengths [93] to build sufficient density modulation for increasingly

coherent emission of radiation. An analytical description of the high-gain FEL in the

limit of short-undulator [93] predicates a similar extent of the lethargy regime. When

the density modulation of the electron beam is sufficiently developed at the scale of

the resonance wavelength, an exponential increase in the radiation power is observed

(linear regime). It reaches saturation when the bunching factor gets close to |b| ≈ 1

approximately after 18 − 20 power gain lengths, and the exact saturation distance

depends on the initial noise level of the electron beam [67, 93]. The radiation becomes

spatially coherent and has a narrow bandwidth. The final section is the saturation

regime, where the exponential radiation power gain stops because the energy loss of the
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2.2 high-gain free-electron laser

electron beam becomes significant. Positive tapering of the undulator parameter K(z)

(decreasing K) post-saturation along the undulator allows for enhanced power extraction

efficiency. These elevated peak power levels (up to TW) are typically produced at the

expense of spectral coherence degradation due to spectral sideband peak amplification

[102]. In contrast, when K increases, negative tapering can be exploited for energy chirp

compensation in the electron beam or broadband radiation production [103, 104].

The following key parameters are introduced, allowing characterisation of the FEL

performance, and much of the discussion is based on the works in [67, 93, 100]. The

saturation length, peak power and the requirements on the electron beam quality are

dictated by the Pierce parameter or FEL parameter [105]

ρFEL =
(

1
16
Ip
IA

K̂2

γ3
r σ

2
r k

2
u

)1/3

(2.60)

where Ip is the peak current of the beam and IA ≈ 17 kA is the Alfvén current. For GeV

scale energy and kA peak currents electron beams, the Pierce parameter is typically

ρFEL ∼ 10−4 − 10−3 for soft and hard X-ray wavelength, and the relative radiation

bandwidth at saturation is of the same order. The Pierce parameter defines the 1D gain

length in the limit of a cold beam; when energy spread, emittance and diffraction

effects are omitted

Lg,1d = λu

4π
√

3ρFEL
. (2.61)

In turn, the gain length dictates the saturation length and, hence, the overall length of

the undulator section

Lsat ≈ 20Lg,1d ∝ λu
ρFEL

. (2.62)

As such, the evolution of the power gain curve in the linear regime, in Fig.(2.9), can be

approximated with

Prad ∝ |Ẽx(z)|2 ∝ ez/Lg,1d . (2.63)

The value of the final power values depends on the energy extraction efficiency from the

electron beam, which is the FEL parameter ρFEL, hence, ∆ηsat ∝ ρFEL. Therefore, the

more electrons from the electron beam contribute to the FEL process within a bucket,

the larger the extraction efficiency. This connection can be utilized to estimate the

radiation levels at the saturation with

Psat ≈ ρFELPbeam , with Pbeam[TW] = W0[GeV]Ip[kA]. (2.64)
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2.2 high-gain free-electron laser

Here, the electron beam power Pbeam is written in terms of more practical units. Eq.(2.64)

indicates that GeV energy and kA peak current electron beams allow the production of

radiation pulses with GW-level power.

Because the Pierce parameter defines the FEL bandwidth, it also sets the acceptance

level of relative energy spread of the electron beam [100, 106]

(∆W/W )s ≤ ρFEL, (2.65)

where the subscript s denotes the slice property. Eq.(2.65) is known as the energy

spread criterion and is challenging to meet due to the scale of the Pierce parameter

ρFEL ∼ 10−4 − 10−3. The energy spread condition has to be strictly satisfied by the slice

relative energy spread of the electron beam. Hence, slice relative energy spread properties

of the electron beam have a much stronger impact on the overall SASE FEL performance

than projected values [100]. If no energy chirp is present in the longitudinal phase space

of the electron beam, then slice and projected relative energy spreads converge, and

the condition can be applied to the entire beam. However, when the electron beam has

a significant energy chirp, the energy spread condition may be satisfied for individual

slices but violated for the projected relative energy spread of the entire electron beam. In

that case, it can harm the FEL performance or even completely suppress the high-gain

regime because insufficient electrons in an FEL bucket are present to contribute to

coherent amplification. However, in a SASE FEL, it may be sufficient to meet the energy

spread condition over approximately one cooperation length Lc, which describes the

total radiation slippage length over one gain length Lg [107]

Lc = λr
λu
Lg. (2.66)

This fact can be used to attempt formulating an energy spread condition for the projected

energy spread (∆W/W )p when dominated by energy chirp. This leads to the following

expression

(∆W/W )p
σζ

≤ ρFEL
Lc

(2.67)

(∆W/W )p ≤ ρFEL
σζ
Lc

(2.68)

where σζ is the electron beam length. As long as σζ ≫ Lc holds, the requirements on

the projected energy spread will be less stringent compared to the slice relative energy

spread condition in Eq.(2.65). However, the slice and projected energy spread conditions
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2.2 high-gain free-electron laser

converge when the electron beam length increasingly approaches the cooperation length.

Note that slice parameter evaluation is typically performed with the slice widths of the

order of ∆ζ ≈ Lc.

The coherence time, denoted as (τc), is the characteristic decay time of the auto-

correlation function ⟨E(y, t)E(y, t + τ)⟩ of the electric field. This function measures

how the electric field at a specific position and time correlates with the field at the

same position after a time delay (τ). In SASE FEL, the coherence time is estimated in

Ref.[108] to be

τc ≃ 1
ρFELωr

√
π lnNc

18 , (2.69)

where Nc = Ip/(eρFELωr) is the number of cooperating electrons and ωr is the resonance

frequency. The spectral bandwidth is then σω ≃ τ−1
c ∝ ρFELωr.

The number of coherent spikes with coherence time of τc in a SASE FEL pulse can

be estimated with the MSASE-number

MSASE = σζ,rms
2πLc

, (2.70)

where σζ,rms is the r.m.s electron beam length. In state-of-the-art FELs, the electron

bunch is typically much longer than the cooperation length. As a result, the radiation

pulse at saturation contains many coherent spikes, usually ranging from MSASE =

10 − 100. These spikes have a duration of ∆τ = Lc/c0. Due to the spiked temporal

profile, the radiation spectrum contains many modes, resulting in reduced temporal

coherence. In case the FEL is seeded with an external coherent radiation source at the

resonance wavelength, such as LCLS self-seeding [82], or it is operated at the single-spike

regime, when MSASE ≈ 1, the radiation pulse will exhibit both spatial and temporal

coherence simultaneously [96, 109]. However, achieving the latter approach in the hard

X-ray regime is quite challenging due to the elevated requirements on the electron beam

in terms of duration and brightness. Further, when Eq.(2.70) is inserted into the right

side of expression Eq.(2.68) the following relation becomes apparent

(∆W/W )p ≤ 2πρFELMSASE, (2.71)

and suggest that when approaching the singe-spike regime, the projected energy spread

requirements become more stringent when dominated by energy chirp. However, this

connection has to be put to the test and will be evaluated in future works.
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2.2 high-gain free-electron laser

Similar stringent requirements apply to the transverse momentum spread of the

electron beam, which is reflected by the emittance condition [100, 110]

ϵn ≤ γrelλr
4π . (2.72)

The emittance condition (2.72) defines the minimum achievable wavelength at a given

electron beam energy. With the typically normalized emittance of 1-10 mm-mrad in

rf-based accelerators, multi-GeV electron beams are required to fulfil the emittance

condition at the hard X-ray wavelength. Most importantly, the emittance condition

ensures spatial coherence of FEL radiation modes at saturation. How well the emittance

condition is fulfilled defines the degree of transverse coherence [108]

νsat ≃
( ln(Nc/ϵ̂)

4ϵ̂

)2
(2.73)

where ϵ̂ = 2πϵ/λr is the normalized emittance condition, and ϵ is the geometric emittance

of the electron beam. Effects such as optical and gain guiding [67] may allow marginal

deviation from the ideal condition in Eq.(2.72), but in any case, the general concern is

the better the emittance condition is fulfilled, the better the spatial coherence and gain.

2.2.4 Ming Xie formalism

The previous sections discuss the theoretical foundation crucial for the overall exam-

ination and numerical implementation of the FEL process. This foundation provides

straightforward analytical expressions that help estimate the power gain length in the

cold beam limit. However, when considering factors such as energy spread, emittance,

and radiation diffraction, the effective gain length increases from the 1D case. As many

of these factors are interrelated, finding a self-consistent analytical expression while

simultaneously considering all the different contributions is challenging. To address this,

M.Xie [111] developed a workaround by conducting a multi-parameter scan. It enabled

the expression of the degradation effects in terms of a scaling parameter with coefficients

obtained from the simulation campaign. The Ming Xie formalism merges these effects

and enables optimization and exploration of the FEL performance [111]. The 3D gain

length considering energy spread, emittance, and radiation diffraction contributions

reads [100, 111]

Lg = L1d(1 + Λ(χγrel , χϵ, χd)), (2.74)
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where Λ is the scaling parameter as a function of the energy spread χγrel , emittance χϵ
and diffraction χd parameter. The fitting polynomial function is

Λ = a1 · χa2
d + a3 · χa4

ϵ + a5 · χa6
γrel + a7 · χa8

ϵ · χa9
γrel + a10 · χa11

d · χa12
γrel

+ a13 · χa14
d · χa15

ϵ + a16 · χa17
d · χa18

ϵ · χa19
γrel ,

(2.75)

where the corresponding fitting coefficients ai are collected in appendix table (8.1).

Eq.(2.75) shows quantitatively that all three scaling parameters should be maintained

small to minimize gain degradation. The accuracy of this model is approximately 10%

compared to fully explicit numerical simulations. The scaling parameters χγrel , χϵ and

χd are discussed below.

The energy spread parameter reads

χγrel = 4π
(
L1d
λu

)(∆W
W

)
s,rms

= 1√
3

(∆W/W )s,rms
ρFEL

, (2.76)

and the contributions from χγrel are minimised when χγrel < 1/
√

3. This is when the

energy spread condition (∆W/W )s ≤ ρFEL is satisfied. It ensures bound electron motion

within the separatrix and increases the number of cooperating electrons.

A closer look shows that the emittance parameter

χϵ =
(
L1d
βav

)( 4πϵn
λrγrel

)
, (2.77)

resembles the emittance conditions in Eq.(2.72) when L1d/βav = 1, such that the average

Twiss β-function inside the undulator equals the 1D gain length. Then the degradation

effects from the emittance parameter are minimized when χϵ < 1.

The diffraction parameter considers the radiation field diffraction. If the radiation

diffracts much faster than the electron beam, the overlap between radiation and the

electron beam is compromised, resulting in inefficient energy transfer. The diffraction of

the SASE radiation pulse follows the Rayleigh length

ZR,FEL = 4πσ2
r

λr
, (2.78)

where σr is the radiation source size, which is dictated by the radius of the electron

beam. The diffraction parameter reads then

χd = L1d
ZR,FEL

= L1dλr
4πσ2

r

. (2.79)
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Figure 2.10: Ming Xie formalism-based 3D gain length calculation. Ming Xie formalism

calculated 3D gain length (top) and saturation power (bottom) as a function of

electron beam peak current and normalized emittance are presented. The undulator

parameters λu = 9 mm and K ≈ 0.84 are inspired by the study in Ref.[96]. The

electron beam is focused down to the average beta function of βtwiss ≈ 5 m at

W ≈ 3 GeV electron beam energy and (∆W/W ) ≈ 0.016 % relative slice energy

spread. These electron beam parameters are potentially realizable in future plasma-

based accelerators, as suggested by the author in [42].
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The contribution of radiation diffraction becomes negligible when χd ≤ 1/2 [93, 100].

This is ensured when Lg,1d ≤ 2ZR,FEL[93, 100].

Next, the Ming Xie formalism is utilized to explore requirements on the electron

beam parameters for an ultra-compact FEL configuration at the hard X-ray wavelength

(7 keV photons). This initial exploration considers electron beams of increased brightness

for reduced gain length compared to what is possible today with rf-based technology.

The electron beam energy is balanced such that it fully leverages the high quality of

the electron beam and allows the use of existing or upcoming undulator technology.

Figure (2.10) presents the results of this exploration, showing the accessibility of the

3D gain length and peak power as a function of electron beam peak current and

normalized emittance. This calculation reveals that only a 3 GeV electron beam with

emittances in the range of 10 − 100 nm-rad, sub-0.1 %-level relative energy spread and

peak currents of few kA suffices to enable ultra-compact hard X-ray FEL with gain

length on the sub-meter scale at the GW-level peak power. Indeed, the assumed electron

beam parameters sound very challenging to attain with state-of-the-art technology. This

thesis will evaluate upcoming technologies based on plasma-based acceleration, not only

shrinking the footprint of the acceleration section but also enabling electron beams with

brightness values that are many orders of magnitude brighter than those accessible by

state-of-the-art methods. This novel class of electron beams may enable exploration of

the FEL regimes elaborated in figure (2.10).

2.3 numerical methods

This section briefly discusses numerical methods employed in this work for electron

beam tracking from the plasma stage through an optimized beam line. Further, the

FEL code Puffin is discussed, allowing high-fidelity modelling of the FEL interaction

powered by the electron beams with unique properties anticipated from the plasma-based

acceleration.

2.3.1 Particle tracking code

Electron beam transport post-plasma stage requires dedicated electron beam transport

lines for the 6D phase space of the electron beam. Many different particle tracking
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codes exist for various specialized scenarios such as for space charge and/or CSR-

dominated regimes, for example, codes such as A Space Charge Tracking Algorithm

(ASTRA) [112], and/or General Particle Tracer (GPT) [113]. These codes are exploited

in this work mainly for sanity checks. However, the main part of the work is performed

with the ELEctron Generation ANd Tracking (ELEGANT) code [114], which allows

tracking of external 6D particle beam distributions with up to 3rd-order transfer

matrices with simple space charge, wakefield and CSR models. Further, beamline

optimization routines based on the simplex optimization algorithm enable the fast

design of specialized beamlines and make them attractive for the design, optimization

and particle tracking of electron beams from the plasma-based acceleration stage. A

sophisticated simulation input deck is developed, automatically optimizing various

beamline elements and configuration quantities with minimal user input. This input

deck is embedded into a larger simulation framework with a streamlined procedure for

high-fidelity start-to-end (S2E) simulations developed as part of this work.

2.3.2 Free-electron laser modelling

The simulations of free-electron lasers presented in this work, specifically in chapter

(6), are based on the 3D Puffin code [91, 115, 116]. Puffin is a numerical solver that

is massively parallel and handles an unaveraged 3D FEL system of equations. It is

written in Fortran 90 and uses MPI and OpenMP [117]. Puffin is an ’unaveraged’ FEL

code, which does not rely on the Slowly Varying Envelope Approximation (SVEA)

and undulator period averaging approximations. Instead, it employs an algorithm and

macroparticle model similar to a Particle-In-Cell (PIC) code methodology that does not

slice the beam phase space and radiation field. Therefore, high-performance computing

(HPC) systems are required to perform the calculations, especially for problems with

millions of microparticles in 3D. Additionally, Puffin includes standard beam transport

components to model a ’realistic’ undulator configuration. It can precisely model a

3D undulator with entries and exits tapering and natural focusing, radiation from

large energy spread, and energy-chirped beams with a broad bandwidth frequency

spectrum that is only limited by the Nyquist frequency of the mesh fN = fs/2, where

fs is the sampling rate of the electromagnetic field. Therefore, it can accurately resolve

wavelengths down to λN = 2λs, where λs is the discretization cell length. A few more
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capabilities are discussed in [115] but are irrelevant to this work. Puffin, when combined

with a unified shot-noise model [118] and advanced particle upsampling methods [44,

119], allows for accurate modelling of spontaneous undulator and Coherent Spontaneous

Emission (CSE) [120, 121]. Backwards wave emissions from the electron beam and

space charge effects are not included due to their negligible contributions to the typical

operation points of FELs. Puffin is extensively compared to other FEL codes and

experimental results [122]. Therefore, the simulation results obtained are highly reliable.

2.4 discussion

This chapter provided the fundamental basics for developing electron beam transport

lines for the post-plasma stage and electron beam characterisation and parametrisation.

Many concepts discussed on electron beam optics also apply to electron beams in

plasma-based accelerators. The FEL concepts are important for modelling radiation

production in advanced codes such as Puffin and provide tools to estimate electron beam

requirements for ultra-high gain FEL. The importance of electron beam emittance and

brightness for elevated FEL performance becomes apparent, and subsequent chapters

will investigate pathways to improve electron beam quality beyond the capabilities of

stat-of-the-art rf-linacs. Finding ways to improve the overall slice and projected 6D

brightness of electron beams will be the primary goal of the following chapters to unlock

the path towards ultra-compact hard XFELs.
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3
F U N D A M E N TA L S O F P L A S M A A N D WA K E F I E L D

A C C E L E R AT I O N

This chapter introduces the essential characteristics of plasma and its role in PWFA, re-

ferring to beam-driver plasma-based acceleration and LWFA. The theory of plasma-based

acceleration, including the formation of plasma waves and their inherent limitations, is

explored. The injection of electron beams (witness beams) into these plasma waves is

examined, and the concept of plasma photocathode injection in PWFA is introduced

for ultra-high brightness beam generation. This chapter concludes by analyzing the

preservation of witness beam quality and exploring potential future directions with the

emerging Hybrid LWFA→PWFA platform. While reviewing the literature, the author

identifies key challenges preventing the realization of ultra-compact hard XFELs.

3.1 basic principles of plasma description and generation

Plasma is an intriguing and distinct fourth state of matter that stands apart from

solids, liquids, and gaseous media. The overview in this section offers a concise primer

on the essentials of plasma physics based on [123–126] and relevant to plasma-based

acceleration.
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3.1.1 Definition of plasma

Plasma is partially or fully ionized matter that comprises an equal number of positively

and negatively charged particles, making it electrically quasi-neutral, which can be

expressed mathematically with ∑
Zjnj ≈ 0, (3.1)

where nj is the number density of the jth species, Zj is the charge state of the jth

species, and the summation is taken over all plasma species.

The plasma density refers to the number of charged particles within a given volume.

It is crucial in determining plasma systems’ behaviour and collective effects. The plasma

density can be calculated by adding up the number densities of all species of charged

particles

np =
∑

nj . (3.2)

The temperature of the plasma is another essential factor that determines the distri-

bution of kinetic energy among its charged particles. It greatly affects various plasma

phenomena, such as particle collisions, energy transport, and wave propagation. The

plasma temperature can be measured in several ways, including electron temperature,

ion temperature, and electron-ion temperature ratio (Ti/Te), where Ti and Te is the ion

and electron temperatures, respectively. Additionally, the thermal velocity of plasma

electrons can be defined using the following equation

vte ≡
√
kBTe
me

, (3.3)

where me is the electron mass, kB is the Boltzmann constant.

3.1.2 Debye shielding, plasma frequency, and refraction index

Debye shielding refers to the shielding of electric fields by surrounding plasma particles.

It occurs due to the collective response of charged particles to the applied electric field

and is essential for maintaining the quasi-neutrality of plasma. The characteristic length

scale of Debye shielding is known as the Debye length λD and is defined as [127]

λD =
(
ε0kBTe
e2ne

)1/2
, (3.4)
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where ε0 is the vacuum permittivity and ne is the electron density. The Debye length in

practical units can be expressed as

λD ≃ 743 ×
(
Te
eV

)1/2 ( ne
cm−3

)−1/2
cm. (3.5)

The number of particles in a Debye sphere is

ND ≡ ne
4π
3 λ3

D. (3.6)

This characterises plasma "collectiveness"; hence, when ND ≫ 1, then the plasma is

called "ideal plasma", and when ND ≪ 1, it is categorised as non-ideal plasma.

Further, the plasma frequency is a characteristic frequency associated with plasma

oscillations. It depends on the plasma density and represents the natural frequency

at which charged particles collectively respond to external perturbations. The plasma

frequency ωp is given by

ωp =
(
nee

2

meε0

)1/2

. (3.7)

The corresponding plasma wavelength can be expressed in practical units as

λp = 2πc0
ωp

≈ 3.34 × 107n−1/2
p (3.8)

and the corresponding plasma wavenumber is then

kp = 2π/λp. (3.9)

The plasma frequency also defines the characteristic response time to recover quasi-

neutrality. The ratio of Debye length Eq.(3.4) and thermal velocity Eq.(3.3) yields

[127]

tD ≃ λD
vte

=
(
ε0kBTe
e2ne

× me
kBTe

)1/2
= ω−1

p . (3.10)

The plasma response time (Eq.(3.10)) dictates the interaction type of the plasma with

time-varying external fields, such as lasers. Laser-plasma interaction can alter the

plasma properties, but at the same time, the plasma can change the properties of the

electromagnetic fields of a laser pulse. This coupling of EM-field with plasma gives rise

to various phenomena relevant to the plasma-based acceleration concepts. Some of these

aspects are discussed below and in the following paragraphs.

The following paragraphs introduce key elements of laser-plasma interaction, primarily

focusing on laser pulse propagation through it. Consider an unmagnetized, cold plasma
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with a monochromatic plane electromagnetic wave travelling through it. In this scenario,

the dispersion relation can be expressed as follows [125]

ω2
l = ω2

p + k2
l c

2
0, (3.11)

with ωl being the laser angular frequency and kl representing the wavenumber. Eq.(3.11)

can be solved for the wave number kl to obtain a deeper view

kl = ωl
c0

√
1 −

ω2
p
ω2
l

. (3.12)

Upon closer inspection of Eq.(3.12), it becomes apparent that if ωl < ωp, the wave

number kl will be an imaginary number. This indicates that the electromagnetic wave is

reflected on the plasma surface [128], commonly called an ”overdense” plasma. On the

other hand, if ωl > ωp, the plasma is called ”underdense”, and the electromagnetic wave

can propagate within it. This behaviour of EM waves inside plasma is a key ingredient

for operating LWFA and the realisation of plasma photocathodes in PWFA (see section

(3.2.2)) because it sets limitations on the accessible plasma densities which a laser

pulse can penetrate at a specific laser wavelength. Furthermore, the phase velocity is

calculated with vϕ = ωl/kl = c0/ηref. and group velocity vg = ∂ωl/∂kl = c0ηref. of the

electromagnetic wave from Eq.(3.12), where ηref. is the index of refraction

ηref. =
√

1 −
ω2

p
ω2
l

=
√

1 − ne
ncr

, (3.13)

where ncr = ω2
l ϵ0me/e

2 denotes the critical density. For a commonly used high-power

laser system such as Ti:sapphire at λl = 800 nm wavelength, the critical density is

ncr ≈ 1.7 × 1021 cm−3. This means that when the plasma density ne approaches ncr, it

will become overdense and reflect the laser pulse.

3.1.3 Ionisation of gaseous media

Thus far, the core principles of plasma physics are described. However, plasma formation

via the ionization of gaseous media for plasma-based accelerators has yet to be introduced.

Ionization ensues when an atom’s bound electrons are released from the Coulomb

electrostatic potential, for example, by electromagnetic radiation or particle collisions

[129]. Electromagnetic radiation has various interaction routes with matter, but for

ionization, two primary processes are important: photoionization and field ionization.
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The Keldysh parameter γK determines the ionization regime between these two cases

and reads [130]

γK =
√

Ipot
2Upot

, (3.14)

where Ipot is the atomic ionization potential and Upot denotes the ponderomotive energy

with

Upot = e2E2
0

4meω2
l

, (3.15)

where E0 is the electric field amplitude and ωl is the photon frequency. When the value

of the Keldysh parameter is greater than one (γK ≫ 1), then the ionization process is

mainly dominated by photoionization. On the other hand, if the value of the Keldysh

parameter is less than one (γK ≪ 1), then field ionization [131] becomes the primary

ionization process. This distinction becomes evident when the proportionalities of the

Keldysh parameter are examined, which are γK ∝ E−1
0 λ−1

l I
1/2
pot . For high-power laser

systems with a central wavelength of approximately 800 nm, the ionization process is

strongly influenced by the electric field strength E0.

When the strength of the electric field is moderate, single photon ionization occurs

for γK ≫ 1 if the wavelength of the photons corresponds to the binding energy of the

bound electron in the atomic potential. Valence electrons typically require visible light

to soft X-rays, while inner shell electrons require hard X-ray photons to be released

from the parent atom.

When the energy of the photons is insufficient for single photoionization, an electron

can transition via the absorption of multiple photons N of longer wavelength λl from

an initial state to a final state. The ionization rate Γi→f ∝ IN depends on the total

number of photons involved.

For γK ≪ 1, the large-amplitude electric field deforms the atomic electrostatic

Coulomb potential such that the bound electron experiences an effective lower potential

barrier of the form

Veff(r) ∝ − Z

|r|
− E × r, (3.16)

where Z denotes the charge state of the atom or ion, and r is the vector displacement

from the atomic core. Therefore, the bound electron has a finite probability of tun-

nelling through the distorted Coulomb potential into the free state [132]. Fig.(3.1) (a)

visualizes the Tunnel Ionisation process in a simplified way. If the ionization happens

"fast", for example, in a single cycle of an fs-laser pulse, and Ipot ≫ ω is valid, then
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Figure 3.1: Schematic field ionization mechanisms. Schematic field ionization mechanisms

are shown for the γK ≪ 1 limit. The red solid line shows the effective electrostatic

potential, while the grey line represents the external laser field. The purple circle

indicates the bound electron and the grey arrows show the electron transition from

being bound to a free state. The red dashed line represents the unperturbed potential

for reference. (a) When an intense laser field is applied, it alters the initial potential,

making it possible for a bound electron to tunnel quantum mechanically through

the reduced potential barrier. (b) If the intensity of the laser field is increased, the

potential barrier is suppressed below the ionisation energy of the bound electron. This

means the electron can now classically escape the electrostatic potential, resulting in

the atom’s ionisation.
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the ionization rates can be calculated in a semi-classical approximation [131]. The

Ammosov–Delone–Krainov (ADK) ionization probability rate for this process is in a

practical notation defined as [133]

ΓADK[s−1] ≈ 1.52 × 1015 × 4n∗
Ii[eV]

n∗Γ(2n∗)

(
20.5 I

3/2
i [eV]

E[GV/m]

)2n∗−1

× exp
[

−6.83 I
3/2
i [eV]

E[GV/m]

]
, (3.17)

where n∗ ≈ 3.69Z/I1/2
i [eV ] represents an effective principal quantum number, which

describes the transition to an ionized state, and Γ is the gamma function. Figure (3.2)

displays the ADK ionisation rates as a function of the electric field strength for the

atomic species relevant to this work.

Figure 3.2: ADK ionisation rates. ADK ionisation rates as a function of incident laser field

strength based on Eq.(3.17) for selected gas species relevant to this work. Annotation

of the ionization potentials for the corresponding species is provided in eV.

When the electric field strength is increased to a critical value of Ecrit ∝ I2
pot/4Z

[134] then barrier suppression ionisation dominates the ionisation rates. At this point,

the Coulomb potential of the atom is suppressed below the bound state of an electron,

which allows the electron to escape directly into the continuum in a classical way, as

sketched in Fig.(3.1) (b).

3.1.4 Laser-based ionisation and plasma source

The previous section discussed the mechanisms for ionizing gaseous media in strong

electromagnetic fields. Modern lasers based on the CPA [12] scheme deliver laser pulses
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of few fs duration and electric field strength of the order of GV/m and higher, which

is sufficient for ionising materials and gaseous media according to the ADK rates in

Fig.(3.2). This section discusses the fundamentals of lasers and laser-based ionization of

gaseous media.

The electric field propagation of a Gaussian laser pulse in a vacuum under the paraxial

approximation (small divergence of the beam) reads [129, 135, 136]

E(r, z, t) = E0x̂
w0

w(z) exp
(

− r2

w(z)2

)
︸ ︷︷ ︸

transverse term

exp
[

− (z − vgt)2

(cτ)2

]
︸ ︷︷ ︸

longitudinal term

exp
[

−i

(
kz − ωlt + k

r2

2R(z) − ϕG(z)
)]

︸ ︷︷ ︸
phase

.

(3.18)

The first and second terms in Eq.(3.18) describe the transverse and longitudinal evolution

of the laser pulse, and the last term represents the laser pulse phase.

The first term contains the beam waist w(z) as a function of z

w(z) = w0

√
1 +

(
z

zR

)2
, (3.19)

where w0 denotes the laser spot size at focus and zR the Rayleigh length, which is defined

as

zR = πw2
0

λl
. (3.20)

The Rayleigh length represents the distance the laser beam can effectively sustain

a focused spot size. Figure (3.3) (left panel) shows schematically how a laser pulse

undergoes the transition from focusing to defocusing phase with an indication of the

2 × zR range based on Eq.(3.19). Laser spot size at focus w0 and Rayleigh length zR

can be expressed in terms of the f -number [129, 137]

N = f#
D
, (3.21)

which is the ratio of focal length f to beam diameter D of a collimated beam. The

laser spot size at focus is w0 = 2
√

2/πλl ≈ 0.9λlf# and zR ≈ 2.5λlf#. For example,

focusing down a laser pulse from a commercially available Ti:sapphire lasers system at

λl = 800 nm to w0 ≈ 7µm will require a f/10 focusing optic system. It is important

to remember that these calculations are based on ideal beams. In reality, various

imperfections, such as aberrations, non-uniform phase, and optics errors, will result in

larger spot sizes at the interaction point. Nonetheless, the f-number is a useful parameter

for designing optical systems for experiments.

The second term in Eq.(3.18) is the laser pulse group velocity, denoted by vg = ∂ω/∂k.

It also includes the full width at half the maximum (FWHM) electric field’s pulse
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duration, represented by τ = 2
√

2 log(2)σt. Here, σt refers to the r.m.s longitudinal

pulse duration.

The third term in Eq.(3.18) represents the phase of the laser pulse. It includes the

curvature of the wavefront, which is given by R(z) = z(1 + (zR/z)2), and the Gouy

phase term, which is denoted by ϕG(z) = arctan(z/zR).

Figure 3.3: Laser-based tunnel-ionization. Schematic representation of Gaussian laser pulse

focusing and ADK ionisation of the laser at focus. The laser pulse transitions from

focusing to defocusing on the left panel with overlaid waist function Eq.(3.19) (solid

grey line). The grey area indicates the range when the laser pulse waist is w0 ≤
√

2w0.

On the right panel, single cycles of the laser beam (grey solid line) and the envelope

of the temporal profile (blue solid line) are shown. The normalized ADK rate is

presented for the above threshold ionization of helium when the laser beam is focused

and reaches the maximum normalized vector potential of a0 ≈ 0.018.

The peak laser electric field E0 of a linearly polarized Gaussian beam can be expressed

as normalized vector potential [135]

a0 = eE0
mecωl

∼= 8.5 × 10−10I[Wcm−2]1/2λl[µm]. (3.22)

Conveniently, the normalized vector potential a0 defines the laser-matter interaction

regimes. When a0 ≥ 1, the interaction is highly non-linear, so the laser pulse transfers

significant energy to the plasma. In contrast, at moderate laser intensities a0 ≤ 1, the

interaction regime is linear and increasingly resembles the classical interplay of laser

light with the matter [131]. In particular, concerning this work is the regime of a0 ≪ 1

when laser intensity is sufficiently high (typically I = 1015 − 1017 W/cm2 ) to ionize

gaseous media but low enough to minimize heating of the produced plasma such that the
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laser-produced plasma remains "cold". Figure (3.3) (right panel) displays above-threshold

laser ionization of helium, based on the ADK model discussed in section (3.1.3). Here, a

linearly polarized Gaussian laser pulse of r.m.s pulse duration 30 fs, normalized vector

potential of a0 ≈ 0.018 with a beam waist of w0 = 7µm at focus reaches peak intensity

just above the ionization threshold of helium. The highest ionization probability occurs at

the laser pulse cycle peaks (purple) and spreads near the laser envelope maximum. These

electrons first tunnel through the suppressed potential barrier of the atom and then gain

energy through interaction with the passing laser pulse. This above-threshold ionization

is the primary effect of heating the photoelectrons [138–140]. The photoelectrons’ heating

is negligible when the electrons are released at the laser pulse cycle peak and increase

towards zero-crossing of the electric field [141]. Electrons resulting from above-threshold

laser-ionized plasma can have temperatures within the range of a few Te ≈ 1 eV to a few

Te ≈ 100 eV. These temperature effects are explored in figure (3.4), which presents PIC

simulation results with the cylinder symmetric Fourier-Bessel Particle-In-Cell (FBPIC)

code [142] on fully-resolved laser-produced plasma and corresponding plasma electron

temperature for a few selected gas species. A 800 nm wavelength, σt = 50 fs long laser

pulse with a spot size of w0 = 7µm corresponding to zR ≈ 200µm and a0 ≈ 0.018 at

focus ionizes helium gas at a density nHe ≈ 2.3 × 1017 cm−3. Figure (3.4) (left panel)

shows that the plasma volume produced by the laser pulse extends approximately over

2zR in z and with a width of w0 in x, y, and the plasma temperature is in the few

eV-range. Hence, the ionization volume produced by the laser pulse can be approximated

in the first order with

Vion,approx = π

∫ zR

−zR
w(z)2dz = 8π2w4

0
3λl

. (3.23)

Equation (3.23) assumes that the gas within the 2zR volume is fully ionized; however,

the ionization volume is an ellipsoid (see Fig.(3.4)). If the exact ionization volume Vion,ext

is known, then the total charge can be obtained with Qion ∝ enHeVion,ext. Nevertheless,

Eq.(3.23) reveals the strong dependency of the ionization volume on the laser beam waist

w0. Further, the right panel of the figure shows the plasma temperature dependency on

the laser intensity for selected gas species. The electron temperature stays below the

keV level even at the intensity levels of I = 1017 W/cm2, which resembles theoretical

estimates (solid lines) based on thermal temperature calculations from [143, 144]. For

laser peak intensities exceeding the ionization threshold, all atoms will be ionized by the
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Figure 3.4: Plasma temperature of laser-ionized gaseous media. A laser pulse triggers

the plasma volume and temperature that arise from ADK ionization. A Gaussian

laser pulse forms the ellipsoid shape of the resulting volume. Projections of electron

temperatures are displayed shortly after the laser pulse has passed (left panel).

Simulation results (depicted as scatter points) illustrate the shift from partially

ionized to saturation regimes. Furthermore, residual quiver temperatures for various

species are showcased across a broad range of intensities with theoretical temperature

prediction (solid lines) based on [143, 144] (right panel). Simulation performed by T.

Wilson for [41] with input on laser and gas parameters from the author. This work

is openly licensed via CC BY 4.0.

laser front before the pulse peak arrives. As a result, the electron temperature reaches a

saturation state, plateauing at a constant value [41, 143, 144].

In section (3.2.5), these cold plasma electrons are utilized as a source for ultracold

relativistic electron beam formation in PWFA via an underdense plasma photocathode

[144]. Similar laser parameters are used for the jitter analysis of the plasma photocathode

laser in section (4.2.2). Note that a fully-resolved laser pulse is utilised for the figure

(3.4). However, envelope laser pulses are commonly used for computational efficiency at

these laser intensities, producing comparable results regarding charge and final electron

beam properties in the plasma photocathode PWFA configuration [145].

Plasma-based accelerators may require plasma sources extending over tens of cm to

even meter scale. This can become challenging to produce with standard Gaussian beam

focusing because the Rayleigh length of the laser pulse has to be on the cm to m scale.

Manahan et al. highlighted the practical limitations by estimating a f-number of 1000

for a laser focusing optic producing zR = 1 m. The required laser diameter D ≈ 1 mm

would produce intensities orders of magnitude higher on the optics than their damage
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Figure 3.5: A meter-scale plasma source produced by an Axicon optic. Schematic

representation of the axicon optical system (left panel) with annotation of inner R1

and outer R2 annular aperture radii, base angle γ : γaxi, ray exit angle β : βaxi and

extent of the line focus Lf and resulting hydrogen plasma source (right panel) are

presented. Adapted from [146]. This work is openly licensed via CC BY 3.0.

thresholds [146]. A possible solution is using an axicon focusing lens with an annular

aperture, which enables a nearly uniform axial optical intensity profile of meter-scale

[146–148]. It can ionize a background gas when the intensity of the laser is high enough

for ADK ionization, producing multi-cm to meter-scale preformed plasma source for

plasma-based acceleration [146]. For example, axicon type of optics have been employed

in [149, 150] for generation of multi-cm scale hydrodynamic optical-field-ionized (HOFI)

plasma channels for laser waveguiding.

Figure (3.5) displays simplified analytical calculations based on the ADK model of

an axicon-produced hydrogen plasma source. The ADK calculations suggest that with

approximately 500 mJ laser energy over a laser pulse duration of 70 fs and an axicon

base angle of γaxi ≈ 0.25◦ multi-meter long plasma source can be generated wide enough

to support stable plasma-based acceleration. However, if the preformed plasma source

is not wide enough or has a non-uniform density profile, various boundary effects arise

during the acceleration. Section (4.1.4) elaborates on these effects within the context of

the E-210 experimental results at SLAC FACET, where the metre-long plasma source

had a non-ideal spatial and density topology.
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3.2 theoretical description of beam-driven plasma wakefield

acceleration

Plasma-based particle acceleration is a new method that uses the electric fields created

in plasma by a high-energy intense particle beam or laser beam. This technique can

be used in compact and high-energy particle accelerators, with potential applications

in high-energy physics, X-ray free-electron lasers, and medical sciences. The following

section will establish the fundamentals of novel particle accelerators, emphasising PWFA,

stability and electron injection, and preservation of ultra-high brightness beams for

X-ray free-electron laser applications.

3.2.1 Review of plasma-based particle accelerators

The quest for innovative particle accelerators can be traced back to as early as 1952

when "collective accelerators" were initially proposed by Alfvén & Wernholm [151]. In

1956, Budker [152], Veksler [153], and Fainberg [154] further investigated the possibility

of high-gradient charged particle accelerators using the concept of collective accelerators.

All three authors recognized the limitations of the existing technology and the potential

prospects of novel accelerator technology. However, they also understood that the density

of the electron beams required for collective accelerators was beyond the technological

capabilities of that time. Nevertheless, there was rapid theoretical progress in the

following years.

