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Abstract
Plasma wakefields deliver accelerating fields that are approximately a 100 times higher than
those in conventional radiofrequency or even superconducting radiofrequency cavities. This
opens a transformative path towards novel, compact and potentially ubiquitous accelerators.
These prospects, and the increasing demand for electron accelerator beamtime for various applications in natural, material and life sciences, motivate the research and development on novel plasma-based accelerator concepts. However, these electron beam sources need to be understood and controlled. The focus of this thesis is on electron beam-driven plasma wakefield acceleration (PWFA) and the controlled injection and acceleration of secondary electron bunches in
the accelerating wake fields by means of a short-pulse near-infrared laser. Two laser-triggered
injection methods are explored. The first one is the Trojan Horse Injection, which relies on very
good alignment and timing control between electron beam and laser pulse and then promises
electron bunches with hitherto unprecedented quality as regards emittance and brightness.
The physics of electron injection in the Trojan Horse case is explored with a focus on the final
longitudinal bunch length. Then a theoretical and numerical study is presented that examines
the physics of Trojan Horse injection when performed in an expanding wake generated by a
smooth density down-ramp. The benefits are radically decreased drive-electron bunch requirements and a unique bunch-length control that enables longitudinal electron-bunch shaping.
The second laser-triggered injection method is the Plasma Torch Injection, which is a versatile,
all-optical laser-plasma-based method capable to realize tunable density downramp injection.
At the SLAC National Laboratory, the first proof-of-principle was achieved both for Trojan
Horse and Plasma Torch injection. Setup details and results are reported in the experimental
part of the thesis along with the commissioning of a novel laser-to-electron-beam synchronization diagnostic, which is based on the plasma recombination light.
These findings constitute significant progress as regards the key community goals of making
plasma accelerators better controllable and generate tunable high-quality electron beams.

Zusammenfassung
Die beschleunigenden Felder in Plasmawellen sind um einen Faktor von etwa 100 höher, als die
von derzeit verwendeten supraleitenden Beschleunigern. Dies erlaubt eine deutliche Reduktion
von Beschleunigungsstrecke, was wiederum den Bau der kompakten Beschleunigern erlaubt.
Eine solche Entwicklung wird dringend benötigt, wenn man die kontinuierlich steigende Nachfrage nach Strahlzeit an Beschleunigern und elektronenstrahlgetriebenen hochqualitativen
Lichtquellen beobachtet. Ein elementarer Schritt in der Entwicklung der Plasmabeschleunigngstechnologie ist die Kontrolle der in Plasmawellen erzeugten Elektronenstrahlen.
Diese Arbeit behandelt die Beschleunigung von Elektronenstrahlen in elektronenstrahlgetriebenen Plasmawelle, deren Injektion durch Femtosekunden-Infrarot-Laserpulse kontrolliert wird.
Zwei Injektionsmethoden konnten dabei experimentell zum ersten Mal realisiert werden: Die
Trojan Horse Injektion und die Plasma Torch Injektion.
Bei der Trojan Horse Injektion handelt es sich um eine Ionisationsinjektionsmethode, bei der
die Ionisation der Elektronen, die dann in der Plasmawelle beschleunigt werden, ausschliesslich durch den Laserpuls geschieht. Dadurch wird die Injektion unabhängig von den Feldern
der Plasmawelle und die Eigenschaften der sekundären Elektronenstrahles können dezidiert
beeinflusst werden. Das erfordert einerseits einen sehr exakten Aufbau und gute zeitliche Kontrolle des Lasers und des treibenden Elektronenstrahls. Andererseits jedoch können mit dieser
Methode Elektronenstrahlen mit bisher unerreichter Emittanz produziert werden.
Im Theorie- und Simulationsteil dieser Arbeit wird der Mechanismus untersucht, der das Stromprofil des injizierten Elektronenstrahles bestimmt. Dieses Modell wird dann aufgenommen für
eine numerische Studie zur Trojan Horse Injektion in einer sich ausdehnenden Plasmawelle
auf einer Plasmadichterampe. Es wird gezeigt, dass durch Injektion auf einer Dichterampe die
Anforderung an den Strom des treibenden Elektronenstrahls deutlich verringert werden kann.
Über die Intensitätsverteilung des Lasers und den Gradienten der Dichterampe kann dann das
Stromprofil des erzeugten Elektronenstrahles gezielt gesteuert werden, wobei die hohe transversale Strahlqualität, die der Trojan Horse Injektion zu Eigen ist, nicht verringert wird.
Die Plasma Torch Injektion ist eine Methode, die auf dem gezielten Einwirken auf die Phasengeschwindigkeit der Plasmawelle basiert und ist insofern vergleichbar mit der Dichterampeninjektion. Diese Arbeit beschreibt den ersten experimentellen Beweis der Trojan Horse und
Plasma Torch Injektion, erbracht durch die E210 Kollaboration am SLAC National Laboratory.
Der Experimentalteil dieser Arbeit beschreibt Experimentaufbau, Kalibierungen und Datenanalyse zu beiden Methoden. Ausserdem wird die Analyse einer neuen, plasmabasierten Synchronisationsmethode zwischen Elektronenstrahl und Laserpuls präsentiert.
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1