Ruth et al. [155] and Chen [156] proposed using charged particle beams to drive plasma

wakefields. Katsouleas [157] described the beam loading effect to enhance acceleration

efficiency and reduce the energy spread of accelerated beams. Shortly after discovering

the nonlinear regime [158], Rosenzweig [158] reported the first experimental observa-

tion of Plasma Wakefield Acceleration in 1988 [159]. In 1991, Rosenzweig et al. [160]

discovered the blowout regime, which provides strong and uniform focusing wakefields

and large acceleration gradients (see section (3.2.2) for more details on blowout regime).

Experimental verification of the blowout regime in PWFA was achieved at the Argonne

Wakefield Accelerator (AWA) facility [161].

Since then, numerous theoretical and experimental advancements have been made.

Some significant milestones in the field include the proposal of electron injection into
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the blowout regime through a sharp plasma density downramps [162], the development

of a nonlinear blowout theory [163], the successful demonstration of energy doubling of

42 GeV electron beam at SLAC to 84 GeV [164], the proposal of a plasma photocathode

by Hidding et al. for ultra-high brightness electron beams in PWFA [144], the achieve-

ment of high energy efficiency two-bunch acceleration at the SLAC FACET facility

[37], the proposal of an advanced plasma photocathode for ultra-high 6D brightness

beams production [42] by Manahan, G. G. and Habib, A. F. et al., and the successful

demonstration of plasma photocathode [39, 165] and all-optical density-downramp

injection [39, 166] in PWFA at SLAC FACET. Proton-driven PWFA was proposed

by Katsouleas [157] and later evaluated in [167] and experimentally realized at CERN

within the AWAKE collaboration [168]. Many more facilities are engaging or planning to

contribute to PWFA (R&D), such as Accelerator Test Facility (ATF) (USA), CLARA

FEBE (UK), DESY (Germany), INFN (Italy), and many more. Over the years, PWFA’s

R&D community has become increasingly organized and vibrant. The community has

set strategic goals for the future, as evidenced by various publications such as [169–172].

Moreover, advanced accelerator concepts have found their way into multi-year R&D

roadmaps in the USA, UK, and Europe [170, 173, 174].

Parallel to this, a different approach made advancements in novel accelerator technol-

ogy. A groundbreaking research paper by Tajima and Dawson in 1979 [175] investigated

the interaction between plasma and intense laser pulses using computer simulations.

They found that short high-intensity laser pulses can create high amplitude plasma

waves with accelerating gradients of up to GV/m. This discovery laid the foundation

for LWFA. However, laser technology was not advanced enough to produce short, in-

tense laser pulses capable of driving large-amplitude plasma waves. Out of necessity,

a workaround was developed where two long laser pulses, typically with tens of pi-

coseconds duration, resonantly drive a Plasma Beatwave Accelerator, when a matching

condition ωp = ω1 − ω2 is precisely satisfied. The frequencies of the two laser pulses are

denoted by ω1 and ω2, respectively [176]. The experimental progress of this approach

was manageable.

In 1985, Strickland & Mourou [12] achieved a breakthrough in CPA, which paved

the way for generating sub-picosecond laser pulses necessary for driving high-amplitude

plasma waves. This breakthrough significantly propelled the experimental work in

the LWFA in the following years. Much of the research before 1990 concentrated on
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accelerating electron beams injected externally into plasma waves. As the duration of

those electron beams was much longer than the plasma period, only a small portion of the

beams were accelerated by the plasma fields. As a result, the quality of the accelerated

electron beams was inferior, with roughly 100 % energy spread. The Maxwellian-like

spectral distribution at a maximum energy of a few MeV reflects this. With laser pulses

becoming increasingly shorter on the 500 fs scale and their corresponding higher intensity,

the combined effects of self-focusing and self-modulation of the laser pulse enable the

production of a train of intense laser pulses that are spaced by the plasma wavelength.

This leads to resonant excitation of Self-Modulated Laser Wakefields Acceleration (SM-

LWFA) with accelerating gradients of 100 GV/m. The values of detected accelerating

gradients started to approach the non-relativistic wave-breaking field, which reads [138,

177]

E0,w ≡ Ewb[V/m] = c0meωp
e

∼= 96 × n1/2
e [cm−3]. (3.24)

For electron densities of ne = 1.1 × 1018 cm−3, corresponding to a plasma wavelength of

λp ≈ 32µm, Eq.(3.24) yields accelerating gradients of the order of 100 GV/m, similar

to the SM-LWFA results.

A milestone was reached when wave-breaking injection was demonstrated in the

SM-LWFA regime. Electrons were accelerated up to 44 MeV in a sub-mm distance at the

Rutherford Appleton Laboratory [178]. The injection and acceleration of background

plasma electrons marked a significant step forward. However, the quality of electrons in

terms of energy spread and emittance was not competitive with conventional accelerators.

Despite this limitation, the community achieved significant progress in generating and

characterizing electron beams with Maxwellian spectral distributions at high repetition

rates [179, 180]. There has been a recent revival in SM-LWFA schemes or similar due to

significant theoretical and experimental advancements [181–183]. However, the LWFA

research focus followed a different route.

Theoretical research conducted in 2002, based on three-dimensional PIC simulations,

introduced a new acceleration regime in LWFA, known as the "bubble" regime (see

section (3.2.2) for more details on the bubble regime), as described by Pukhov &

Meyer-ter Vehn in [184]. This regime is highly nonlinear and is observed when the

laser pulse duration is shorter than the plasma wavelength. The intensity of the laser

pulse is high enough to break the plasma wave. When electrons are injected from the

background plasma into the bubble (see section (3.2.4) on self-injection), they exhibit a
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quasi-monoenergetic feature in the energy spectrum. This simulation-based observation

showed a route towards better beam quality than the experimentally measured reality

of typically Maxwellian spectral distributions. Following successful demonstrations of

the production of monoenergetic beams from LWFA in the bubble regime by various

groups in the UK, Europe, and the USA [185–187], and other groups in Germany

reported quasi-monoenergetic electron beam features in the experiments [188, 189] as

well. Since the seminal experimental results, numerous theoretical and experimental

breakthroughs have been made in the field. These include novel plasma sources, new

injection methods, and electron beam energy records [149, 150, 186, 190–196]. Significant

advancements have been made in the field with nanocoulomb-class beam generation,

controlled multi-colour electron beam injection, and long-term operation of LWFA

[197–199]. Much of this progress in LWFA is contributing to a new approach called

the Hybrid LWFA→PWFA [200], where electron beams produced in LWFA are used

to power a subsequent PWFA stage. This innovative method opens up possibilities for

new capabilities and increased capacity in PWFA R&D. Section (3.2.8) will discuss the

Hybrid LWFA→PWFA concept.

Plasma-based acceleration has come a long way since its inception and has significantly

progressed in technology reliability and maturity. Furthermore, the plasma-based com-

munity has a proven track record of turning simulation-based concepts into experimental

reality. Several noteworthy examples demonstrate this trend. For instance, the initial

proposals for PWFA and LWFA were based on simulation studies [155, 156, 175]. Shortly

after, the blowout regime in PWFA was discovered [158] and experimentally observed

[159]. Additionally, the bubble regime in LWFA was found [184], and it was experimen-

tally verified at various laboratories worldwide [185–187]. The plasma photocathode in

PWFA was invented [144], and it was experimentally realised at FACET [39]. Recently,

the simulation-supported proposal of Hybrid LWFA→PWFA was made [201], and it was

experimentally observed at various laboratories [202–206]. If this trend continues, novel

simulation-based concepts may improve beam quality, stability, and reproducibility in

plasma-based acceleration and transform this technology into state-of-the-art.
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3.2.2 Fundamentals of beam-driven plasma wakefield acceleration

A high-charge density particle beam travelling at approximately the speed of light in an

underdense plasma can excite plasma waves behind the particle beam. The unipolar

space charge fields (Eq.(3.25)) of the particle beam displace plasma electrons from the

propagation axis, leaving a stationary ion background behind. The immobile ions attract

the plasma electrons to their initial position, and the plasma electrons oscillate at the

plasma frequency ωp. The plasma collective effects form then a wakefield behind the

driver beam with electric field gradients of approximately 100 GV/m, which is much

larger than typical rf-linacs with accelerating gradients of the order of Erf ≈ 100 MV/m

[36]. This is known as PWFA. An intense ultra-short laser pulse can also excite large-

amplitude plasma waves with 100 GV/m-scale wakefields, known as LWFA. However, the

mechanism of plasma electron displacement in LWFA is mediated by the Ponderomotive

Force of the laser pulse. A detailed description of LWFA is beyond the scope of this

work, and the reader is directed to a few valuable references [126, 176, 207–209]. In

both scenarios, the plasma waves become non-linear when the driver beam becomes

increasingly intense. The plasma waves may exhibit favourable electron beam acceleration

and focusing conditions, as discussed below.

In LWFA, the bubble regime is reached when the normalized vector potential becomes

much larger than one a0 ≫ 1 [184], while in PWFA, the blowout regime is reached when

the driver beam density is much larger than the ambient plasma density nd ≫ np [158].

From the physics perspective, the terms bubble and blowout regimes are synonymous.

They refer to the scenario when an electron-free cavity with an immobile ion background

is produced behind the driver beam, be it a laser pulse or charged particle beam. In

the bubble and blowout regime, the transverse focusing fields are linear. In principle,

this allows the acceleration of electron beams within the accelerating cavity while

preserving its quality in terms of transverse properties (see section (3.2.7) on beam

quality preservation) [158].

In the case of an electron beam of Gaussian distribution, the peak electron beam

density can be expressed as nd,0 = Qd/(2π)3/2σzσ
2
r , where Qd = Ne is the electron driver

beam charge, σr and σz are the beam radius and length, respectively, the associated
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transverse unipolar space charge field of a Gaussian-shaped electron beam in vacuum is

given by [55]

Er,d(r) = nd,0σ
2
r

ϵ0r

[
1 − exp

(
−r2

2σ2
r

)]
. (3.25)

To efficiently excite a plasma wave in PWFA, it is necessary to have an electron driver

of a length equal to or even shorter than the plasma wavelength, with a characteristic

length of σz,max ∼= λp/2. The electron beam must be tightly focused so that kpσr ≪ 1

[210].

The excitation of wakefields in plasma-based acceleration can be described at various

degrees of complexity. Hence, the following is a brief explanation of some important

theoretical concepts. The Klimontovich equation is a microscopic approach that, when

coupled with the Maxwell equations, provides a comprehensive description of plasma

evolution [211]. However, solving the equations for every particle in the system is

impractical due to the involved complexity. Therefore, a macroscopic approach is

commonly used to describe plasma, governed by the magnetohydrodynamic (MHD)

equations. The MHD approach is characterized by a field theory that loses the particle

nature of plasma and is based on a limited number of evolution equations for local

macroscopic quantities, such as density, velocity, temperature, etc. While this approach

suits some problems, a more detailed description of plasma media dynamics is necessary

for other cases. Kinetic models, such as the Vlasov-Maxwell equations, provide an

intermediate description between the microscopic and macroscopic approaches [211,

212].

In plasma-based accelerators, it can be assumed that the plasma consists of two cold

fluids, allowing for deriving a simple wave equation to study the fundamental physical

properties of a plasma wave stimulated by a laser pulse or an electron beam. Several

assumptions are made when utilizing the two-fluid plasma model in the context of the

plasma wakefield accelerator. The primary gas species is assumed to be preionized,

and the ion background is considered static during the interaction time between the

plasma electrons and the laser pulse or electron driver. The plasma is assumed to be

cold, meaning the thermal velocity spread (Eq.(3.3)) is minimal and can be treated as a

negligible perturbation in the lowest order of fluid motion. The plasma should also be

collisionless, which is achieved when the electron-ion collision frequency is negligible,

i.e., much smaller than the electron plasma frequency.
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First, only excitation of the wakefield by a driver beam (electron beam or laser pulse)

in the 1D Poisson equation [176, 213, 214] is considered. This basis is utilised in chapter

(5) to include contributions of trailing electron beams. It should be noted, however,

that the Maxwell and Lorentz equations offer a more intricate derivation. The Poisson

equation can be expressed in the following manner [176, 213, 214]

∂2ϕ

∂z2 = − 4πe
mec2

0
ρ, (3.26)

where ϕ = eΦ/mec
2
0 is the scalar potential expressed in normalized units, and ρ is the

charge density. The total charge density ρtot of the system comprises plasma electron

density −ene, the positively charged background plasma-ions eni and the electron driver

density −end resulting into ρtot = −e(ne − ni + nd). Inserting the total charge density

into the Poisson equation (3.26) yields

∂2ϕ

∂z2 = 4πe2

mec2
0

(ne − ni + nd) (3.27)

= k2
p

(
ne
ni

+ nd
ni

− 1
)
. (3.28)

It is reasonable to assume that an ultra-relativistic electron driver beam undergoes

negligible evolution at the temporal scale of the plasma response tD = ω−1
p (Eq.(3.10)),

allowing the use of the quasi-static approximation (QSA). The QSA facilitates a Galilean

coordinate transformation, which effectively shifts the equation from its (z, t)-dependence

to a co-moving frame of reference, using the co-moving coordinates (ξ, τ), where ξ =

z − vϕt and τ = t. In this context, vϕ refers to the phase velocity of the wake. If a laser

pulse driver is utilized, vϕ ∼= vg, signifying the laser pulse group velocity. When a highly

relativistic βd → 1 electron bunch is utilized as a driver, vϕ ∼= vd, where vd ≈ c0 is the

driver velocity [214]. After the transformation, the Poisson equation reads

k−2
p
∂2ϕ

∂ξ2 =
(
ne
ni

+ nd
ni

− 1
)
. (3.29)

The differential equation (3.29) contains an unknown ne(ξ)/ni(ξ)-term. According to

[214, 215], the continuity equation of the system can be expressed in the QSA, then the

ne(ξ)/ni(ξ)-term can be defined as a function of the normalized vector potential of the

laser field a0 = eA/mec
2 (see Eq.(3.22)) and the scalar potential ϕ of the plasma

ne
ni

= 1 + a2
0 + (1 + ϕ)2

2(1 + ϕ)2 . (3.30)

Inserting Eq.(3.30) into Eq.(3.29) yields the differential equation of the wake potential

k−2
p
∂2ϕ

∂ξ2 = nd(ξ)
ni

+ 1 + a(ξ)2

2(1 + ϕ(ξ))2 − 1
2 . (3.31)
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Equation (3.31) describes the electrostatic potential structure in a cold plasma fluid

induced by either an intense laser pulse a(ξ) or a high charge density electron beam

nd(ξ). This differential equation can be solved numerically for ϕ(ξ), which provides the

axial electric field with Ez = −Ewb∂ϕ/∂ξ. However, due to the assumption of cold fluid

plasma, the accuracy of the model is limited to the linear regime when the wakefield

has a sinusoidal-like structure [216] and the mildly non-linear regime when the axial

electric field takes a "sawtooth"-like shape. Despite its simplicity, this model enables

rapid study of various phenomena of plasma-based accelerators in 1D.

Figure (3.6) presents numerical solutions to the differential equation (3.31) in the

mildly non-linear regime with a Gaussian-shaped driver beam for LWFA and PWFA. The

strong wakefield has a "sawtooth"-like structure and a plasma density of ne ≈ 1017 cm−3

would yield an electric field gradient of the order of E0 ≈ 32 GV/m.

Figure 3.6: Numerical solutions of the 1D Poisson equation. Numerical solutions of

the 1D Poisson equation for non-linear LWFA (a) and PWFA (b). In (a) and

(b), the on-axis electrostatic potential of the wakefield ϕ (black dashed line) and

corresponding electric field Ez (black solid line) is presented as a function of the

co-moving coordinate ξ. The driver beam envelope profiles propagating to the right

(laser and electron beam) are overlaid as a solid grey line. In both cases, the wakefield

amplitude exhibits a "sawtooth"-like structure.

However, when highly non-linear plasma waves are formed in the bubble or blowout

regime, the 1D cold fluid model breaks down due to the strong interaction of the drivers

with plasma, which may lead to the violation of the cold fluid assumptions.

Advancements in theoretical work address limitations of early models’ based on

fluid theory, often for homogeneous plasma backgrounds in one spatial dimension. In

the blowout regime, the driver beam creates a cavity depleted of electrons, leaving

behind a uniform column of plasma ions. The plasma electrons create a thin electron
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sheath surrounded by a slightly disturbed plasma at the boundaries of the blowout.

These streams of sheath electrons form the boundaries of the blowout and the radius

of the cavity r = rb(ξ), which depends on the co-moving coordinate ξ. The plasma

ions return these electrons onto the axis in about one plasma wavelength λp, closing

the cavity behind the driver beam. The electrons cross each other’s trajectories and

overshoot at the rear of the wakefield. Several attempts have been made to describe this

scenario [217–219]. However, the first complete theory was presented in [163], assuming a

homogeneous plasma background and approximated form factor for the sheath electrons.

A generalised model was recently proposed in [220, 221], and a self-consistent theory was

published in [222]. In the generalised model, the plasma source density profile can take

an arbitrary shape radially, and the generalised theory provides tools to compute the

blowout border and resulting properties of the wakefield; however, it requires external

input from PIC simulations on the plasma electron sheath profile.

The derivation of the differential equation starts by considering the current densities

of the system in the QSA, which yields, after some algebra, the radial equation of

motion of the sheath electrons. A detailed discussion is provided in [220, 221]. Here, the

ordinary differential equation is presented, describing the blowout radius

A(rb)r′′
b +B(rb)(r′

b)2 + C(rb) = λ(r, ξ)
rb

, (3.32)

where A(rb), B(rb), C(rb) are coefficient functions that depend on the integrated ion

density and the electron sheath of the cavity [221]. The function λ(r, ξ) considers the

driver and witness beam integral current densities within the blowout structure. An

exciting feature of this differential equation is that when assuming a radial uniform ion

density, the ODE reduces to the results provided in [163], and further simplifications

lead to phenomenological models such as [218, 219]. Under certain boundary conditions,

equation (3.32) can be solved analytically. However, numerical solutions are accurate

enough for quick estimates. Solving equation (3.32) produces the function Rb(ξ), which

describes the blowout radius as a function of ξ. Comparison of a semi-analytical solution

of the model to a multi-dimensional PIC simulation of PWFA shows good agreement

(see Fig.(3.7)) and increases confidence in the model.

Once the radius of the blowout Rb(ξ) is determined, the longitudinal wakefield of

the blowout can be expressed as Ez ∝ −rbr
′
b/2. In the case of a homogeneous plasma

and a spherical blowout with a thin sheath, which is typical for an intense driver beam,
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Figure 3.7: Comparison of PIC simulation and 3D theory. PIC simulation of a PWFA

stage in the blowout regime is compared to the results obtained from the semi-

analytical blowout theory. In the simulation, an electron beam moves towards the

right (represented in black) into a uniform plasma source (represented in black and

white colour scale), with the longitudinal component of the wakefield normalised to

the cold wave-breaking field and colour-coded in red and blue. The solution of the

system’s differential equation (3.32) is a yellow solid line. The analytical solution

agrees well with the trajectories of the sheath electrons from the advanced PIC

simulation. Adapted from [41, 223]. This work is openly licensed via CC BY 4.0.
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a simplified analytical experience can be obtained for the electromagnetic field of the

wakefield [223], which reads

Ez = ξ

2 , Er = ξ

4 − λ(r, ξ) Bθ = −ξ

4 − λ(r, ξ). (3.33)

The linear slope of the longitudinal wakefield E and the radial linear focusing magnetic

and electric fields are evident from Eq.(3.33), and these equations highlight essential

electromagnetic field properties within the blowout structure. The wakefield has a steep

axial accelerating gradient and linear focusing fields in the transverse direction in the

blowout regime, which allows for the preservation of transverse beam quality.

The underlying assumptions of these theories limit their applicability to specific

problems in PWFA. PIC simulations based on first principles can capture the full

spectrum of physics involved in PWFA; however, for 2D and 3D simulations, PIC

codes are executed on HPC systems and are too expensive for extensive parameter

scans. Hence, efforts are made to develop tools to find a compromise between pure

analytical expressions and expensive PIC codes. Baxevanis & Stupakov [224] developed

a simulation framework in 2D cylindrical geometry employing QSA to model wakefields

in the blowout regime. This allows the investigation of simple problems on a typical

desktop computer and enables extensive parameter exploration. These reduced model

simulations [224, 225] are powerful tools and are used as well in this work for initial

exploration (see section (3.3.1) for more details on modelling).

3.2.3 Limitations and challenges of PWFA

This section briefly discusses the main limitations and challenges of a PWFA stage. It

establishes a basis for designing a stable PWFA stage for ultra-high brightness electron

beam generation and beam quality preservation for the PWFA-powered XFEL in chapter

(6).

The kinetic energy Wd of an electron driver beam is an energy reservoir that can

be transferred to a trailing witness beam. Therefore, electron driver beam energy

fundamentally determines the maximum energy gain Ww,max of a witness beam in

PWFA. In PWFA, the front part of the sawtooth-like longitudinal electric field up

to the zero-crossing is decelerating for electrons while the rear of the electric field is

accelerating. An electron driver beam will then experience a decelerating electric field
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and lose energy to the plasma when driving a wakefield. The total depletion length of

the electron driver beam can be estimated with [226]

Ldep,d = mec
2
0γd

e|Ez,-|
. (3.34)

Here, Ez,- represents the peak decelerating field. However, a more interesting question

from the accelerator point of view is the energy gain reach of a trailing electron beam.

The so-called Transformer Radio (TR) describes the energy transfer efficiency from

the driver to the witness beam. It considers the accelerating field at the witness beam

position and divides it by the peak decelerating electric field [155, 157]

T =
∣∣∣∣∣Ez,+
Ez,-

∣∣∣∣∣ , (3.35)

where Ez,+ is the accelerating field experienced by the witness beam.

In a PWFA stage, driver and witness beams are phase-locked due to the highly

relativistic energies of beams, and the wakefield does not evolve significantly over the

propagation distance. Hence, the maximum energy gain of a witness beam in PWFA

reads [155, 157]

∆Ww,max = Wd × T. (3.36)

This feature is one of the fundamental advantages of PWFA, and it can be leveraged

for stable and reproducible accelerator operation. In stark contrast, the driver laser

pulse and corresponding wakefield in LWFA exhibit reduced phase velocity. A trapped

relativistic witness beam may outrun the wakefield and enter the decelerating phase.

This effect is known as the dephasing of the LWFA. For completeness, the effects of

laser pulse diffraction and depletion also limit the total energy gain in LWFA. There are

various strategies to overcome these fundamental limitations. However, a detailed LWFA

discussion is beyond the scope of this work, and the reader is directed to a few selected

LWFA review works [126, 176, 207–209] and Ref.[200] for similarities and differences of

PWFA and LWFA.

Figure (3.8) demonstrates the depletion of a 1 GeV electron driver beam in a high-

density PWFA stage. Fig.(3.8) (b) shows that at the up- and down-ramps, the energy loss

is negligible compared to the energy depletion at the uniform part of the plasma stage

when the target density is reached, and the blowout is fully formed. This substantial

energy depletion is also evident from the increase in relative energy spread in Fig.(3.8)

(c). Figure (3.8) (d) displays the longitudinal phase space of the driver beam at the
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start of the plasma stage (z = 0 cm) and after the interaction (z = 3 cm) in Fig.(3.8)

(d) and (e), respectively. It is important to note that the average energy of the electron

driver beam after the plasma stage is approximately reduced by a factor of two (see

Fig.(3.8) (b)); however, the minimum energy is significantly lower and is close to complete

depletion (see Fig.(3.8) (e)). When the energies of those electrons become smaller than

the rest-mass energy of the electron (W ≈ 0.511 MeV), they will get non-relativistic

and start slipping towards the blowout rear. They may be trapped in the wakefield

and partially reaccelerated. Eventually, when electron driver beam energy is completely

depleted, it will result in the catastrophic collapse of the blowout structure.

Fig.(3.9) shows a similar scenario as presented in Fig.(3.8); however, now the configu-

ration comprises a driver-witness pair of the same initial energy, and the witness beam

is placed at the accelerating phase of the wakefield. The witness beam gains energy at a

constant rate in the uniform part of the plasma stage (see Fig.(3.9) (b)). The relative

energy spread (Fig.(3.9) (c)) of the witness first decreases after the density upramp and

increases linearly along the acceleration in the uniform part of the plasma density due

to the development of time-energy correlation (energy chirp) in the longitudinal phase

space.

This reduced model simulation shows that the initially 1 GeV witness beam (Fig.(3.9)

(d)) can be accelerated to more than 2 GeV (Fig.(3.9) (e)) in a 3 cm plasma stage. This

approximately corresponds to an energy increase by a factor of 2 and agrees with the

estimation for longitudinally symmetric electron driver beams [37, 227]. Higher energy

transfer efficiencies up to T = 6 can be obtained by tailoring the current profile of the

electron driver beam into a triangular distribution or trains of electron driver beams

[157, 210, 226, 228].

However, TR values beyond two do not guarantee high energy gains; the electron

driver beam Head Erosion can limit energy gain in PWFA. It is less prominent in

preionized PWFA and more severe when the electron driver beam ionizes the neutral

gas with its unipolar space charge fields. In this self-ionized PWFA scenario, parts of the

electron driver beam, which are ahead of the ionization front, will not experience the

focusing forces of the plasma and, hence, will expand due to its divergence. It will reduce

its density and the ability to field ionize the background gas. Over the propagation

distance, the ionization front will gradually move towards the electron driver beam tail,
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Figure 3.8: Driver beam depletion in PWFA. Reduced model simulation of a 3 cm long

PWFA stage with the plasma profile in a) powered by a 1 GeV electron driver beam.

Average electron driver beam energy (b) and relative energy spread (c) evolution

are presented along the PWFA stage. The longitudinal phase space of the electron

driver beam at the start and exit of the plasma stage are presented in (d) and (e)

with projections of the profiles onto the axis, respectively.
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Figure 3.9: Witness beam energy gain in PWFA. Reduced model simulation of a 3 cm long

PWFA stage with the plasma profile in a) powered by a 1 GeV electron driver beam

with a 1 GeV trailing witness beam. Average witness beam energy (b) and relative

energy spread (c) evolution are presented along the PWFA stage. The witness beam’s

longitudinal phase space at the plasma stage’s start and exit are presented in (d)

and (e) with projections of the profiles onto the axis, respectively.
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and less charge from the electron driver beam will contribute to driving the wakefield

[229, 230] up to the point when the wakefield collapses.

The beam-breakup instability (BBI) has been well-known in conventional rf-based

accelerators since 1960 [231–233]. Electron beams in a beam pipe with a transverse offset

can excite transverse wakefields, acting on the electron beam back and deflecting the

electron beam further from the axis, leading to even stronger transverse wakefields. Such

a feedback loop can cause dramatic electron beam instabilities, resulting in electron

beam quality degradation or even electron beam loss in the accelerator structure [232,

234, 235]. BBI was regarded as a significant challenge of linear collider efforts [236].

Fortunately, the solution to the problem is comparably simple and was discussed in

[237], known as BNS-dumping. The BNS-dumping works such that a longitudinal energy

chirp is introduced to the electron beam, so the betatron frequencies from head to

tail exhibit a betatron frequency chirp. This leads to incoherent oscillation along the

electron beam and suppresses the resonance, which drives the instability.

A similar catastrophic effect was discussed by Whittum et al. in [238] for electron

beams in ion channels, with exponentially growing centroid position of the electron

beam concerning the plasma source axis. This so-called Hose Instability (HI) can prevent

the stable acceleration of a trailing witness beam in plasma-based accelerators and

even result in the complete collapse of the blowout structure. However, recent studies

by Mehrling et al. [239] revealed that the intrinsic deceleration of the electron driver

beam naturally mitigates HI in PWFA due to the decoherence of individual slices

along the electron driver beam [239]. Follow-up works indicate that correlated energy

spread, ion-motion and tailored electron driver beam radius can suppress the growth of

HI [239–242]. Fundamentally, the solution to HI mitigation strategy in plasma-based

acceleration is BNS-dumping [237], known in rf-based accelerators for decades. Section

(3.2.7) highlights that witness beams may also develop HI, but fortunately, a similar

mitigation strategy can be employed. This nourishes hope for future plasma-based

colliders and stable production of multi-GeV electron beams for PWFA-based XFELs.

3.2.4 Electron beam injection methods and trapping condition

Previous sections address the generation and stability of PWFA itself. This section

discusses the injection of electron beams into the PWFA for acceleration. Because the
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injection process defines the final beam quality, much attention was devoted to novel,

innovative injection methods. Numerous publications investigate and optimise various

injection methods for the highest beam quality.

Fundamentally, electron beams are either injected externally or internally into the

wakefield. The external injection method uses a driver-witness beam pair similar to

the configuration in section (3.2.3). The two-bunch configuration in PWFA is either

produced directly at the photocathode gun [243] or by inserting a mask into the electron

beam path at a suitable position in a dispersion section (for example, at a chicane or

a dog-leg section) in the rf-based accelerator [37, 159, 244, 245] and maybe directly

produced in a LWFA stage to driver a Hybrid LWFA→PWFA stage [201]. There are a

few more permutations [171]. However, it is beyond the scope of this work to discuss it

in detail. In principle, this allows the production of witness and electron driver beams

with a constant phase relationship at the entrance of the PWFA stage for witness beam

acceleration and for probing the wakefield field structure [246, 247].

The external injection method is a versatile configuration as a PWFA R&D platform to

study staging physics between PWFA stages towards a plasma-based linear collider or to

boost the energy reach of an existing rf-accelerator. However, pointing and misalignment

between the driver and witness beam are significant challenges and may result in hose

instabilities with detrimental effects on the beam quality. Nevertheless, these challenges

are incremental and can be solved long-term, with the first results being reported

[243, 248]. Fundamentally, the trailing witness beam quality is limited to state-of-the-

art electron beam production techniques. As an initial electron injection method, it

requires a pre-existing rf-accelerator infrastructure. It negates the argument of an overall

standalone compact particle accelerator.

Therefore, much effort is devoted to internal injection methods to improve the

witness beam quality. These methods can be subdivided into electrons injected from

the background plasma or directly released inside the blowout structure, for example,

by localized ionization of a second gas component.

Background plasma electrons can be trapped through wave breaking when the ac-

celerating gradient of the wakefield in a cold, non-relativistic plasma approaches the

wave breaking limit in Eq.(3.24). The plasma wave amplitude in the rear of the plasma

wave becomes large enough that plasma electrons enter the accelerating phase of the

wakefield and become trapped. When a strong driver, be it a laser or particle beam,
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drives a plasma wave, significant energy is transferred to the plasma electrons, which

breaks the non-relativistic assumption in Eq.(3.24). A correction term is introduced to

account for this effect, and the 1D relativistic wave-breaking limit becomes

EWB,rel ≡ EWB[V/m]
√

2(γϕ − 1), (3.37)

where γϕ = (1 − v2
ϕ/c

2
0)−1/2 is the Lorentz factor corresponding to the plasma wave

phase velocity vϕ. In LWFA, wave-breaking can occur naturally when the laser pulse

normalised amplitude approaches a0 ≥ 1 values, and the laser pulse excites a relativistic

plasma wave. As discussed in section (3.2.2), the phase velocity of the wake in LWFA is

defined by the group velocity of the driving laser pulse in plasma. Hence, in LWFA, the

combination of reduced phase velocity of the wakefield and/or high-amplitude plasma

wave [249] promote self-injection more easily as opposed to PWFA, where the phase

velocity of the plasma wave is vϕ ≈ c0 and self-injection is strongly suppressed due to

γϕ ≫ 1.

However, a naturally occurring self-injection is a chaotic process. It typically produces

electron beams of poor quality and stability [178, 188, 189, 250]. Though, a sharp

downward density transition dne/dz < 0 (downramp) along the propagation path of

the electron driver beam can trigger wave-breaking in a controlled and localized way

[162, 251, 252]. A density downramp can be produced by inserting obstacles such as

a blade or wire into the supersonic gas jets, generating hydrodynamic shocks with

steep density gradients to induce injection in PWFA [205]. These mechanical parts are

prone to vibrations, resulting in poor stability. Optically produced density spikes by

ionizing a second gas component in plasma [39, 166, 253, 254] or by optically inducing

an expanding plasma shock [206] similar to the HOFI plasma channels [149] promise a

path towards higher stability. The quality of the electron beams from these approaches

is relatively moderate, typically with %-level energy spreads and 1 mm-rad normalized

emittances. Nevertheless, these electrons are somewhat "hot" and feature moderate

electron beam quality because of the interaction of the electron driver beam with

the plasma electrons before the injection event. Further, density downramp injection

may be susceptible to electron driver beam asymmetries in the transverse directions.

A non-cylindrical electron driver beam will excite asymmetric wakefields, which may

impact the downramp injection process and degrade witness beam emittance [255].

The second category of internal injection methods involves the release of electrons at

rest directly inside the wakefield. These electrons can be sourced from the ionization
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of a plasma species or via the ionization of an additional background gas component.

The low-ionization threshold (LIT) gas component is usually the blowout medium in

many schemes. In contrast, a high-ionization threshold (HIT) component is the source

of witness beam electrons. Since these particles are released within the blowout while at

rest, they must be accelerated rapidly to reach relativistic energies to catch up with the

plasma blowout, which moves nearly at the speed of light.

The condition for trapping is based on the constant of motion of particles, which move

in a wake potential with a vector potential A = A(x, y, ξ) and a scalar potential Φ =

Φ(x, y, ξ). The quasi-electrostatic potential is formed by combining the two potentials

with ψtot = Φ − vϕ

c0
A, resulting in an expression for the axial wakefield as Ez = −∂ξψtot

[192, 256] when considering the longitudinal component of ψ = Φ − vϕ

c0
Az. According to

[256, 257], the constant of motion can be derived from the Hamiltonian in the nonlinear

blowout regime with Hf = γwmec
2 − vϕPz − eψ = const. The canonical momentum

in the longitudinal direction is Pz = γwmevz, where γw is the the Lorentz factor and

vz is the longitudinal velocity of the electrons. Consider an electron initially at rest,

released into the wake potential by an arbitrary injection method, with Pz ≈ 0 and

γw = 1. In this case, the corresponding Hamiltonian is given by Hi = mec
2 − eψi, where

ψi is the initial potential value experienced by the electron. The electrons will slip back

towards the peak of the potential ψ = ψmax at the blowout rear while subjected to the

wakefield’s accelerating gradient. If Hf = Hi and the electron’s velocity vz reaches the

phase velocity of the wake vϕ such that Pz = γwmevϕ, then these electrons are trapped

in the wakefield. Hence, the trapping condition can be derived as follows

γwmec
2
0 − vϕPz − eψmax = mec

2
0 − eψi

γw

(
1 −

v2
ϕ

c2
0

)
︸ ︷︷ ︸

γ−2
ϕ

= e

mec2
0
(ψmax − ψi) + 1

γw
γ2
ϕ

= ∆ψ + 1 (3.38)

The trapping condition reads then [192, 256, 257]

∆ψ = γw
γ2
ϕ

− 1 =
√

1 + (P⊥/mec0)2

γϕ
− 1, (3.39)
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Figure 3.10: Trapping potential in PWFA. An electron driver beam (black dots) creates

a strong blowout propagating to the right in a hydrogen plasma with a trapped

witness beam (purple dots). The geometric sum of the wakefields is presented

with colour coding. The blue solid line shows the scalar potential, and the shaded

region indicates ∆ψ ≤ −1. The purple ellipse highlights the contour line ∆ψ = −1.

Electrons released within the purple ellipse can gain sufficient energy to catch up

with the wake phase velocity vϕ ≈ c0.

where P⊥ denotes the perpendicular electron momentum. For particles released exactly

on axis P⊥ ≪ mec0 and for ultra-relativistic electron driver beams γϕ ≫ 1, then the

trapping condition simplifies to

∆ψ ≤ −1. (3.40)

Figure (3.10) illustrates an electrostatic wake potential with a shaded region indicating

the trapping potential based on Eq.(3.40). Electrons released outside this region will be

lost to the background plasma.

The plasma photocathode is a versatile method of ionization injection in PWFA

[39, 42, 144]. This method enables the release of ultra-cold electrons directly into

the wakefield in a localized manner through laser-based tunnel-ionization of a HIT

component. Unlike other ionization injection methods in PWFA, where the continuous

injection is suppressed by spatially confining the HIT component for localized ionization

injection by the wakefield itself or by the electron driver beams [192, 258–261]. In

contrast, the injection process in plasma photocathodes is largely decoupled from the

electron driver beam properties and the wakefield excitation. This allows for ultra-high-

quality electron beam production, which is highly desired towards PWFA-driven hard

XFEL. Section (3.2.5) introduces the fundamentals of plasma photocathode.
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3.2.5 Plasma photocathode injection in PWFA

An unbiased perspective on the advantages and disadvantages of LWFA and PWFA in-

evitably leads to the emergence of two promising technologies: the Hybrid LWFA→PWFA

platform discussed in section (3.2.8) and the innovative plasma photocathode injec-

tion method in PWFA. The Hybrid LWFA→PWFA scheme was initially proposed

in [201], followed by introducing the plasma photocathode two years later in [144].

Today, both technologies have been experimentally demonstrated in the form of Hybrid

LWFA→PWFA [262] and plasma photocathode [39] (see chapter (4)). Recent findings

indicate that both trusts may be combined [263] (see section (3.2.8)), which is highly

promising towards a standalone ultra-high brightness PWFA stage [40].

In PWFA, the plasma photocathode injection method utilizes a laser pulse spatially

and temporally synced with a blowout structure for ionization injection. The process is

depicted in figure (3.11). A blowout is created in a pre-ionized LIT medium (hydrogen) by

an intense electron driver beam, satisfying the trapping condition in Eq.(3.40). However,

the electron driver beam is not too intense to ionise a background HIT medium (helium),

potentially causing dark current production in the wakefield [146] and hindering clean

witness beam injection. To achieve controlled witness beam injection, a laser pulse of

moderate intensity (a0 ≪ 1) with a few-fs pulse duration is tightly focused to a spot

size of typically w0 < 10µm. The intensity of the laser pulse at focus is just above

the tunnel-ionization threshold of the HIT medium. The laser pulse then ionises the

HIT medium and liberates helium electrons initially at rest directly inside the blowout

structure within the total ionization duration of τion ≈ 2ZRc
−1
0 . These liberated electrons

are subject to the accelerating and focusing fields of the order of GV/m in the blowout.