INTRODUCTION

For decades now, particle accelerators have been one of the most valuable scientific tools for
groundbreaking insight into microscopic structures. The very simplified reason is that with
high energy comes high resolution. This is true for particle physics, where structures and particles are explored by means of collisions and for photon science, where complex structures like
molecules, clusters, shockwaves etc. are probed. The dawn of photon science began when it
was realized that synchrotron radiation, which limits the energy gain in circular accelerators,
can be put to great use for the determination of structures. With the development of synchrotrons as a light source, photon science got connected with electron accelerator research and
development. Nowadays a variety of light sources from electron accelerators is available. While
classic synchrotron storage rings can provide comparatively broad-band radiation, the radiation from electrons oscillating in the alternating magnetic fields of wigglers and undulators is
considered monochromatic. By utilizing tuned high-quality electron bunches in undulators, a
resonant amplification of photons at a given wavelength can be achieved. These Free-Electron
Lasers (FEL) can generate high-intensity sub-picosecond coherent light pulses, ranging from
the infrared (IR) to the X-ray spectrum.
The demand for FEL beam time, both in the scientific community and in the industry is ever
increasing. This is reflected by the increasing number of FEL light sources. Already existing
FELs like LCLS or FLASH are being upgraded to LCLS 2 [1] and FLASH 2 [2]; in FLASH 2, a
new linear accelerator (linac) is added to the still operational FLASH light source. Additionally,
new FELs like the European XFEL [3] or the SwissFEL [4] were recently commissioned. The few
tens of µm-long electron bunches required to power the FEL process need to be accelerated to
energies in the GeV or multi-GeV range with small energy spread and momentum spread in
order to reach the X-ray regime. Currently, such high energies demand up to several kilometers
of accelerator infrastructure. The long acceleration length is determined by the accelerating
structures. For example, the superconducting TESLA radiofrequency cavities [5], which are the
core accelerator building blocks of XFEL and FLASH are built, are limited for theoretical reasons
to ≈ 55 MV/m before quenching, i.e. leaving the super-conducting phase. Experimentally,
45.4 MV/m [6] has been reached so far. Increasing the accelerating fields and at the same
time generating short, high-quality bunches is therefore key to decrease the infrastructure
footprint and cost, which in turn can open up FEL-based research to smaller laboratories, not
just large-scale research facilities.
Acceleration in plasma wakefields is a very promising candidate as it can generate accelerating fields on the order of 10 GV/m. However, this promising acceleration technique needs
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to be developed to provide high-quality electron beams. The Trojan Horse or underdense photocathode plasma wakefield acceleration [7] promises ultra-low emittance electron bunches
in an electron-beam-driven plasma wakefield. In this scheme, an additional laser pulse is focused into the wake where it releases a secondary electron bunch, the witness bunch, inside
the plasma wake. The method combines high-quality electron bunches with short acceleration
lengths which make it a very promising candidate to make FEL-like radiation broadly available.
The application of short low-emittance electron bunches is not limited to FEL applications only.
It is also interesting for radiation generation from inverse Compton scattering or for applications in high-energy physics, where ultra-low emittance values are beneficial, because of the
concomitant increase in luminosity. For all these reasons Trojan Horse Plasma Wakefield Acceleration is being investigated at several facilities. By the start of my work in 2014, the Trojan
Horse was a concept which was merely described in simulations and had yet to be experimentally shown. Part of this thesis describes the route to the proof-of-principle of Trojan Horse
injection.
The thesis is separated into 8 main chapters. Chapter 1 is the introduction. Chapter 2 lays out
the theoretical basis for understanding the physical phenomena studied in this work in the
area of plasma physics and Plasma Wakefield Acceleration (PWFA). Section 2.8.3 describes the
principle of Plasma Torch Injection and is based on simulation studies for which the author1
calculated plasma density profiles. These studies led to the publications [8, 9]. In section 2.8.6
dark-current-avoidance strategies in a Trojan Horse Injection experiment are presented by means of simulations. The section is also based on a publication [10] the author contributed to
with calculations of the trapping potential. In chapter 3, the author presents his derivation
of the longitudinal current formation of the injected electron bunch in the case of the Trojan
Horse PWFA. This is done by combining the known concepts of tunnel ionization shown in
section 2.3 with the wake-electric-field scaling laws presented in section 2.4 and the trapping
condition calculated in section 2.7. The presented method allows to calculate the longitudinal
current structure from laser and plasma properties2 . The results from chapter 3 are important
to understand the content of chapter 4, where the author examines the Trojan Horse Injection
in an expanding plasma wake. Wake expansion and the corresponding wake phase-velocity
reduction is achieved by a smooth plasma-density transition. The conclusions of the investigations are a decreased minimum drive-bunch current, a novel method to control the longitudinal witness-bunch shape which has a ultra-low emittance and a low slice-energy spread.
The author’s analysis performed for the content presented in chapter 4 can also be found in
reference [12]. Details of the experimental work done in the course of the author’s doctorate
can be found in the chapters 5-8. The experiments were prepared and conducted with colleagues from the E210 collaboration, which includes members of the University of California
(UCLA), University of Strathclyde and the University of Hamburg and other institutions. The
experiments were performed at the Facility for Advanced Accelerator Experimental Tests (FA1 For simplicity, "the author" from now on refers to the author of this thesis.
2 A simulation study completing the picture numerically can be found in the master thesis by G. Hurtig [11]
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CET) at the SLAC National Laboratory. A detailed description of the experimental conditions
available at FACET is given in chapter 5. Chapter 6 shows preparatory calculations and plans
concerning the optics specific to the E210 experiment. An important part of the experimental
campaign was to establish and quantify the synchronization between the laser pulse and the
electron beam, which is described in chapter 7. An Electro-Optical Sampling (EOS) timing diagnostic was set up to fulfill the timing measurement needs of the experiment. Thanks to the
high accuracy of the EOS described in section 7.2, a novel synchronization method based on
plasma recombination light was explored and developed in detail as described in section 7.3.
The experimental evidence for Plasma Torch was adduced as described in section 8.2 and the
result of the experimental evidence of Trojan Horse Injection can be found in section 8.3. The
plasma-based synchronization and the electron injection results will form parts of publications
currently in preparation. Then, chapter 9 summarizes the results presented so far in this work.
Chapter 10 gives a brief overview of possible future developments connected to the topics of
this thesis. For the near-term prospects, the author presents a numerical study concerning the
applicability of the Plasma Torch and Trojan Horse Injection at the FLASHForward facility.
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2