The electrons then slip backwards within the wakefield, become velocity compressed,

gain relativistic energies at a rapid rate, and ultimately catch up with the wakefield

phase velocity vϕ, which travels nearly at the speed of light vϕ ≈ c0.

The trapping position of the witness beam within the blowout can be approximated

by evaluating Eq.(3.39) following a similar derivation as in Refs.[192, 256, 257, 264–266],

the final trapping position ξf can be expressed as a function of initial release position

and plasma density as [41]

ξf = −
(
ξ2

i + 4αt
np

)1/2

, (3.41)
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Figure 3.11: Fully explicit 3D PIC simulation of plasma photocathode injection in

PWFA. An electron driver beam (black dots) creates a strong blowout propagating

to the right in a pre-ionized hydrogen plasma of density np ≈ 1.8 × 1016 cm−3

corresponding to a 250µm plasma wavelength. A plasma photocathode laser pulse

is ionising the background HIT medium (helium) and releasing ultracold electrons

(purple dots) in the trapping potential ∆ψ of the wakefield at the release position

ξi. These ultracold helium electrons are slipping backwards towards the blowout

vertex and are pilling up at the trapping position ξf. The final witness beam is

visible in the bottom panel. Produced by the author for [41]. This work is openly

licensed via CC BY 4.0.
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where αt = ϵ0mec
2
0e

−2 and ξi is the initial release position within the trapping potential.

Note that in this representation ∆ψ(ξi = 0) = ∆ψmin yields the potential minimum.

The following discusses witness beam properties in terms of accessible plasma, wakefield

and laser parameters.

The study in section (3.1.4) revealed that the ionization of gaseous media happens

near the peak of the laser envelope and has a spatial spread when operating just

above the tunnel-ionization threshold. This region of ionization results in a spread

of release positions δξi within the trapping potential ∆ψ(δξi). Consequently, there

is a spread of trapping positions δξf according to Eq.(3.41). The final witness beam

duration is determined by the release position ξi within the wake potential and the

spread of release positions δξi. It is important to note that within a given collinear

plasma photocathode and PWFA configuration, the shortest witness beams are produced

when the HIT electrons are released at the potential minimum [41] (see section (4.2.2)).

However, this assumes that the release volume is within the trapping region and that

all released electrons forming the trapped witness beam. Chapter (4) shows an opposite

scenario where a plasma photocathode laser pulse with a long ZR releases electrons in

perpendicular geometry to the driver propagation direction. In this case, not all released

electrons are captured by the passing blowout, which significantly changes the trapping

dynamics and quality of the witness beam.

In the laboratory frame, the cigar-shaped ionization volume of the laser pulse,

Vion,approx (see Eq.(3.23)), is transformed into a pancake-shaped ionization front in

the co-moving frame. The shape and duration of the ionization front determine the

longitudinal properties of the final witness beam and the spatial volume occupied by the

trapped witness beam in the transverse direction. The witness beam’s ultra-compact

transverse phase space results from the compact spatial volume and cold electrons

with negligible transverse momenta, as discussed in section (3.1.4). Initially, these

ultra-compact electron beams may not be immune to space charge effects, similar to

the rf-based electron guns discussed in section (2.1.4). However, unlike the rf-based

photocathode, the blowout’s tens of GV/m accelerating gradient rapidly accelerates

these electrons to relativistic energies, suppressing space charge degradation effects

quickly [144, 145]. This rapid acceleration allows the production of electron beams with
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normalized emittances of the order of a few nanometer-radians, with the normalized

thermal emittances scaling as [143]

ϵn,th = kpw
2
0a0

3πre

4
√

2α4λl

(
13.6 (eV)
Ipot,HIT

)3/2

(3.42)

Using the estimated ionisation volume from Eq.(3.23) with w2
0 ∝

√
Vion,approxλl the

thermal emittance can be expressed in terms of the ionisation volume as

ϵn,th ∝ kpa0
w2

0
λl

(
13.6 (eV)
Ipot,HIT

)3/2

(3.43)

ϵn,th ∝ kpa0

(
Vion,approx

λl

)1/2
(

13.6 (eV)
Ipot,HIT

)3/2

. (3.44)

The constants are set to unity in this representation to highlight proportionality clearly.

Eq.(3.44) suggests that the choice of laser pulse parameters, ionization volume, plasma

density and HIT medium fundamentally determine the reach of the electron beam

emittance and, therefore, the transverse quality of the witness beam.

Similarly, the laser pulse and the plasma parameters also define the reach of the

minimum energy spread. The residual energy spread of the beam is estimated in chapter

(5) and Ref.[42], which reads

∆Wres ≈ 2π
5 Eξ,trap

w2
0
λl
, (3.45)

Eξ,trap is the accelerating field at the witness beam trapping position. Substituting w2
0

with w2
0 ∝

√
Vion,approxλl leads to

∆Wres,vol ∝ 2π
5 Eξ,trap

(
Vion,approx

λl

)1/2
. (3.46)

Indeed, it is striking that the final witness beam’s transverse and longitudinal thermal

properties have the same dependency on the ionization volume and laser wavelength

in both spatial directions. Equation (3.44) and (3.46) suggest that the overall electron

beam quality may profit significantly from reduced ionization volumes.

The ionization volume can be reduced with innovative laser pulse configurations and

modes with specialized optics, but keep in mind that reduced ionization volumes result

in less charge in the final witness beam. However, it can be compensated by increasing

the HIT density. For example, figure (3.12) presents two possible pathways for reducing

the ionization volumes of plasma photocathodes in PWFA beyond a standard Gaussian

injector laser pulse. The top panel depicts the principles of Simultaneous Spatial and
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Figure 3.12: Exotic plasma photocathodes in PWFA. Simultaneous spatial and temporal

focusing (SSTF) (top panels) and Axicon Mirror Beam ExpandeR (AMBER) optics

(bottom panels) based plasma photocathode laser pulses towards reduced ionization

volumes for ultra-compact phase space witness beams in PWFA. Adapted from [41,

43, 268]. This work is openly licensed via CC BY 4.0.

Temporal Focusing (SSTF) plasma photocathode laser pulse [43], inspired by [267].

The bottom panels display the proposal of reflective optics called Axicon Mirror Beam

ExpandeR (AMBER), generating a focusing doughnut-shaped laser pulse [268]. Both

approaches overcome the limitations of Gaussian laser pulses and enable dramatically

reduced ionization volumes.

In section (2.1), 5D and 6D brightness are introduced as useful measures for beam

quality characterisation. It takes into account the phase spaces in all three dimensions.

For instance, electron beams from plasma photocathodes with multi-kA peak currents

and nm-rad normalized emittances may have 5D brightness values of approximately

B5D ≃ 1021 A/m2rad2 [41, 144]. By minimizing the projected energy spread/energy

chirp through the innovative energy chirp compensation approach developed in chapter

(5), similarly high 6D brightness values can be expected [41, 42, 44].

Summarising, the plasma photocathode injection method in PWFA enables a path

towards an electron beam injector, compressor, and accelerator in the same PWFA

stage. The multi-kA peak currents and nm-rad normalized emittances of these electron

beams may exhibit 5D brightness values many orders of magnitude higher than existing
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electron beam sources, whether they are rf- or plasma-based electron sources. This

ultra-high 5D brightness reach combined with the dechirper developed in chapter (5)

may enable electron beams of ultra-high 6D brightness. The new class of electron beams

may unleash the potential of ultra-compact hard XFELs. It may even provide a pathway

towards high luminosity plasma-based linear colliders, high-field physics and beyond

[41].

3.2.6 Beam loading and energy spread

Suppose a witness beam with a sufficient amount of charge is loaded into the accelerating

phase of the blowout. Then, the self-wakefields of the witness beam in superposition

with the plasma wakefields will change the local accelerating gradient and focusing fields

of the blowout. This effect is known as beam loading [269, 270]. The accelerating slope

may become more uniform along the witness beam, and the overall energy extraction

efficiency may increase [37, 269, 270]. Because the electron beam experiences a more

uniform accelerating gradient, the projected relative energy spread of the electron beam

can be reduced. However, multi-kA peak current electron beams are typically required

to load the wakefield in the blowout regime. Figure (3.13) shows the beam loading of a

Gaussian-shaped witness beam (purple) in a 100µm plasma wavelength blowout (grey

colour coding) with the final longitudinal phase space (bottom panel) of the witness

beam after acceleration to approximately 1 GeV. The projected energy spread of the

witness beam is significantly higher than the slice energy spread. The higher projected

energy spread is because the longitudinal phase space of the witness beam exhibits

non-linear curvatures characterised by the wings at the head and tail of the beam.

After all, the accelerating gradient is only uniform at the central part of the beam (see

Fig.(3.13) top right). One could attempt to increase the charge of the witness beam

further. However, this will overload the wakefield and imprint a positive energy chirp

on the witness beam, increasing the projected relative energy spread.

A uniform current profile can result in a flatter accelerating gradient at the witness

beam position. Figure (3.14) shows the beam loading of a witness beam with similar

parameters as shown in Fig.(3.13), but with a uniform current profile. The accelerating

gradient is more uniform, reflected by the longitudinal phase space and the reduced

energy spread of the witness beam. The projected relative and the relative slice energy
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Figure 3.13: Beam loading in PWFA with a Gaussian-shaped witness beam. Reduced

model quasi-static simulation of a PWFA stage with a Gaussian-shaped witness

beam (purple) for optimum beam loading. The top left panel shows the blowout

propagating to the right with the overlaid on-axis wakefield (blue solid line). The top

right panel zooms in on the wakefield at the witness beam trapping position. The

bottom panel presents the final longitudinal phase space of the witness beam with

the project spectrum (y-axis) and current profile (x-axis). Further, slice properties

such as relative energy spread (green solid line) and normalised emittance (blue

and orange solid line) of the witness beam are shown.
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spread nearly converge due to the decrease of non-linear components in the longitudinal

phase space. A trapezoidal current profile optimized for the corresponding trapping

position of the witness beam can lead to a perfectly loaded wakefield [269, 270].

Achieving the desired current profile, peak currents, and exact phase within the

wakefield is challenging; however, precisely controlling the witness beam’s final energy

spread is crucial. Then, slight variations in peak current, current profile, and trapping

phase may lead to variations in beam loading and, therefore, impact the final energy

spread of the witness beam at the plasma-stage exit. The required witness beams with

multi-kA peak currents may have lower quality in normalized emittance due to space

charge forces during the initial formation phase when the electron beams are not yet

relativistic. This is particularly concerning for internal injection methods where electrons

are trapped from rest and are vulnerable to space charge degradation effects.

Additionally, the hose instability mentioned in section (3.2.3) is also a potential issue

for the witness beam. A reliable strategy to combat this instability is increasing the

witness beam’s energy spread and chirp. This approach leads to the decoherence of

individual slices along the witness beam and suppresses the catastrophic feedback loop

through BNS-dumping [237]. It is worth noting that hose instability is a concern when

aiming for ideal beam loading to minimize the energy spread of witness beams. While

there are other types of beam-plasma instabilities, like two-stream instability and Weibel

instability which can also occur when aiming for perfectly beam loading the wakefield

[271]. However, a detailed discussion is outside the scope of this work, but potentially,

for some of these instabilities, a BNS-dumping type of suppression may be a viable

mitigation strategy as well.

In conclusion, taking advantage of beam loading is a potential pathway for minimizing

the energy spread of electron beams. However, electron beam quality degradation

may compromise witness beam emittances, which may become incompatible with

producing ultra-high 6D brightness beams for hard XFEL applications. There are strict

requirements for energy spread and emittances for hard XFEL systems, as discussed

in sections (2.2.3) and (2.2.4). This work reevaluates strategies for minimising energy

spreads of ultra-high 5D brightness electron beams in chapter (5), which results in the

invention of a new energy chirp compensation approach specifically addressing ultra-high

5D brightness electron beams.
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Figure 3.14: Beam loading in PWFA with a uniform-shaped witness beam. Quasi-static

simulation of a PWFA stage with a uniform-shaped witness beam (purple) for

optimum beam loading. The top left panel shows the blowout propagating to the

right with the overlaid on-axis wakefield (blue solid line). The top right panel

zooms in on the wakefield at the witness beam trapping position. The bottom panel

presents the final longitudinal phase space of the witness beam with the project

spectrum (y-axis) and current profile (x-axis). Further, slice properties such as

relative energy spread (green solid line) and normalised emittance (blue and orange

solid line) of the witness beam are shown.
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3.2.7 Electron beam quality preservation in PWFA

The ability to generate and accelerate ultrahigh brightness beams with nm-rad normal-

ized emittances in PWFA is crucial for advanced applications like XFELs or plasma-based

linear colliders. However, maintaining the beam quality during the acceleration within

the plasma stage and post-plasma transport lines towards the application is becoming

increasingly important. For instance, an acceptable normalized emittance growth on

the order of few 0.1µm-rad for 1.0µm-rad emittance beams does not cause significant

issues. However, few 0.1µm-rad emittance growths would be unacceptable for beams

with few tens of nm-rad initial emittance as promised by plasma photocathode.

In multi-stage scenarios, which may consist of hundreds of plasma stages, even a

few nm-rad emittance growths per stage can accumulate into unacceptable overall

emittance growth. Lioville theorem states that the emittance of a particle beam remains

invariant under linear transformation as long as linear focusing forces are present. In the

blowout regime, PWFA provides the desired linear focusing forces, though remember

that this is not ensured in the linear regime of PWFA. However, various effects may

contribute to non-linearity, leading to emittance dilatation. The following discusses the

effects of relevant emittance degradation in PWFA in the blowout regime. From this,

conclusions are derived for designing a PWFA stage for the XFEL application in chapter

(6). Note that in LWFA, the driving laser pulse transverse matching will have different

dependencies, as discussed in [150].

Hill’s equation (2.10) governs the transverse dynamics of a charged particle beam in

a focusing plasma ion column with uniform density, and it is assumed that no plasma

electrons are present [52]

1
2(s)β(s)β′′ − 1

4β
′(s)2 + kβ(s)2β(s)2 = 1, (3.47)

where kβ = kp/
√

2γrel is the focusing constant in plasma. Note that γrel has no s

dependency. However, γrel can generally increase or decrease during the propagation. For

simplicity, γrel is assumed constant along the propagation. When the beam is matched

to the immobile ion background of the plasma source. The emittance-driven divergence

of the electron beam is precisely compensated by the linear focusing forces of the ion

column acting on the electron beam. Therefore, the electron beam size is non-evolving

in s. Mathematically, this means in Eq.(3.47) that the β function is non-evolving in s,
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such that β′(s) = β′′(s) = 0. Applying this consideration to Eq.(3.47) gives the matched

Twiss parameters

βm =
√

2γrel
kp

, αm = −β′(s)
2 = 0 , γm = 1

βm
. (3.48)

The matched beam size is derived by rearranging σ2
m = ϵnβm/γrel and substituting βm

in Eq.(3.48)

σ2
mγrel
ϵn

=
√

2γrel
kp

σm =
( 2
γrel

)1/4
(
ϵn
kp

)1/2

. (3.49)

An electron beam is regarded as mismatched when the Twiss parameters deviate from

Eq.(3.48). The degree of mismatching can be quantified with the mismatch parameter

[272]

M = 1
2

(
β̃ + γ̃ +

√
(β̃ + γ̃)2 − 4

)
, (3.50)

where β̃ = β/βm, α̃ = α − αmβ̃, and γ̃ = (1 + α̃2)/β̃ are the normalized errors of the

Twiss parameters. Eq.(3.50) returns unity, M = 1, for a perfectly matched electron

beam and gives M > 1 for a mismatched electron beam. Degradation of electron beam

emittance caused by mismatched electron beam slices can be elegantly expressed in

terms of the mismatching parameter as [273, 274]

ϵf
ϵi

= 1
2

(
M + 1

M

)
, (3.51)

where ϵi and ϵf are the initial and final emittance, respectively. A matched electron

beam to the immobile ion background with zero energy spread will remain matched,

and no emittance growth will occur. However, if the electron beam exhibits a finite

energy spread δ, even if the central energy is matched to the immobile ion background,

different energy slices of the beam will rotate at different rates in the transverse phase

space due to the energy-dependent focusing forces [275–277]. It will lead to projected

emittance growth because of the increased phase space occupied by the electron beam.

Figure (3.15) illustrates this chromatic dephasing scenario. The left panel shows the

transverse phase space of the electron beam at the start with a finite energy spread.

Different energy slices rotated at different rates after the electron beam propagated

through the plasma source, increasing the transverse phase space area.
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Figure 3.15: Emittance growth due to chromatic dephasing. The initial phase space of

the electron beam (left panel) and after the electron beam is fully dephased (right

panel). The white and black dashed-lined ellipses indicate the initial and final rms

phase space ellipses. The area of the final emittance is four times larger compared

with the initial phase space ellipse. Adapted from [277]. This work is openly licensed

via CC BY 4.0.

The distance over which chromatic dephasing saturates leading to final emittance ϵf
is estimated with [275]

Ldc = 2πβm
σW

, (3.52)

where σW is the r.m.s relative energy spread. The expected emittance growth as a

function of the chromatic amplitude and relative energy spread is [273, 274]

∆ϵ2

ϵ2
= W2

caσ
2
W, (3.53)

and the chromatic amplitude Wca [278] is

Wca =

√(
∂α

∂δ
− α

β

∂β

∂δ

)2
+
( 1
β

∂β

∂δ

)2
. (3.54)

Eq.(3.52), (3.53), and (3.54) highlight the significant impact large energy spreads can

have on the emittance growth resulting from mismatching of the electron beam.

Additionally, if a relativistic electron beam is not aligned with the plasma source’s

principal axis, the restoring force of the ions will attract the electron beam towards the

axis and cause it to perform betatron oscillation. During betatron oscillation, different

parts of the electron beam will experience different focusing fields, which can lead to

decoherence of the beam’s phase space and enlarge the area of the phase space ellipse.
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This can result in emittance growth, similar to decoherence due to large energy spreads.

The impact of misalignment may be more severe on electron beams injected at relativistic

energies into the blowout than on electrons injected at rest via the plasma photocathode

method because the betatron amplitude of non-relativistic electrons rapidly dumps with

increasing beam energy (see section (4) and (4.2.2)).

Indeed, preservation of transverse beam quality in plasma-based acceleration arising

from large energy spreads and misalignment is a challenging task and an active field

of research with various strategies [273–276]. The electron beam quality can degrade

inside the plasma stage, during extraction from the plasma stage, and along the beam

transport line. Beam-loading strategies discussed in section (3.2.6) can be employed to

reduce the energy spread of the electron beams, which can mitigate emittance growth

due to chromatic decoherence if adequately matched to the immobile ion background of

the plasma stage. However, at low energy spread levels, hose instabilities discussed in

sections (3.2.3) and (3.2.6) may become an issue for the witness beams.

On the one hand, energy spread and energy chirp minimization are required to preserve

electron beam quality during the acceleration, extraction from the plasma stage and

transport. On the other hand, small energy spread in an electron beam may promote

catastrophic instabilities, resulting even in complete electron beam loss. The novel

dechirping approach in chapter (5) attempts to resolve this dilemma by maintaining

some level of energy chirp for stability and reducing it in a controlled manner directly

inside the plasma stage for beam quality preservation downstream of the PWFA stage.

Crucially, it also allows dealing with electron beams of ultralow emittance and ultrahigh

brightness.

3.2.8 Hybrid LWFA→PWFA

This section aims to provide an in-depth review of the Hybrid LWFA→PWFA concept,

which is highly relevant to PWFA-driven FELs. The figure (3.16) depicts a schematic rep-

resentation of the Hybrid LWFA→PWFA concept, highlighting the plasma photocathode

injection in the PWFA stage.

Experimental work on PWFA R&D was previously conducted exclusively at rf-based

facilities like SLAC FACET,AWA, ATF, AWAKE CERN, DESY, INFN and others. As

such, progress in PWFA advancement has been limited by the availability of beam time
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at these large-scale facilities. On the other hand, LWFA facilities routinely produce

high-charge relativistic electron beams [197, 199, 279], which have increased significantly

over the years [200] with electron beams capable of driving a PWFA stage. This progress

is arising from the wider availability of high-power laser system facilities capable of

LWFA.

The Hybrid LWFA→PWFA approach, which employs electron beams from LWFA

to drive a PWFA in a second plasma stage, has recently gained popularity. Computer

simulations in [201] indicated that a two-electron beam configuration temporarily

separated by sub-picoseconds from LWFA could be utilized to drive a double-bunch

PWFA stage and increase the energy of the trailing bunch by a factor of two. This is

similar to the early linac-based energy-doubling PWFA experiments at SLAC [164].

Some experimental results suggest that driving a PWFA with the electron beams from

LWFA can occur naturally [279–282], even in a single plasma stage, due to dephasing

and laser pulse diffraction [283]. The hybrid LWFA→PWFA approach uniquely offers

new capabilities, such as operating the PWFA at higher densities and accelerating

gradients, and opens avenues for increased PWFA R&D capacities.

In recent years, several experimental works underpinned the advantages of the Hybrid

LWFA→PWFA approach [262]. The first collective deceleration of the electron driver

beam in a well-separated LWFA and PWFA stage was reported [202], indicating that

the LWFA beams can be sufficiently dense to drive a subsequent PWFA stage at high

plasma densities. In [204], the authors demonstrated PWFA at plasma densities of the

order of np ≈ 1019 cm−3 with 100’s of GV/m accelerating gradients. The high plasma

density also allowed the use of shadowgraphy diagnostics [204] to image the PWFA

plasma wave. The probing of the PWFA stage with laser pulses was attempted before at

FACET for understanding plasma evolution [284]; however, at comparably low plasma

density and with tens of femtosecond laser pulses, which prohibited direct observation

of the plasma waves. However, the results in [204] at Ludwig-Maximilians-Universität

München (LMU) reported direct observation of ion motion in the PWFA stage [204].

This was theoretically predicted in PWFA [285] and eventually directly observed in

the Hybrid LWFA→PWFA platform. The production of nC-class electron beams from

LWFA [197] allowed the realization of Hybrid LWFA→PWFA at the Helmholtz-Zentrum

Dresden Rossendorf (HZDR). The same laboratory demonstrated the acceleration of

witness beams to ≈100 MeV energies in a preionized plasma source [203]. Shortly after,
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density downramp injection was demonstrated via hydrodynamic shock injection in the

PWFA [205].

The Hybrid LWFA→PWFA platform has the significant advantage of offering an

intrinsically synchronized laser and electron beams due to the same laser system

powering the LWFA and PWFA stages [144]. This simplifies the investigation of PWFA

physics with laser-based diagnostics, such as shadowgraphy [204, 286] and optical

injection methods with high stability due to the reduced timing jitter [206]. Recently,

a signature of plasma photocathode injection in Hybrid LWFA→PWFA was observed

[263] at the HZDR within the Hybrid Collaboration. It is noteworthy that if the Hybrid

LWFA→PWFA platform powers an ultra-compact XFEL, the intrinsic synchronisation

argument can be extended to X-ray pulses from XFELs, electron beams and laser pulses

as well, which can be advantageous for the pump-probe type of experiments.

In conclusion, the Hybrid LWFA→PWFA approach is an exciting research area

offering several advantages for PWFA R&D, and significant progress was made in recent

years [262]. It also enables new capabilities and modalities for the investigation of

PWFA physics. The next generation of Hybrid LWFA→PWFA may involve controlled

in and out-coupling between the LWFA and PWFA stages with dedicated electron

beam transport and manipulation capabilities, significantly advancing the reliability

and applicability of the Hybrid LWFA→PWFA for demanding applications, such as

XFELs. Overall, this novel direction of PWFA is promising and may open the path

towards "truly" compact PWFA, XFELs and other light sources [40, 44].

3.3 numerical methods of plasma-based acceleration

A plasma-based accelerator comprises a plasma system containing approximately N ≈

1010 particles that interact with each other in the co-moving frame. Obtaining an

analytical solution in the 6D phase space is challenging without significant simplifications,

as discussed in section (3.2.2). Solving Maxwell’s equation for N ≈ 1010 particles would

be difficult or even impossible with the present computing capabilities. Therefore, various

numerical techniques are applied to represent the plasma system as accurately as possible

while keeping the computational demand manageable. The following two sections will

discuss the numerical methods used in this work, which are part of a sophisticated

start-to-end simulation framework. The S2E framework includes handshakes between
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Figure 3.16: Schematic representation of the Hybrid LWFA→PWFA concept. The

LWFA stage (top left) produces a high-charge electron driver beam, which drives

a subsequent PWFA (bottom right) suitable for plasma photocathode injection.

Produced by the author for [200] and adapted for the thesis. This work is openly

licensed via CC BY 4.0.

plasma-stage simulations, electron beam transport lines and FEL modelling (see also

section (2.3.1)).

3.3.1 Particle-In-Cell code

The basic approach behind Particle-In-Cell codes relies on decreasing the number of

particles without altering the physical system. One efficient way to achieve this is

to represent many real particles by macroparticles and represent the fields on a grid.

The system’s time evolution is computed by discrete time steps ∆τ . This results in a

significant reduction in computing time. Nowadays, PIC codes are widely established

and irreplaceable in the plasma-based accelerator community. This work performs most

production runs with the fully explicit electrodynamic and relativistic PIC-code VSim

[287] on a 3D Cartesian grid. Exploration studies are performed with the cylinder

symmetric FBPIC code [142] and reduced models discussed in section (3.3.2). Fig.(3.17)

outlines the basic principle of a PIC-code algorithm, which consists of four steps.

The standard Yee finite-difference time-domain (FDTD) solver is used in VSim

on a Cartesian grid. The Courant-Friedrichs-Lewy condition dictates the time step

size ∆τCFD = a∆r/c [289], where the spatial cell size in the three dimensions is
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Figure 3.17: PIC-code cycle. The process of a PIC-code cycle can be broken down into four

steps. First, the currents are deposited on the mesh points or grid. Second, the

self-consistent fields are solved on the grid points using the complete set of Maxwell’s

equations. Third, the new fields are interpolated from the grids to the particles.

Finally, using the Lorentz equation, a new particle position is computed. This

loop represents a single-time step in the simulation, denoted by ∆τ . Adapted from

documentation in [288]. This work is openly licensed via CC BY 4.0.

∆r = (∆x2 + ∆y2 + ∆z2)1/2 and a < 1 needs to be ensured for numerical stability. The

optimized time step suggested in [290] is utilized for numerical stability in all simulations

performed in this work. The Yee FDTD field solver discretizes the spatial and time

derivatives in the Maxwell equations, which can result in spurious numerical dispersion,

producing unphysical Numerical Cerenkov (NC) radiation [290]. When this NC radiation

interacts with the relativistic electron beam, it may cause numerical emittance growth

[291]. The emittance growth can be a few 100 nm-rad and more. Therefore, significant

efforts are dedicated to minimizing numerical artefacts and NC radiation in VSim with

its "perfect dispersion" module [292], and a split field approach is employed for general

noise and stray field reduction. This allows high-fidelity modelling of the advanced

PWFA stages for the PWFA-driven FEL in chapter (6).

In contrast, FBPIC solves the fields in the spectral space where Maxwell’s equations

can be integrated analytically in time. It makes the solver intrinsically dispersion-free

in all directions and mitigates NC radiation. However, FBPIC is a cylinder-symmetric

code suitable for problems with strict cylinder symmetry and is employed for specific

problems. In summary, both PIC codes are used complementary in the context of this

work jointly with reduced model simulations presented in section (3.3.2).
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3.3.2 Reduced models of plasma-based accelerators

Much of this work’s initial exploration of parameters is based on various configurations of

reduced models. These reduced model simulations employ QSA or a variation in 1D, 3D,

or quasi-3D configuration (cylinder symmetry) or treat the interaction between particle

beams and wakefields semi-analytically, such as the model in chapter (5) developed

by the author for [42]. The primary motivation for this method is to find a balanced

approach between purely analytical expression and fully explicit PIC codes, which require

significant computing resources. The reduced model presented in [224] is a simulation

framework that utilizes QSA to model wakefields in the blowout regime in 2D cylindrical

geometry. Even though the model does not solve the equations self-consistently, it shows

good agreement in its implementation in Wake-T [225] with the cylindrical PIC code

FBPIC [225]. However, reduced models are helpful for exploration and initial studies,

but production runs are performed with fully explicit, highly-optimized 3D PIC codes

for high-fidelity results.

3.4 discussion

This chapter discussed the fundamental principles of plasma-based accelerators and

their applicability for designing a stable PWFA stage for ultra-compact XFELs. Various

electron injection methods are also reviewed. The plasma photocathode injection method

can produce high-quality electron beams that meet the stringent requirements of FELs,

potentially down to hard XFELs. The method can deliver witness beams with nm-rad

normalized emittances at kA peak currents and 5D brightness order of magnitude higher

than state-of-the-art. However, witness beams accelerated in plasma-based accelerators

inherently develop time-energy correlation (energy chirp) in their longitudinal phase

space. Beam loading methods to suppress the accumulation of energy chirp may not be

suitable for producing the highest 6D brightness witness beams due to non-negligible

space charge forces. Therefore, energy chirps and resulting projected energy spread can

significantly challenge beam quality preservation during the plasma stage and beam

transport line and even suppress the FEL interaction. As a result, innovative solutions

are required, particularly for dechirping ultra-high brightness witness beams expected

94



3.4 discussion

from plasma photocathodes in PWFA. The following chapters will present experimental

and conceptual breakthroughs, opening the path towards PWFA-driven hard XFELs.
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4
D E M O N S T R AT I O N O F P L A S M A P H O T O C AT H O D E

I N J E C T I O N A N D P R O S P E C T S

This chapter discusses the prime results of the E-210 proof-of-concept experiment of

the plasma photocathode injection scheme at the SLAC FACET facility. The primary

goal of the E-210 experiment and collaboration was to demonstrate the feasibility of

the plasma photocathode injection scheme. Therefore, the injection laser geometry of

90◦ compared to the collinear geometry discussed in section (3.2.5) was a strategic

decision to simplify experimental conditions. The SLAC FACET facility is a testing

ground for plasma photocathode injection, which is no coincidence. The facility provided

the required combination of high-current, relativistic electron beams for driving strong

wakefields in the blowout regime, a synchronized laser system for preionization and

plasma photocathode laser capability and extensive PWFA R&D experience. The main

goal of this chapter is to report on the key findings of the E-210 experimental programme

relevant to PWFA-powered XFELs and to elaborate on future direction in the second

half of the chapter.

4.1 a path towards high-brightness electron beams

This section focuses on the results of the E-210 experiment at SLAC FACET and

reports on the key findings. Demonstrating plasma photocathode feasibility marks an

essential milestone towards generating ultra-high brightness electron beams required

for high-gain PWFA XFEL. First, an overview of the experiment is provided, and

then a novel plasma-based diagnostic is introduced. In the second half of this section,

experimental results are presented, and the limitations of the setup are discussed. For
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more technical details, the reader is guided towards the leading publication [39] and

other follow-up works [38, 40, 41].

4.1.1 Overview of the E-210 experiment at SLAC FACET

The E-210 experiment at SLAC FACET was groundbreaking, incorporating several

innovations to implement the plasma photocathode approach discussed in section (3.2.5).

The primary objective of the experiment was to demonstrate the feasibility of the plasma

photocathode injection in PWFA. It demanded simultaneous management, coordination,

and synchronization of varying length and time scales at the interaction point (IP) in

sector 20 of the SLAC FACET linac. Figure (4.1) presents a schematic representation

of the IP of the experiment. For instance, the SLAC FACET linac, spanning kilometres

in length, generated a relativistic electron beam with a charge up to Q ≈ 3.2 nC

from a thermionic electron gun, compressed by a magnetic chicane to a longitudinal

length of σz,rms ≈ 20 − 40µm at a repetition rate of up to 10 Hz and beam energy

of W ≈ 20.35 GeV ± 2 % FWHM. Upstream of the IP, the FACET electron beam is

focused by a final focusing quadruple doublet to a beta-function of β(x,y) ≈ (100, 25) cm

corresponding to a beam size of σ(x,y) ≈ (30, 25)µm, which is determined by the

FACET electron beam normalized emittances of ϵn,(x,y) ≈ (10, 100)µm − rad. The

IP section is isolated upstream by an 50µm beryllium and downstream by a 100µm

thick diamond foil. It is flooded with a hydrogen/helium gas mixture at densities

of nH2 ≈ nHe ≈ 0.65 × 1017 cm−3, such that the molecular hydrogen gas serves as

LIT and helium gas as HIT medium. The gas mixture is selectively preionized by a

Ti:sapphire 55 fs (FWHM) duration laser pulse with the energy of 170 mJ and a Bessel

beam intensity profile produced by a holographic axilens [294] with a focal length of

3 m and depth of focus of 1 m. The Bessel beam is directed with a holed mirror into

the FACET electron beam path and aligned with Optical transition radiation (OTR)

screens at the IP. The peak intensity of the Bessel beam Ipre ≈ 3 × 1014 W/cm2 is

sufficient for ADK-ionization of hydrogen but is below the ionization threshold of helium;

hence, the background helium gas remains largely neutral. ADK calculations assisted

by selective laser profile intensity measurements suggest that a ∆z ≈ 70 cm long plasma

source with a maximum transverse diameter of D ≈ 130µm can be generated with

a peak hydrogen plasma density ne,H ≈ 1.3 × 1017 cm−3, corresponding to a plasma
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Figure 4.1: The E-210 experimental configuration. Schematic representation of key compo-

nents of the E-210 experimental programme. Adapted from [39, 293]. This work is

openly licensed via CC BY 4.0.

wavelength of λp ≈ 98µm [39]. The plasma source likely had a complex topology along

the propagation direction regarding transverse width variation and density profile. Figure

(4.2) displays the 2D density profile of the plasma source likely encountered at E-210.

This non-trivial topology profoundly impacts the performance of the PWFA stage and

the injection stability of the plasma photocathode-injected witness beams in terms of

the final energy reach [39] (see also section (4.1.4)). The choice of hydrogen plasma

density is informed by various factors arising from the need to create a strong blowout

for internal injection while avoiding unwanted dark current production [146]. It is also

important to manage the alignment of the injector laser pulse and fit the dimensions of

the blowout produced by the FACET electron driver beam into the plasma source. Due

to these boundary conditions, the range of plasma densities and electron driver beams

at the E-210 experiment was limited. These considerations are discussed in detail in

section (4.1.4) and are extensively elaborated in Refs.[Hidding2017first, 39–41].

The plasma photocathode injector pulse, a 65 fs (FWHM) duration laser pulse from

the main laser system, is split into two pulses independently tunable in energy and

equipped with delay stages for temporal synchronization. One collimated laser arm

is sent to an upstream electro-optic sampling (EOS) diagnostic for shot-to-shot time-
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Figure 4.2: ADK calculation of expected plasma source from the axilens and preioniza-

tion laser pulse encountered at the E-210 experiment. The orange structure

represents the hydrogen plasma topology at full hydrogen ionization density of

ne,H ≈ 1.3 × 1017cm−3. The maximum diameter of the plasma source is D ≈ 130µm

near z ≈ 10 cm and narrows down to D ≤ 50µm further downstream. The black

solid line shows the on-axis acceleration field Ez (obtained from 3D PIC simulation)

experienced by a witness beam at the rear of a blowout. The witness beam is injected

at the laboratory position z ≈ 20 cm (vertical red dashed line). Adapted from [39].

of-arrival (TOA) measurement of electron driver and injector laser beam. The EOS

measured TOA jitter was ≈ 109 fs (see [39] and [265], for more details on EOS). The

second laser arm is focused perpendicular to the FACET electron beam propagation

axis in 90◦ geometry by an f/22.9 off-axis parabolic mirror (OAP) to a spot size of

w0,rms ≈ 20µm. The plasma photocathode laser pulse energies attenuation between

0.5-5 mJ allowed to access peak laser intensities of Iinj ≈ 1.17×1015 −1.17×1016 W/cm2

at the IP. This is sufficient for the ionization of the helium gas on top of the hydrogen

plasma in the propagation path of the electron driver beam. The injector-laser-generated

plasma filament is imaged with a charge-coupled device (CCD) camera measuring the

visible plasma afterglow light (see a brief discussion in section (4.1.2)).

Downstream of the diamond window, an imaging energy spectrometer beamline

consisting of a quadrupole doublet and dipole magnet captures, focuses and disperses

the electrons onto a CCD-monitored phosphor screen. Before and after the plasma stage,

Beam position monitors (BPMs) measured the electron charge with an accuracy of

4-5 %, such that excess charge can be associated with a witness beam. Additionally, the
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intensity of the phosphor screen is used to measure witness and driver beam charges

calibrated with the BPM measurement with a combined accuracy of 10 %.

4.1.2 Plasma-based spatiotemporal alignment

The spatiotemporal coordination of the 90◦ geometry injector laser pulse and the FACET

electron driver beam was a challenging task in the E-210 experiment. The traditional

synchronization and alignment diagnostic methods fail when dealing with focused

electron and laser beams at the IP because the intense electron and laser beams pose a

risk to the integrity of solids due to ionization [38]. In contrast, plasma is a responsive

medium to EM fields, and using plasma as a detector medium is the philosophy behind

developing plasma-based diagnostics by utilizing the plasma afterglow single originating

from the recombination and/or relaxation light of plasma as a measurable observable

on a standard CCD camera integrated over a ms-time scale [38, 266].

A new method for enhanced plasma afterglow diagnostics has been developed by

the E-210 collaboration to address the challenges involved in aligning intense electron

and laser beams spatiotemporally. The E-210 experimental setup (see figure (4.1)) is

leveraged to create a plasma filament perpendicular to the electron beam orbit by

using a 90◦ laser pulse. The preionization laser pulse is turned off to observe only the

confined plasma afterglow light from the laser-generated plasma filament. The CCD

camera captures the plasma afterglow signal from the laser-only plasma filament when

no electron beam is present to interact with it. This seed plasma can act as a detector

medium when interacting with charged particle beams. When the plasma filament is

produced picoseconds ahead of the electron driver beam’s TOA (negative ∆tdelay values),

the plasma afterglow signal is significantly enhanced, as shown in figure (4.3) (top).