T H E O R E T I C A L F O U N D AT I O N

The purpose of this chapter is to describe the physics involved in the acceleration of electron
beams in the fields of a plasma wake in general and in particular for the specific case in which
the injection of electrons in such a wake is controlled by a laser pulse. In order to understand
the physical concepts, one first needs to define the fundamental electrodynamics, and then
add the plasma, laser and particle beam physics elements which are crucial to this work. This
leads to a quantitative description of the plasma wakefield and the injection and acceleration
of electrons in it.
2.1

electromagnetic foundation

The basis of electrodynamics is given by the Maxwell equations [13, 14]. These are here expressed in the International System of Units (SI) and have the form

~ · ~E = ρ
∇
e0
~ · ~B = 0
∇

(2.1)
(2.2)

~
~ × ~E = − ∂ B
∇
∂t

(2.3)

~
~ × ~B = µ0~j + µ0 e0 ∂ E .
∇
∂t

(2.4)

The Maxwell equations describe the fundamental relation between the electric field ~E, the
magnetic field ~B, the charge density
ρe = nqe

(2.5)

~j = qe n~v.

(2.6)

and the current density
ρe and ~j can be expressed as functions of the particle density n for resting or moving charge
distributions at velocity ~v and with fundamental (electron) charge
qe = 1.60217 × 10−19 C.

(2.7)

The constants e0 and µ0 are the vacuum dielectric constant and the vacuum permeability with
values given in SI units:
e0 = 8.8541878 × 10−12 C/Vm,

(2.8)

µ0 = 1.2566371 × 10−6 Vs/Am.

(2.9)
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They are connected to the speed of light in vacuum
c = 299, 792, 458 m/s

(2.10)

√
via the relation c = 1/ µ0 e0 .
The electric and magnetic fields can also be expressed in terms of the scalar potential Φ and the
~ The scalar potential can be calculated with the help of Poisson’s equation
vector potential A.
ρ
∇2 Φ = .
e

(2.11)

The vector potential is defined via the magnetic field

~ × A.
~
~B = ∇

(2.12)

After inserting equation 2.12 into Faraday’s law 2.3, the relation between the electric field,
vector potential and a scalar potential is found to be

~
~ Φ − ∂A .
~E = −∇
∂t

(2.13)

Plugging Ampères Equation 2.4 into the vector identity

~ · (∇
~ × ~B) = 0
∇
gives the expression

~ ·
∇

∂~E
µ0~j + µ0 e0
∂t

(2.14)

!

= 0.

(2.15)

Evaluating this equation with the definitions for ~j and ρ we obtain the continuity equation
∂ρe ~
+ ∇ · (ρe~v) = 0.
∂t

(2.16)

The continuity equation states charge conservation in a system with currents. A single charged
particle such as an electron with a mass of
me = 9.10938291 × 10−31 kg

(2.17)

is deflected and accelerated by the electromagnetic fields as described by the Lorentz equation

~F = d~p = d(γme~v) = q(~E + ~v × ~B),
dt
dt
c
where γ =

q 1
2
1− v2
c

12

is the relativistic gamma factor.

(2.18)

2.2

the foundations of plasma physics

There are several definitions of a plasma, but one of the most appealing that we will follow in
this work can be found in the classic textbook by Francis F. Chen: "A plasma is a quasineutral
gas of charged and neutral particles1 which exhibits collective behavior" [15]. This collective
behavior is dominated by the electromagnetic interaction of the charged particles described
by the Maxwell Equations 2.1-2.4.

Debye Shielding
The concept of quasi-neutrality as mentioned in the plasma definition arises from the tendency
of the ions and electrons to shield each other over macroscopic distances inside the plasma.
This can be illustrated best by calculating the response of the plasma at a temperature T to
a point-like positive net charge Q. The electrostatic potential U (ρ) caused by this charge leads to a re-arrangement of the charged particles surrounding it. Since the plasma is at finite
temperature T, the resulting density distribution converges to a Boltzmann distribution in the
radial direction ρ
n e ( ρ ) = n e e qe U ( ρ ) / ( k B T )

(2.19)

n i ( ρ ) = n i e − qe U ( ρ ) / ( k B T )

(2.20)

for the electrons and
for the ions around the positive net charge, where kB is the Boltzmann constant .
Considering Poisson’s law 2.11 in one dimension gives
e0

∂2 U ( ρ )
= qe ( ne − ni ).
∂ρ2

(2.21)

The expressions for the charge-density distributions are inserted and ne = ni is assumed so
that
e0

∂2 U
= qe ne (eqe U/(kB T ) − e−qe U/(kB T ) ).
∂ρ2

(2.22)

For thermal energies kB T  qe U, a Taylor expansion gives
e0

∂2 U
q2e ne
q2e ne
≈
q
n
(
1
+
U
−
1
+
U + . . .)
e
e
∂ρ2
e0 k B T
e0 k B T

≈

2q2e ne
U.
kB T

(2.23)
(2.24)

The solution of the differential equation is the effective potential of the net positive charge and
the surrounding attracted charges. It has the form
U = U0 exp(−ρ/λD )

(2.25)

1 Regarding the gas types we will conveniently assume them to be electrons, ions and neutral atoms and comment
that other particles as well can fit the definition of a plasma, but such exotic compositions are beyond the scope of
this work.
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with the information about the range of the shielded Coulomb field embodied in the Debye
Radius

s
λD =

e0 k B T
.
2ne q2e

(2.26)

We can see that a plasma sphere with a radial length L  λD has its Coulomb fields shielded
and appears to be charge-neutral to an outside observer.