In contrast, when the ionizing laser pulse arrives after the electron driver beam, the

enhancement of the plasma afterglow signal disappears (positive ∆tdelay values). The

region between −1 ≤ ∆tdelay(ps) ≤ 1 is when the electron and laser beams coincide in

space and time. In figure (4.3) (bottom), a similar observation is made when the ionizing

laser pulse is significantly misaligned in the transverse direction relative to the electron

beam orbit; no plasma afterglow enhancement is measured. The signal is maximized

when the electron and laser beams are spatially aligned, corresponding to ∆y = 0 . An
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Figure 4.3: Enhanced plasma afterglow measurements. Enhanced plasma afterglow mea-

surements of electron and laser beam temporal synchronization (top) and spatial

alignment (bottom) curves. The 3D PIC simulations show the total energy deposition

of the FACET electron beam into the plasma filament (red dots). The PIC simulation

results agree with the measured afterglow signal and give an outlook to a potential

FACET-II scenario (yellow dots). Adapted from [38] and produced by P. Scherkl

with assistance from the author. This work is openly licensed via CC BY 4.0.

OAP roll scan produces a Gaussian-like integrated plasma afterglow alignment curve,

as shown in figure (4.3) (bottom).

PIC simulation study of electron and laser-produced plasma filaments revealed [38,

266] that the underlying mechanism of the enhanced afterglow is energy deposition

of the electron driver beam into the plasma filament. The space charge fields of the

electron beam accelerate predominantly the plasma electrons in the initially cold plasma

volume. This leads to plasma electron oscillation with increased plasma temperature.

This heated plasma filament has an electron energy spectrum between eV and keV,

which coincides with the impact ionization cross-section of hydrogen and helium [38].
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The surrounding neutral gas is then ionized or excited to a higher state by the plasma

electrons and potentially plasma ions on a longer time scale, producing more plasma

to contribute to the plasma afterglow signal via recombination or relaxation of excited

neutral atoms. This likely starts an avalanche effect and increases the plasma due to

secondary ionization until the deposited energy from the electron beam dissipates to

the surrounding gas. That is why the energy deposition by the electron beam is a

function of delay, and alignment agrees very well in the figure (4.3). This highly complex

interaction on fs time and µm length scale manifests as an enhanced plasma afterglow

signal observable with a simple CCD camera integrated over the ms time scale.

Because of the simplicity of this approach of using plasma as a detector medium [38,

266], it found its way into other facilities [254] and is part of the experimental programme

at SLAC FACET-II as a standalone experiments, named E-315 and E-316. Most

importantly, the enhanced plasma afterglow diagnostic unlocked the synchronisation

and alignment of intense electron and laser beams required to access the spatiotemporal

sweet spot of the plasma photocathode injection regime in PWFA.

4.1.3 Experimental results of plasma photocathode injection

The coherent interplay of the individual components of the E-210 experiment (see

Fig.(4.1)) is the key that enabled access to the plasma photocathode regime. The

synchronization and alignment of the electron driver beam and the preionization laser

are crucial initial steps to establish strong driver coupling to the hydrogen plasma source,

ultimately generating a strong wakefield with a sufficiently deep trapping potential

for internal injection. The hydrogen plasma source is produced approximately 20 ps

ahead of the electron driver beam arrival in the IP, eliminating the need for fs timing

synchronizations. An indication that the electron driver beam drives a wakefield is the

observation of the deceleration signature of the driver beam on the imaging spectrometer

(similar to the Fig.(3.8)) while mitigating trapped dark current and hot spots within the

blowout [146]. Subsequently, the preionization laser is switched off, and spatiotemporal

synchronization of the injector laser and electron driver beam is established on the

sub-ps and µm time and length scale (as discussed in section (4.1.2)). Then, the plasma

source is switched on, and the injector laser TOA is scanned.
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Figure 4.4: 3D PIC simulation of plasma photocathode injection at E-210. Snapshots of

a representative 3D PIC simulation of plasma photocathode injection in 90◦ geometry

encountered at the E-210 experiment are presented for two different injector laser

energies (top and bottom panels). The electron driver beam (blue) propagated

through the plasma source (yellow dots) presented in Fig.(4.2) up to the injection

position at ∆z ≈ 20 cm. The electron driver beam drives a strong blowout with

a peak on-axis accelerating gradient (solid black line) of the order of ≈ 60 GV/m

sufficient to facilitate internal injection, evident from the deep trapping potential

(blue solid line). The top panel displays the situation before (a) t = 0 , during (b)

t ≈ 667 fs and after (c) t ≈ 9.3 ps witness beam injection with an injector laser pulse

at 0.5 mJ energy; the bottom panel represents the corresponding situations when the

injector laser energy is increased to 5 mJ. The higher laser energy in the bottom case

produced a high charge witness beam, significantly loading the wakefield. Produced

from the data in [39] for [41] jointly with D.Ullmann. This work is openly licensed

via CC BY 4.0.
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As a stepping stone towards plasma photocathode injection, the plasma torch injection

was demonstrated in the same setup; an optically triggered downramp injection in

PWFA [253]. For this, the injector laser timing is set such that the injector laser arrives

picoseconds ahead of the electron driver beam. Then, the injector laser pulse generates

a fully formed helium plasma filament when operated at the maximum laser energy of

5 mJ. This additional helium plasma produces a plasma density hump on top of the

hydrogen plasma with a density gradient for downramp injection [39, 166]. This density

downramp injection was shown for the first time in PWFA and is an important novel

injection method in its own right [39, 166]. A detailed discussion on the realization of

plasma torch injection at SLAC FACET and prospects are presented in [166, 265, 293,

295].

The plasma torch injection method facilitated a smooth transition into the plasma

photocathode injection regime by adjusting the timing delay of the injector laser pulse

towards the TOA of the electron driver beam and by reducing the injection laser energy.

When the injector laser arrives after the electron driver beam, helium electrons are

released directly inside the blowout, as shown in figure (4.4) for two different injector

laser energies.

The corresponding results of the experimentally measured witness beam charge as

a function of the relative TOA of the electron driver beam and injector laser pulse

for three different laser energies are presented in figure (4.5). The values of TOA < 0

correspond to when the laser pulse arrives ahead of the electron driver beam, TOA > 0

when the laser pulse arrives after the electron driver beam, and TOA = 0 is when the

electron driver and laser beams arrive simultaneously. In Fig.(4.5) (a) for TOA < 0,

the 5 mJ injector laser pulse is intense enough to ionise sufficient amount of helium

gas to trigger plasma torch injection in PWFA. For TOA ≫ 0, the amount of injected

charge decays rapidly; however, the transition region TOA > 0 corresponds to when the

helium electrons are released inside the blowout. Reducing the injector laser energy in

(b) and (c) shows that the plasma torch injection regime gradually disappears and only

injected charge, for 0 < TOA (ps) < 1, is observed on the imaging spectrometer. In (c)

at the injector laser energy of 0.5 mJ, corresponding PIC simulation Fig.(4.4) (a-c), the

timing window where the injection is observed, is approximately ∆TOA ≈ 300 fs, which

corresponds to approximately the plasma wavelength employed at the experiment. This

2D transition of injector laser energy and timing is reflected by the bin average (black
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Figure 4.5: Experimentally measured injected charge on the downstream spectrome-

ter at the E-210. Experimentally measured injected charge on the downstream

spectrometer as a function of relative laser-to-electron beam timing (TOA) at three

different laser energies. Grey crosses are individual shots; the blue bars show the bin

maximum, and the black dots represent the bin average with a standard error of

mean. The witness beam charge from PIC simulations is present (orange dots). The

horizontal red dashed lines in (a) show the charge levels for different channel widths

at the injection position. Laser early timing corresponds to when the injector laser

pulse arrives ahead, and laser late timing corresponds to when the injector laser

arrives after the electron driver beam. The vertical dotted line indicates the timing

when laser and electron beams arrive simultaneously. Produced by O. Karger with

support from the author for [39].
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dots) with the standard error of the mean. The 3D PIC simulation for the optimistic

experimentally accessible plasma source also agrees with the experimentally observed

charge (orange dots) and variation in plasma source diameter (dashed red horizontal

line) reproduces the injected charge variation range.

Figure (4.6) displays witness beam spectra observed on the downstream imaging

spectrometer for the 0.5 mJ injector laser case from Fig.(4.5) (c). The imaging energy

of the spectrometer is at 0.5 GeV. The shots are presented in consecutive order with

an average energy range from 0.3 GeV to 0.7 GeV. The energy reach and spread agree

well with the 3D PIC simulation of the configuration (supplementary material in [39]),

and the details of the acceleration and injection dynamics are addressed in section

(4.1.4). In (b), the energy of the witness beam is at the imaging energy. It yields a

minimum relative energy spread measurement of (∆W/W )rms ≈ 2.1 ± 0.3 % and the

shot in (c) is away from the spectrometer imaging energy with a horizontal divergence

(non-dispersion plane) of σθ,rms ≈ 0.38 ± 0.03 mrad and estimated normalized emittance

of ϵn ≈ 1.5 mm mrad, considering a calculated Twiss beta-function of βy ≈ 1.5 cm at the

exit of the plasma stage. These initial estimates already suggest that the witness beam

likely had better quality than the initial driver beam in terms of normalized emittance.

Further, it is very likely the witness beam duration was much shorter than the electron

driver beam duration according to the simulations (see Fig.(4.4)). The relatively long

Rayleigh length ZR ≈ 1.57 mm of the injector laser pulse filled a significant fraction

of the blowout (blowout radius of Rb ≈ 60µm) with helium electrons. Consequently,

the release volume inside the blowout covered a significant fraction of the wakefield

phases, including the space charge fields of the electron driver beam. Fundamentally, this

prevented the production of normalized emittances at the nm-rad level. For example,

operation at a longer plasma wavelength with a short Rayleigh length injector laser pulse

can produce normalized emittances on the order of 100’s of nm-rad in 90◦ geometry

(supplementary material in [39]).

In conclusion, the results presented in this section confirm that the plasma photo-

cathode works as intended in the PWFA. Advanced 3D PIC simulations reproduce the

experimental data accurately and provide insights into areas of potential improvement.

These findings increase confidence in plasma photocathodes’ ability to produce ultra-high

brightness electron beams in the future and enhance trust in the 3D PIC simulations

and their predictions. The following section (4.1.4) discusses the limitations of the E-210
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4.1 a path towards high-brightness electron beams

Figure 4.6: Experimentally measured injected charge on the downstream spectrome-

ter. Waterfall plot of the imaging spectrometer data of consecutive shots of plasma

photocathode injected witness beams (a) and selected spectra at the imaging en-

ergy of Ef = 0.5 GeV (b-c) are presented. Injected electron beam energy spectra

corresponding to the shots presented in Fig.(4.5) with charge higher than 5 pC

and TOA > 0 with colour-coded charge density. Selected witness spectrum (b) at

the imaging energy of Ef = 0.5 GeV, shows a minimum relative energy spread of

(∆W/W )rms ≈ 2.1 ± 0.3 % and shot (c) with energy far from the imaging energy,

indicating a horizontal divergence of σθ,rms ≈ 0.38 ± 0.03 mrad and estimated nor-

malized emittance of ϵn ≈ 1.5 mm mrad. Reproduced from the data in [39].
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4.1 a path towards high-brightness electron beams

experiments and elaborates on potential pathways to improve electron beam quality

and stability.

4.1.4 Limitations of witness beam acceleration and injection

This section provides a detailed discussion of the limitation and boundary conditions

encountered at E-210, which limited the energy reach, quality and stability of the witness

beams.

Simulations presented in Fig.(4.4) and Fig.(4.5) are informed by various boundary

conditions and measured parameters of the electron driver beam, preionization and

injector laser and extensive theoretical and simulation work by the E-210 collaboration

aiming at approaching the experimental conditions as close as possible [39, 41]. As such,

the simulations can be seen as a representative best-case scenario within the constraints

of the experiment and can serve as a reference point for interpretation beyond the initial

conclusions and findings of the experimental data. A closer look into the simulation and

experimental data is provided below.

The figure (4.7) (top) depicts the evolution of simulated on-axis longitudinal wakefield

Ez(ζ) as a function of the co-moving coordinate ζ and the propagation distance z,

considering the plasma source in Fig.(4.2). The electron driver beam peak current

position is at the co-moving coordinate ζ = 0. In the first part of the plasma source,

up to the injection position z ≈ 0.2 m, the wakefield in the first and second buckets of

the blowout is relatively stable. However, downstream of z ≈ 0.2 m, the blowout starts

to contract and expand in the longitudinal direction in a quasi-periodic fashion and

towards the end of the plasma source, the longitudinal accelerating wakefield vanishes,

and the so-called wakeless regime is briefly observed. This phenomenon is due to the

narrowing and expanding width of the plasma source and the interaction of the blowout

sheath electrons with the plasma source boundaries [39, 41]. This wakefield dynamic can

significantly impact the acceleration rate and stability of the injected witness beam. A

trapped witness beam in this varying wakefield would experience changing accelerating

gradients and even end up in the wakefield’s decelerating phase or the blowout vertex’s

defocusing region. The relatively low energy gain and stability of the witness beam

observed at the imaging spectrometer (see Fig.(4.6)) can be attributed to this wakefield
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4.1 a path towards high-brightness electron beams

Figure 4.7: Driver beam deceleration at the E-210. On-axis wakefield evolution along

the E-210 plasma source (top) and FACET electron driver beam (black line) de-

celeration (bottom) obtained from 3D PIC simulations. Additionally, experimental

measurements of electron driver deceleration are presented with individual shots

(blue crosses) and data set average (green dot and dashed line). The vertically dashed

red line indicates the witness beam injection position, and the grey dashed line

highlights the laboratory position when experimental and simulation data coincide.

Produced by the author for [41] with simulation data input by T. Heinemann and

experimental data input by A. Knetsch. This work is openly licensed via CC BY 4.0.
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4.1 a path towards high-brightness electron beams

dynamic. Factors such as alignment and jitter between the electron driver beam and

plasma source can also affect the stability and energy gain of the witness beam.

The figure (4.7) (bottom) shows the deceleration of the electron driver beam from

the PIC simulation. Additionally, electron driver beam deceleration measurements

at comparable experimental conditions are presented to support the findings. The

experimentally observed driver beam deceleration of ∆Wexp ≈ 2.3 GeV (FWHM) with a

range of ∆Wmin,max ≈ 1.7 -3.1 GeV indicates the compromised interaction of the electron

driver beam with the plasma source. Although the overall trend is consistent with

simulations, the deceleration values observed in the experiment are slightly lower. This

may be due to suboptimal alignment and plasma source size. The simulation assumes a

perfect alignment between the plasma source and electron driver beam orbit for the

most optimistic plasma source scenario. However, the variation in shot-to-shot electron

and preionization laser beam pointing can significantly impact the conditions required

to drive a strong blowout over the tens of centimetres plasma source. The observed

variation in the driver beam deceleration between shots suggests substantial shot-to-shot

jitters between electron and laser beams. This conclusion is supported by the measured

jitter of electron driver beam, preionization and injector laser pulses shown in figure

(4.8). The pointing jitter analysis of the electron driver, preionization laser, and injector

laser beam at the IP reveals that the centroid variation of the preionization laser pulse

dominates the overlap of the electron driver beam and the plasma source. The electron

driver beam and injector laser pulse exhibit similar statistical jitter variation, which

enabled adequate precision for plasma photocathode injection in combination with the

plasma afterglow alignment method discussed in section (4.1.2).

Summarizing, the plasma source topology and confined width presented significant

operational constraints to the stability of the E-210 experiment. These constraints

limited the potential of phase constant acceleration in PWFA, leading to high shot-

to-shot variation of the accelerator regime and the injected witness beam parameters.

The plasma source boundaries prevented operation at reduced plasma densities for

better injection phase stability, as the blowout radius at a longer plasma wavelength

would have exceeded the channel boundaries. Fortunately, the technical constraint of

improving the plasma source could be resolved in future experiments. The successor

experimental programme, "E-310: Trojan Horse-II" at SLAC FACET-II, aims to produce

wider plasma sources for larger blowout sizes, coupled with potentially better stability
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Figure 4.8: Experimental pointing jitter analysis at the E-210. Pointing jitter of electron

driver (a), preionization (b) and injector beam (c) at the IP. Note the larger range of

the x- and y-axis in the middle panel compared to the left and right panels. The blue

solid line in the middle and right panel is electron beam data from the left panel.

Produced by the author for [39, 41] jointly with O. Karger. This work is openly

licensed via CC BY 4.0.

of incoming electron driver and laser beams [296–298]. This is expected to improve

witness beam quality, tuneability, and stability [39–41]. The next section (4.2) develops

strategies for removing the shortcomings of the E-210 experiment and elaborates on

expected witness beam quality and stability under optimized conditions.

4.2 witness beam parameter stability and future directions

This section elaborates on potential pathways for future plasma photocathode implemen-

tation and improvements at SLAC FACET-II and elsewhere. A significant fraction of this

section investigates the generation and acceleration of ultra-high 5D brightness witness

beams in a dephasing-free PWFA stage with a supreme focus on the reproducibility and

tuneability of the witness beam properties. A detailed PIC simulation-based statistical

analysis is performed to identify prime sources of jitter and their impact on beam

property variation, considering the lessons learned from the first plasma photocathode

realization.

In general, witness beam parameter variation from shot-to-shot is primarily dictated

by two primary jitter sources: the jitter of the PWFA stage (the accelerator) and the

plasma photocathode laser pulse releasing the witness beam (the injector). First, the

stabilisation of the PWFA stage is discussed, and then the stability of the injector laser

pulse in collinear geometry is investigated. The results and considerations in this section
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4.2 witness beam parameter stability and future directions

have direct implications for developing an ultra-high brightness PWFA stage for hard

XFEL in section (6) and other applications. The author published a significant portion

of the discussion in [39–41].

4.2.1 PWFA stability considerations

The stability of the incoming electron driver beam, the reproducibility of a wide plasma

source, and the coupling of the electron driver beam into the plasma source determine

the stability of the PWFA stage. Maintaining the PWFA dark current free is also highly

desired for plasma photocathode injection [146].

The stability of the electron driver beam in PWFA relies on the stability of the rf-

accelerator or, in the case of Hybrid LWFA→PWFA, on the stability of the LWFA stage

that generates the electron driver beam. At SLAC FACET, for instance, a thermionic

gun was used as the electron source for the electron driver beam. In contrast, at

SLAC FACET-II, a photocathode rf-gun is employed to deliver electrons for the linac,

potentially producing electron driver beams of better quality and enhanced stability at

nominal 10 GeV beam energy [296–298].

In the E-210 experiment, the reproducibility and generation of wide plasma sources

were largely constrained by the energy budget and stability of the high-power laser

system. The upgraded high-power laser at SLAC FACET-II is expected to deliver laser

pulses at higher energy (up to 500 mJ) and with improved stability. Using innovative

preionization laser optics (such as axicon or axilens) along with the upgraded laser

system may produce tens of centimetres plasma sources, supporting wide blowouts for

multi-GeV witness beam energy gains. Fig.(4.9) shows an example of a wide plasma

source. Unlike in E-210, the plasma source in Fig.(4.9) has nearly a uniform diameter

of D ≈ 200µm with a nearly flat-top plasma density profile in the central part of the

channel. Once the background gas is fully field-ionized, laser pulse intensity variation

may not significantly impact the plasma source topology. Excess laser energy may not

significantly affect the channel topology at the femtosecond to the picosecond time scale

after generation. However, the deposited laser energy will heat the plasma. Over a much

longer time scale (nanoseconds), the heated plasma may exhibit hydrodynamic plasma

expansion similar to HOFI channels [150]. Recent observations at SLAC FACET-II [299]

support this consideration.
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4.2 witness beam parameter stability and future directions

Figure 4.9: Wide plasma source. Potential plasma source for the next generation of plasma

photocathode experiments at SLAC FACET-II. A. Hewitt provided data, and the

author produced the figure.

A wide plasma source can alleviate the transverse alignment and pointing jitter

requirements between the electron driver beam and the preionization laser pulse. Main-

taining precise alignment and pointing jitter control between the electron driver beam

and the plasma source may not be necessary as long as the blowout is fully contained

inside the plasma source. In such a scenario, plasma source boundary effects may not

compromise the injection and acceleration of a witness beam. Additionally, plasma

sources as in Fig.(4.9) may allow operating the PWFA stage at comparably lower

plasma densities (np ≈ 1016 − 1017 cm−3) and produce blowouts at plasma wavelength

up to λp ≈ 250µm, which can improve the injection phase stability of the plasma

photocathode and contribute to enhancing the witness beam’s emittance, brightness,

and parameter stability (see section (4.2.2)).

Further, operating at longer plasma wavelengths reduces the density requirements

on the electron driver beam to drive a blowout, which naturally mitigates dark current

production in the PWFA stage because of the decreased space charge fields of the

electron driver beam and plasma wakefields [146]. Figure (4.10) presents ADK ionization

calculations of helium gas (left) and helium ions (right) (potential HIT media) for a

FACET-II-like electron driver beam for two plasma wavelengths (λp ≈ 100µm (top

panels), λp ≈ 250µm (bottom panels)) as a function of electron beam radius and

charge. The duration of the electron driver beams is longitudinally matched to the
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Figure 4.10: Electron driver beam ionisation rate at FACET-II. ADK ionization calcu-

lations of helium gas (left) and helium ions (right) for FACET-II electron beams

as a function of beam radius and charge for two different plasma wavelength of

λp ≈ 100µm (top panels) and λp ≈ 250µm (bottom panels). The electron beam

duration is longitudinally matched to the plasma wavelengths for resonant wakefield

excitation. The black dashed lines indicate the beam-to-plasma density ratio nb/n0.
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corresponding plasma wavelength. At 100µm plasma wavelength in Fig.(4.10) (top

left), the electron driver beam at blowout regime relevant densities (nb/n0 ≫ 1) will

likely field-ionize helium and populate the blowout with dark current. This will likely

deplete the background helium reservoir so that no HIT medium is left for the plasma

photocathode laser pulse. The situation improves when the background helium is

preionized to support the blowout, as displayed in Fig.(4.10) (top right). A wide range

of electron driver beam parameters can drive a blowout without running into the danger

of depleting the second level of helium. Then, the second ionization level of helium can

be employed as the HIT medium for the plasma photocathode laser. The situation is

significantly improved at λp ≈ 250µm plasma wavelength. Because of the reduced driver

beam density, the ionization of helium is reduced, and the ionization ratio of the second

level of helium is nearly zero. This is a desired scenario for the plasma photocathode

injection. A dark-current-free PWFA is driven in the blowout regime at a comparably

long plasma wavelength.

In conclusion, in the upcoming plasma photocathode experiment (E-310), the recent

SLAC FACET-II facility upgrades will be utilized to enhance the stability of the PWFA

stage. The aim is to establish favourable conditions for collinear and revised 90◦ geometry

plasma photocathode injection in PWFA. The findings of this section will contribute

to the experimental preparation at E-310 and guide designing an ultra-high brightness

PWFA stage for hard XFEL. In the next section (4.2.2), the PWFA stability arguments

outlined in this section are considered, and the impact of the plasma photocathode

jitter on the witness beam parameter variation is investigated.

4.2.2 Plasma photocathode injector stability analysis

The focus of this section is to investigate how the quality and stability of the witness

beams are affected by variations in intensity, spatiotemporal alignment jitter, and

synchronization of the plasma photocathode laser pulse concerning the blowout. An

extensive 3D PIC simulation campaign studies the impact in a dedicated PWFA stage. To

eliminate the jitter caused by the PWFA stage, the strategy discussed in sections (4.1.4-

4.2.1) for PWFA stability is utilized. The aim is to operate at a longer plasma wavelength,

with a plasma source wide enough to engulf the blowout structure (Dchannel ≫ Rb)

and with sufficient width margin to consider electron driver and preionization laser
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beam pointing jitters. Additionally, the electron driver beam will be optimized for

dark-current-free operation. The operation point is discussed below.

The plasma stage comprises a uniform preionized hydrogen channel at a plasma

density of np,H ≈ 1.78 × 1016 cm−3, corresponding to λp ≈ 250µm plasma wavelength

with a blowout radius of Rb ≈ 65µm when considering dense FACET-II type of electron

driver beams. The FACET-II electron driver beam at energy of W = 10 GeV and a

charge of Qd = 1.5 nC is compressed to σz,rms ≈ 32µm, such that the PWFA stage is

driven near the resonance condition σz =
√

2/kp at the peak current of Ipeak ≈ 5.5 kA.

Assuming a symmetric normalized emittance of ϵn,x,y ≈ 50µm-rad in both transverse

planes, the final focusing at FACET-II (Twiss beta-function of β ≈ 8 cm) yields a

matched beam size of σx,y ≈ 4.5µm according to Eq.(3.49) at the plasma stage entrance.

The peak density of the electron driver beam is then nd ≈ 9.0 × 1017 cm−3, which is

nd ≈ 52 × np enabling operation of the PWFA stage in the deep blowout regime with

the trapping potential ∆ψ sufficient for plasma photocathode injection.

The hydrogen plasma is combined with neutral helium at a density of nHe ≈ 2.3 ×

1017 cm−3 to serve as a HIT medium for the plasma photocathode laser pulse. This

helium-rich combination of H2/He mixture, with nHe ≈ 12.5 ×nH2 , is necessary to drive

a large blowout at a long plasma wavelength and at the same time provides sufficient HIT

density for pC-level charge yield via ADK ionization. The PWFA configuration supports

plasma photocathode injection in arbitrary angle geometry, but the highest beam quality

is expected from collinear injection geometry, which will be employed. The collinear

plasma photocathode laser pulse with a pulse duration of τ = 50 fs (FWHM) is focused

down to a spot size of w0 = 7µm (r.m.s) at z ≈ 1.9 mm from the start of the uniform

plasma section. With a few µ-Joule laser energy, the dimensionsless laser amplitude

can reach a0 = 0.018 at the laser pulse focal point, which is just above the ionization

threshold of helium. Note the laser-ionized plasma temperature study presented in figure

(3.4) is based on the plasma photocathode laser parameters from this section. These

parameters are optimized to ensure that beam-loading does not significantly change the

trapping process and positions of the witness beams. The plasma photocathode-released

electrons are largely decoupled from the wakefield generation, allowing the released

electrons to be controlled with the laser pulse intensity and background HIT density.

When electrons are released via plasma photocathode within the trapping potential, all

released electrons will be trapped and form the witness beam. This enables accurate
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Figure 4.11: Long plasma wavelength PWFA stage for ultra-high brightness witness

beam production. Long plasma wavelength PWFA stage for ultra-high brightness

witness beam production and enhanced parameter stability via plasma photocathode.

The FACET-II type driver beam (black dots) sets up a blowout in hydrogen plasma

of density np,H ≈ 1.78 × 1016 cm−3, corresponding to a plasma wavelength λp ≈

250µm. The sum of the wakefield is presented such that the plasma photocathode

laser is visible, releasing helium electrons (purple dots) at the electrostatic trapping

potential ∆Ψ centre (blue solid line). The shaded region indicates the trapping

threshold ∆Ψ < −1. Produced by the author for [41]. This work is openly licensed

via CC BY 4.0.

control over final witness beam properties via the injector laser pulse parameters. Figure

(4.11) displays the reference 3D PIC simulation of the outlined working point. The

electron driver beam drives a strong blowout, and the snapshot is taken where a plasma

photocathode laser pulse releases helium electrons at the trapping potential minimum

∆Ψmin ≈ −1.7. The helium electrons released first are already trapped at the blowout

rear. Details of the numerical setup are discussed in [41].

The impact of the plasma photocathode laser pulse intensity jitter is investigated by

varying the injector laser pulse amplitude a0 up to ±2% around the baseline value of

a0 = 0.018. In principle, modern laser systems with advanced feedback loops can deliver

better laser intensity stability. However, the conservative ±2% variation highlights the

stability of the plasma photocathode injection process. The injected witness beams

are accelerated to tens of MeV while tracking various electron beam properties. Figure

(4.12) summarises the results of this effort.

Figure (4.12) shows that with increasing laser intensity, the amount of charge and

peak current increases linearly within the range of this study (note: at much higher
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Figure 4.12: Investigation of plasma photocathode intensity variation impact on the

witness beam properties. Witness beam parameters variation is presented as a

function of the relative change of the dimensionless laser amplitude of the injector

laser pulse around the baseline values of a0 = 0.018. Produced by the author for

[41]. This work is openly licensed via CC BY 4.0.
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laser intensities, the ADK ionization rate may saturate due to complete depletion of

the HIT medium), however, the 5D brightness decreases and shows an opposite trend.

It may initially appear contradictory, but a closer look reveals that the normalized

emittance increases linearly due to elevated space charge contributions during the initial

formation phase of the witness beam. A similar counter-intuitive trend is visible for

the energy and energy spread of the witness beam. The laser intensity does not impact

the acceleration of the witness beam, but because of the higher peak current, beam

loading starts to reduce the local acceleration gradients, and the final energy deviates

by a few hundred keV from the reference energy. The projected energy spread varies

in both directions on the order of ∼ 0.1% from the nominal value because the witness

beam length changes as a function of a0. Interestingly, the reason for this is twofold. On

the one hand, beam loading elongates the witness beam; on the other hand, variation in

a0 changes the ionization front movement of the injector laser and enlarges or reduces

the spread of release position. This interpretation of witness beam length variation

is supported by the laser pulse electric field evolution (Eq.(3.18) in combination with

the trapping expression (Eq.(3.41)). However, overall, the witness beam parameter

variations are relatively minor. For example, the statistical variation of energy on the

order of hundreds of keV, relative energy spread variation of ±0.15%, charge variation at

sub-pC level, and normalized emittance jitter at the nm-rad level represent exceptional

witness beam parameter stability orders of magnitude better than state-of-the-art. Table

(4.1) summarises further details.

Figure (4.13) summarises the simulation results of the temporal jitter of the plasma

photocathode laser pulse. The injector laser pulse position is shifted relative to the

trapping potential minimum by up to ∆τ = 30 fs towards the blowout vertex. The

trapping potential is a line-symmetric function; hence, plasma photocathode laser

pulse variation towards the electron driver beam would yield comparable results for

∆τ = −30 fs. The charge and normalized emittance of the witness beam are unaffected

by the timing of the injector laser pulse. However, the energy and relative energy spread

increases linearly with increasing timing. Moving the release position away from the

trapping potential minimum results in a later trapping position at high accelerating

gradients. At the same time, the pulse duration of the witness beam increases, resulting

in a reduced peak current and beam loading. The decreased peak current slightly

reduces the 5D brightness. Statically, the timing variation within this study’s range has
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Figure 4.13: Influence of timing variation of the plasma photocathode laser on the

witness beam properties. Witness beam parameters variation is presented as

a function of plasma photocathode timing variation ∆τ relative to the trapping

potential minimum. Data generated by the author for [41]. This work is openly

licensed via CC BY 4.0.

120



4.2 witness beam parameter stability and future directions

a tolerable impact on the witness beam properties and stability. The beam parameters

and repeatability perform similar or even better than the injector laser pulse intensity

variation study. To a large extent, this exceptional stability performance and robustness

are inherent to the plasma photocathode injection method.

The reasoning behind this stability is that the parabolic shape of the trapping potential

has a shallow slope near the minimum. Hence, when the laser pulse timing jitters around

this potential minimum, the released electrons experience minor deviation in initial

trapping potential values ∆Ψ(ζi). Because of the quadratic dependency of the release

position in the trapping position expression (Eq.(3.41)), the final trapping positions of

the witness beams are very similar within the blowout. Hence, the timing variation of

the injector laser on the order of tens of fs translates into much less trapping position

variation within the wakefield phase. Further, because the wakefield is dephasing-free,

the witness beams experience a nearly constant accelerating gradient from shot-to-shot

over the propagation distance. This constitutes a self-stabilisation mechanism as a direct

consequence of the underlying physics and provides an excellent mechanism for further

improving witness beam energy stability towards applications such as XFELs, other

light sources and possibly HEP applications.

Lastly, the misalignment of the plasma photocathode laser relative to the blowout axis

by up to ∆Y = 10µm is investigated for ∆τ = 0 fs. Figure (4.14) displays off-axis helium

electron release, and figure (4.15) shows the variation of witness beam parameters across

the scan. Because these helium electrons are at rest when liberated from their parent

atoms, they slip towards the blowout vertex while subject to the accelerating gradient

of the wakefield. The immobile hydrogen ion background also attracts them back to the

axis. The amount of released and trapped charge is not affected by the misalignment of

the injector laser due to the 100% charge capture efficiency. The normalized emittance

in the misalignment plane increases due to the wakefield kicks by up to ≈50 nm rad for

the maximum misalignment of ∆Y = 10µm and by ≈15 nm rad on average.

Nevertheless, this indicates a remarkable resilience, even considering these extreme

misalignment values. If laser-to-electron beam alignment on the µm-level is achieved,

for example, with the plasma afterglow method presented in section (4.1.2), then the

resulting emittance growth can be indeed regarded as negligible. The other witness

beam parameters are determined by reasoning similar to that used for the timing scan.
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Figure 4.14: Transversely misaligned plasma photocathode laser pulse relative to the

blowout axis. The FACET-II type driver beam (black dots) sets up a blowout in

hydrogen plasma of density np,H ≈ 1.78 × 1016 cm−3, corresponding to a plasma

wavelength λp ≈ 250µm. The sum of the wakefield is presented such that the

misaligned plasma photocathode laser is visible, releasing helium electron (purple

dots) off-axis within the electrostatic trapping potential (blue) ∆Ψ. Data produced

by the author for [41]. This work is openly licensed via CC BY 4.0.

Electrons released off-axis obtain a transverse kick from the wakefield and experience

an effective reduced trapping potential according to Eq.(3.39).

Like the timing jitter, the witness beam’s initial misalignment release position does

not translate into centroid amplitude on the same scale in the blowout. When the

witness beam is trapped, the centroid oscillation amplitude is adiabatically damping

with increasing electron beam energy [41]. For example, at just a few tens of MeV at the

end of these simulations, the centroid amplitude is below µm-level [41]; further reduction

of the centroid amplitude is potentially expected when the witness beam is accelerated to

higher energies and is expected to contribute to pointing stabilisation. This self-aligning

feature of the witness beam injected with plasma photocathodes into the blowout could

be highly beneficial for satisfying the tight alignment tolerances of subsequent beam

transport line elements and the undulators in XFELs. This is in contrast to electron

beams injected externally into the wakefield at relativistic energies, where the electron

beams will maintain their initial misalignment during trapping and perform betatron

oscillation with their initial centroid amplitude and potentially translate into pointing
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Table 4.1: Witness beam parameter summary of plasma photocathode laser jitter analysis.

Beam parameter Timing jitter Pointing jitter Laser amplitude jitter

∆τ ∆X ∆a0

Energy W (MeV) 72.38 ± 0.69 72.15 ± 0.59 71.69 ± 0.68

Energy spread (%) 1.52 ± 0.11 1.41 ± 0.05 1.38 ± 0.15

Charge (pC) 2.375 ± 0.006 2.371 ± 0.005 2.41 ± 0.42

Peak current Ip (kA) 1.23 ± 0.21 1.32 ± 0.21 1.56 ± 0.11

Bunch length (µm) 0.22 ± 0.04 0.19 ± 0.03 0.17 ± 0.02

Normalized emittance ϵn,x (nm rad) 15.11 ± 0.13 29.91 ± 11.80 15.17 ± 1.77

Normalized emittance ϵn,y (nm rad) 15.51 ± 0.12 15.38 ± 0.48 15.66 ± 1.90

5D brightness (×1018 A m−2rad−2) 10.45 ± 1.65 7.11 ± 3.66 13.5 ± 2.40

jitter at the plasma stage exit. For example, the recent experimental results on external

injection in PWFA [300] suggests that angular misalignment between driver and witness

beam of the order of 0.25 mrad < ∆x′ < 0.5 mrad can result in normalized emittance

growth on the order of ∆ϵn ≈ 1µm-rad. A simplified geometric consideration can

contrast this to the misalignment study in this section. Comparably, the misalignment

of the plasma photocathode injector laser pulse relative to the driver beam by up to

∆Y = 10µm corresponds to pointing angle of ∆Y ′ ≈ arctan(∆Y/0.5λp) ≈ 80 mrad,

where the plasma wavelength is λp ≈ 250µm. The resulting maximum normalised

emittance growth in plasma photocathode injection is ∆ϵn ≈ 0.05µm-rad in this study.

This shows that the plasma photocathode injection could potentially tolerate orders of

magnitude larger angular misalignment while allowing normalized emittance preservation

on the nm-rad scale.

Summarizing, the spatiotemporal alignment synchronization and intensity variation

study indicate that witness beam properties are highly stable, even when considering the

realistic variation of plasma photocathode laser parameters. Statistical analysis of the

data in the table (4.1) reveals that witness beam parameter stability is exceptional, with

variations in energy on the sub-MeV scale, relative energy spread variation of ±0.15%,

charge variation at sub-pC to fC level, peak current variation at the sub-kA level, and

normalized emittance jitter at the nm-rad level. These stability values are either on the

same level as state-of-the-art or exceed the stability by orders of magnitude in absolute

values. For instance, in the design considerations of LCLS at SLAC [301], energy stability
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4.2 witness beam parameter stability and future directions

Figure 4.15: Influence of misalignment of the plasma photocathode laser pulse relative

to the blowout axis on the witness beam properties. Witness beam parameter

variation is shown as a function of plasma photocathode misalignment ∆Y relative

to the blowout axis. Data generated by the author for [41]. This work is openly

licensed via CC BY 4.0.
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< 0.1 %, charge stability < 2 %, peak current stability < 12 %, and emittance stability

on the order of 0.1µm-rad were considered acceptable for the world-first hard XFEL.

From a plasma-based accelerator perspective, the stability of witness beam parameters

is exceptional. It can be further improved by reducing the plasma photocathode laser

pulse jitters below the values assumed for the current study. Most importantly, the 5D

brightness of these beams is maintained at the 1018 − 1019 (Am−2rad−2)-level across the

parameter variations, as evident from the table (4.15).