The Plasma Frequency
An electron-density variation with respect to the ionic density ni is equivalent to a net chargedensity displacement. This leads to a strong electric field acting upon both ions and electrons2 ,
as a restoring force that evokes a harmonic oscillation in charge density at the characteristic
frequency of the plasma. Since the ion mass mi is large compared to the electron mass me , the
electronic response is much quicker, which is why these plasma oscillations are dominated by
the electrons, while the ions can be considered stationary.
Starting from the Poisson equation 2.11, the electric field from a charge separation between
the electron density ne and the ion density ni with an ionization level Zi can be calculated as

~ ~E = qe ( Zi ni − ne ).
e0 ∇

(2.27)

A small electron-density perturbation δn is assumed so that ne is substituted with ne → ne + δn.
The condition Zi ni = ne leads to the expression

~ ~E = qe δn.
e0 ∇

(2.28)

Taking the time derivative of the continuity equation 2.16 and inserting the equation of motion
∂~j
q2 n
in an electric field = e e ~E gives
∂t

me

ne q2e ~ ~
∂2 ρ e
+
∇ E = 0.
∂t2
me

(2.29)

Equation 2.29 can be combined with equation 2.28 to the differential equation
∂2 δn
ne q2e
δn = 0,
+
∂t2
e0 m e

(2.30)

where the relation ρe = qe δn is used. The solution to this differential equation is a harmonic
oscillation in density
δn(t) = δn0 cos(ωp t).
The characteristic frequency of this oscillation
s
ωp =

ne q2e
e0 m e

(2.31)

(2.32)

2 A plasma can of course also consist of several species of ions at a variety of different ionization levels. Such a case
does not alter the physics fundamental to the concept of the plasma frequency.
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is called the plasma frequency and is one of the most important parameters in plasma physics. In the context of plasma accelerators, it is convenient also to consider the wavelength
associated with the plasma oscillations, the plasma wavelength
λp = 2π

c
.
ωp

(2.33)

In the context of plasma wakefield accelerators, the plasma wavelength gives the rough longitudinal length of a plasma wake, as we will see in section 2.4. Typical values for example for a
plasma density ne = 1 × 1017 cm−3 are

q

ne [cm−3 ] Hz ≈ 1.8 × 1013 Hz
q
λp ≈ 105.6/ ne [1017 cm−3 ]µm = 105.6 µm.

ωp ≈ 56400

(2.34)
(2.35)

Electromagnetic Waves in Plasmas
The Debye shielding assumes a thermalized plasma and is not the correct physical concept
to describe the reaction of a plasma to a rapid change in charge on a femtosecond timescale.
The more appropriate figure of merit is to look directly at the propagation of electromagnetic
waves in plasmas which is deduced following Mulser and Bauer [16].
The electromagnetic wave propagation is calculated by transforming the Maxwell equations
into the differential equation
2~
~
~ ×∇
~ × ~E + ∂ E = − 1 ∂ j .
∇
2
2
2
c ∂t
e0 c ∂t

(2.36)

In a plasma, the current density is nonzero, but only electronic flow velocity ~ve needs to be
taken into account for the high frequencies we are considering in this work so that

~j = −qe ne~ve .

(2.37)

Equation 2.36 can be solved with an exponential ansatz for a linear wave propagating in the x
direction at angular frequency ω

~E = E
~0 e(ikx−iωt) .

(2.38)

Plugging the ansatz into the differential equation 2.36 gives

~ ×∇
~ × ~E − k2 η 2~E =
∇
with the group velocity vg =

∂ω
∂k

vg vph
c2

and the phase velocity vph =

(2.39)
ω
k.

The index of refraction in

an absorption-free plasma is
s
η=

1−

ωp2
ω2

.

(2.40)
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Equation 2.40 can be interpreted as a criterion for the propagation of the disturbance. For ωp >
ω, the refractive index η becomes imaginary, which is physically equivalent to a reflection of
the wave, with the measure of the penetration depth being the skin depth
1
k−
p = q

c

ωp  ω

→

ωp2 − ω 2

c
.
ωp

(2.41)

From equation 2.40 one can see that the transition from reflection to transparency occurs at
the cutoff frequency
(2.42)

ωp = ω.

By plugging in the expression for ωp from equation 2.32, one can define the electron density
of the transition point

e0 m e ω 2
,
(2.43)
q2e
the critical density. A plasma at a lower electron density than the critical density is transparent
ncrit.
=
e

for the light and is called underdense with respect to the light frequency, whereas at higher
electron densities it is called overdense.
As an example we consider the central wavelength of a Titanium-Sapphire (Ti:Sa) laser, λ =
800 nm. For such a laser system, the critical density in equation 2.43 is ncrit. = 1.7 × 1021 cm−3 .
In the following, we will only consider Ti:Sa laser systems and electron densities smaller than
1 × 1019 cm−3 . We can therefore in the context of this work safely assume that the plasma is
transparent for laser light.
2.3

Φ

plasma generation

Single Photon Ionization

Tunnel Ionization

Barrier Supression Ionization

Figure 2.1: Visualization of different ionization regimes. Short-wavelength photons can excite
electrons (green) to leave the atomic potential (l.h.s). Long-wavelength electric fields bend the
potentials so that tunneling becomes more probable (center), until the potential is deformed
to the barrier-suppression ionization regime (r.h.s).
When sufficiently intense, sub-picosecond laser pulses ionize gas to plasma. The underlying
physics can be broadly divided into three different regimes: the single-photon or Multi-photon
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Ionization (MPI); Tunnel Ionization (TI); and Barrier Suppression Ionization (BSI). MPI describes the absorption of one or several photons simultaneously by a bound electron such that the
combined energy ∑ h̄ωLaser exceeds the electron’s binding energy in the atomic potential and
the electron is released into the continuum.
TI and BSI on the other hand describe an ionization that occurs due to the deformation of the
potential, which means that the electron is released on a time scale over which the electric
field of the laser can be assumed to be constant.
A handy parameter to distinguish between the multi-photon and tunneling ionization regime
is the Keldysh parameter [17, 18, 19]
s
γK =