4.3 discussion

In summary, the FACET E-210 experiment was successful in demonstrating key mile-

stones such as the feasibility of plasma photocathode injector [39], the realization of the

first density downramp injection in PWFA [166], the development of plasma afterglow

based spatiotemporal alignment diagnostics for intense particle and laser beams [38].

A more detailed summary of the E-210 achievements is provided in [40, 41]. The ro-

bustness of the plasma photocathode injection method is evident from the fact that the

injection even worked under highly constrained experimental boundary conditions. A

thorough review, evaluation, and interpretation of the E-210 experiment informed the

next-generation plasma photocathode experiment at SLAC FACET-II and elsewhere,

and it revealed general strategies for improving PWFA stage stability for plasma photo-

cathodes. For example, reproducible electron driver beams and wide plasma sources are

the primary components for a stable PWFA stage. Wide plasma sources allow operation

at longer plasma wavelengths, significantly benefiting plasma photocathode-produced

witness beam quality, stability, and tuneability. Indeed, an extensive jitter analysis of the

plasma photocathode injection laser demonstrates exceptional witness beam parameter

stability comparable to or even better than state-of-the-art. The findings are highly

encouraging towards the next generation of plasma photocathode implementation and

provide valuable guidelines for designing the ultra-high brightness PWFA stage for the

XFEL application in this work.
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5
A N O V E L E L E C T R O N B E A M E N E R G Y C H I R P

C O M P E N S AT I O N M E T H O D

This chapter provides a detailed analysis of the challenges that arise during electron beam

acceleration, extraction and beam transport when considering the large longitudinal

energy chirp inherent to plasma-accelerated electron beams. The impact on electron beam

quality and quality preservation is evaluated, and how this may limit their suitability for

high-demanding applications, such as XFELs. Further, state-of-the-art and plasma-based

energy chirp compensation technologies (dechirping methods) are reviewed, concluding

that none are compatible with ultra-high 5D brightness electron beams anticipated

from plasma photocathode injection in PWFA. Initially, this realization triggered the

invention of a new technique to compensate for the energy chirp of ultra-high 5D

brightness electron beams directly within the same plasma stage, where witness beam

injection and acceleration occur. The proposed approach has been validated using an

advanced 3D PIC simulation, and its stability, limitations, and capabilities are discussed

in detail. The conclusive results are published by the author as equally first authors in

[42] and as an inventor in [302], and the follow-up explorations are partially contributed

to [41, 43].

5.1 a path towards ultra-high 6d brightness electron beams

This section introduces a novel energy chirp compensation method to reduce the

energy spread of ultra-high 5D brightness electron beams from plasma photocathode

towards ultra-high 6D brightness electron beams required for high-gain hard XFELs.

First, dechirping methods are reviewed, and the motivation for a novel energy chirp
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5.1 a path towards ultra-high 6d brightness electron beams

compensation approach is outlined. Then, the basic idea and reasoning of the concept

are introduced. Finally, the concept is elaborated in a fully explicit 3D PIC simulation.

5.1.1 Review of energy chirp compensation methods

The energy spread criterion is crucial in free-electron laser interaction, as discussed in

chapter (2). The total projected energy spread consists of the uncorrelated (slice) and

the correlated (energy chirp) energy spread. Both energy spread contributions must

be minimized to achieve projected (slice) compact 6D phase space electron beams. In

conventional accelerators, energy chirp is intentionally imposed on the electron beam

longitudinal phase space to take advantage of the particle path differences in magnetic

chicanes for electron beam compression, as discussed in section (2.1.4). Typically, off-

crest acceleration of the electron beam in rf-cavities is utilized to obtain energy-chirped

beams with projected relative energy spreads of ∆W/W < 0.5 % [303].

In contrast, the acceleration of electron beams in a plasma-based accelerator inherently

results in the development of energy chirp due to the "sawtooth" shaped accelerating

gradient with peak fields at the 10-100 GV/m scale. The witness beam trapped at the

accelerating phase of the wakefield in figure (5.1) (a) shows a substantial difference in

the level of acceleration between the witness beam head and the witness beam tail. As

a result, the witness beam head has lower energy than the witness beam tail, leading to

a significant accumulation of energy chirp over the acceleration distance in the plasma

wakefield accelerator. The longitudinal phase space of a witness beam with the typical

negative energy chirp is illustrated in figure (5.1) (b) at the end of the acceleration.

The negative energy chirp can lead to several issues, including the one discussed in

section (3.2.7). Extraction of energy-chirped electron beams from the plasma-based

accelerator stage can significantly compromise electron beam normalized emittance

due to non-matched transverse forces. The impact of non-matched transverse forces on

the electron beam quality can be partially minimized using specialized plasma density

extraction ramps [275, 276]. However, it still results in 0.1µm-rad scale emittance growth

at best, which is unacceptable for electron beams with nm-rad normalised emittances.

Additionally, chromatic aberration during electron beam capture and transport in a

subsequent beam transport line can dramatically deteriorate electron beam normalized

emittance and quality due to the significant energy spread/chirp [304–307]. Also, emit-
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tance growth can occur during entry or reentry into a subsequent plasma accelerator

stage in a multi-stage accelerator approach [308, 309]. The energy spread/chirp can

compromise or even prevent the XFEL interaction (see section (2.2.3)). Preserving

electron beam emittance on the nm-rad level is nearly as important and challenging

as generating electron beams with nm-rad emittance. Hence, solving plasma-based

accelerators’ energy spread and chirp challenge is paramount for enabling ultra-compact

PWFA-based XFEL while preserving the normalised emittance of electron beams on the

nm-rad scale. Below, a few relevant energy spread compensation methods are reviewed.

Figure 5.1: Reduced model based on 1D cold fluid calculation of witness beam

acceleration in a PWFA stage. (a) On-axis wakefield excited by a Gaussian-

shaped electron driver beam (red solid line) with a trapped witness beam (purple

solid line) and (b) the final longitudinal phase space of the witness beam at the

end of the acceleration with the projected longitudinal density (top panel, purple

line) and energy spectrum (right panel, purple line). The witness beam developed a

significant time-energy correlation due to the steep acceleration gradient (top panel,

blue line) at the trapping position.

Passive corrugated metal structures [310, 311], self-induced wakefields in dielectric

structures [312], and phase space rotation that uses the rf-dephasing techniques [303]

are state-of-the-art technologies that can handle relative energy spreads or chirps of up

to ∆W/W < 0.1 − 0.5 %. This is because the wakefields generated by these structures

for dechirping have magnitudes of approximately MV/m, which results in dechirping

efficiency of the same order MeV/m. However, accelerated electron beams in a plasma-

based accelerator typically exhibit projected energy spreads one order of magnitude

larger, approximately ∆W/W ≃ 1 − 10 %, compared to linac-generated electron beams.
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5.1 a path towards ultra-high 6d brightness electron beams

Additionally, conventional methods can only be applied after the plasma stage. Therefore,

state-of-the-art technologies are not well suited for plasma-based electron beams.

Beam loading in the plasma accelerator stage via the witness beam is proposed in early

studies to create a uniform accelerating gradient at the witness beam trapping position

by shaping electron beam current profile [269, 270, 313] (see also theory discussion

in Sec.(3.2.6)). In this approach, optimal beam loading is obtained with carefully

tailored triangular-like or uniform current profiles of witness beams at the corresponding

accelerating phase within the wakefield, typically at multi-kA peak currents (see figures

(3.13)-(3.14)). A Gaussian-like beam may lead to a non-uniform accelerating gradient,

resulting in an electron beam with substantially non-linear longitudinal phase space

curvature. The core of the electron beam may be dechirped while the head and the

tail may still accumulate significant energy chirp during the acceleration. The first

experimental evidence for non-linear phase spaces due to beam loading is presented in

[314]. Figure (5.2) (a) shows the beam loading of a Gaussian-like electron beam, and

figure (5.2) (b) presents the resulting longitudinal phase space of a witness beam. Large

chirped wings in longitudinal phase space may turn into unwanted current spikes at the

head and tail of the electron beam in a dispersion section of a beamline or within the

undulator and generate CSE radiation [121, 315]. Additionally, recent theoretical studies

suggest that maintaining the energy chirp during the acceleration can help mitigate

witness beam housing instabilities due to the BNS-like damping effect (see detailed

discussion in section (3.2.7)) and possibly minimize coherent density modulation along

the witness beam due to the betatron oscillation.

The plasma photocathode injection method can produce a witness beam with sufficient

charge for beam loading. For example, simply by tuning the HIT density, the plasma

photocathode laser pulse releases different amounts of charge even if no laser parameters

are tuned or by tuning the laser pulse energy, duration or spot size. As discussed in

sections (3.2.5)-(3.1.3), the integrated ADK ionisation rate and the background HIT

density define the total amount of charge. Typically, an injector laser pulse with a

Gaussian temporal profile produces a witness beam with a Gaussian-like current profile,

which would limit the reach of the projected relative energy spread as discussed above

and in section (3.2.6). A witness beam with a flat-top or triangular current profile can

also be produced by precisely controlling the amount of charge released as a function of

time via the properties of the plasma photocathode laser pulse in combination with the
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5.1 a path towards ultra-high 6d brightness electron beams

Figure 5.2: Calculation based on a reduced model of witness beam loading of the

wakefield in a similar PWFA stage as in Fig.(5.1). (a) On-axis wakefield

beam loaded by a Gaussian-shaped witness beam (purple solid line) and (b) the final

longitudinal phase space of the witness beam at the end of the acceleration with the

projected longitudinal density (top panel, purple line) and energy spectrum (right

panel, purple line). The phase space is flat at the centre of the witness beam with

non-negligible energy chirp at the wings due to the non-linear loaded accelerating

gradient (top panel, blue line) at the trapping position.

density form factor of the background HIT species. However, this requires a completely

different class of plasma photocathode injectors and will be explored and tested in

future works.

Additionally, in the blowout regime, electron beams with tens to hundreds of pC charge

are required to obtain the necessary multi-kA beam currents for beam loading of the

GV/m-scale wakefields. Releasing this large amount of charge may induce a non-negligible

space charge-driven emittance growth due to the rapid velocity compression of the

witness beams to kA peak currents during the trapping process. Because electrons born

at rest are in particular vulnerable to space charge repulsion effects [145], comparable to

the space charge degradation effects observed in conventional electron guns [316, 317] (see

also section (2.1.4)). Nevertheless, beam loading with standard plasma photocathodes

could produce witness beams of sufficient quality for soft X-ray FELs; however, hard

XFELs may require different solutions for the energy chirp compensation of ultra-high

5D brightness electron beams.

Some other plasma-based dechirping techniques propose complex plasma density

modulation or accurate shaping of the plasma profile [318–320] for alternating the
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witness beam between different phases of the wakefield. These methods require exact

matching of the witness beam to the changing wakefields along the entire length of the

plasma-based accelerator. Further, multi-stage approaches use wakefields produced in a

subsequent plasma stage by the witness beam itself or via PWFA or LWFA to reverse

the energy chirp of the witness beam [321–324]. But, multi-stage approaches may suffer

from emittance growth on the 0.1 − 1.0µm-rad level during the extraction and face

spatiotemporal misalignment issues of the witness beam into the subsequent plasma

stage and are incompatible with fs duration and ultra-high 5D brightness electron beams

anticipated from plasma photocathodes.

In conclusion, it is crucial to eliminate the energy chirp of the electron beam for beam

quality preservation before the beam is extracted from the plasma accelerator stage and

transported through the post-plasma electron beam line. At the time of the research,

none of the state-of-the-art methods were compatible with electron beams anticipated

from plasma photocathodes. Even recently proposed plasma-based dechirping methods

[318–324] can not cope with nm-rad emittance beams. Therefore, the shortcomings of

the methods to deal with ultra-high 5D brightness and ultra-low emittance witness

beams in the same plasma stage have motivated the development of a novel energy chirp

compensation method described in this chapter. The following section (5.1.2) outlines

the basic principles of this novel dechirping method.

5.1.2 Basic concept of the energy chirp compensation approach

Ironically, the idea behind the novel energy chirp compensation method is already

embedded in the sawtooth-shaped accelerating gradient of the wakefield. The typical

negative energy chirp originates from the linear slope of the accelerating gradient,

resulting in the witness beam head-tail energy correlation shown in figure (5.3) (a).

Conversely, at the blowout vertex, where the wakefield slope is reversed, a witness beam

trapped in this position will accumulate a positive energy chirp during acceleration. The

witness beam head experiences a higher accelerating gradient than the witness beam tail.

Initially, the approach was to trap the witness beam at the blowout rear to accumulate

a positive energy chirp. Then, a gentle plasma density downramp would have elongated

the plasma wavelength at a later acceleration stage, placing the witness beam at a

wakefield phase position with an opposite slope and initiating dechirping. However, this
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implementation proved unfeasible in the blowout regime because the applicable region

with accelerating and focusing fields at the blowout rear is tiny and notoriously unstable.

It would require the exact timing of the witness beam concerning the wakefield phase

and exact control over the plasma density profile initiating dechirping. Nevertheless, the

idea of using a reversed accelerating gradient slope for dechirping persisted, albeit in a

more controlled way, with beam loading of a second electron beam overlapped spatially

with the witness beam.

In this novel dechirping method, first, a high-quality witness beam is injected via the

plasma photocathode into the wakefield and is accelerated to relativistic energies. During

the acceleration, the witness beam accumulates a negative energy chirp. With increasing

beam energy, the witness beam will be more immune against space charge-induced

quality degradation because of the decaying space charge force scaling Fsc ∝ γ−2
rel .

Note that already at a witness beam energy of 100 MeV, the space charge forces are

suppressed by γ−2
rel = 200−2 ≈ 2.5 × 10−6 . At the later stage of the acceleration, when

the witness beam becomes relativistically stable, an additional tailored, high-charge

electron bunch (”escort” bunch) is spatially overlapped with the witness beam at

its trapping position (see figure (5.3) (b)). For example, figure (5.3) (b) shows that

an escort bunch with density nb/n0 = 0.5 can flatten the local wakefield while c) and

d) demonstrate overloading of the accelerating gradient slope [325, 326] if the escort

bunch density is increased further to nb/n0 = 1.0 and nb/n0 = 1.5 , respectively. In

the first scenario (nb/n0 = 0.5 ), the energy chirp of the witness beam accumulated

until then is frozen, and no further energy chirp is added due to the flat wakefield. In

the latter one, active dechirping is induced. Here, the witness beam tail (high energy

electrons) is subject to a lower accelerating gradient than the witness beam head (low

energy electrons). This initiates a counter-clockwise rotation in the longitudinal phase

space of the witness beam. While the witness beam undergoes this counter-clockwise

rotation, the optimum extraction position from the plasma stage is when the energy

chirp is compensated, and the projected energy spread is minimized. As such, the charge

density values of the escort bunch enable an independent tuning parameter to modify

the accelerating gradient at the witness beam trapping position. Figure (5.3) is based

upon The reduced model derived in section (5.1.3).
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Figure 5.3: Reduced model calculation based on the 1D fluid equations of the escort-

bunch-based dechirping concept. The plasma wave of density n0 = 1.1 ×

1017 cm−3 is being driven by a non-evolving electron beam (red curve), propagating

to the right. The on-axis longitudinal electric field Ez (blue line) and electrostatic

potential ϕ (dashed black line) can be loaded by adding an escort bunch (green curve)

with charge density nb. The escort bunch can flatten or reverse the longitudinal

electric field locally. Four cases to consider: (a) unloaded case (nb = 0), where the

position of the witness beam nw (purple curve) and its resulting energy chirp is

indicated schematically, (b) nb/n0 = 0.5, (c) nb/n0 = 1.0 and (d) nb/n0 = 1.5. The

electron witness beam position and size (purple) are indicated, allowing the electric

accelerating field that the witness would sample to be visualized. The insets in (a,d)

are the longitudinal phase spaces of the witness beam, which indicate the phase

evolution for the (a) unloaded and (d) loaded cases. Produced by the author for [42].

This work is openly licensed via CC BY 4.0.
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5.1.3 Reduced model development of the novel energy chirp compensation concept

A one-dimensional semi-analytical model is developed to study the basic features of

the escort-bunch-based dechirping method qualitatively while still providing a sufficient

theoretical description of the underlying physics. The starting point of the derivation is

the quasi-static 1D cold fluid model of the plasma wakefield discussed in section (3.2.2).

First, the system’s total charge density ρtot,new is determined by considering the witness

beam and escort bunch charge densities and the contributions from the electron driver

beam, plasma ions and plasma electrons. Hence, the total charge density contributions

in plasma read

ρtot,new = −e(ne − n0 + nd + nw + nesc), (5.1)

where nw and nesc represent the charge distribution of the witness and escort beam,

respectively. The charge distribution of electron driver beam nd(ξ), witness beam nw(ξ)

and escort bunch nesc(ξ) are defined as a function of the co-moving coordinate ξ. The

background plasma electrons ne and ion charge density profile n0 are assumed uniform.

As discussed in section (3.2.2), the wakefield is excited by a relativistic non-evolving

electron driver beam nd with velocity vd ∼ vph ∼ c0 in the quasi-static approximation.

The Poisson equation of the system is obtained by following the algebra introduced in

section (3.2.2). This allows the formulation of a differential equation of the electrostatic

potential as

k−2
p
∂2ϕ0
∂ξ2 = nd(ξ) + nesc(ξ) + nw(ξ)

n0
+ 1

2(1 + ϕ0)2 − 1
2 . (5.2)

The co-moving coordinate ξ is independent, and the electrostatic wake potential ϕ0 is a

dependent variable. Solving this Inhomogeneous Second Order Differential Equation

analytically is challenging for arbitrary configurations of nd(ξ), nw(ξ), and nesc(ξ);

however, numerical methods can provide an approximated solution to Eq.(5.2). The

axial electric wakefield is computed with Ez(ξ) = −Ewbdξϕ0(ξ) as a function of ξ, where

ϕ0 is a solution to Eq.(5.2).

Once the axial wakefield Ez(ξ) expression is obtained, it allows deriving a simple

term for the witness beam energy gain. The dephasing-free acceleration in PWFA

(vd ∼ vph ∼ c0) allows a non-evolving accelerating gradient to be assumed at the witness
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beam trapping position, meaning ∂tEz,w = const. Then, the change of the relativistic

Lorentz factor dγrel per unit length element dz is

dγrel = e

mec2
0
Ez,wdz. (5.3)

Here Ez,w is in units of eV/m. Integrating the above expression over the acceleration

distance zacc yields

W = Ez,wz +W0, (5.4)

where W ≈ γrelmec
2
0/e is the final energy of an electron beam, and the integration

constant W0 = γ0mec
2
0/e is the initial energy. Equations (5.2-5.4) build the semi-

analytical framework for the escort-based dechirping approach.

The initial exploration of the dechirping method with the reduced model is approached

by solving the problem in two parts. First, the wakefield is calculated with a trapped

witness beam at the accelerating phase. This wakefield calculation is then used to

determine the acceleration of the witness beam and its longitudinal phase space evolution.

Second, at the release position of an escort bunch, the wakefield is recalculated to account

for the beam loading of the escort bunch at the witness beam trapping position, and

the evolution of the witness beam longitudinal phase space is advanced.

Figure (5.4) (a) shows the on-axis wakefield Eacc excited by the relativistic electron

beam (red line) with Gaussian-shaped charge density at a maximum value of nd/n0 = 3.

The Gaussian-shaped witness beam (purple line) is placed at the accelerating phase

of the wakefield. The peak charge density of the witness beam nw/n0 = 0.1 is chosen

such that beam loading effects become negligible at the corresponding acceleration

phase of the wakefield. The initial longitudinal phase space density of the witness

beam is represented by a random multi-variable distribution with Gaussian distribution

in all directions. The initial witness beam of 1 MeV mean energy is loaded into the

wakefield without an initial energy chirp. Then, the witness beam is accelerated for

zacc = 0.1 m (see figure (5.5) (a)). The longitudinal phase space of the witness beam

is advanced according to Eq.(5.4). The typical negative energy chip is apparent due

to the local acceleration gradient Eacc,w indicated by the blue line in the top panel.

Now, a Gaussian-shaped escort bunch with nesc/n0 ≈ 1.1 is loaded into the wakefield,

which reverses the accelerating gradient at the witness beam trapping position (see

figure (5.4) (b)). The witness beam phase space from the first section interacts with the
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Figure 5.4: Reduced model calculation based on the 1D cold fluid equations. Reduced

model calculation of the on-axis wakefield based on the 1D cold fluid equations at

the acceleration phase (a) and dechirping section (b). The on-axis wakefield Eacc as

a function of the co-moving coordinate is represented by the blue line, the electron

driver beam normalized charge density nb/n0 (red line) excites the wakefield. The

purple line represents the accelerated witness beam charge density. In panel (b),

additionally, the charge density of the escort bunch is shown (green line), which

overloads the wakefield at the witness beam trapping position.

overloaded wakefield. It rotates counter-clockwise until the energy chirp is compensated,

as presented in figure (5.5) (b). Further acceleration leads to over-rotation of the phase

space (see in Fig.(5.5) (c)), and the witness beam develops a positive energy chirp. A

witness beam with a positive energy chirp might have exciting applications in its own

right; however, for minimized energy spread/chirp for FEL applications, the optimum

extraction position from the plasma stage is at the position shown in figure (5.5) (b).

Here, the linear energy chirp of the witness beam is nearly cancelled.

Figure (5.6) displays the evolution of the witness beam average energy W and projected

absolute energy spread ∆W during the acceleration and dechirping. The energy gain and

absolute energy spread increase linearly until the escort bunch is loaded into the wakefield

at zacc = 0.1 m. Then, the witness beam continues gaining energy linearly. However,

at a slightly reduced rate due to beam loading, the absolute energy spread drops in a

parabolic-like manner from its peak value of ∆Ws ≈ 25 MeV to its minimum value of

∆Wf ≈ 2.5 MeV at zacc = 0.21 m. The total absolute energy spread reduction amounts

to ∆Wdiff = ∆Ws − ∆Wf ≈ 22.5 MeV on a dechirping distance of zdechirp = 11 cm. This

suggests a dechirping efficiency of ηdechirp = ∆Wdiff/∆zdechirp ≈ 2 GeV/m. Note, the

dechirping efficiency is one order of magnitude better than state-of-the-art methods.
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Figure 5.5: Reduced model calculation of a witness beam’s longitudinal phase space

evolution during acceleration and dechirping. Reduced model calculation of a

witness beam’s longitudinal phase space evolution during acceleration and dechirping

in a single PWFA stage. Witness beam longitudinal phase space is presented just

before escort bunch release (a), at the optimum dechirping (b) and overcompensation

(c). The top and right panels show the charge projection (purple lines) to the

corresponding axis, and the local longitudinal wakefield (blue line) experienced by

the witness beam is overlaid in the top panels.

Beyond that optimum dechirping point, the energy spread increases again because of

the overcompensation.

In principle, this dechirping method applies to any configuration of injection methods

in PWFA or LWFA. However, the highest benefit is gained for witness beams with

cutting-edge emittance and ultra-high 5D brightness. The plasma photocathode injection

technique is a prime candidate for promising electron beams with ultra-high 5D brightness

compared with state-of-the-art and existing plasma-based accelerators, respectively.

Therefore, sufficiently dechirping an ultra-high 5D brightness electron beam has the

potential to produce electron beams with unprecedented 6D brightness. The versatile

capabilities of the plasma photocathode injectors in PWFA enable the generation of

multi-bunches [120]. This makes the plasma photocathode method a natural fit for

this dechirping scheme. The following section (5.1.4) scrutinises the dechirping concept

developed in this section with a proof-of-concept 3D PIC simulation. The configuration

in figure (5.7) schematically shows a potential setup for such a multi-bunch injector

configuration, which is approximated in the 3D PIC simulation.

In figure (5.7), a pre-ionization laser pulse generates a sufficiently wide plasma source,

counter-propagating from the bottom right, ionizing a background LIT medium. A

relativistic electron driver beam (red) from the top left sets up the blowout. A beam
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Figure 5.6: Cold fluid reduced model-based witness beam parameter evolution calcu-

lations during acceleration and dechirping. Witness beam parameter evolution

during acceleration and dechirping. The evolution of energy (top) and absolute

energy spread (bottom) before (blue solid line) and after (orange solid line) escort

bunch release is displayed. At the optimum dechirping point, the accumulated energy

chirp is nearly cancelled.

Figure 5.7: Escort-based dechirper setup. A potential experimental configuration for the

escort-bunch-based energy chirp compensation approach. Produced by the author

for [42] jointly with P. Scherkl. This work is openly licensed via CC BY 4.0.
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splitter divides the main injector laser pulse into two laser arms, which can be individually

focused by their parabolas with corresponding f-numbers. In this configuration, the

injector laser pulse 1 is tightly focused by parabola 1 and reaches its focal point (focus

1 ) at the start of the PWFA stage. This low-intensity laser pulse ionizes a background

HIT medium and liberates ultra-cold electrons directly inside the wakefield, resulting in

an ultra-high 5D brightness witness beam. At the later position in the plasma stage,

the second injector laser pulse with slightly higher intensity reaches its focal position

(focus 2 ) and releases a high-charge escort bunch. The release phase of the escort bunch

within the wakefields is set such that the trapped escort bunch position overlaps with

the witness beam. The dechirping of the high-quality witness beam commences when

the charge density of the escort bunch is sufficiently high, such that the local wakefield

is overloaded. A significant advantage of this all-optical configuration is that all laser

pulses originate from the same laser system. Hence, they intrinsically exhibit temporal

synchronization. Once the plasma photocathode injector is realized in the collinear

geometry, an additional laser pulse for the escort bunch does not impose significant

additional conceptual complexity.

5.1.4 Proof-of-principle 3D Particle-In-Cell simulation

This section presents a proof-of-concept 3D PIC simulation of the escort-bunch-based

dechirping in a single plasma photocathode PWFA stage. The 3D PIC simulation

enables studying the full extent of this configuration while considering various dynamics

and interaction effects, for example, resolving the electron driver beam and wakefield

interaction or the trapping dynamics of a witness and escort beam, respectively. The

main goal of this modelling effort is to showcase the feasibility of this dechirping

method while maintaining the computational costs and complexity at a manageable

level. Therefore, for this study, a plasma wavelength of λp ≈ 100µm has been chosen.

This keeps the simulation box size small enough to enable simulation over multi-cm

while allowing sufficiently small grid resolution to resolve relevant physics (see appendix

(8.2.2) for simulation box details).

The short plasma wavelength prohibits using the typically hydrogen/helium mixtures

for the LIT/HIT combination because of the electron driver beam ionization hot

spots resulting in dark current in PWFA as discussed in section (4.2). Therefore, the
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plasma medium here comprises a preionized lithium vapour of density np = nLIT ≈

1.1 × 1017 cm−3 (similar configuration as in early PWFA experiments at FACET [37]

and seminal plasma photocathode paper [144]) corresponding to a plasma wavelength of

λp ≈ 100µm. The HIT medium for the plasma photocathode lasers is simply the next

ionization level of lithium ions Li+ with the ionization energy of Ipot,Li+ = 75.64 eV.

Hence, the density of the HIT medium is the same as the plasma density nHIT = np.

This relatively high ionization threshold of Li+ compared to helium IHe = 24.58 eV

mitigates driver beam ionization for a broader range of electron driver beam parameters.

An ultra-relativistic bi-Gaussian electron beam of Qd = 2 nC charge at a mean energy

of Wd ≈ 10 GeV with ∆W/Wd = 1 % relative energy spread excites the plasma wakefield.

The driver beam is compressed to a r.m.s length of σz,d ≈ 20µm for resonant wake

excitation and is focused down to σy,x,d ≈ 7.5µm in both transverse dimensions with a

normalized emittance of ϵy,x,n = 5 mm-mrad. This results in a “pencil”-like driver beam

with peak density nd ≈ 6.4 × np, which exceeds the blowout condition by a margin and

drives a strong wakefield. A strong wakefield ensures that the electrostatic trapping

potential is ∆Ψ ≤ −1, allowing plasma photocathode injection in the PWFA stage. At

the same time, the wakefield and electron driver beam are tuned for a dark-current-free

operation of the accelerator. The electron driver beam parameters are well within the

specification of the SLAC FACET-II [296, 298] facility. Key results of this study are

discussed in figures (5.8)-(5.11).

Figure (5.8) shows snapshots of the wakefield at different positions in the laboratory

frame along the PIC simulation. In (a), the wakefield (colour-coded) is established by

the relativistic driver beam (red dots) moving to the right. The blue solid line shows

the longitudinal on-axis wakefield with peak accelerating gradient field of the order of

Ez,peak ≈ 80 GV/m at the rear of the blowout. Here, the first plasma photocathode laser

pulse of FWHM pulse duration of τ0,w = 25 fs with a normalized intensity of a0,w = 0.1

and r.m.s spot size of w0,w = 7µm is at its focal point and is in the process of releasing

Li+-electrons (purple dots) at a co-moving distance of ∆ξw,rel ≈ 50µm from the electron

driver beam centre of mass position. Because the intensity of the laser pulse is just

above the tunnel ionization threshold of Li+, the released electrons are cold [144, 145]

(see also discussion on laser ionization in section (3.1.4)). Combined with the confined

ionization volume, the occupied transverse phase space is compact, resulting in ultra-

low normalized emittance values of a few tens of ϵn ∼ nm-rad. Normalized emittance
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Figure 5.8: Snapshots of a 3D PIC simulation of the novel dechirping concept. It

shows the FACET-II-like electron driver beam (red dots) drives a PWFA stage in

the blowout regime, evidenced by the on-axis longitudinal electric field Ez (blue

solid line). The electrostatic on-axis potential ϕ is shown as a black dashed line and

reveals the ability of the blowout to trap electrons from rest. The witness beam

longitudinal charge profiles are presented as a purple solid line, and the escort bunch

is shown as a green solid line. The plasma photocathode ionization front is not

shown in (a), which releases the witness beam electrons (purple dots) by ionizing the

lithium ions. In (b), the witness beam is fully formed and accelerated to an energy

of W ≈ 500 MeV. In (c), the escort bunch is released, beginning to overload the

wakefield, and in (d), the escort bunch is entirely trapped, overlaps with the witness

beam spatially, and reverses the local accelerating field slope, causing the witness

beam to dechirp. Produced by the author for [42]. This work is openly licensed via

CC BY 4.0.
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degradation due to space charge repulsive effects is minimized thanks to the rapid

acceleration of the witness beam to relativistic energies, which allows the initial thermal

emittance to be maintained. The total charge released by the laser pulse amounts

to 5 pC and is quickly velocity compressed to a maximum length of σz,max ≈ 2µm

resulting in a peak current of Ipeak ≈ 2.0 kA. After the witness beam is fully formed, it is

further accelerated to high energies in the dephasing-free wakefield. After an acceleration

distance of ∆zacc ≈ 1.525 cm the witness beam gained Ww ≈ 500 MeV energy (see figure

(5.8) (b)). This makes the witness beam relativistically immune to space charge effects

thanks to the Fsc ∝ γ−2
rel scaling. In figure (5.8) (c) the much longer τ0,esc = 80 fs escort

bunch laser pulse with a higher normalized intensity of a0,esc = 0.11 and a r.m.s spot

size of w0,esc = 10µm reaches its focal point at zacc = 1.65 cm. It releases Li+ electrons

(green dots) at a distance of ∆ξesc,rel ≈ 80µm from the driver beam centre. The total

charge of Qesc ≈ 184 pC is trapped and is compressed to a maximum bunch length of

σz,max ≈ 11µm at the witness beam trapping position. Figure (5.8) (d) displays spatially

overlapped escort bunch (green dots) and witness beam (purple dots). The longitudinal

on-axis wakefield shows that the escort bunch peak current of Iesc,peak ≈ 14 kA suffices

to overload the wakefield at the witness beam trapping position. The witness beam

is fully engulfed within the dechirping region produced by the escort bunch. This is

possible because the injector laser pulse is specifically designed to produce a long enough

escort bunch, as the length of the escort bunch defines the overall dechirping region. The

production of witness and escort beams with significantly different properties is only

possible because both injector laser pulses can be independently adjusted and tuned for

their respective purposes. The versatile nature of the plasma photocathode injection

method is highly advantageous in this scenario.

Two factors are leveraged to produce a long escort bunch. Increased ionization volume

in the trapping potential, in combination with beam loading and space charge effects,

is exploited during the trapping process to produce a long escort bunch. The longer

injector laser for the escort bunch exhibits an increased spread of the ionization front

compared to the witness beam laser pulse. Therefore, the release volume maps a larger

region of the trapping potential, resulting in an overall longer escort bunch. Then,

during the trapping process, beam loading and space charge fields of already trapped

electrons prevent trapping at similar co-moving positions and result in the elongation

of the escort bunch. Overall, this naturally helps to enlarge the dechirping region and
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Figure 5.9: 3D PIC-simulation results of the longitudinal phase space evolution. 3D

PIC-simulation results are depicted, showing the longitudinal phase space evolution

of the negative chirped witness beam just before escort bunch release (a), after

dechirping distance of ∆zacc = 0.35 cm (b) and at zacc = 2.4 cm at optimum

dechirping (c). Continued propagation results in further counter-clockwise phase-

space rotation and drives the witness beam to accumulate positive energy chirp.

Produced by the author for [42]. This work is openly licensed via CC BY 4.0.

may provide an intrinsic remedy against potential laser pulse timing jitters. Overall,

the overloading region is formed as predicted by the considerations in section (5.1.2)

and dechirping of the witness beam is observed, as discussed below.

Figure (5.9) displays the evolution of the longitudinal phase space of the witness

beam during the dechirping process. In (a), the witness beam longitudinal phase space

is shown at the laboratory frame position zacc ≈ 1.6 cm just before the escort bunch

release. Here, the witness beam is accelerated for approximately ∆zacc ≈ 1.525 cm and

exhibits a typical negative energy chirp inherent to plasma-based accelerators. When the

escort bunch is released at zacc ≈ 1.65 cm (see figure (5.8) (c)) and is entirely trapped at

the witness beam position the dechirping process sets in. In (b), the longitudinal phase
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space of the witness beam is already rotated counter-clockwise while the overloaded

local wakefield further accelerates the witness beam to higher energies. This observation

aligns with the predictions from the semi-analytical model introduced in section (5.1.2).

In (c), the energy chirp of the witness beam is compensated. The absolute energy

spread is reduced down to a minimum value of ∆Wrms ≈ 2.56 MeV at a mean energy

of Wmean ≈ 770 MeV. This optimum dechirping position is considered for extraction

from the plasma stage, for example, for FEL or other applications demanding low-

energy spread beams. In (d), the acceleration and dechirping process is continued. As a

result, the witness beam phase space rotates further counter-clockwise. Eventually, it

accumulates a positive energy chirp such that the head of the witness beam has higher

energy than the tail.

The plasma photocathode injection method can potentially produce witness beams

with unprecedented 5D brightness. A minimized energy spread will transform an initially

ultra-high brightness beam into a witness beam with unprecedented 6D brightness, a key

milestone towards an ultra-high gain FEL interaction. Therefore, witness beam quality

preservation during the dechirping process is a mandatory requirement. Figure (5.10)

summarises the evolution of crucial witness beam properties during the acceleration

and dechirping process. In (a), the witness beam gains energy (black solid line) linearly

from the injection position at zi ≈ 0.075 cm over the entire simulation distance. The

absolute energy spread growth as a result of negative energy chirp accumulation to

a maximum value of ∆W ≈ 6.36 MeV at zacc = 1.6 cm. The escort bunch injector

laser starts to release electrons at zacc > 1.6 cm. This is approximately one Rayleigh

length ZR,esc ≈ 392µm before it reaches its focal point at zacc = 1.65 cm where the

laser ionization is peaking and decreases beyond that point when the laser pulse starts

diffracting. The trapped escort bunch starts to overload the wakefield locally and induces

the dechirping of the witness beam. After escort bunch release, the absolute energy

spread decreases in a parabolic-like shape to a minimum value of ∆Wrms,min ≈ 2.56 MeV

at the optimum dechirping position zopt = 2.4 cm (see figure (5.9) (c)). The relative

energy spread at this position is reduced by approximately one order of magnitude from

∆Wrms,max/Wmean ≈ 1.3 % to ∆Wrms,min/Wmean ≈ 0.3 % at the optimum dechirping

position at the mean witness beam energy of Wmean ≈ 770 MeV (see figure (5.10) (b)).

This corresponds to a dechirping efficiency of ηdechirp ≈ 500 MeV/m. The dechirping

efficiency is by a factor of four smaller than in the theoretical scenario in section (5.1.3)
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because the overloaded region slope in the PIC simulation is shallow compared to the

theoretical case. In (b), the relative energy spread (dashed blue line) follows a similar

trend as the absolute energy spread with an equivalent minimum position.

In figure (5.10) (b), during the initial trapping and then acceleration phase, the

normalized emittance (black solid line) in both planes decreases to a minimum value

ϵn ≈ 26 nm-rad at zacc = 0.6 cm and increases beyond this point likely because of

phase-mixing and decoherence of the phase space due to the accumulation of negative

energy chirp. Chromatic emittance growth nearly stops when dechirping is initiated, such

that the normalized emittance saturates at ϵn ≈ 32 nm-rad. In section (5.2.3), results

from a comparable scenario reveal that without dechirping, the normalized emittance

at the plasma stage exit may increase by a factor of two. Emittance preservation

is important because of its strong dependency in 5D (6D) brightness B5D,6D ∝ ϵ−2
n .

Hence, the emittance strongly dominates the evolution and the reach of the 5D (6D)

brightness of the witness beam, as evident from the figure (5.10) (c). The 6D brightness

additionally considers the relative energy spread of the witness beam. The 5D brightness

(black solid line) at the optimum dechirping point is at an unprecedented level of B5D ≈

2.0×1018 A/m2rad2 and thanks to the minimized relative energy spread the 6D brightness

of the witness beam is peaking at record values of B6D ≈ 5.5 × 1017 A/m2rad2/0.1%bw

as well. Beyond the optimum dechirping point, the 5D brightness remains unchanged.

However, the 6D brightness declines because the witness beam starts accumulating

a positive energy chirp, and the relative energy spread increases, as shown in figure

(5.10) (b). Therefore, for beams with the highest 6D brightness, the optimum dechirping

position is an ideal extraction point from the plasma stage.