ξ ion
.
2U p

(2.44)

The parameter is the ratio between the binding energy ξ ion of an electron in an atomic potential
and the ponderomotive potential

q2e E2
(2.45)
4me ωL
which is the mean quiver energy of an electron in the electric field of the laser with frequency
Up =

ωL . γK was orignially called the "adiabaticity parameter" and compares the tunneling time
of an electron in the Coulomb field of a hydrogen atom to the laser period. For a Keldysh
parameter γK  1, the laser period is much larger than the tunneling time and TI is the
dominating effect. In the case of γK  1 the opposite is true and MPI prevails.
The Yudin-Ivanov (YI) model describes the ionization behavior ranging from the pure tunnel
ionization regime to the multi-photon regime and is divided into approximated solutions for
different γK . In reference[20], solutions for γK  1, γK ≈ 1, γK ≤ 2 and γK  1 are presented.
Ammosov, Delone and Krainov have extended the tunnel ionization probability of electrons
in a hydrogen atom to arbitrary atoms3 and formulated the ADK model [22]. They calculated
that for atoms with the principal quantum number n∗  1, the orbital quantum number l
and its projection m, the tunneling ionization probability for an electron with a binding energy
ξ ion being excited by a laser with peak electric field E is
w = Cn2 ∗ l ∗

 3E 
(2l + 1)(l + |m|))!  2E0 2n∗ −|m|−1
.
ξ ion |m|
πE0
E
2 |m|!(l − |m|)!

(2.46)

√
√
∗ √
2q
where n∗ = Zi / 2E, Zi is the ionization level and E0 = 2E. Cn∗ l ∗ = ( n∗e )n / 2πn∗ .
In contrast to the YI model, the ADK model does not calculate the instantaneous ionization
probability but the average ionization rate over one laser oscillation. However, it has been
shown that the ionization rate between the laser cycles, as calculated by the ADK model, is in
good agreement with the results from YI calculations if γK < 1 [23].
3 A good review of TI theories can be found in reference [21]. In the appendix, it is argued that the ADK model is, in
fact, merely a non-essential incremental description.
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In the parameter regime of the ADK model, the laser-electric field is small compared to the
ionic Coulomb field and the problem can be treated with perturbation theory. With stronger
laser-electric fields this is not possible anymore. The critical electric field that divides TI and
BSI is defined as the field for which the electron may escape the Coulomb potential classically
[24, 25] and can be approximated to [26]
 ξ [eV] 3/2
√
5.14 × 1011 V/m.
Ecrit. ≈ ( 2 − 1)
27.2 eV

(2.47)

Bruhwiler et al. [26] have developed an approximate equation for the ionization rate which
is optimized for numerical simulations such as Particle-In-Cell (PIC) simulation codes (see
section 2.5). The approximate ADK ionization rate is
∗

WADK

∗ −1
3/2
3/2
ξ ion
[eV]
ξ ion
[eV] 2neff
4neff ξ ion [eV] 
×
exp
−
6.83
20.5
= 1.52 × 1015 ∗
∗
neff Γ(2neff )
E[GV/m]
E[GV/m]

!
s−1
(2.48)

for an atom or a molecule being ionized to the ionization level Zi with its ionization energy
∗ ≈ 3.69Z/ξ . Γ is the Gamma function.
ξ ion 4 and the effective principal quantum number neff
ion

One has to keep in mind that equation 2.48 is only valid for electric fields below Ecrit. . For higher
electric fields, the ionization probability turns over and decreases again. This is obviously not
physical and can lead to misleading results.
In this work, we consider ionization with laser intensities up to 1016 W/cm2 at a wavelength
of λLas = 800 nm, which corresponds to a γK < 1 regime. Therefore, Tunneling Ionization as
described with the Ammosov-Delone-Krainov (ADK) model is a sufficiently good model.

The Ionization Gap
In the physically valid range of electric field strength for Tunnel Ionization, the ionization rate
increases extremely rapidly. The consequence is that the difference between no ionization and
full ionization of a certain ionization level is determined by only slight changes in electric field
strength. This behavior can be seen in the graph 2.2, where the ionization rate is logarithmically
plotted against the electric field. The onset of the rapid increase in ionization rate varies from
element to element, which defines an ionization threshold electric field, that is specific to an
element and ionization level. This can be used to shape the plasma density. By controlling the
peak intensity of a short-pulse laser in a gas mixture with different ionization threshold values,
distinct ionization of one low ionization threshold (LIT) component is permitted while the other
high ionization threshold (HIT) component remains un-ionized. The ionization rates of lithium
and helium e.g. qualify well as HIT and LIT components, with a large gap in ionization rates,
but lithium, which vaporizes at 1603 K [28], requires external heating to become gaseous, which
adds substantial complexity to an experimental setup. A good alternative that does not require
4 An extensive list of ionization energies can be found in [27].
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Figure 2.2: Tunnel ionization rate plotted against electric field strength in a log-lin plot for
lithium, hydrogen and helium.
any heating is the combination of hydrogen and helium, a mix therefore used extensively in
the context of this work.
Plasma density profiles from laser ionization
For a gas with a plasma density n0 at full ionization, the ionization ratio at a given point in
space in the lab frame is obtained by integrating the ionization rates over time such that the
time-dependent ionization ratio is

ne ( t )
= 1 − exp −
n0

Zt


WADK (t0 )dt0 .

(2.49)

∞

We assume a laser pulse linearly polarized in a direction perpendicular to the propagation
direction with pulse length τ. The electric field can be approximated by the envelope of the
laser electric field to

t2
),
(2.50)
2τ 2
since in the ADK theory the average over electric-field oscillations is taken. The complete enE⊥ (t) = E0 exp(−

velope field distribution of a Gaussian laser in TEM00 mode is
E⊥ (r, z, t) = E0

w0
r2
t2
exp(−
)
exp
(−
)
w(z)
w ( z )2
2τ 2

(2.51)

in a cylindrical coordinate system, where w(z) = w0 (1 + ( zz0 )2 )1/2 is the beam waist at lon-

gitudinal position z and z0 = πw02 /λ is the Rayleigh length, the distance from the laser focus
√
after which the laser spot size increases by a factor of 2. Now the complete ADK ionization
integral is




ne (r, z, t) = n0 1 − exp −

Zt

WADK ( E⊥ (r, z, t0 ))dt0



.

(2.52)

∞

Figure 2.3 shows a cut through the r, z plane of the ionization ratio n/n0 of laser-ionized He
according to equation 2.52 at t  τ. Sharp density transitions are visible transverse to the
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Figure 2.3: Cut through rz-plane of ionization ratio due to ionization of helium gas by a 1 mJ
Gaussian laser pulse with waist w0 = 10 µm and τ = 70 fs FWHM pulse length, calculated
from ADK theory.

laser pulse propagation direction z. This detail will become important in section 2.8.3 and in the
experimental part of the thesis, since such sharp transitions are a convenient tool to precisely
define pre-ionized plasma shapes that allow for the injection of electrons into plasma wakes.
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2.4

wakefields in plasmas

Broadly speaking, there are currently two major approaches for the excitation of plasma wakes
in order to harness them for electron acceleration, the Laser-driven WakeField Acceleration
(LWFA) and particle-driven Plasma-WakeField Acceleration (PWFA). In LWFA, a high-intensity
laser pulse with a typical duration of tens of fs 5 ionizes a gas to plasma and drives the wake,
while in PWFA a high-current electron-beam is the driver6 in an electron-beam ionized plasma
or a pre-ionized plasma, depending on the application and the gases used as a plasma source.
PWFA has a variety of advantages over LWFA, such as longer acceleration length and phase
velocity near the speed of light, which enables advanced acceleration techniques such as the
Trojan Horse injection. A good comparison between both methods can be found in reference
[36].
Since this work only concentrates on simulations and experiments with electron-beam-driven
PWFA, the theory will also only treat PWFA in depth.

The Quasi-static Approximation
Wakefields in plasmas are generated by a driver, which can be a laser pulse, or a charged
particle beam, propagating through the plasma and seeding an electron density perturbation.
The restoring forces natural to plasmas respond to this perturbation, which leads to a periodic
density perturbation following the driver, comparable to waves trailing a boat on water. Hence,
the wake shows a periodicity depending on the plasma environment and propagates at a phase
velocity vφ equal to the driver velocity
vφ = vdriver .

(2.53)

It is common and convenient to make a Galilean Transformation of the coordinate system from
the lab-frame to a frame that moves along with the drive beam and the wake, the so-called
co-moving frame. The transverse coordinates x and y are not changed by this transformation
and z and t are expressed in a new co-ordinate
ξ = z − vdriver t,

(2.54)

which for drive-beams with γ  1 can be approximated to
ξ = z − ct.

(2.55)

For the transformation into the co-moving frame, even though it moves with c, no Lorentztransformation into the rest frame of the electron beam has taken place, so that all fields and
5 In the repertoire of laser-driven acceleration schemes there is also the plasma beat-wave accelerator that combines
two ns-laser pulses at different wave length in order to resonantly excite a wake [29, 30, 31], or a single ns laser
pulse breaks up into several beam-lets, exciting plasma wakes as in the self-modulated laser wakefield accelerator
(SMLWFA)[32]. A good overview of laser-driven plasma-acceleration methods can be found in reference [33].
6 Other charged particles as drivers are also focus of current research such as protons[34] or positrons [35].
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length scales are still described in the lab frame. This means that a function F that only varies
in ξ, requires that
∂F
∂F
= −c
∀ F ( ξ ).
(2.56)
∂t
∂z
The Quasi-static Approximation states that this is true for all functions relevant to the described
physics, which in our case is the wake formation and acceleration in these wakes.

Plasma Wakefields in the linear regime
For the derivation of the linear wakefields, we will follow the calculations as presented in
reference [37]. We assume that an electron bunch propagates through a plasma of electron
density ne at vb ≈ c and with a beam density
nb (ξ, r )  ne .

(2.57)

This electron bunch acts upon the background plasma as a driver of a small plasma density
perturbation ne = n0 + n1 to which the plasma responds. Comparable to the mathematics
for the derivation of equation 2.32, this perturbative approach allows for a linearization of the
continuity equation 2.16 to

−c

∂n1
+ ne ∇~v = 0
∂ξ

(2.58)

and respectively a linearization of the equation of motion to

−c

∂~v
qe ~
=
E.
∂ξ
me c

(2.59)

Combined with Gauss’s law, this set of equations become
c2

∂
∂2 n1
= c (ne ∇~v)
∂ξ 2
∂ξ
∂(∇~v)
≈ ne
∂ξ
2
2
q n
= e e ( n1 + nb )
e0 m e

(2.60)
(2.61)
(2.62)

Now inserting Gauss’s law results in the expression
 ω 2
 ω 2
∂2
p
p
n
(
ξ,
r
)
+
n
(
ξ,
r
)
=
−
nb (ξ, r ).
1
1
∂ξ 2
c
c

(2.63)

Formula 2.63 gives the differential equation to calculate the plasma density response to a drive
electron beam in the limit of nb  ne and vb ≈ c. To facilitate a solution it can be assumed
that the source term nb is separable in r and z and confined to r < rmax and ξ < 0 such that
 2

∂
2
+ kp n1 = −nb k2p f (r ) g(ξ ).
(2.64)
∂ξ 2
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The solution to this differential equation is
n1 = nb f (r ) k p

Z∞

dξ 0 g(ξ 0 ) sin(kp (ξ 0 − ξ )) .