In any PWFA, separation of the energy-depleted electron driver beam and the

high-quality witness beam is desirable or even required for clean utilisation of these high-

quality witness beams for applications. Foremost, a well-defined and isolated witness

beam at the entrance of an undulator will enable clean XFEL photon production, as

suggested in chapter (6). Therefore, the high-quality witness should be isolated from

the energy-depleted driver beam without quality loss in a dedicated electron beam line

downstream of the plasma stage. The energy difference between the electron driver and

the witness beam can be leveraged to separate these charge populations by introducing

a dispersion section in a beam transport line. A standard chicane can achieve such a

dispersion section (see section (2.1.4) on chicane), which will enforce path differences

145



5.1 a path towards ultra-high 6d brightness electron beams

Figure 5.10: Witness beam parameter evolution along the acceleration and dechirping

in the PWFA stage. Data shows the evolution of witness beam parameters from

the point of witness release up to the overdechirping stage. In (a), average energy

Wmean (black solid line) and r.m.s energy spread ∆Wrms (red dashed line) are

plotted. In (b), relative energy spread ∆Wrms/W (blue dashed line) and normalized

transverse emittance ϵn (black solid line), and in (c), 6D (purple dashed line) and

5D (black solid line) brightness are presented. The escort bunch is released at the

laboratory position of zacc = 1.65 cm (indicated by a green dotted line), leading

to the onset of witness beam dechirping. At the optimum point of zacc = 2.4 cm

in the laboratory frame, the minimum value of ∆Wrms is reached, leading to the

maximum 6D brightness. Produced by the author for [42]. This work is openly

licensed via CC BY 4.0.
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for the two charge populations due to the energy-dependent bending angle in dipoles.

In this case, the chicane also has the additional function of separating the escort bunch

from the witness beam. This does not introduce additional complexity because of the

sufficient energy separation between the escort bunch and witness beam, as highlighted

in figure (5.11). In chapter (6), a beam transport line, including a dedicated separation

line, is designed for the plasma-based XFEL. Additionally, controlled separation of

the beams may allow exploiting the driver and escort beams to be integrated into an

energy recovery scheme for high wall-plug efficiency of a PWFA stage [327]. While the

escort bunch has significantly lower brightness than the witness beam from a plasma

photocathode perspective, it is still exceptional compared to state-of-the-art beams and,

therefore, may be employed for less demanding applications [40, 41].

Figure 5.11: Longitudinal phase space of escort and witness beam at the end of the

PWFA stage. The longitudinal phase space of the witness beam (purple) and

escort bunch (green) is shown at the end of the plasma stage. The witness beam

has a flat phase space and has significantly higher energy than the escort bunch.

Produced by the author for [42]. This work is openly licensed via CC BY 4.0.

Summarizing, the proof-of-concept 3D PIC simulation demonstrates that the escort

bunch dechirping method is feasible and enables reduction of the relative energy spread

of an ultra-high 5D brightness beam by one order of magnitude down to 0.3 % level in a

single PWFA stage while preserving witness beam normalized emittance ϵn at the tens

of nm-rad level during the dechirping process. The minimum absolute energy spread is

minimized to ∆Wrms,min ≈ 2.56 MeV, which corresponds to the initial residual absolute

energy spread ∆Wres. Assuming that this residual energy spread is a constant quantity,
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then simple considerations suggest that dechirping at higher energies may allow achieving

lower relative energy spread values because of the adiabatic damping of the relative

energy spread with increasing witness beam energies ∝ ∆Wres/Wmean. The reduced

relative energy spread, in combination with the already ultra-high 5D brightness witness

beam, opens up the path towards witness beams with unprecedented 6D brightness,

peaking at record values of B6D ≈ 5.5 × 1017 A/m2rad2/0.1%bw in this study. For

comparison the 6D brightness reach of existing and upcoming state-of-the-art facilities is

B6D ≈ 7.0 × 1015 A/m2rad2/0.1%bw (EuXFEL), B6D ≈ 5.0 × 1015 A/m2rad2/0.1%bw

(SACLA), and B6D ≈ 1.4 × 1016 A/m2rad2/0.1%bw (LCLS-II) [328]. The 6D brightness

values of the witness beam exceed state-of-the-art rf-based accelerators by orders of

magnitude, even at considerably lower witness beam energy. Reducing the residual

energy spread and dechirping at higher energies may produce much higher 6D brightness

witness beams. Section (5.2) investigates pathways to increase the 6D brightness reach

of this new class of witness beams by understanding the origin of the residual energy

spread and determining the limitations and the stability of this approach.

5.2 capabilities and limitations of the energy chirp compensa-

tion approach

This section explores the origin of the residual energy spread and the theoretical reach

of energy spread of witness beams produced via the plasma photocathode. Then, the

impact of spatiotemporal jitters of the injector lasers is discussed, and the effects on

the minimum obtainable energy spread are investigated. Finally, extracting the witness

beam from the plasma stage is explored through various extraction downramps while

applying witness beam dechirping. The findings from these sections are an integral part

of the conceptual design of the plasma-based XFEL in chapter (6).

5.2.1 Witness beam energy spread reach

The witness beam’s projected (slice) energy spread is an elementary parameter for the

XFEL performance. Therefore, this section investigates the origin of the residual energy

spread ∆Wres, which remains after dechirping and determines the minimum achievable

relative projected and slice energy spread of the witness beam.
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In the PIC simulation presented in section (5.1.4), electrons liberated from the parent

atoms with the plasma photocathode laser are labelled with unique tags of increasing

float numbers corresponding to their "birth time". Particles released first have a lower

tag number than particles released later, and the evolution of individual macroparticles

of the witness beam is observed during the release, trapping and acceleration process.

This procedure allows for monitoring the formation of the longitudinal phase space of

the witness beam and enables a deeper investigation of the process.

Figure (5.12) shows the longitudinal phase space of the witness beam at the optimum

dechirping position, colour-coded with the particle tags. It shows that particles released

first (blue) have higher energy than particles released last (red). This leads to an

energy deviation from the mean energy and defines the width of the energy deviation,

representing the maximum residual energy spread of the witness beam. This observation

suggests that the plasma photocathode laser pulse and the plasma wakefield accelerator

may largely determine the residual energy spread. A similar observation in related

schemes in LWFA is also reported [329], but quantification has not yet been provided.

Therefore, a scaling law for the residual energy spread of the witness beam is derived

based on the observation made in the PIC simulation.

A few assumptions are needed to simplify the algebra. The blowout is assumed to

be strong enough to support plasma photocathode injection. The charge density of the

witness beam is sufficiently low compared with the plasma density nw ≪ np; therefore,

beam loading effects are negligible during the trapping process. Further, the injector laser

pulse duration is significantly smaller than the inverse of the plasma frequency τ0 ≪ ω−1
p .

Hence, the ionization front movement of the laser pulse is negligible compared with the

blowout length, such that electrons are released at the same wakefield phase. As a direct

consequence, particles are released at the same trapping potential value and, therefore,

are trapped at approximately the same position in the rear of the wakefield. Finally,

the laser pulse waist is much smaller than the blowout radius w0 ≪ Rb, constraining

the betatron amplitude of the particles during the release process.

Consider a plasma photocathode laser pulse reaching its focal point at zw,focus with

an a0 just above the tunnel ionization threshold of a HIT medium. The laser pulse

starts exceeding the ionization threshold approximately at one Rayleigh length ZR

before the focal point (see section (3.1.4) for laser ionization), meaning that the first

electron e−
1 is released at zioniz,i = zw,focus − ZR. The ionization increases at the focal
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Figure 5.12: Witness beam longitudinal phase space at the optimum dechirping.

Witness beam longitudinal phase space at the optimum dechirping point colour-

coded with birth time during the release process. Electrons released first in the

wakefield are blue, and electrons released last are red. Slice witness properties are

presented in the top panel. The energy spread projection is in the right panel.

Produced by the author for [40, 42]. This work is openly licensed via CC BY 4.0.
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point and decreases beyond that point because of laser pulse diffraction. The release

of electrons stops one Rayleigh length after the focal point, meaning that the last

electron e−
2 is released at zioniz,f = zw,focus + ZR. The total ionization length is then

∆zioniz = zioniz,f − zioniz,i = 2ZR. Therefore, the release time difference between the first

and the last electron is tioniz = 2ZR/c. This means when the last electron is released

at rest by the time tioniz, the first electron has already been accelerated by a distance

of 2ZR in the laboratory frame at its trapping position in the co-moving frame and

corresponding electric field Eξ,trap. This difference in energy gain determines the residual

energy deviation. With these considerations in mind, the maximum energy deviation or

residual energy spread reads

∆Wres,max = W1 −W2, (5.5)

where W1 and W2 are the energies of the first and last released electron, respectively.

The first term in the expression is obtained by considering the acceleration of the first

electron over a distance of 2ZR at the trapping position by the corresponding electric

field Eξ,trap. Mathematically it reads

∆Wres,max = Eξ,trap × 2ZR. (5.6)

The second term in equation (5.5) vanishes because the last electron is born at rest,

implying W2 = 0.

Equation (5.6) computes the maximum absolute energy spread as a function of the

accelerating electric field and injector laser Rayleigh length. However, a more common

measure is given by the r.m.s value of the absolute energy spread. The spectral density

of the witness beam has a Gaussian-like distribution, as depicted in figure (5.12) (left

panel). The 5σrms range of this distribution takes approximately 99% of the witness beam

particles into account, indicated by the horizontal black dashed lines. Therefore, the

maximum energy deviation can be expressed as ∆Wres,max = 5×∆Wres,rms. Rearranging

this expression and plugging in the known quantities, yields for the r.m.s absolute energy

spread in units of eV

∆Wres,rms = ∆Wres,max
5

= 2
5 × Eξ,trap × zR

= 2π
5 × Eξ,trap × w2

0
λl

. (5.7)
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The residual energy spread depends linearly on the accelerating gradient and is

inversely proportional to the laser wavelength while strongly dependent on the laser spot

size. Equation (5.7) has been presented in [42] and later confirmed and extended by [330].

The extension considers the ionization spread σΨ in the injection phase as an additional

factor in Eq.(5.6). However, as the following calculations show, this contribution is small

due to the negligible ionization front movement. Eq.(5.7) predicts ∆W theo
res,rms ≈ 2.55 MeV

for the r.m.s residual energy spread when considering λl = 800 nm wavelength laser

pulse at a spot size of w0 = 7.0µm and the electric field value of |Eξ,trap| ≈ 33.19 GV/m

at the trapping position of the witness beam. This prediction is in excellent agreement

with the 3D PIC simulation result of ∆W sim
res,rms ≈ 2.56 MeV. The theoretical prediction

and simulation deviate only by 0.4 % from the value provided by the scaling law. This

substantial agreement between the PIC simulation and the simplified analysis indicates

that the residual energy spread is predominantly determined by the release duration of

electrons and the wakefield itself.

Further, one can approximate the electric field Ez,trap at the trapping position to

generalize the model. For example, one may use the cold wave-breaking field in Eq.(3.24)

or use more advanced wakefield models from section (3.2.2). However, the central

objective of this exercise is to gain physical insight into the relation between residual

energy spread and the plasma wavelength without introducing mathematical complexity.

Therefore, the cold wave breaking field is considered here, which suffices for the purpose.

Hence, the electric field at the trapping position is approximated by the cold wave

breaking electric field Eξ,trap ≡ E0 = cmeωp/e = 2πc2me/eλp, where the plasma

frequency is substituted with ωp = 2πc/λp. Combining these considerations in Eq.(5.7)

yields

∆Wres,rms = 4π2mec
2

5e × w2
0

λpλl
. (5.8)

The residual energy spread is inversely proportional to the plasma wavelength. Further,

equation (5.8) suggests that operation at a longer plasma wavelength will lead to a

smaller residual energy spread. This finding aligns well with the general beam parameter

stability strategy discussed in section (4.2). A larger blowout will result in higher beam

parameter stability, simultaneously allowing for a smaller residual energy spread and

reduced initial emittance due to minimized wakefield kicks, as discussed in section (4.2.2).

Overall, operation at longer plasma wavelengths with a tightly focused injector laser

pulse is a powerful strategy for minimizing the residual energy spread and enabling even
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higher 6D brightness beams. This trend is reflected in figure (5.13) where the relative

energy spread is plotted as a function of mean beam energy and plasma wavelength

based on Eq.(5.8). In figure (5.13) (a) the injector laser spot size is w0 = 5µm, while in

(b) it is slightly larger with w0 = 7µm. This shows that combining larger blowouts and

smaller injector laser spot size can yield projected and slice relative energy spread values

at the 0.1-0.01 %-level relevant for hard XFEL operation at a few GeV beam energies.

Figure 5.13: The reach of relative energy spread. Evaluation of Eq.(5.7)-(5.8) in terms of

relative energy spread as a function of witness beam energy and plasma wavelength

for two different injection laser waist sizes (5µm (a) and 7µm (b)). The top panel

highlights the adiabatic decrease of the relative energy spread as a function of beam

energy for a few selected plasma wavelengths.

In conclusion, a simple analytical model for the residual energy spread of the witness

beam produced via plasma photocathode is developed and extended. Based on this

model, plasma photocathode and PWFA stage parameters can be found to improve the

quality of witness beams further. Key findings are that the projected and slice energy

spread could be significantly enhanced by reducing ionisation volumes of the injector

laser in the co-moving frame, operating the PWFA stage at longer plasma wavelengths,

or decreasing wakefield amplitudes at the witness beam trapping position. Fortunately,

these measures for improving the energy spread will also contribute to the reduction of
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witness beam emittance and significantly increase the 6D brightness of witness beams.

The prospects of harnessing these ultra-high 6D brightness witness beams for hard

XFELs are highly promising. However, a crucial question remains: whether these witness

beams can be dechirped at high stability and, more importantly if they survive the

extraction from the plasma stage. These questions are addressed in the next section.

5.2.2 Energy spread stability

This section investigates the influences of spatiotemporal misalignment of the plasma

photocathodes producing the witness and escort beam. This will reveal whether the

minimum energy spread at the optimum dechirping can be produced reliably from shot-

to-shot when plasma photocathode laser offsets concerning the wakefield are considered.

As established in section (4.2.2), the temporal synchronization precision of the plasma

photocathode has a minor impact on the final witness beam trapping position when

operating near or at the trapping potential minimum. Additionally, the injector laser

pulses for the witness and escort beams are inherently synchronized because escort and

witness beam lasers originate from the same laser system, and, therefore, timing variation

between both laser pulses is regarded as a secondary factor. A potential transverse offset

of the injector laser pulse(s) concerning the wakefield axis and/or between both pulses is

considered. It may impact the final relative energy spread and dechirping efficiency. The

transverse offset of the escort bunch laser may not change the dechirping of the witness

beam significantly due to the self-aligning feature of electrons released at rest via the

plasma photocathode, as revealed in section (4.2.2). Therefore, the study in this section

focuses on the impact of witness beam laser misalignment while escort-bunch-based

dechirping is applied.

The 3D PIC simulation set-up in section (5.1.4) is a baseline case. Then, the witness

beam injector laser pulse is misaligned by up to 8µm in the transverse direction.

Figure (5.14) shows the evolution of witness beam energy (a), absolute (relative) energy

spread and energy chirp (b) after the escort bunch is released and trapped. The

solid lines indicate the baseline case, and the shaded region indicates the standard

deviation bands resulting from potential misalignment or shot-to-shot jitter of the

plasma photocathode laser pulse. In figure (5.14), the standard deviation bands reveal

that just before dechirping, the witness beams arrive at the escort bunch release position
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Figure 5.14: Impact of witness beam injector laser misalignment on the stability and

efficiency of the novel energy chirp compensation concept. In (a), witness

beam energy and absolute energy spread are presented. In (b), relative energy

spread and energy chirp evolution are depicted during dechirping. The shaded

regions indicate the confidence bands resulting from five transverse misalignment

cases up to 8µm. Produced by the author for [41]. This work is openly licensed via

CC BY 4.0.
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with different energy spreads. This can be attributed to slightly longer witness beams

with trapping positions further towards the blowout vertex. However, at the minimum

dechirping point, all beams approach similar minimum energy spread values at similar

laboratory frame positions. This behaviour may contradict a linear translation of a

jitter-to-beam parameter assumption. A closer look at the data in figure (5.15) reveals

a self-compensation effect, which is discussed below.

Figure 5.15: Correlation of various parameters with the witness beam injector laser

misalignment at the optimum dechirping point. In (a), the minimum (at the

optimum dechirping position) and maximum (just before escort release) relative

energy spread are presented. In (b), dechirping distances and efficiency are displayed,

and in (b), witness beam trapping position and witness beam length are plotted.

Decreasing trapping positions correspond to wakefield phases closer to the blowout

rear. Data published by the author in [43].

Indeed, figure (5.15) (a-b) supports the initial observation in Fig.(5.14) that the

minimum energy spread and dechirping distances do not change significantly, even

though the maximum relative energy spread increases with off-axis injection. Electrons

released off-axis are trapped slightly more downstream in the wakefield because the
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effective trapping potential is slightly lower, and the formed witness beam has a slightly

longer duration (see figure (5.14) (c)). These longer witness beams sample a wider phase

range of the wakefield, hence a larger range of accelerating electric field amplitudes, and

as a result, will accumulate a larger energy spread from head to tail. However, during

dechirping, the longer witness beam also covers a larger fraction of the dechirping area;

hence, the dechirping efficiency increases and counteracts the larger energy chirp of the

witness beams. This self-compensation is very interesting in its own right, and future

work will investigate it. However, here, it ensures that the relative energy spread of the

witness beams minimizes at a similar value and position at the plasma stage exit.

Summarising, misalignment of the injector laser pulse does not significantly impact

the dechirping during the acceleration. Even transverse misalignment of the injector laser

up to 8.0µm in the transverse direction in a λp ≈ 100µm does not impact the minimum

achievable energy spread and dechirping point within the PWFA stage. This is enabled

by a self-compensation effect counteracting the effects of injector laser misalignment on

the witness beam by a self-adapting dechirping efficiency mechanism. These results are

promising for exploiting ultra-high 6D brightness witness beams for applications such

as hard XFELs in chapter (6).

5.2.3 Extraction from the plasma stage

Extracting the witness beam from the plasma stage is highly delicate because of the

non-matched beam size and chromatic aberration; significant beam quality degradation

may occur, as discussed in section (3.2.7). A density downramp at the desired position at

the end of the plasma stage allows increasing the witness beam size gradually to a level

manageable by conventional particle beam optics at the exit of the plasma stage (see

detailed discussion in the results chapter (6)). Therefore, the extraction of witness beams

from the plasma stage and beam quality preservation obtained significant attention in

the scientific community (see section (3.2.7)). Additionally, the energy spread/chirp can

degrade the beam quality dramatically during the extraction, characterised by rapid

normalized emittance growth, compromising the brightness of the witness beam. To

understand the impact of extraction from the plasma stage in the present scenario, the

effects of extraction density downramps are investigated. The shape of these density

ramps, n ∝ exp(−z/L) and n ∝ cos2(z/L), where L is the length of the ramp, is largely
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motivated by laser-produced plasma source in section (3.1.4) and chapter (4) but also

other types of gas sources, such as plasma cells or gas jets may exhibit similar density

shapes. The aim of this section is not to investigate the best possible extraction density

ramp shape but rather to understand whatever the low energy spread and emittance

survives the extraction from the plasma stage. Hence, the performance of the novel

dechirping method in 3D PIC simulations and the impact on witness beam quality are

evaluated.

A similar 3D PIC simulation setup as in section (5.1.4) is considered a baseline

case. The witness beam is accelerated and is dechirped at the same position as in the

previous simulations. However, now at the propagation distance of z = 2 cm plasma

density downramps of the form n(z) ∝ cos2(z/L) in Fig.(5.16) and n(z) ∝ exp(−z/L)

in Fig.(5.17) are implemented releasing the witness beam into the vacuum. The length

of the ramps is scanned between Lramp = 7 − 9 mm to understand the sensitivity of

witness beam parameters to variations in downramp lengths. A reference case without

dechirping and extraction is included for comparison (grey lines).

The primary purpose of these extraction ramps is a gentle reduction of the accelerating

and focusing fields of the blowout, such that the witness beam may exit the plasma stage

in an adiabatic fashion. Both types of ramps studied in this thesis achieve this at different

rates along the propagation distance. However, the energy gain terminates quickly when

the plasma density approaches approximately n/np ≈ 0.5. This happens much quicker

for the exponential n ∝ e−z/L ramp than for the n ∝ cos2(z/L) ramp. Therefore, ramp

length variation has much less of an impact on the energy jitter with the n ∝ e−z/L

ramp, as evident from the relative energy jitter on the 0.1 %-scale. Overall, independent

of the extraction ramp form factor and length, the minimum dechirping point and

energy spread remain nearly invariant, as evident from the figure (5.16)-(5.17) and the

absolute energy spread at the optimum dechirping point varies on the keV-scale for both

cases. The dechirping action of the escort bunch is not affected by the extraction ramps

because the slope of the dechirping region is already overloaded. Therefore, decreasing

wakefield strength along the extraction ramps can not impact the dechirping region.

In figures (5.16)-(5.17) (c), the normalized emittance exhibits significant growth

without dechirping and extraction due to phase mixing in the witness beam (grey

solid lines). The dechirping is initiated at z ≈ 1.65 cm and the extraction density

downramps are released at z ≈ 2 cm. When dechirping is initiated, the emittance growth
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Figure 5.16: Witness beam dechirping and extraction investigation based on 3D PIC

simulation for a n(z) ∝ cos2(z/L) density extraction ramp. Extraction of the

witness beam with a n(z) ∝ cos2(z/L) shaped density downramp with different

ramp lengths L from the plasma stage and evolution of witness beam parameters

during dechirping and extraction are presented. The extraction density donwramp

profiles are normalised to the nominal plasma density np (a). The witness beam

parameters during dechirping and extraction are presented in (b) for the absolute

energy spread (solid lines) and energy evolution (dashed lines) and in (c) for

normalized emittance (solid lines) and divergence (dashed lines). The grey solid

and dashed lines are overlaid for comparison, where no dechirping and extraction

are applied.
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Figure 5.17: Witness beam dechirping and extraction investigation based on 3D PIC

simulation for a n(z) ∝ exp(−z/L) density extraction ramp. Extraction of

the witness beam with a n(z) ∝ exp(−z/L) shaped density downramp with different

ramp lengths L from the plasma stage and evolution of witness beam parameters

during dechirping and extraction are displayed. The extraction density downramp

profiles are normalised to the nominal plasma density np (a). The witness beam

parameters during dechirping and extraction are presented in (b) for the absolute

energy spread (solid lines) and energy evolution (dashed lines) and in (c) for

normalized emittance (solid lines) and divergence (dashed lines). The grey solid

and dashed lines are overlaid for comparison, where no dechirping and extraction

are applied.
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levels off and remains nearly constant until the optimum dechirping point, thanks to

the decreasing relative energy spread down to ∆W/W < 1%. The low energy spread

minimizes contributions of the chromatic amplitude W in Eq.(3.54) to the emittance

growth (see Sec.(3.2.7)). Beyond the optimum dechirping point, the witness beam

accumulates a positive energy chirp, increasing the relative energy spread. The larger

relative energy spread increases the chromatic amplitude, leading to emittance growth

by just a few nm-rad. Remember from section (3.2.7) in the literature, emittance growth

of the order of 0.1µm-rad is reported during extraction; it is regarded as acceptable

for beams with µm-rad initial emittance. The escort bunch dechirper and extraction

combined effect suggests that this approach may allow limiting emittance growth to

the nm-rad scale and enable the preservation of nm-rad scale normalized emittance

witness beams. The overall divergences are reduced after both extraction ramps below the

reference case minima, corresponding to σθ,ref ≈ 0.15 mrad. The divergence average value

and variation at the exit of the plasma stage is slightly better for the n(z) ∝ exp(−z/L)

ramp with σθ ≈ 0.089 mrad ± 0.02 mrad compared to the n(z) ∝ cos2(z/L) ramp with

σθ ≈ 0.13 mrad ± 0.04 mrad.

In conclusion, the novel dechirping approach works during extraction, and the perfor-

mance of the dechirper is unaffected by the extraction ramp shape or length. Witness

beams converge to the same absolute energy spread values at the optimum dechirping

position. The normalized emittance of the witness beam is preserved during dechirping.

The low energy spread also facilitates witness beam normalized emittance preservation

during extraction from the plasma stage at an exceptional nm-rad level. The diver-

gences of the witness beam are reduced, and the beam sizes are increased. Overall, the

performance of the n(z) ∝ exp(−z/L) shaped extraction ramp is much better regarding

final beam parameters and stability. The preservation of normalized emittance on the

nm-rad scale is in stark contrast to the commonly reported µm-rad emittance growth

during extraction from the plasma stage. The observations and findings are integral for

preserving beam quality during electron beam transport in a post-plasma beam line.

The possibility of energy, energy spread, and emittance stability is highly encouraging

for the feasibility of the dechirping approach for the PWFA XFEL application.

161



5.3 discussion

5.3 discussion

Generating ultra-high 5D brightness witness beams via the plasma photocathode in

PWFA is highly attractive. In particular, it combines an injector, compressor and

accelerator in a single plasma stage. However, having the capability of energy chirp

compensation in the same plasma stage was the missing piece towards generating ultra-

high 6D brightness electron beams and preserving them inside the plasma stage, during

extraction and in the post-plasma electron beam line. The lack of dechirping methods

capable of dealing with ultra-high 5D brightness electron beams and preservation of

beam emittances on the nm-rad-level inspired the development of a novel energy chirp

compensation approach.

This novel scheme for energy chirp compensation in PWFA is highly flexible because

the dechirping of the ultra-high 5D-brightness witness beam is decoupled from the

witness beam production. The central trick is to reverse the local wakefield at the

witness beam trapping position at a later acceleration stage via beam loading of a

second charge population (escort bunch). This ensures that the witness beam reaches

relativistic energies and becomes immune to space charge emittance degradation. With

this preservation of witness beam emittance on the nm-rad level can be facilitated during

dechirping. The proof-of-principle 3D PIC simulation suggests that the projected relative

energy spread of the witness beam can be decreased by at least one order of magnitude

to sub-1% level with prospects towards sub-0.1% level relative energy spreads at higher

witness beam energies. In principle, this method is fully scalable to the energy levels

required for HEP. In this thesis, attention is only devoted to GeV-level energies necessary

for the hard XFEL applications. The dechirping method is also applicable to other

plasma-based acceleration and injection methods. However, by far, the highest impact

is anticipated from applying the scheme to witness beams with already ultra-high 5D

brightness, as promised by the plasma photocathode injection in a dephasing-free PWFA.

Reduced relative energy spreads in conjunction with ultra-high 5D-brightness opens

the path to unprecedented 6D-brightness electron beams. An in-depth investigation of

witness beam release and trapping dynamics revealed the origin of the residual energy

spread to be the release time and the wakefield at the witness beam trapping position.

A simple scaling law of the residual energy spread captures these findings. It outlines

a pathway towards further minimising projected (slice) relative energy spreads at the
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optimum dechirping point by controlling release time via the plasma photocathode laser

pulse and/or operating at longer plasma wavelength or reduced wakefield gradients.

Based on this analysis, projected relative energy spreads at the sub-0.1% level can

already be obtained at a few GeV witness beam energies with sub-MeV residual energy

spreads.

An initial analysis of spatiotemporal jitters of the injector lasers and investigation of

their impact on the performance of the dechirper conclude that the optimum dechirping

point and the energy spread are largely insensitive to misalignment or pointing jitters.

This is enabled by a self-adapting mechanism of the dechirping efficiency discovered in

this work. Further, the extraction of the witness beam from the plasma stage does not

impact the performance of the dechirper and preservation of witness beam emittance on

the nm-rad level is observed thanks to the sub-1% level relative energy spreads. These

results are highly encouraging towards witness beam transport and the PWFA XFEL

application.

Beyond the study in this chapter, potentially dechirping of two or more witness beams

generated with plasma photocathode injector [120] is possible for multi-colour light

sources. Accurate control of the longitudinal phase space of the witness beam without

changing its other properties is accessible, for example, negative or positive chirps in

a wide range or even more advanced production of non-linear chirps by controlling

the local wakefield shape with the escort bunch current profile. Further, this approach

may inherently mitigate beam quality degradation due to hose instabilities (see section

(3.2.7)) inside the plasma stage because the energy chirp is only compensated at the

end of the plasma stage. The escort-bunch may be integrated into an energy recovery

scheme for high wall-plug efficiency of a PWFA stage [327] or used for less demanding

light source applications [40].

Fundamentally, on the way towards PWFA XFELs, these ultra-high 6D brightness

beams with ultralow normalized emittance, low energy spread and high peak current may

enable the possibility to fulfil the Emittance criterion (Eq.(2.72)) and the Energy

spread criterion (Eq.(2.65)) at the same time and therefore result in high gain XFEL.

Such high-quality witness beams may push the boundaries of today’s available light

sources to an unprecedented level [40], which may lead, in turn, to new scientific frontiers.
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6
N E X T - G E N E R AT I O N F R E E - E L E C T R O N L A S E R N E A R

T H E C O L D B E A M L I M I T

This chapter presents the findings of the research effort developing an ultra-compact

hard X-ray free-electron laser powered by ultra-high 6D brightness electron beams from

a single PWFA stage. The results were obtained through a high-fidelity start-to-end

simulation project. The chapter starts with a brief review of the current status and recent

progress in the field. Then, the PWFA stage producing the ultra-high 6D brightness

beams is investigated in a fully explicit 3D PIC simulation. A beam transport line is

designed and optimized to capture, isolate, and refocus these ultra-high quality witness

beams into an undulator section without degrading the quality. The undulator section

is designed to leverage these unprecedented witness beams for ultra-high gain in the

Ångstrom to sub-Ångstorm wavelength FEL near the cold beam limit. These three

building blocks simultaneously solve many challenges discussed in previous chapters

and enable the PWFA XFEL concept developed in this chapter. Figure (6.1) shows

the setup of the PWFA XFEL with the three building blocks. The author published a

significant portion of this chapter in [40, 41, 44].
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Figure 6.1: Setup of an ultra-compact X-ray free-electron laser. Configuration of the

PWFA-powered ultra-compact XFEL highlighting the components of the three

building blocks. The setup begins with the electron driver beam from a linac or an

LWFA stage (1), exciting the PWFA in perionized plasma (3). Next, a collinear

plasma photocathode laser (2) produces the ultrabright witness electron beam (a),

followed by a second plasma photocathode (b) that produces a high-charge escort

bunch for dechirping. This escort bunch dechirps the witness beam via beam loading

(c). Three electron populations leave the plasma stage with different properties. A

high divergence escort and electron driver beams are partially dumped into a beam

blocker (4). The ultra-high quality witness beam passes the beam blocker and is

then captured by a strong permanent magnet quadrupole triplet (5). The remaining

driver and escort charge is dumped by a dipole-based bypass line (chicane) (7), and

the isolated witness bunch (9) is matched by an electromagnet quadrupole triplet

and refocused (8) into the undulator (10). Attosecond duration X-ray laser pulses

(11) are produced from the witness beam in the undulator. Finally, the beam is

removed from the axis (12). Produced for [44]. This work is openly licensed via CC

BY 4.0.
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6.1 review of plasma-based free-electron lasers

The scientific community has long hoped to be able to create a free-electron laser powered

by compact plasma-based accelerators. The goal is to make this versatile research tool

more widely accessible, even in small university laboratories, and have a transformative

impact on the entire research landscape.

Some early suggestions of plasma-based FELs required advanced configuration of

plasma, accelerator and lasers [331]. However, before the experimental observation of

quasi-monoenergetic beams in the early 2000s (see section (3.2.1)), there was little hope

for the electron beams with Maxwellian-like spectral distribution to drive an FEL, as the

electron beam quality was by far not close to the FEL requirements. The breakthrough

in beam quality with the quasi-monoenergetic electron beams significantly nourished

the plasma-based FEL R&D in the following years [332, 333].

Even though the electron beam quality regarding the energy spread, emittance, and

peak current was still insufficient for FEL lasing even at the visible or extreme ultraviolet

(EUV) FEL wavelength range, the production of incoherent undulator radiation in the

visible to soft X-ray spectral range [334, 335] was a crucial milestone and is routinely

achieved today [336, 337]. This motivated further research to compensate for beam

quality limitations [338, 339].

The enormous energy spread threatens beam quality inside the plasma stage. It can

significantly degrade beam quality during the extraction from the plasma stage and in

the beam transport line towards the FEL [275, 304, 308, 336] (see sections (2.1)-(3.2.7)).

Various post-plasma compensation approaches have been developed to overcome certain

beam quality limitations. These approaches compensate for energy spread constraints

or increase peak current after beam generation and various other schemes [121, 243,

318, 321, 323, 324, 338, 340–342], and many focus on demonstrating soft X-ray FELs

[171, 343]. Some progress is made with the recent experimental breakthroughs reporting

on SASE FEL gain in the EUV (27 nm) [344] and IR (800 nm) [345] wavelength range,

and externally seeded FELs at 270 nm [346] and at 800 nm [347] wavelengths. These

first experimental results certainly nourish hope and have raised attention for "The

race for wakefield-driven FELs" [348]. However, simultaneously tackling energy spread,

emittance, peak current, and beam quality preservation challenges at GeV beam energies

are necessary to meet the energy spread and emittance condition at the hard XFEL
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regimes [40, 42] and improved 5D (6D) brightness electron beams are needed to reach

the sub-meter scale gain length regime.

In this context, an interesting parallel can be drawn between plasma-based and rf-based

accelerators where in rf-accelerators, novel electron beam sources from photocathode

injectors opened the door towards the 4th generation light source [9, 82] due to improved

electron beam brightness. Similarly, the electron beams from plasma-based accelerators

must take the next leap in beam quality improvement to enable ultra-compact XFELs.

Innovative solutions are needed to simultaneously fulfil the energy spread and emittance

conditions at the hard X-ray wavelength. Therefore, the following sections present a

blueprint and proposal for a PWFA-powered ultra-compact hard X-ray FEL backed

by a high-fidelity start-to-end simulations framework. These results simultaneously

solve the beam quality and beam quality preservation challenge in a self-consistent way

along the three building blocks of the PWFA hard XFEL, namely the plasma wakefield

acceleration stage, electron beam transport line and the undulator section.

6.2 development of ultra-high 6d brightness pwfa stage

This section presents the results of the PWFA stage producing the multi-GeV and

ultra-high 6D brightness witness beams via the escort-bunch-based dechirping approach

developed in chapter (5), required to power a hard XFEL. First, the design considerations

of the PWFA stage are discussed, and then, the fully explicit 3D PIC simulation results

are presented. The reasoning behind the specific configuration of the PWFA stage is

informed by the electron beam quality requirements for hard XFEL interaction and the

lessons learned from the results in chapters (4) and (5).

6.2.1 Design consideration of the PWFA stage

The plasma density predominantly determines the PWFA stage regarding the plasma

wavelength, needed plasma source width, the choice of LIT and HIT species combination,

and the electron driver beam and the plasma photocathode laser pulses, as discussed in

section (4.2).

In principle, operation at longer plasma wavelength, for example, 250µm is desired

due to the advantages of obtainable beam quality and stability; however, from the
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experimental and simulation point of view, it will require a wide plasma source to engulf

the long and wide blowout, which also puts limits on the simulation necessitating a

large simulation box. The computational costs associated with this are manageable

for short propagation distances in fully explicit 3D PIC codes, as presented in section

(4.2.2). However, multi-cm acceleration distances must be modelled at high resolution

to obtain witness beam energies on the multi-GeV scale. This exceeds computational

resources, even those provided by large computation time awards with multi-millions of

core hours, such as at the National Energy Research Scientific Computing Center. To

reduce computational costs, the PWFA stage is operated in a preionized helium plasma

of density np ≈ 1.1 × 1017 cm−3, corresponding to a plasma wavelength of λp ≈ 100µm.

The plasma source has a cylindrical geometry for simplicity and is motivated by the

consideration in section (4.2.1). Future studies will address the generation of the plasma

source in more detail. More importantly, the plasma source is wide enough with a

diameter of D = 1.5 × λp to engulf the 100µm plasma wavelength blowout, suppressing

channel boundary effects encountered at the E-210 experiment (see section (4.1.4)).

This configuration is a trade-off between witness beam quality, high fidelity of the 3D

PIC simulation and available HPC resources.

In this configuration, the first level of helium serves as the LIT medium to support

the blowout, and the second ionization level of helium is used as the HIT medium for

the plasma photocathode lasers. Using the second ionization level of helium as HIT

medium at the selected plasma wavelength enables the use of a wide range of electron

driver beam parameters for dark-current free operation of the PWFA stage, according

to the field ionization calculations presented in figure (4.10) in section (4.2.1).

Reduced models introduced in section (3.3.2), (3.2.6) and (5.1.2) are utilized to inform

the initial design of the PWFA stage, but also to investigate suitable electron driver,

witness beam and escort bunch parameters. The findings of this initial study inform

the working points described below and serve as a low-cost guide for the fully explicit,

high-fidelity 3D PIC simulations using the PIC code VSim.

The electron driver beam charge is optimized to Q = 600 pC and compressed to

a length of σz,rms ≈ 12.7µm, resulting in a peak current of Ip ≈ 5.5 kA, allowing

excitation of a blowout near the longitudinal resonance condition. To enter the blowout

regime, the electron driver beam is focused to σx,y,rms ≈ 4.0µm at projected normalized

emittance of ϵn,(x,y) ≈ 2µm-rad in both transverse planes at the entrance of the plasma
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source. Transverse matching of the electron driver beam is not attempted to reduce the

complexity of the configuration, but instead, an acclimatization phase is introduced,

allowing to stabilise the wakefield for plasma photocathode injection. The acclimatization

phase is discussed later in detail. This, combined with the energy of W = 2.5 GeV and

relative energy spread of ∆W/W = 2.0 %, enables driving a stable PWFA stage for

sufficiently long propagation distance to obtain transformer ratio T > 1 (Eq.(3.35)),

which ensures that the final witness beam energy is higher than the initial electron

driver beam energy. These electron driver beam parameters are easily obtainable in

rf-based linacs but may also be produced within the Hybrid LWFA→PWFA platform

in the near future. Note the rf-linac or the LWFA stage are not modeled for driver

beam production as this would exceed the scope of this work, however, future work will

address this when it comes to experimental implementation of the concept.

The normalised emittance and residual energy spread of the witness beam fundamen-

tally depend on the ionisation volume of the plasma photocathode laser pulse. Both

quantities benefit from spatiotemporal confined release volumes inside the blowout

according to the findings and scaling described in section (3.2.5)-(5.2.1). Therefore, a

tightly focused Gaussian laser pulse with reduced Rayleigh length can release electrons

from helium ions spatiotemporally confined inside the wakefield and simultaneously

minimize longitudinal and transverse witness beam thermal properties, reducing the 6D

phase space volume det(Σ6D,r) of the witness beam. More advanced plasma photocath-

odes, such as SSTF or AMBER (see section (3.2.5)), may realize more compact ionisation

volumes in PWFA but have to be experimentally explored and are not considered in

this work.

The high-quality witness beam is generated by a first plasma photocathode tri-

Gaussian laser pulse, which is focused to a spot size of w0,1,rms ≈ 5µm with a pulse

duration of τ1,FWHM = 15 fs. The short pulse duration produces a quasi-static co-moving

ionization front in the trapping potential of the wakefield. The quasi-static ionization

front enables electrons to be released within a confined region of the trapping potential,

and the electrons are predestined to form an ultra-short trapped witness beam. The

normalized intensity a0,1 ≈ 0.0595 at the focal point of the laser is just above the

tunnel-ionization threshold of He+. At the given laser parameters, the averaged ADK

model (see section (3.1.3)) predicts 1.4 pC charge for the witness beam.
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6.2 development of ultra-high 6d brightness pwfa stage

The requirements on the escort bunch are quite different compared to the witness

beam. Here, the aim is to produce a rather long and high peak current electron beam

to overload the wakefield locally at the witness beam trapping position. Therefore,

the second plasma photocathode laser pulse has been designed with this in mind. But

thanks to the plasma photocathodes’ versatility, the properties of the laser pulses can

be independently adjusted to produce the desired escort bunch. Because the background

HIT density is uniform, the escort bunch injector laser pulse can be tuned to release a

sufficient amount of charge. This is achieved by a larger spot size of w0,2,rms ≈ 9µm and

a normalized intensity of a0,2 ≈ 0.062 , increasing the ionization volume and the release

rate of HIT electrons. The longer pulse duration of τ2,FWHM = 80 fs additionally enlarges

the electron release region within the trapping potential and results in an elongated

escort bunch for a large dechirping region. With these parameters, ADK calculations

predict a charge of Qesc ≈ 136 pC for the escort bunch. Both plasma photocathode

lasers are implemented as Ti:sapphire laser pulses with a central wavelength of 800 nm

and polarization in the x-direction as envelope pulses in the paraxial approximation.

The findings of chapters (4) and (5) not only advanced the understanding of plasma

photocathode injection mechanism and PWFA but initiated the development of sophis-

ticated numerical methods enabling the modelling and post-processing of these highly

demanding simulation scenarios at high-fidelity. Various novel techniques are deployed

for high-resolution simulations at multi-cm propagation distances, resolving accurately

relevant physics while keeping the computing time reasonable. Here, a co-moving window

with a Cartesian simulation grid is employed, where the cell sizes in the longitudinal and

the transverse directions are 0.1µm and 1µm, respectively. The integration time step is

optimized to a temporal resolution of ∆τCFD ≈ 333 as for reduced numerical instabilities

[349, 350]. More details on the simulation box are summarized in the appendix (8.2.3).

Digital smoothing of the currents in the system is used, and the VSim perfect dispersion

approach is harnessed to minimise numerical Cherenkov radiation [292]. A split field

approach is developed for general noise and stray field reduction, where plasma, electron

beams and laser pulse EM-fields are independently initialized, cleaned of instabilities, and

self-consistently recombined into the PIC cycle for accurate modelling. Electromagnetic

field reflections are minimised with absorption boundaries. The electron driver beam is

modelled with variable-weight macroparticles to reduce numerical hose instability seed,

while the background helium plasma (LIT) is modelled with one macroparticle-per-cell
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6.2 development of ultra-high 6d brightness pwfa stage

(PPC). At the same time, the HIT medium for the witness beam release is implemented

as a cold fluid, which allows the PPC to be adjusted independently for the witness

and escort beam, respectively. The total number of macroparticles for the individual

electron beams can be adjusted to satisfy corresponding numerical needs. The final

trapped witness and escort beam consists of ∼ 200 k and ∼ 1.2 million macroparticles,

respectively. It ensures modelling of the dechirping area with much higher accuracy and

fidelity than in chapter (5). The following section (6.2.2) presents the fully explicit 3D

PIC simulation results of the PWFA equipped with the plasma photocathode-based

injector, accelerator, compressor and dechirper in the same plasma stage.

6.2.2 Generation and acceleration of ultra-high 6D brightness beams

The PWFA stage configuration discussed in the previous stage is implemented into a

high-fidelity 3D PIC simulation with the fully explicit Cartesian PIC code VSim [287].

The combination of spatial and temporal resolution of the simulation, long propagation

distance for multi-GeV witness energies, and handling of ultra-high brightness witness

beams significantly increased the complexity of the simulation and the demand for

HPC resources. Therefore, a sophisticated management approach is necessary to solve

individual system problems in specialised simulation campaigns. The results of these

specialised simulation campaigns are then combined into a final master-optimized input

deck. This master input deck is then harnessed to study the PWFA stage for the hard

XFEL.

The PWFA stage consists of several phases: acclimatization (i), injector (ii), accelerator

(iii), dechirper (iv), and extractor (iv) section. These different phases are discussed in

the following 3D PIC simulation, and a representative 3D PIC simulation is summarized

in the figure (6.3). Panel (a) of the figure shows the plasma density profile with focal

positions of the injector and dechirper plasma photocathode laser pulses in the laboratory

frame. In (b), the evolution of the on-axis wakefield is shown along the different phases of

the PWFA stage. Panel (c) displays the evolution of projected and slice properties of the

witness beam along the propagation distance. Finally, panel (d) shows the longitudinal

phase spaces of the electron driver beam, escort bunch and witness beam at the end of

the plasma stage, and (e) is a zoom-in of the witness beam longitudinal phase space.
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Figure 6.2: Snapshots of the 3D PIC simulation of witness production and dechirping

for the XFEL. The electron driver beam (light blue) sets up the blowout in helium

plasma (grey) with the on-axis longitudinal wakefields (dark red). In (a), the first

plasma photocathode laser pulse liberates electrons from He+ (green), forming the

ultra-high brightness witness beam; in (b), at the later stage of the acceleration, the

escort bunch is released by a second plasma photocathode laser pulse and in (c), the

escort bunch (dark blue) is trapped. It overloads the wakefield at the witness beam

trapping position and dechirps the witness beam. These snapshots are the same as

presented in Fig. (6.1).

Selected snapshots of the simulation are presented in figure (6.2). A detailed discussion

is delivered below.

In principle, the electron driver beam transverse size can be exactly matched to

the plasma density. However, this will introduce additional complexity to the setup,

necessitating a high gradient focusing optics based on plasma lenses for driver beam

in-coupling, such as considered in [324]. Further, shot-to-shot variation of driver beam

properties may contribute to the variation of the wake formation. Here, chromatic

decoherence is leveraged to stabilise the wakefield and produce an experimentally robust

PWFA stage at the expense of 2.5 cm longer plasma stage. An acclimatization distance of

2.5 cm ensures that the electron driver beam is well-matched to the plasma density and

produces a stable and consistent wakefield at the witness beam injection position in the

laboratory frame. It is achieved by balancing space charge, plasma focusing, and magnetic

pinch forces. The results can be seen in figure (6.3) (b,i). After the acclimatization

phase, the PWFA stage offers ideal conditions for the plasma photocathode injection

and subsequent stable acceleration in the dephasing-free PWFA stage. This is evident

from the wakefield evolution in figure (6.3) (b) at the witness beam trapping position

(grey solid line).
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The injection of the witness beam is realized by a sub-mJ-scale plasma photocathode

laser which reaches its focal point with a spot size of w0,1,rms ≈ 5µm at zacc ≈ 2.5 cm.

The laser pulse liberates cold electrons via tunnelling ionization of the helium ion He+

inside the plasma wave for approximately two Rayleigh lengths 2ZR ≈ 196µm. The

release position of the electrons is just outside the electrostatic potential minimum of

the wake in the co-moving frame (see figure 6.2 (a)). The electron charge released inside

the plasma wave amounts to 1.4 pC and is in excellent agreement with the theoretically

predicted ADK calculations of release charge. The small size of the injector spot helps

to minimize the thermal normalized emittance and the slice energy spread of the beam,

according to Eq.(3.42) and Eq.(5.8), respectively. The ultracold electrons are quickly

captured with 100% charge capture efficiency and compressed longitudinally while being

matched transversely in the plasma wave. They form the ultrabright witness beam,

which has a duration of 520 as (r.m.s) and an ultralow projected (average slice) emittance

of ϵn,(x,y) ≈ 23(17) nm-rad. Due to its sub-fs duration, the witness beam exhibits a peak

current of Ip ≈ 1.2 kA. It is phase-locked in the accelerating phase of the PWFA and

gains energy at a rate of ≈ 30 GV/m, as shown in figure (6.3) (b,ii). After propagating

for about 8 cm, it reaches 1.75 GeV energy. The average slice emittance is preserved on

the nm-rad level, and the projected emittance rises by less than ten nm-rad, thanks

to the minimized betatron phase mixing. The projected (average slice) emittance of

the witness beam is ϵn,(x,y) ≈ 32(20) nm-rad just before the escort-bunch release via the

second plasma photocathode laser pulse.

The second, more intense, longer and softer focused plasma photocathode laser releases

the escort bunch after the witness beam is accelerated over zacc ≈ 8 cm in the plasma

stage. The nominal centre of the second plasma photocathode laser is shifted by 15µm

relative to the potential minimum towards the electron driver beam to ensure trapping

of the escort bunch at the witness beam position, as displayed in figure (6.2) (b). The

released escort bunch charge amounts to Qesc ≈ 136 pC and is compressed to a multi-kA

peak current electron beam at the witness beam trapping location. It overloads the

wake locally, as seen in figure (6.3) (b,iii) and figure (6.2) (c). Even at these elevated

charge levels, the normalized emittance of the escort bunch is ϵn,(x,y) ≈ 350 nm-rad.

These emittance values are comparable to the most advanced conventional injectors at

the SwissFEL [351]. The escort bunch initiates the dechirping, and the accumulated

positive energy chirp of the witness beam is reversed, as seen in figure (6.3) (c). At this
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Figure 6.3: 3D Particle-in-cell simulation of PWFA stage for the hard XFEL. In panel

(a), the plasma density profile (grey line) n(z)/n0 rapidly increases and remains

constant until the extraction downramp with the density profile nexit(z) ≃ exp(−z/L).

The intensity evolution (red colour) of the plasma photocathode laser foci that create

witness (1) and escort (2) electrons are also displayed. In panel (b), the colour-coded

on-axis longitudinal wakefield evolution Eζ vs co-moving coordinate ζ is depicted,

along with the electric field evolution at the witness beam position (solid grey line,

right y-axis). The dashed lines indicate the various phases, including acclimatization

(i), witness acceleration (ii), witness dechirping and acceleration (iii), and extraction

phases (iv). In panel (c), the projected and average slice emittance and energy spread

(left y-axis) and energy (right y-axis) are presented. In panel (d), an overview of the

longitudinal phase spaces of the driver, escort, and witness beam, and in panel (e),

the longitudinal phase space of the witness beam with the current profile (green line)

is given at the end of the PWFA stage. Produced by the author for [44]. This work

is openly licensed via CC BY 4.0.
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point, the witness beam has an energy of W ∼ 1.75 GeV and is immune to the space

charge forces of the escort charge. It continues to be accelerated without significant

emittance growth (see figure (6.3) (c)).

As the energy chirp of the witness beam decreases, the relative slice energy spread

also decreases adiabatically. Energy chirp minimization is reflected by the convergence of

projected and slice energy spread. This near-convergence is an extraordinary indication

of the high beam quality in the plasma and an essential requirement to extract the

witness beam robustly from the plasma stage while preserving its quality at these

levels of emittance and brightness. Further, this feature of a small energy spread and

emittance across the beam can also be utilized for the FEL process by allowing global

beam matching to the undulator instead of slice-by-slice conditioning.

In figure 6.3 (e), the flat longitudinal phase space of the witness beam is illustrated,

which is crucial for preserving emittance at the nm-rad-level. The projected (slice)

relative energy spread amounts to ∆W/W ≈ 0.08 (0.04) %. The plasma density profile is

reduced (Fig.(6.3) (a)) with an extraction downramp of the form nexit(z) ≃ exp(−z/L).

The form factor of the extraction ramp is informed by the studies in section (5.2.3),

and the length is optimized to Lexit ≈ 5 mm to position the optimum dechirping point

into the vacuum. At this stage, the witness beam has higher energy than the driver and

escort beam (figure 6.3 (d)). Now expanding transversely, the escort bunch is overlapped

spatially with the witness beam to ensure a smooth transition into the vacuum. The

witness beam is released at a beam energy of W ≈ 2.725 GeV into the vacuum.

During the extraction, the loss of transverse focusing leads to an increase in the size

of the witness beam, but the negligible chromaticity secures it to be emitted into the

vacuum with a projected (average slice) of ϵn,(x,y) ≈ 45 (20) nm-rad. It ensures that the

slice emittance is preserved at the nm-rad level, and the projected emittance grows by

only around ∼ 10 nm-rad during dechirping and expansion. At the end of the plasma

stage, the witness beam produced by the amalgamated plasma photocathode injector,

PWFA compressor, accelerator, and dechirper reaches a projected (slice) 6D brightness

of B6D ≈ 1.3 × 1018(7.5 × 1018) Am−2rad−2/0.1%bw. Thanks to the various innovations,

the 6D brightness values of the witness beam are an order of magnitude brighter than

in chapter (5) and many orders of magnitude brighter than the state-of-the-art initial

electron drive beam.
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To summarize, an ultra-high quality witness beam is generated, accelerated, dechirped,

and extracted from the plasma stage without significantly compromising beam quality,

with 6D brightness values that are orders of magnitude larger than state-of-the-art.

This may have a transformative impact on high-gain PWFA XFELs. However, beam

transport is known to degrade witness beam quality potentially; hence, in the following,

the 6D phase spaces of the three populations of beams are converted into the format of

the particle tracking code ELEGANT for a seamless transition to an optimized beam

transport line. The beam transport line is designed and evaluated in the following

section (6.3).

6.3 electron beam transport line

In this section, a dedicated beam transport line is designed for the witness beam capture,

isolation, and refocusing into an undulator section. First, the design’s reasoning is briefly

discussed, and then the 6D phase spaces of all three charge populations are obtained

from the 3D PIC simulation and tracked through the beam transport line.

6.3.1 Design of witness beam transport line

The beam transport line, which is approximately 10 m long, is optimized using the

particle tracking code ELEGANT (see also section (2.3.1)). The results obtained from

ELEGANT are cross-checked with the particle tracking code GPT [352]. The latter

considered an advanced CSR model and 3D space charge modelling, and both codes

produced comparable results for the witness beam evolution. A seamless "handshake"

from the PWFA stage to the transport line is necessary for a high-fidelity simulation,

such that the complete 6D phase space distributions of the three electron beams are

converted to ELEGANT. The built-in simplex algorithm optimizes the beam transport

line for the witness beam energy of W ≈ 2.7 GeV. The tracking of particles is carried out

with the accuracy of the third-order transfer matrix. All three electron beam populations’

6D phase space distributions and projected and slice beam properties are individually

monitored and analyzed along the beam transport line.

As discussed in chapter (5), the generation and acceleration of ultra-high 6D brightness

electron beams are paramount for the XFEL application and preservation of the
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witness beam normalized emittance is crucial during transport to the application

at the nm-rad-level. As such, beam quality degradation cannot be tolerated, even if

it is only a hundred nm-rad at average projected (slice) normalized emittance levels

of ϵn,(x,y) ≈ 46.6(20) nm-rad in the capturing, isolation and refocusing section of a

transport line.

Fortunately, the sub-0.1% relative energy spread of the witness beam at the plasma

stage exit can alleviate many of the beam quality degradation dangers, as elaborated

in section (3.2.7) and chapter (5). This is why energy spread/chirp reduction must

be secured within the plasma accelerator stage. The low energy spread of the witness

beam at the plasma stage exit renders inconsequential beamline chromaticities and

preserves projected (slice) normalized emittance and energy spread. Further, although

the extraction density ramp increases, the r.m.s witness beam size to σx,y ≈ 0.19µm and

reduces the r.m.s divergences to σθ,x,y ≈ 0.045 mrad at the exit, the witness beam still

exhibits comparatively small beam size and divergences to be handled by conventional

electromagnet quadrupoles (EMQs). Therefore, a combination of high-gradient permanent

magnet quadrupoles (PMQs) is considered for the capturing line just after the plasma

stage. Before the PMQ triplet, a collimator filters out the particularly divergent fraction

of the electron driver and escort beams. The collimator is modelled as a black absorber in

ELEGANT to reduce computational load. Simple radiation transport calculations of the

collimators suggest the feasibility of the filtering approach because of the comparatively

low electron driver beam and escort electron energies at the exit of the plasma stage.

Future studies will explore the technical realization in more detail and consider secondary

particle productions and other relevant mechanisms.

The PMQ triplet is arranged in an F-D-F configuration in the X-direction (F: focusing,

D: defocusing) and opposite in the Y-direction. The first two quadrupoles are 10 cm

long, and the last is half that length for controlling the phase advance of the phase

space. The PMQ triplet is optimized such that the witness beam is achromatically

collimated (Twiss α ≈ 0) downstream at the entrance of the EMQ triplet, located 7.5 m

downstream in the beam transport line from the exit of the PMQ triplet. A focusing

gradient of 700 T/m is required to capture and collimate the witness beam. This type

of PMQ is routinely produced [353, 354]. The C-chicane comprises four rectangular

bending magnets (B) to isolate the witness beam. Numerically, the built-in CSR model

in ELEGANT [355, 356] considers potential quality degradation due to CSR in the
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chicane. The first two dipoles B1 −B2 deflect the witness beam, and the last two dipoles

B3 −B4 bring back the witness beam to the beamline axis. Each dipole is L = 0.4 m

long, with a bend angle of θ ≈ 2 mrad in the horizontal direction. The drift distance

between B1 − B2 and B3 − B4 is D = 1.5 m, while the distance between B2 − B3 is

0.2 m. As a result, the |R56| ≈ 0.0014 mm element is relatively small, CSR does not

degrade the witness beam quality, but the bending of charges is sufficient to deflect

the remaining charge of the electron driver beam and escort bunch without affecting

the high-quality witness beam. The witness beam enters the matching section after

drifting for a distance of 1.7 m from the exit of the chicane, such that the witness beam

is fully collimated (Twiss α ≈ 0) at the entrance of the first EMQ. Finally, this section

comprises an F-D-F configured standard EMQ triplet. Each quadrupole in the triplet is

0.3 m long, and it has a focusing gradient of 45 T/m. The EMQ triplet is tuned to focus

the witness beam into the undulator mid-point, where the exponential amplification

regime of the radiation is expected. Further, the focus is optimized to minimize radiation

diffraction contribution to the gain length inside the undulator.

The ELEGANT simulation results of witness beam capturing, collimation, isolation

and matching are presented in the following section. The transport line parameters are

summarized in the appendix (8.2.4).

6.3.2 Capture, separation and matching of the witness beam

This section presents the results of the driver, escort and witness beam particle tracking

with ELEGANT through the optimized beamline. Figure (6.5) summarises the particle

tracking along the beamline, presenting relevant FEL witness beam properties. In

(a), slice normalized emittance and relative energy spread are presented. In (b), the

evolution of the Twiss β-function is displayed alongside the centroid x-position of the

three electron beams, and finally, (c) depicts the longitudinal phase space of the witness

beam with overlaid slice properties at the undulator entrance.

Driver, escort and witness differ in energy, emittance and divergence, which allows

separation of escort and driver to isolate the witness beam. The beam transport

line commences with a 10 cm drift distance. All three electron populations diverge

significantly in the drift without focusing plasma forces, but the degree of divergence is

quantitatively different, depending on individual beam quality and energy. The electron
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Figure 6.4: Witness beam current profile before and after the beam transport line.

Witness beam current profile at the plasma stage exit (grey) and the undulator

entrance (green) is presented. Witness beam tail is slightly decompressed in the

chicane due to the remaining energy chirp. Produced by the author for [44]. This

work is openly licensed via CC BY 4.0.

driver beam diverges the fastest, followed by the moderate-quality escort bunch, while

the high-quality witness beam diverges the least. A collimator with a 0.5 mm aperture,

placed just before the first PMQ, filters 40 % of the driver and a small fraction of the

escort bunch charge. The collimator protects the subsequent PMQ triplet from direct

charge impact from intense electron beams and reduces the risk of demagnetization of

the magnets. The PMQ triplet captures the witness beam, which leaves the plasma with

increased β-Twiss of βx,y ≈ 0.5 cm and α-Twiss parameter close to zero corresponding to

nearly collimated witness beam. The witness beam’s Twiss β function rapidly increases

in the drift section and inside the PMQ-triplet (figure (6.5) (b)). Nevertheless, the

witness beam size stays sufficiently small thanks to the nm-rad normalised emittance

and sub-0.1 mrad divergence. The relative energy spread and normalized emittance of

the witness beam are preserved, and the witness beam leaves the PMQ-triplet nearly

collimated, propagating to the chicane.

Here, the different electron energies allow the separation of the remaining driver and

escort electrons from the witness beam in the chicane line. After travelling a distance

of 1 m, the remaining electron driver beam, escort bunch, and the high-quality witness

beam with different chromatic properties enter a symmetric C-chicane. The first dipole

B1 deflects all three electron beams in the transverse x-direction. However, the three
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Figure 6.5: Witness beam transport. In panel (a), the evolution of the average transverse

slice emittance ϵn,slice and the average slice energy spread (∆W/W )s while being

transported through the permanent magnet triplet, the four chicane line dipoles

and the electromagnet triplet is shown. In panel (b), the deflection of the centroid

Cx of the electron driver beam, escort, and witness (left y-axis) and the evolution

of the witness Twiss-parameter β (x: solid, y: dashed) are displayed. In panel (c),

the longitudinal phase space (left y-axis) and the slice current I, energy spread

(∆W/W )s, and emittances ϵn,s (right y-axis) of the witness beam are shown just

before entering the undulator. Produced by the author for [44]. This work is openly

licensed via CC BY 4.0.

charge populations are dispersed by different amounts due to their mean energy, energy

spread and quality differences, as shown in figure (6.5) (b). The second dipole B2 bends

the three populations back parallel to the propagation axis, and the dispersion function

of all three populations reaches its maximum. The witness beam deviates a few µm

from the central axis. On the other hand, driver and escort electrons are kicked out

several millimetres. This enables easy isolation of the witness beam by inserting a second

collimator of 0.4 mm aperture, which blocks the driver and escort beams but lets the

witness beam pass through. Alternatively, the driver and escort beams could be directed

towards diagnostics, potentially used as energy recovery beams, or exploited for other

applications. However, an exact beamline configuration of such a sustainable utilisation

of beams is beyond the scope of the present thesis and may be investigated in future

works.

The isolated witness beam passes in its entirety through the energy collimator, and

the last two dipoles bring the witness beam back on-axis while compensating for the

dispersion. The small bend angle of θ ≈ 2 mrad of the chicane changes the orbit of the
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high-energy witness beam negligibly, thus avoiding witness beam quality degradation

by CSR (figure (6.5) (a)-(b)). Because the witness beam exhibits minor correlated

energy spread at its tail, slight decompression and reorganisation of the charge occurs

(see figure (6.4)). This decompression does not change the peak current of the witness

beam because the longitudinal phase space in the central part is nearly flat. However,

averaging over the entire witness beam results in a slightly longer r.m.s beam duration,

positively affecting the witness beam slice energy spread.

The witness beam is focused by the subsequent EMQ triplet, narrowing its size to

around 3µm at the centre of the undulator section. In the undulating plane, the average

beam size across the entire undulator length is 4µm. Combined with the ultrahigh

brightness and associated gain, this eliminates the need for external focusing structures

to achieve optimal coupling with the emerging photon field. The absence of external

focusing is made possible by the short saturation length of the PWFA-powered XFEL,

which enables ultra-high gain in the undulator section. In contrast, km-scale hard XFEL

machines rely on FODO-focusing to keep the electron beam focused over hundreds

of meters within the undulator section. Then, an intricate phase shifter arrangement

between the FODO modules is necessary to maintain the resonance condition along the

long undulator section in conventional XFELs, but all of this is not needed here, thanks

to the unique characteristics of the PWFA XFEL.

Summarising, the witness beam has a duration of 570 as with peak current of Ip ≈

1.2 kA, projected (average slice) relative energy spread of ∆W/W ≈ 0.08(0.026) % and

projected (average slice) normalized emittance of ϵn,(x,y) ≈ 46.6(20) nm-rad (figure

(6.5) (c)), and a 6D projected (average slice) brightness of B6D ≈ 1.3 × 1018(1.1 ×

1019) Am−2rad−2/0.1%bw at the entrance of the undulator. The 6D brightness values

of this new class of electron beams are far beyond the reach of conventional rf-cavity-

based or plasma-based accelerators. These record 6D brightness values at the entrance

of the undulator are mutually enabled by simultaneously preserving projected (slice)

normalized emittance on the few nm-rad level and projected (slice) relative energy

spread at the sub-0.1% level from within the plasma stage through the beamline into

the undulator. The next section (6.4) leverages this ultra-high 6D brightness beam for

hard X-ray production in a dedicated undulator section.
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6.4 attosecond-angstrom class ultra-compact free-electron

laser

This section presents hard XFEL simulation results based on the ultra-high quality

witness beam transported from the PWFA stage. The simulation is performed with the

unaveraged FEL code Puffin introduced in section (2.3.2). First, a suitable undulator

configuration is investigated, then the simulation settings are briefly discussed, and

eventually, the results of the XFEL simulations are presented and discussed.

6.4.1 Undulator configuration and performance estimates

In this section, a suitable undulator configuration is investigated for the emission of

8.3 keV (Case I: C1) and 15.7 keV (Case II: C2) coherent photons, corresponding to

resonance wavelength of λr ≈ 0.149 nm and λr ≈ 0.079 nm in the undulator section of the

PWFA XFEL. These two showcases leverage the potential of ultra-high 6D brightness

beams and push the plasma-based accessible resonant wavelengths by order of magnitude

even compared to the advanced and elaborated efforts in the community [171]. Further,

the λr ≈ 0.15 nm is comparable with the conventional km-scale XFELs [301] and is

highly demanded by the user community for the light-matter type of experiments [2]

and the λr ≈ 0.08 nm shows the straightforward scalability towards sub-Å wavelength

regime by simply changing the undulator configuration towards higher photon energies,

thanks to the witness beam’s copious quality budget.

The Ming Xie formalism introduced in section (2.2.4) alongside the emittance and

energy spread conditions are utilised to explore potential undulator configuration and

evaluate the corresponding FEL performances in terms of the degradation parameter Λ.

Figure (6.6) summarises the results, wherein (a) the slice normalized emittance is divided

by the photon emittance 4πϵn/γrelλr ≤ 1 and in (b), the slice relative energy spread

is normalized by the FEL parameter (∆W/W )s/ρFEL ≤ 1. Values smaller than one

show the parameter regions where the conditions are fulfilled. In (c), the 3D gain length

degradation parameter (1 + Λ) is shown, and figure (6.6) (d) shows the corresponding

resonance photon energies.

Figure (6.6) (a) and (b) suggest that both conditions are satisfied for a wide range of

undulator parameters and corresponding photon energies by a large margin, thanks to the
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Figure 6.6: Evaluation of XFEL performance and accessible photon energies as a

function of undulator parameter. Emittance (a) and energy spread (b) criterion,

FEL degradation (c) and resonance condition (d) are evaluated as the function of

undulator parameters considering Eq.(2.74) (Ming Xie formalism) for the witness

beam produced in the PWFA stage. The emittance and energy spread condition

is satisfied for a wide range of undulator parameters. When approaching very high

photon energies > 25 keV, the conditions start to reach unity, reflected by the increase

of the degradation parameter.
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ultra-low normalized emittance and relative energy spread of the witness beam. According

to Eq.(2.73) and (2.69), this will manifest in a high degree of transverse coherence

and long coherence time radiation pulse at saturation. However, when increasingly

approaching harder photons (> 25 keV), both parameters become larger than one, and

gain length degradation significantly increases, as evident from the figure (6.6) (c).

Nevertheless, the degradation parameter stays largely < 2 for the displayed undulator

parameter range, again the result of the ultra-high beam quality of the witness beam.

Resonance emission at the target photon energies of 8.3 keV and 15.7 keV can be

accessed with a wide range of undulator parameters, but the working point of this study

is informed by exploiting the full potential of beams enabled by the plasma photocathode

and dechirper approach. This pushes the XFEL to the near cold beam limit regime

where the degradation factor (1 + Λ) is approaching near unity. Additional restriction

ensures that the realisation of the XFEL approach is possible with existing or upcoming

advanced undulator technologies [97–99], discussed in section (2.2.2).

The two XFEL showcases are based on SASE in planar undulators of periods λu =

5 mm and λu = 3 mm with undulator parameters K = 1.18 and K = 1 , respectively.

These undulators produce radiation at the resonance wavelength of λr ≈ 0.149 nm and

λr ≈ 0.079 nm with the W ≈ 2.725 GeV witness beam and corresponding Lorentz factor

γrel ≈ 5332. The FEL parameter ρFEL for these two cases is ρFEL,C1 ≈ 0.075 × 10−2

and ρFEL,C2 ≈ 0.055 × 10−2 . This shows that the witness beam with projected (average

slice) relative energy spread ∆W/W ≈ 0.08(0.026) % easily satisfies the energy spread

condition for both undulator scenarios. Similarly, the emittance condition is fulfilled

for both cases due to the projected (average slice) normalized emittance of ϵn,(x,y) ≈

46.6(20) nm-rad. The analysis suggests that FEL lasing is possible and the 1D power

gain lengths for both cases, L1d,C1 ≈ 30 cm and L1d,C2 ≈ 25 cm, are on the sub-metre

scale.

The EMQ-triplet focuses the witness beam to an average beam size of σy ≈ 4µm

insider the undulator and ensures optimal overlap of the radiation field and the electron

beam for high coupling over an extended distance along the undulator. The electron

beam size dictates the widths of the emerging radiation field such that the corresponding

Rayleigh lengths of the radiation pulses are ZR,FEL,C1 ≈ 1.39 m and ZR,FEL,C2 ≈ 2.55 m

for the two cases. The short 1D gain length allows for managing diffraction-induced
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gain length degradation by stratifying the condition ZR,FEL > 2L1d, without further

external focusing along the undulator.

Nevertheless, the actual gain length in 3D will be longer due to energy spread,

non-zero emittance, and diffraction contributions. Using the Ming Xie formalism

introduced in section (2.2.4), it is possible to estimate the 3D gain length with

Lg,th = L1d(1 + Λ(χγrel , χϵ, χd)) (Eq.(2.74)). The energy spread, emittance and ra-

diation diffraction contributions are expressed with the scaled parameters χγrel , χϵ
and χd, respectively, and all three contributions are encapsulated in the degradation

parameter Λ. The contributions from the respective scaled parameters are negligible

when χγrel < 1/
√

3, χϵ < 1, and χd < 1/2.

The following evaluates contributions from the individual scaled parameters to the

gain length degradation Λ for the two cases. The calculated values of the three scaled

parameters are χγrel,C1 ≈ 0.198 , χϵ,C1 ≈ 0.048 , and χd,C1 ≈ 0.479 for Case I, and

χγrel,C2 ≈ 0.276 , χϵ,C2 ≈ 0.075 , and χd,C2 ≈ 0.212 for Case II. For both XFEL cases

the contributions from the scaled parameters are negligible and the above conditions are

satisfied by a margin. This is a strong signature of a stable XFEL working point and

is far way from a cliff-edge regime where minor variations in electron beam properties

terminate the XFEL process. The stability of the XFEL working points is verified in

section (6.5). A low emittance results in a short 1D power gain length but also manifests

advantageously in 3D gain length through minimized pure emittance and shared terms.

The 3D power gain length is estimated to be Lg,C1 ≈ 49 cm and Lg,C2 ≈ 42 cm for the

two respective cases. Note the similar 3D gain length between the two cases, which

only deviates by a few centimetres. At shorter radiation wavelengths, the degradation

contributions from energy spread and emittance terms are increased when considering

the same electron beam. Still, they are somewhat compensated by the reduced diffraction

term due to the longer Rayleigh lengths at shorter radiation wavelengths such that the

3D gain lengths of C1 and C2 are very similar.

Summarizing, the ultra-high 6D brightness witness beam allows access to FEL regimes

near the cold beam regime, where 3D effects are nearly suppressed, and the 3D gain

length approaches the 1D gain length. This study’s small difference between the 1D and

3D gain lengths indicates an increasingly clean FEL process. In contrast, in current state-

of-the-art XFELs, the difference between 1D and 3D gain lengths can be on the order

of meters, dramatically increasing the facility’s footprint. The 1D and 3D gain lengths
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are on the sub-meter scale, indicating that the XFEL may saturate after a few meters.

The selected working point for the aimed photon energies confirms this. The undulator

parameters are a balanced decision to achieve the target photon energies, leveraging

the ultra-low emittance of the witness beam and maximizing FEL performance. The

undulator configuration is challenging and future-looking, yet it is expected to become

within reach, given the trend and R&D focus of undulator technologies [97–99]. To

achieve maximum performance and capability, combining low electron energy, ultra-high

6D brightness beams, and short-period undulators is exclusively accessible by ultralow

emittance beams.

6.4.2 Preparation of XFEL simulation

The three-dimensional, unaveraged FEL simulation code Puffin (see section (2.3.2)) is

used to model the FEL interaction in a time-dependent mode. The unaveraged FEL

equations allow for consideration of the collective interaction of electrons with broad

bandwidth radiation, such as electron beam shot-noise, CSE effects, and radiation

diffraction, as detailed in [357]. Before the FEL simulation, the six-dimensional phase

space of the witness beam is extracted from the beam transport line simulation and

translated into the Puffin format. The number of macroparticles in 3D is upsampled with

a Joint Cumulative Distribution Function from initially ≈ 200k to 3.9 million macropar-

ticles to ensure an accurate FEL interaction modelling with sufficient macroparticles

per radiation wavelength. It produces a smooth current profile on the length scale of the

cooperation length and avoids unphysical CSE emission. Note that the FEL simulation

uses approximately half the number of real electrons for the 1.4 pC witness beam, and

a Poisson noise generator [118] is applied to the electron witness beam for realistic

shot-noise representation (see also section (2.3.2)).

The magnetic field of the planar undulator with horizontal orientation is modelled

with entrance and exit tapering poles to avoid electron beam steering within the

undulator. Unlike other undulator period averaging FEL codes, Puffin integrates the

FEL equations in discrete steps within a single pole, for example, with 30 steps per

undulator period. The simulation box is large enough to accommodate witness beam

evolution and diffraction of the radiation pulse over the entire undulator length.
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The electromagnetic field is sampled in the longitudinal direction with ten cells per

resonance wavelength, allowing self-consistent modelling of higher harmonics up to

λ5 = 2λs = λr/5. However, the wavelength cut-off is set at the 4th harmonics due to

increasing computing demand for shorter wavelengths at higher harmonics. This highly

accurate FEL process modelling provides additional insights into the physics of the FEL

interaction.

Ten simulations for each XFEL case with initially different shot noises are performed

to reflect the SASE radiation power statistics. In particular, it is crucial for SASE FEL

as it starts from noise in the electron beam (see section (2.2.3)). The results of these

simulations are statically evaluated for average power gain curves, radiation profile and

spectrum and corresponding standard deviations. Puffin models the radiation spectrum

with a defined wavelength cut-off set by the user. All wavelengths up to the cut-off are

contained within the electromagnetic field of the radiation pulse. Thus, a spectral filter

is applied to the electromagnetic field to obtain the power gain curve, pulse profile, and

spectrum at the the fundamental mode.

6.4.3 Ultra-compact hard X-ray free-electron laser

The XFEL performance estimates obtained in section (6.4.1) suggest that lasing is

possible at the Å and sub-Å wavelength with the representative witness beam of this

study and predicts saturation of the XFEL after few meters of undulator section thanks

to the ultra-high 6D brightness of the witness beam. The hard XFEL regime is at the

cold beam limit. This regime is beyond the reach of most advanced FEL facilities today

due to the lack of electron beams with the required beam quality. While these predictions

are very promising, they are based on the average properties of the witness beams

and are limited by the uncertainties of the model employed. In figure (6.5) in section

(6.3.2), the slice properties of the witness beam exhibit non-uniformity on the scale of

the cooperation length. This can change the local gain length along the witness beam

and, combined with the slippage effects of radiation, may impact the FEL performance

and is of particular concern if FEL does not saturate before the radiation pulse outruns

the electron beam temporally.

Further, CSE and CSR effects and sideband amplification outside the resonance

wavelength can lead to efficiency degradation of the FEL process and many other
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Figure 6.7: X-ray FEL pulse generation simulated with Puffin. Panels a)-c) and d)-f)

present the coherent power gain curve of the hard X-ray photon pulse over the

undulator distance, duration, and spectrum. The undulator has λu = 5 mm (a-c)

and λu = 3 mm (d-f). The shaded plot indicates the power gain variation for ten

simulated shots with different initial shot noises, and the dark orange solid line

represents the average power gain across shots. The gain lengths are estimated with

an exponential fit to be Lg,sim,C1 ≈ 0.54 m and Lg,sim,C2 ≈ 0.62 m, respectively. In

b) and e), the solid line represents the average across ten shots, while the dashed

line is a single-shot representation. In c) and f), the radiation spectra are averaged

over ten shots. Figure (6.1) (inset 11) depicts a representative radiation profile at

the undulator exit. Produced by the author for [44]. This work is openly licensed via

CC BY 4.0.

secondary effects, which are not incorporated into the Ming Xie model. The XFEL

performance has to be investigated in a time-dependent 3D FEL simulation, including

most of the relevant effects at high fidelity with the 3D FEL code Puffin.