(2.65)

ξ

|

{z

}

G (ξ )

From the plasma density wake trailing the driver, n1 , one can now derive the fields generated
by the wake, the wake fields. The longitudinal fields are [38]

Ez = EWB G (ξ ) k2p 

Zr

dr 0 r 0 f (r ) I0 (kp r 0 )K0 (kp r ) +



dr 0 r 0 f (r ) I0 (kp r )K0 (kp r 0 )

(2.66)

r

0

|

Z∞

{z

F (ξ )

}
(2.67)

= EWB G (ξ ) F (ξ )

where K0 and I0 are the zeroth-order Bessel functions. The wake fields are proportional to
q
EWB = cme ωp /qe ' 96 ne (cm−3 ) V/m,
(2.68)
which is the cold plasma wave-breaking limit. It was calculated by Tajima and Dawson in 1979
[29] and marks the maximum field strength that can be supported by a plasma described by
fluid dynamics.
The radial fields Wr = Er − cBθ can be obtained by applying the Panofsky-Wenzel Theorem
[39]. This theorem describes the transverse kick obtained by a charged test particle in an accelerating structure with transverse boundaries as e.g. in radiofrequency (RF) cavities. Rosenzweig describes in his book [40], how the Panofsky-Wenzel Theorem is applied to wake fields
in plasma. The formulas of the theorem then become
∂Wz
∂W⊥
=
∂r
∂ξ
∂Ez
∂( Er − cBθ )
=
.
∂r
∂ξ

(2.69)
(2.70)
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The Blowout Regime
The description laid out so far for the linear regime is limited to electron bunches at an electron
density that is low with respect to the surrounding plasma density. For dense driver bunches,
the radial fields become strong enough to radially expel all electrons in a defined volume that
are then attracted back on axis by the restoring forces of the plasma, forming an electron-free
ion channel trailing the driver bunch. This highly nonlinear regime is called the blowout regime.
A good parameter to distinguish between linear and strongly nonlinear regime in PWFA is the
ratio between the number of drive-beam electrons Nb and the number of plasma electrons in
a cube with an edge length of the skin depth kp [41, 42], which is
e=
Q

3
Nb k−
p

ne

.

(2.71)

e  1 a linear wake is excited, and for Q
e  1 the wake is strongly nonFor values of Q
linear and in the blowout regime. The wake in the blowout regime undergoes a strong wave
breaking, which means that the plasma electrons expelled by the drive beam propagate along
crossing trajectories wrapping around the ion channel. As a consequence, a thin sheath of high
electron density forms around the ion channel with smallest radius trajectory rb [43]. During
propagation along the blowout sheath, the electrons are accelerated by the ion channel and can
reach energies as high as a few MeV at the vertex at the back of the wake. Electrons at such high
energies are relativistic and could easily be injected into the wake, but the high phase velocity
in PWFA of vφ ≈ c mostly inhibits trajectories that inject electrons into an accelerating phase
of the wake. Ways to enable injection by means of wave breaking are discussed in section 2.7. In
the blowout regime, due to the electron-free ion channel, the longitudinal electric field Ez does
not depend on the radial component. Therefore, one can conclude from the Panofsky-Wenzel
Theorem [39] that

∂Ez
∂( Er − cBθ )
=
=0
∂r
∂ξ

(2.72)

which predicts homogeneous focusing forces over the entire length of the blowout. The fields
inside the blowout can be approximated as
kp EWB
ξ
2
kp EWB
Er ≈
r
4
kp EWB
Bθ ≈ −
r
4c
kp EWB
Er − cBθ ≈
r.
2
Ez ≈

(2.73)
(2.74)
(2.75)
(2.76)

These scalings are very advantageous for the acceleration of secondary electron bunches inside
the plasma wake. The linear radial focusing fields keep electron bunches compressed inside the
blowout and therefore preserve their transverse spread in size and momentum (see definition
of emittance in section 2.6). A comparison with 3D Particle-In-Cell simulations is presented in
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figure 2.4 and figure 2.5 and show a good agreement with the presented scalings . The length of
the blowout is approximately the plasma wavelength λp = 333 µm at the given plasma density
of 1 × 1016 cm−3 . The black line in figure 2.4 (a) is a linear cut through the accelerating field
Ez in the center of the blowout. The red line compares this on-axis accelerating field to the
prediction from equation 2.74. The independence of longitudinal fields on the radial position
can be seen from the color-coded slice through the simulated accelerating fields, as well as
from the transversely drawn cut (b).
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Figure 2.4: Slice through the on-axis transverse plane of the longitudinal electric fields Ez in
a plasma wake excited by a 3 nC FACET-like drive beam in the blowout regime simulated with
the particle-in-cell code VSim at a plasma density of ne = 1 × 1016 cm−3 . The longitudinal
on-axis cut shows a typical linear dependence compared to the linear approximation (red) from
equation 2.74 with a nonlinear increasing accelerating field at the vertex (a). The positions of
the macro-particles (see section 2.5) of the 3 nC drive-bunch are projected onto the x-plane
and plotted with reduced transparency for better visibility of the wake field. The transverse cut
through the longitudinal fields at the position of the vertical dashed line in (a) is plotted in (b)
and is approximately constant in the central region around x = 0.
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Figure 2.5: Slice through the on-axis transverse plane of the radial electric fields Ez in a
plasma wake excited by a 3 nC FACET-like drive-beam in the blowout regime simulated with
the particle-in-cell code VSim at a plasma density of ne = 1 × 1016 cm−3 . A cut through the
field along the dashed line shows a typical linear dependence (b). The positions of the macroparticles of the 3 nC drive-bunch are projected onto the x-plane and plotted with reduced
transparency for better visibility of the wake field.