The central results of these efforts are reported in figure (6.7), and supportive material

is provided in figure (6.8). The power gain curve along the undulator for the two cases is

plotted in figure (6.7) (a) and (d). The SASE process starts rapidly due to the witness

beam’s ultrahigh brightness and high charge density. The lethargy regime, where mode

selection occurs, ends just after ∼ 2 − 3 m, exponential gain kicks in, and the XFEL

reaches saturation quickly. Saturation is reached after approximately ∼ 10 m, consistent

with typical estimates of the saturation power length Lsat ∼ 18 − 20Lg. The best fit

at the linear regime of the power gain curve estimates the 3D gain length for the two
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cases to be Lg,sim,C1 ≈ 0.54 cm and Lg,sim,C2 ≈ 0.62 cm. These gain length estimates

align with the 3D predictions, and the observed gain length differs from the theoretical

1D gain length by only a few 10s of cm. The sub-Ångstrom case has a slightly longer

gain length, likely due to energy and energy spread diffusion, coherent spontaneous

emission (CSE), and CSR losses. The standard deviation bands of the power gain curve

are widespread at the linear regime but converge towards the average value at the

saturation.

The average (peak) powers in the GW range align with theoretical XFEL extrac-

tion efficiency estimates. Remember, the average power is calculated from ten XFEL

simulations of electron beams with different initial shot-noises. At a total witness

beam energy of 0.378 J and power of Pbeam[TW] = W0[GeV]Ip[kA] ≈ 3.27 TW,

it is possible to estimate the maximum total radiation power at saturation using

Psat ≈ 1.6ρFELPbeam[TW] for the two cases presented. The radiation power predictions

yield Psat,C1 ≈ 4 GW and Psat,C2 ≈ 2.8 GW and in Puffin, the average radiation powers

observed are Psat,sim,C1 ≈ 4 GW and Psat,sim,C2 ≈ 0.5 GW, respectively, and, individual

shots come close to the theoretical value and produce O(109 − 1010) number of photons

per pulse tightly packed into a sub-fs duration within the 0.1 % spectral bandwidth

(see below). Overall, the simulated and predicted characteristics of the XFEL are in

agreement, suggesting that the XFEL is operated near the cold beam limit.

The witness beam that powers the XFEL is ultra-short with r.m.s duration of

570 attoseconds, corresponding to a length of σz,rms ≈ 171 nm. While this is advantageous

for generating radiation pulses with similar duration, it can pose difficulties in ensuring

that they overlap temporally with the ultra-short witness beams during the entire

interaction. Due to inherent slippage, the radiation pulse may outpace the electron

beam before the XFEL reaches saturation. This can result in an incoherent prepulse

preceding the fully coherent main pulse. The XFEL must be saturated before slippage

effects compromise the radiation pulse’s temporary structure and mode content.

The total slippage time is S = Lsatλr/(λuc0), for the two showcases this results in

SC1 ≈ 1.1 fs and SC2 ≈ 0.9 fs. This is well within the central (FWHM) electron beam

current region, and the ultrashort gain length ensures that saturation occurs before

the radiation pulse surpasses the electron beam. Further, the cooperation lengths are

Lc,C1 ≈ 16.2 nm and Lc,C2 ≈ 16.5 nm based on Eq.(2.66), respectively. At a beam length

of σz,rms ≈ 171 nm, the anticipated number of radiation spikes for the Ångstrom and
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Figure 6.8: Full radiation spectra for the two XFEL cases at saturation. The full spectra

of the λr ≈ 1.5 Å and λr ≈ 0.8 Å cases are presented in panel (a) and (b), respectively.

Further, even and odd harmonics are highlighted following the λr/n scaling up to

n = 4 of the fundamental modes. The shortest radiation wavelengths observable are

λr/4 ≈ 0.37 Å and λr/4 ≈ 0.2 Å for the two respective cases and consistent with

the Nyquist frequency cut-off. Produced by the author for [44]. This work is openly

licensed via CC BY 4.0.

sub-Ångstrom case is MC1 ≈ 1.7 and MC2 ≈ 1.6 based on Eq.(2.70), respectively. Con-

sequently, almost isolated, coherent near single-spike radiation pulses are automatically

produced. This is verified by the Puffin simulations depicted in Figure (6.7) (b) and

(e). All simulations generate an almost completely isolated, coherent near single-spike

pulse, with FWHM average radiation pulse durations for the prominent spike of around

∆τ ≈ 100 attosecond. A notable feature is the clarity of these isolated pulses in the

temporal domain. The variation in radiation power shown in Figure (6.7) (a) and (d)

follows the expected statistical properties of the near single-spike regime and agrees

with the theoretical expectations.

Figures (6.7) (c) and (f) depict lasing at the fundamental wavelength in both cases, as

evidenced by the radiation spectrum. Two wavelength modes are present, which denote

strong longitudinal coherence (see discussion on temporal coherence Eq.(2.69) and (2.70)

), with an average FWHM bandwidth of approximately ∆λ ≈ 0.6 picometre around

the fundamental wavelength. The corresponding average time-bandwidth product is

around TBP ≈ 1.8 , suggesting that additional enhancements could potentially result

in Fourier transform limited XFEL pulses, pushing the XFEL to its ultimate limits.
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The clean XFEL process is also evident from the complete radiation spectrum for the

two cases at saturation (see figure (6.8)) up to 4th harmonics—the radiation spectrum

peaks at the fundamentals and higher harmonics, while sideband amplification is

strongly minimized. Signature of pronounced radiation spikes in the spectrum down to

λr,C2/4 ≈ 0.2 Å wavelength is visible, which is a potential indication that even shorter

radiation wavelengths may be possible. Here, the electromagnetic recoil effects and

quantized nature of the radiation are negligible even for the shortest wavelength in

this study because the “quantum FEL parameter” ρQFEL = ρFELmecγr/ℏkFEL [358]

is much larger than one for both cases even for the 4th harmonics, ρQFEL,C1 ≈ 53.4

and ρQFEL,C2 ≈ 24.1 . Future work will elaborate on the possibility of even harder

XFEL photon energies (> 25 − 50 keV). However, pushing the photon energies towards

the rest mass energy of electrons (∼ 511 keV) or, in other words, when the resonance

wavelength approaches the electron Compton wavelength (λc,r ≈ 0.0243 Å), the XFEL

will increasingly enter the quantum regime, where ρQFEL < 1 becomes smaller than one,

and quantum treatment of the interaction will be required.

Table 6.1: Summary of the attosecond-Ångstrom class FEL performance. Key PWFA

XFEL performance parameters from the Ming Xie theory and 3D Puffin simulations

are presented.

Symb. λu K λr Eph ρ1D L1D

Units (mm) [nm] (keV) ×10−4 (m)

C1 5 1.18 0.149 8.3 7.6 0.3

C2 3 1.0 0.079 15.7 5.5 0.25

LG,th LG,sim Pr,th Pr,sim ∆τ β∗

(m) (m) (GW) (GW) (attosec) (m)

C1 0.49 0.54 4.0 4.0 ≃100 ≃2.4

C2 0.42 0.62 2.8 0.5 ≃100 ≃2.4

In conclusion, advanced 3D Puffin simulations confirm that the ultra-high 6D bright-

ness witness beam generated in the PWFA stage and transported to the undulator

section can drive an ultra-compact hard XFEL. The XFEL is operated near the cold
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beam limit as predicted by the theoretical estimates in section (6.4.1). Further, the

characteristics of the radiation pulse with attoseconds pulse duration without requiring

delicate beam manipulation techniques at Ångstrom and sub-Ångstrom wavelength

are produced just in a 10-meter undulator section. The performance of the PWFA

XFEL is summarized in the table (6.1). The prospects towards even harder photons are

evident from the theoretical estimates and directly from the 3D FEL results through

the observation of higher harmonics and may be explored in the future. These results

encourage the experimental realization of ultra-compact hard XFELs powered by plasma

photocathode PWFA.

6.5 supplementary considerations and experimental pathways

The attainment of attosecond duration hard XFEL pulses is a crucial objective. But the

true impetus behind these endeavours lies in their potential to facilitate groundbreaking

scientific experiments. Therefore, this section delves into the practicality, examining

XFEL tunability, reproducibility, and experimental feasibility.

The inherent radiation power fluctuation in SASA FEL can be minimised by utilizing

innovative approaches from the conventional FEL community, such as various seeding

or self-seeding mechanisms. It will improve the temporal and spectral properties of

the radiation pulse and enable fully coherent attosecond pulses. However, it is impor-

tant to note that the performance stability of the FEL is significantly determined by

variations in the electron beam parameters driving the XFEL. In-depth investigations

into the tunability and stability of witness beams generated, dechirped, and extracted

from PWFA-equipped with plasma photocathodes in sections (4.2.1) and (5.2) have

concluded that within a reasonable variation range the impact of laser intensity and

spatiotemporal jitter of the injector laser pulse on witness beam parameter variations is

minor. Nonetheless, it is crucial to understand how such variations in electron beam

parameters may impact the PWFA XFEL performance, particularly in identifying if

the working point of the XFEL is on a cliff-edge. A cliff-edge working point would be

susceptible to minor electron beam parameter variation and could practically prevent

reliable experimental operation of the machine.

The STAFF tool (System Trade Analysis for an FEL Facility) [359] is utilized to

examine the PWFA XFEL working points’ sensitivity by varying crucial witness beam
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slice parameters (normalized emittance, relative energy spread, peak current) and

focusing (Twiss beta function) by up to ±5 % at the undulator entrance. These witness

beam parameter variations are well within the reach of plasma photocathodes according

to the results summarised in the table (4.1) in section (4.2.2). The results of this

sensitivity analysis for the two cases of the study are summarized in figure (6.9), which

displays the relative variation of the FEL performances normalized to the nominal cases.

Across both cases (C1, C2), the deviation from the nominal values is less than ±2.5 %,

and the XFEL performance remains highly stable. Although a slightly higher variation

in the photon count is observed for the sub-Ångstrom case when changing the energy

spread, though the 3D gain length remains stable. The exceptional stability of the PWFA

XFEL is due to its operation near the cold beam limit, where the FEL requirements

and Ming Xie scaled parameter conditions (χγrel < 1/
√

3, χϵ < 1, and χd < 1/2) are

satisfied by a significant margin. Witness beam parameter variations do not significantly

impact the gain and FEL performances, as shown in Fig.(6.6). A comparable case

is presented in Fig.(2.10), where calculations at the cold beam limit display sub-cm

variation of the 3D gain length. This XFEL stability plateau is likely uniquely accessible

with ultra-cold beams and is expected to improve even further at higher witness energies

with beneficial effects on the emittance and energy spread conditions and scaled Ming

Xie parameters.

By operating at longer plasma wavelengths in the PWFA stage and synchronizing

lasers and electron beams to 10 fs at linac facilities, witness beam quality and parameter

stability can be significantly improved, as discussed in section (4.2.2). Further, the Hybrid

LWFA→PWFA configuration may offer small footprint systems with even better timing

synchronization than linac-powered PWFA. This intrinsic temporal synchronization

in Hybrid LWFA→PWFA systems raises hope for exact temporal injection precision

(see Sec.(3.2.8)). These two directions provide potential pathways for the experimental

realization of this concept. Whether the electron driver beam for PWFA originates from

a linac or an LWFA stage, the plasma photocathode injection combined with the escort

bunch dechirping technique can pave the way to the ultra-compact attosecond-Ångstrom

class XFEL developed in this thesis.

The distance from the plasma photocathode PWFA stage to the end of the undulator

in the showcased demonstrations is approximately 25 meters. In the case of linac-driven

PWFA, the total system length would primarily be determined by the linac length.
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Figure 6.9: Ultra-compact PWFA XFEL sensitivity study for the 0.15 nm (C1) and

0.08 nm (C2) cases. Crucial witness beam slice properties are varied near the

nominal values by up to ±5 % and the XFEL performance for the two cases (C1,

C2) is evaluated with the STAFF tool [359] based on the Ming Xie formalism.

In (a), normalized slice emittance, in (b) slice relative energy spread, in (c) peak

current and in (d), twiss beta function variation impact on the two XFEL cases

are presented. The study shows that the working points are highly robust against

significant variation of the witness beam parameters and show less than ±2.5 %

variation of the XFEL across the parameters and working points.
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However, the quality requirements for a driver beam in a plasma photocathode PWFA

system are significantly lower in emittance and energy spread compared to driving a

traditional FEL. This creates more opportunities for mixed-mode installations, such as

using linac-generated electron beams that have powered an undulator in a traditional

FEL setup to also serve as an energy and brightness booster stage for a plasma

photocathode PWFA arm. Such an extension, referred to as an afterburner plasma-

XFEL, would enhance the overall capabilities and efficiency of the facility, including

existing and future FELs.

When implementing a Hybrid LWFA→PWFA setup, the experimental section utilizing

X-ray pulses post-plasma may have the most significant spatial footprint. By realizing the

PWFA XFEL concept through this method, a standalone miniaturized FEL system can

be produced and pave the way for exploring new capabilities and modalities in photon

science. This includes a Hybrid LWFA→PWFA-based XFEL arm at current or future

linac-based FEL facilities, or even multiple XFEL-arms at any geometry and energy

level, coexisting with other laser and particle beams, as illustrated in figure (7.2). The

possibilities for configurations and applications of miniaturized XFEL systems remain

largely untapped, with potential use cases beyond what the current user community

can foresee.

Both PWFA [204, 360] and LWFA [361] can operate at kHz or potentially MHz

repetition rates, which could lead to the realization of the PWFA XFEL presented here

at high repetition rates. This would result in high average power XFEL radiation and the

ability to deploy various adaptive stabilization mechanisms and data-driven optimization

methods [199]. Currently, most LWFA and PWFA experiments are performed at a

repetition rate of 1-10 Hz. However, there are efforts to develop 100 Hz LWFA systems

based on high peak power Ti:sapphire laser systems [362] and potential prospects for

kHz and MHz repetition rates with thin-disk lasers [363] and optical fibre lasers [364,

365]. These advancements in laser technology provide encouraging prospects for realizing

plasma photocathodes at linacs with up to kHz and MHz repetition rates. They may

also allow high average power Hybrid LWFA→PWFA systems, ultimately enabling high

average power miniaturized XFEL systems proposed in this work.

Enhancing capacity over the long term is undoubtedly important, but the quality of

the electron beams produced and the resulting photon pulses are even more critical than

quantity. This is why just 1-5 pC of witness charge compressed into kA peak currents,
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with ultra-low emittance and low energy spread, is sufficient to power hard XFEL. A

much larger charge fraction of the electron beam contributes to the FEL process. This,

in turn, leads to an increased number of "useful" photons at the desired photon energy

within a specified bandwidth that can be harnessed in precision experiments. In this

regard, a clean photon pulse from a well-defined electron beam with ultrahigh quality is

an asset, as it may generate clean and conclusive data for evaluation and potentially

result in a significant reduction in experimental time. The increased repetition rate

and elevated number of "useful" photons can dramatically improve the quality of future

experiments compared to current state-of-the-art XFELs.

When considering the economic aspects of an XFEL machine, the 1D gain length plays

a significant role in determining civil engineering expenses and environmental impact.

Hence, the gain length elongation in 3D will have a proportionally larger economic impact

when dealing with a few meter-scale 1D gain lengths than the proposed sub-meter gain

length regime. Therefore, minimising 1D and 3D gain lengths is crucial for the machine’s

efficiency and overall impact. While wall-plug energy efficiency is important for facility

design, capabilities like attosecond pulse duration and sub-Ångstrom wavelengths this

approach promises have far-reaching implications for science and experiments. At the

heart of it is the brightness-transforming component of the present concept, which

is necessary for plasma-accelerated electron beams to reach the quality threshold for the

hard XFEL regime; without it, the efficiency of coherent hard X-ray photon production

would be zero.

6.6 discussion

The findings reported in this chapter will have direct ramifications for the advancement

of next-generation, plasma-based free-electron lasers and the exploration of attosecond

pulses at Ångstrom and sub-Ångstrom wavelength.

The concept invented here can generate electron and photon beams that surpass even

the most advanced state-of-the-art km-scale hard X-ray facilities in terms of bright,

distinct, and ultrashort photon pulse production. High-fidelity start-to-end simulations

for the three building blocks (plasma accelerator stage, transport line, and undulator)

revealed three significant breakthroughs.
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Figure 6.10: Witness beam key parameter preservation and evolution along the PWFA

XFEL. In (a), starting from the left, the plasma density profile (grey) is plotted,

followed by the transport line elements for the witness beam (red and blue) and

the undulator section (grey solid line). In (b), normalized average slice emittance

evolution over the 23-meter propagation distance (green solid line) and the witness

beam focusing inside the undulator (black dashed line for the vertical plane and

solid line for the horizontal plane) is depicted. The green line represents the slice

energy spread evolution across the three building blocks, while the orange line

shows a selected XFEL gain curve in the undulator. Produced by the author for

[44]. This work is openly licensed via CC BY 4.0.
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Firstly, the plasma photocathode injector and dechirper techniques work synergistically

to produce fully dechirped attosecond electron beams with a slice energy spread of

only 0.04 % at multi-GeV energies and a normalized projected emittance of ϵn,(x,y) ≈

23(17) nm-rad. Secondly, these beams can be transported without significant quality

loss in practical settings. Although transporting beams with substantially higher energy

spread and µm-rad level emittance from today’s plasma accelerators poses challenges,

the much better initial beam quality achieved directly within the plasma accelerator

stage reduces beam quality preservation challenges during transport. The final projected

normalized emittance at the entrance of the undulator has increased by only sub-

2 nm-rad compared to the plasma stage exit, and the final projected slice energy spread

remains nearly identical to the initial values. Thirdly, when focused on undulators,

these cold beams are ideal for ultrahigh gain and enable coherent, high-contrast XFELs

near the cold beam limit regime. Figure (6.10) summarizes the evolution of witness

beam parameters from the start-to-end of the plasma-XFEL and highlights beam

quality preservation along the 25 m of the system and table (6.2) presents witness

beam parameters at selected positions across the three building blocks of the PWFA

XFEL. These witness beams produce distinct, coherent, hard X-ray pulses with sub-Å,

attosecond-scale characteristics without needing electron beam manipulation or photon

pulse cleaning. The analysis in section (6.5) suggests that such a plasma-XFEL may

be within technical reach, considering stability, repetition rate, efficiency, and practical

considerations. The ultra-high quality electron beam allows the XFEL to operate near

the cold beam limit, achieving exceptional stability.

Further improvements in electron beam quality could push the XFEL to its Fourier

transform limits, resulting in attosecond duration hard X-ray pulses with advanced

capabilities. These capabilities include obtaining clean diffraction images, imaging

electronic motion at the natural time and length scale, and many other applications.

The implications of this work suggest the possibility of harder photon energies, multi-

colour pulses, and photon pulses with improved modalities. The LWFA-driven PWFA,

equipped with a plasma photocathode, could pave the way towards miniaturization of

the technology, enabling the ubiquitous use of hard XFELs as diagnostics for probing

plasma, nuclear, or high-energy physics and other applications. For example, a previously

unfeasible configuration of a multi-FEL facility with inherently synchronised X-ray,
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laser and electron beams at arbitrary geometry at IP. These prospects may completely

change the way XFELs are used in the future.
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7
C O N C L U S I O N S A N D O U T L O O K

This chapter summarises the results of the current thesis, concludes and outlines the

future directions of the R&D and discusses potential photon and fundamental science

modalities accessible in the near future with ultra-bright electron and photon beams.

7.1 summary

This thesis presents a blueprint for an ultra-compact, plasma-based hard XFEL near

the cold beam limit with unprecedented electron and photon beam quality based on

three distinct breakthroughs [39, 42, 44]. The results simultaneously solve the obstacles

that have hindered the realisation of ultra-compact, plasma-based hard XFEL and open

the path towards an innovative and viable hard XFEL concept.

The first successful experimental implementation of the plasma photocathode in a

90◦ geometry has demonstrated the feasibility of the injection concept and confirmed

its accordance with theoretical predictions and simulations. The plasma afterglow

spatiotemporal alignment method was integral to successfully implementing plasma

photocathode injection in the PWFA, even under compromised experimental boundary

conditions. Experimental and simulation data analysis revealed straightforward pathways

to improve witness beam stability and quality in future experiments. For example, if

the plasma source diameter is much larger than the blowout radius Dchannel ≫ Rb,

then the variation of the diameter, shape and alignment of the plasma source from

shot-to-shot may not play a significant role in energy gain, quality and stability of

the witness beam. Such a PWFA configuration provides the optimal environment

for a stable collinear plasma photocathode injection. A thorough study of realistic

spatiotemporal and intensity jitter of the plasma photocathode laser pulse uncovered
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7.1 summary

that the witness beam quality could exceed even the best rf-based accelerators, with

exceptional witness beam parameter stability. This is highly promising for the next

generation of plasma photocathode injection experiments and ultra-compact hard XFELs

powered by these ultra-high 5D brightness witness beams. Combining an injector,

compressor, and accelerator in a single plasma stage using a plasma photocathode

PWFA is highly attractive. However, the ability to compensate for energy chirp in the

same plasma stage is missing in the all-plasma capability to generate ultra-high 6D

brightness electron beams.

The second main achievement of this thesis tackles the challenge of large energy

spread and energy chirp of the ultra-high 5D brightness witness beams in plasma-

based accelerators by developing a novel energy chirp compensation approach. This

unique approach leverages beam loading via a second electron beam (escort bunch)

released during the later acceleration stage of the ultra-high 5D brightness witness

beam. This trick ensures that the witness beam is immune to the space charge forces

of the escort bunch and facilitates the preservation of witness beam quality during

dechirping. The escort bunch can be created by any method capable of producing high-

charge and high-peak current beams, but in this case, a second plasma photocathode

laser pulse is utilized to take advantage of the inherent temporal synchronisation and

stabilisation features of plasma photocathodes. This innovative method elegantly solves

several problems, including dealing with electron beams of unprecedented ultra-high 5D

brightness in the same plasma stage, decoupling the dechirping of the witness beams

from the acceleration and generation process, witness beam quality preservation during

dechirping and extraction from the plasma stage, and robustness of the dechirping process

against spatiotemporal jitter of the witness beam injector laser. Thanks to the intrinsic

stabilization properties of the plasma photocathodes in PWFA, this method generates

reliably ultra-high 6D-brightness electron beams with ultralow normalized emittance,

low energy spread, and high peak current at exceptional stability. Furthermore, it may

help preserve the witness beam quality during transport towards the XFEL application.

It can have a transformative impact on light and particle sources and may lead to new

scientific frontiers. This approach is applicable at higher beam energies relevant to HEP,

may enable the generation of multi-energy electron beams for multi-chromatic light

sources, and allows accurate control of the longitudinal phase space of the witness beam.
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7.2 conclusions and outlook

The third main achievement of this thesis reaches a significant breakthrough: A

plasma-based attosecond-Ångstrom class free-electron laser concept has been developed

through a high-fidelity start-to-end simulations framework. Building on the findings of

previous achievements of this thesis, a dedicated PWFA acceleration stage has been

designed to create electron beams with unparalleled 6D brightness values with record

characteristics. The witness beam properties in terms of projected (slice) normalized

emittance are preserved on the nm-rad level with sub-0.1 %-level projected (slice)

relative energy spread values at multi-GeV energies during acceleration, dechirping

and extraction from the plasma-stage. A beam transport line has been designed and

optimized to preserve the witness beam’s quality during capture from the plasma stage,

transport, isolation, and refocusing into an undulator section for hard X-ray coherent

photon production. The undulator configuration is designed to harness the full potential

of this new class of electron beams for high photon gain. In the undulator section, the

hard XFEL saturates after 10 meters with a sub-meter scale 3D gain length close to the

idealised 1D gain length at the cold beam regime. The sub-fs duration witness beam

produces near-isolated single spikes at 100 as duration at GW-level peak power. The

radiation wavelength is tuned down to 0.8 Å with prospects for even short wavelength.

The hard X-ray photon pulse characteristics suggest that the radiation pulses are close

to the transformer limit, and future investigation may enable fully coherent single-spike

radiation pulses. A forward-looking analysis of the PWFA hard XFEL concept concludes

with the system’s experimental feasibility and prospective exceptional stability.

7.2 conclusions and outlook

The radiation characteristics of the PWFA XFEL presented in this thesis are push-

ing the boundaries of scientific exploration and enter the "novel frontier of science"

region in figure (1.1) in chapter (1). These coherent radiation pulses, operating in

the attosecond-Ångstrom range, have the potential to revolutionize attosecond pump

and probe experiments, enabling observation of electron motion and ultra-fast charge

transfer at their natural time and length scales in atoms, molecules, and solids. Addi-

tionally, actual diffraction before distraction experiments for determining the structure

of single molecules may become a reality, ultimately advancing fields such as chemistry,

biochemistry, and medicine. These developments may have a catalytic effect on the
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Figure 7.1: Energy and brightness booster PWFA stage. Experimental pathway of realising

plasma photocathode PWFA stage and potential light source applications of ultra-

high 6D brightness. Produced by the author for [40] and adapted for the thesis.

R&D landscape and revolutionize science, technology, and society in ways limited by

our imagination. A few selected future avenues and experimental pathways towards

realizing the PWFA XFEL concept are outlined below.

The experimental demonstrations of 90◦ plasma photocathode at SLAC FACET [39]

and at Hybrid LWFA→ PWFA [263] mark vital experimental milestones. However,

realising plasma photocathode in collinear geometry and increasingly approaching and

measuring the ultra-high quality electron beams is the next challenge aimed at the

E-310 experiment at SLAC FACET-II and with the Hybrid LWFA→ PWFA platform.

The demonstration of the escort bunch-based dechirping approach is aimed at the E-313

experiment at SLAC FACET-II, where the author is one of the principal investigators.

An experimental realisation of the PWFA XFEL developed in this thesis would be a

breakthrough. Even a subset of the capabilities is regarded as a milestone (see review

protocol of [44]), for this vision to succeed a programmatic R&D program will be

required at dedicated linacs or Hybrid LWFA→ PWFA facilities. First attempts to

establish such an R&D program were made [366, 367], and other efforts are underway.

A reasonable strategy would be to start with single electron bunch beam loading of

the wakefield and systematically attain the ultra-high 6D brightness electron beams

presented in this thesis.

The ultra-high 6D brightness PWFA stage can unfold its potential as a standalone

system. It can also enhance the capabilities and modalities of existing and future linac-

based FELs and compact LWFA facilities via Hybrid LWFA→ PWFA. For example, an
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7.2 conclusions and outlook

ultra-high 6D brightness PWFA stage can serve as an energy and brightness booster

stage in conventional linacs and post-LWFA stages, as illustrated in figure (7.1). This

plasma stage can be placed before the undulator section at existing and future FEL

facilities to enhance the FEL capabilities or post-FEL interaction to utilize the FEL

beam for an afterburner PWFA stage. As a result, the ultra-high 6D brightness PWFA

stage can act as a gateway towards a wide range of light sources, including the present

PWFA hard XFEL concept, Inverse Compton Scattering and Ion Channel Laser, and

other applications discussed in [40, 41]. Due to its compact nature, the ultra-high 6D

brightness PWFA stage and its resulting applications, such as light sources, can be

ubiquitously deployed as diagnostic tools for probing or driving plasma, nuclear processes

and nuclear fusion, high-energy physics, quantum electrodynamics, fundamental physics,

and many other applications discussed in [41].

A completely novel modality for exploring fundamental physics and science could

be achieved through the implementation of multiple Hybrid LWFA→ PWFA-powered

ultra-compact XFELs in collider geometry at a single site or in combination with linac-

powered PWFA, as illustrated in figure (7.2). The potential scientific inquiries enabled

by this technology would encompass multi-directional and multi-coloured probing of

matter and vacuum and investigating topics such as quantum electrodynamics and

direct photon-photon processes. The direct photon-photon process is a key prediction of

the standard model but is experimentally not verified in a direct observation. Further,

utilizing XFEL photons as plasma and target diagnostics in nuclear fusion reactors

may become feasible [41, 44], and/or XFEL photons may be leveraged to assist nuclear

fusion [368]. There is also the possibility of tomographic imaging and probing of single

molecules and matter with multi-directional and multi-coloured photon pulses from

these ultra-compact hard XFELs in collider geometry. Such a PWFA XFEL-collider

system could also be installed at conventional existing or forthcoming XFEL facilities to

enhance the facility’s capabilities. An especially appealing configuration would involve

the integration of all-optical Hybrid LWFA→ PWFA systems in collider geometry, with

beams of TW- to PW-call lasers, ultrabright electron beams, and hard XFEL pulses or

γ-ray pulses generated by these ultra-bright electron beams, all intrinsically synchronized

at the interaction point [41, 44, 369, 370]. Here, only a handful of aspirations for such a

machine are discussed. However, there are likely more use cases for such a machine that

are not captured in this thesis. Although the current hard XFELs based on linacs are

206



7.2 conclusions and outlook

exclusively km-scale machines and make such a configuration unimaginable, the results

of this thesis and the significant advancements in the Hybrid LWFA→ PWFA concept

inspire reasonable optimism for the realization of this vision.
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A P P E N D I X I

Here, supplementary material is provided for this thesis.

8.1 appendix chapter 2

This section provides supplementary content for the chapters (2).

8.1.1 Appendix Transfer Matrix

This section introduces transfer matrices relevant to this thesis. The matrix for the drift
section is

RDrift =



1 l 0 0 0 0

0 1 0 0 0 0

0 0 1 l 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1


. (8.1)

The transfer matrix of a quadrupole reads

RQD =



cos κ 1√
|k1|

sin κ 0 0 0 0

−
√

|k1| sin κ cos κ 0 0 0 0

0 0 cosh κ 1√
|k1|

sinh κ 0 0

0 0
√

|k1| sinh κ cosh κ 0 0

0 0 0 0 1 0

0 0 0 0 0 1


. (8.2)
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The dipoles employed in the chicane for the electron beams separation section are

rectangular dipole magnets with parallel entrance and exit faces. The transfer matrix

for a rectangular dipole can be constructed from the transfer matrix of a sector dipole

magnet RSector (entrance and exit face are perpendicular to the design orbit) with an

additional edge-focusing matrix Redge. The transfer matrix of a rectangular dipole is

then

RRectangular = Redge · RSector · Redge, (8.3)

where the transfer matrix of a sector dipole magnet is

RSector =



cos θ ρ sin θ 0 0 0 ρ(1 − cos θ)

− 1
ρ

sin θ cos θ 0 0 0 sin θ

0 0 1 ρθ 0 0

0 0 0 1 0 0

− sin θ ρ(cos θ − 1) 0 0 1 −ρ(θ − sin θ)

0 0 0 0 0 1


(8.4)

and the transfer matrix of edge-focusing reads

Redge =



1 0 0 0 0 0
tan θ/2

ρ
1 0 0 0 0

0 0 1 0 0 0

0 0 − tan θ/2
ρ

1 0 0

0 0 0 0 1 0

0 0 0 0 0 1


. (8.5)
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8.1.2 Appendix Ming Xie coefficients

The table (8.1) contains the fitting coefficients of the Ming Xie fitting function presented

in Eq.(2.75).

Table 8.1: Xie fitting parameters for Λ Eq.(2.75) according to [111].

a1 = 0.45 a2 = 0.57 a3 = 0.55 a4 = 1.6

a5 = 3 a6 = 2 a7 = 0.35 a8 = 2.9

a9 = 2.4 a10 = 51 a11 = 0.95 a12 = 3

a13 = 5.4 a14 = 0.7 a15 = 1.9 a16 = 1140

a17 = 2.2 a18 = 2.9 a19 = 3.2

8.2 appendix chapters 4 and 5

This section provides supportive material for the chapters (4) and (5).

8.2.1 Data access

The data set for the publication [39] is available from the corresponding authors upon

reasonable request. Data associated with the publication [42] is publicly accessible under

the doi: https://doi.org/10.15129/3563d476-7a65-497c-9c7e-5a1f7a57591f. The

complete data set produced for the publication [44] is publicly accessible under the doi:

https://doi.org/10.15129/176712e5-7677-461e-9d78-bb9af35cff76.

8.2.2 Appendix proof-of-concept simulation parameters in chapter 5

The novel dechirper concept in section (5.1.4) was modelled with the 3D PIC code
VSim. The input file consists of more than 3400 lines of instructions for the PIC engine;
however, below, a subset of the parameters is provided for reference.

###############################################
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###

### Input file : res4wedding80fsV3.pre

### Output file: res4wedding80fsV3.in

###

###############################################

DX = 8e-07 # longitudinal resolution (meters)

DY = 3.2e-06 # transverse resolution (meters)

DZ = 3.2e-06 # transverse resolution (meters)

DT = 1.3342563807926082e-15 # integration time step (seconds)

NX = 288 # numbers of grid cells in the longitudinal direction

NY = 48 # numbers of grid cells in the transverse direction

NZ = 48 # numbers of grid cells in the transverse direction

LX = 0.0002304 # LX, LY, LZ are the corresponding simulation box sizes (meters)

LY = 0.0001536

LZ = 0.0001536

PTCL_ORDER = 3 # macro-particle order

PTCL_INTERPOLATION = "esirk3rdOrder" # interpolation method

NDIM = 3 # Simulation dimension here 3D

SIMTIME = 8.339102379953802e-11 # Total simulation time (seconds)

NDUMPS = 625 # Number of data checkpoints

NSTEP_TMP = 62500 # Total number of computed time steps

8.2.3 Appendix PWFA stage simulation parameters in chapter 6

The input file for the advanced PWFA stage for the XFEL application in section (6.2.2)

is highly optimized for numerical efficiency, enabling the modelling of multi-cm long

plasma stages at high-fidelity. The input file contains many important innovations in

≈ 2000 lines of instructions for the PIC engine. Below are only the essential simulation

box parameters.

###############################################

###

### Input file : thpwfaxfel_v8b.pre

### Output file: thpwfaxfel_v8b.in

###

###############################################
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DX = 1e-07 # longitudinal resolution (meters)

DY = 1e-06 # transverse resolution (meters)

DZ = 1e-06 # transverse resolution (meters)

DT = 3.3356409519815204e-16 # integration time step (seconds)

NX = 1440 # numbers of grid cells in the longitudinal direction

NY = 145 # numbers of grid cells in the transverse direction

NZ = 145 # numbers of grid cells in the transverse direction

LX = 0.000144 # LX, LY, LZ are the corresponding simulation box sizes (meters)

LY = 0.000144

LZ = 0.000144

PTCL_ORDER = 3 # Macro-particle order

PTCL_INTERPOLATION = "esirk3rdOrder" # interpolation method

NDIM = 3 # Simulation dimension here 3D

SIMTIME = 5.003461427972281e-10 # total simulation time (seconds)

NDUMPS = 1499 # Number of data checkpoints

NSTEP_TMP = 1500000 # total number of computed time steps

8.2.4 Appendix beam transport line

The optimized particle tracking simulation in section (6.3) is based on the below example
beam line lattice.

! Below, quadrupole elements are defined

! L: length of the element in meters and K1: strength of the quadrupole

QM1: QUAD,L=0.1,K1=79.99

QM2: QUAD,L=0.1,K1=-79.48

QM3: QUAD,L=0.05,K1=79.70

QM4: QUAD,L=0.3,K1=4.60

QM5: QUAD,L=0.3,K1=-5.00

QM6: QUAD,L=0.3,K1=4.72

! Below drift elements are defined L: length of the element in meters

DQM: DRIF,L=0.1

DQM1: DRIF,L=0.064

DQM2: DRIF,L=0.071

DQM3A: DRIF,L=1.030
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DQM4: DRIF,L=0.409

DQM5: DRIF,L=0.551

DQM6: DRIF,L=0.5

! Below drift elements in the chicane are defined

! L: length of the element in meters, DZ: integration step size in meters

BDCSR1: CSRDRIFT,L=1.5,DZ=0.001,USE_STUPAKOV=1

BDCSR2: CSRDRIFT,L=0.2,DZ=0.001,USE_STUPAKOV=1

BDCSR3: CSRDRIFT,L=1.70,DZ=0.001,USE_STUPAKOV=1

! Below, collimator elements are defined as black body

RCOLDM: ECOL,L=0.0001,X_MAX=0.25e-3,Y_MAX=0.25e-3

RCOLB2: ECOL,L=0.0001,X_MAX=0.2e-3,Y_MAX=0.2e-3

! Below, dipole magnets are defined considering CSR

! L: length of the element, ANGLE: bend angle in (rad)

B1: CSRCSBEND,L=0.4,ANGLE=0.002,CSR=1,N_KICKS=400,BINS=1000,SG_HALFWIDTH=1, USE_STUPAKOV=1

B2: CSRCSBEND,L=0.4,ANGLE=-0.002,CSR=1,N_KICKS=400,BINS=1000,SG_HALFWIDTH=1, USE_STUPAKOV=1

B3: CSRCSBEND,L=0.4,ANGLE=-0.002,CSR=1,N_KICKS=400,BINS=1000,SG_HALFWIDTH=1, USE_STUPAKOV=1

B4: CSRCSBEND,L=0.4,ANGLE=0.002,CSR=1,N_KICKS=400,BINS=1000,SG_HALFWIDTH=1, USE_STUPAKOV=1

! Below, the three building blocks of the example beam transport line are defined

PMQ_TRIPLET: LINE=(QM1,DQM1,QM2,DQM2,QM3)

EMQ_TRIPLET: LINE=(QM4,DQM4,QM5,DQM5,QM6)

CHICANE: LINE=(B1,BDCSR1,B2,BDCSR2,RCOLB2,B3,BDCSR1,B4)

! Below, the complete beam transport line is defined

PWFA_XFEL_BEAMLINE: LINE=(DQM,RCOLDM,PMQ_TRIPLET,DQM3A,CHICANE,BDCSR3,EMQ_TRIPLET,DQM6)
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