2.5

particle-in- cell simulations with vsim

electric field E
magnetic field B

∆t

charge density n
current density j

particle position
ri
particle momentum vi

Figure 2.6: Particle-In-Cell algorithm.
Currently the most accurate description of the physics of PWFA in the blowout regime is given
by Particle-In-Cell (PIC) simulations. Simulating particles and particle acceleration in plasma
is an essential part of the plasma acceleration research field since its roots in the 1980s [29, 44].
The PIC code applied for the simulations shown in this work is VSim by TECH-X, the successor of the VORPAL PIC code[45]. The PIC algorithm relies generally on discretizing the space
into a grid with electric and magnetic field values as well as currents and densities assigned
to it and calculating the particle’s response to its self-consistent fields. Not every single parti-
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cle is simulated. Instead the particles are packed into macro particles that behave like single
particles but are statistically evaluated according to their weight. In one simulation period the
algorithm can be separated into different steps drawn out in a flow-chart in figure 2.6. First,
VSim deposits macro particles according to given charge and current distributions. For PWFA
simulations, this means mostly the deposition of plasma electron and ion macroparticles and
driver-beam electron macro particles, the BeamElectrons. Ion macroparticles can also be neglected. In that case, the simulation background is effectively positive so that a lack of electrons
naturally means a positive net charge. The BeamElectrons of the driver beam should not be
initiated inside the plasma, because this leads to an erratic calculation of the drive-beam fields.
Instead, in the simulations shown in this work, BeamElectrons are initiated in vacuum and
then enter a plasma density upramp after some propagation distance in vacuum, which may
differ among the simulation runs. Macro particles are not only added at the beginning of the
simulation. Computation packages can be switched on or off to calculate ionization. In VSim,
tunnel ionization and collision ionization can be utilized. In this work, only the tunnel ionization packages were used7 .
From the macro-particle distribution, charge density and current can be calculated, from which
the field solver to solve Maxwell’s equations. The electric and magnetic fields are arranged in a
Yee mesh [46, 47], in which the electric fields are located on the grid edges and magnetic fields
on the grid faces; they are calculated with the Finite-Difference Time-Domain (FDTD) method
[46]. To minimize approximation errors, the electric and magnetic fields are calculated with the
leap-frog algorithm, which means that their computation is staggered in time. The simulation
box in VSim can be chosen to move along with the electron bunch, so that the simulation uses
less computing time. The transverse boundaries consist of a so-called matched absorbing layer
[47], an isotropic perfectly matched layer [48] that acts as an absorbing boundary condition.
After solving the Maxwell’s equations, the solution to the equation of motion is calculated.
Then, the macro particles are re-located aaccording to their new momenta and positions in this
time step. Macro particles outside the boundary of the co-moving simulation box are excluded
from the simulation. The grid size and time steps must be chosen such that the spatial and
temporal scale of the physics involved is still resolved. This means for example that in order to
simulate the propagation of a laser pulse that drives a plasma wake as for a LWFA simulation,
the laser oscillation with a typical length of 800 nm needs to be resolved. If, on the other
hand, the purpose of a laser pulse is only to ionize gas, it can be approximated in the envelope
equation 2.51, which is computationally more economical, because the grid can be broader
than the laser wavelength. The minimum necessary requirement to ensure that the solutions
obtained by the field solver converge is the Courant criterion [49]
q
(∆x )2 + (∆y)2 + (∆z)2 > c∆t,

(2.77)

which gives a relation between temporal and spatial resolution. With the VSim 3D PIC code
it is possible to reliably calculate the physics involved in PWFA, such as is done for reference
[50].
7 For calculations sensitive to collision ionization the collision ionization packages will be applied in future work.
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2.6

beam dynamics in accelerators

In the previous sections, we examined the physics of the beam-driven plasma-wake excitation.
The ultimate goal as presented in this work is to advantageously make use of the wake fields
in order to inject and accelerate high-quality secondary electron beams, conventionally called
"witness beams" or "witness bunches".
In this section we will explain the basic electron-beam behavior in an accelerator and from that
determine the most important parameters.

Single electron dynamics
The analysis of the single-particle dynamics in an accelerator beamline by definition leaves
out any interaction with other charges. This means that, for now, any space-charge effects are
ignored and the trajectory in spatial and momentum space is considered as a mere response
to the beam optics. The equations of motion for an electron in external fields are
d
dW
= γme c2 = ~v · ~F,
dt
dt
~F = d~p = d γme~v = qe (~E + ~v × ~B)
dt
dt
c

(2.78)
(2.79)

from which the evolution in momentum and position of an electron can be calculated. The
6D space spanned by these spatial and momentum coordinates is called phase space. Here,
z is the direction of acceleration. The coordinates x and y are the directions transverse to
the acceleration. If given, y is pointing up. The two projected sub-spaces transverse to z are
called transverse phase spaces or trace spaces. At a point in time, a particle in an accelerator is
completely described by its phase space vector
 
x
 
 x0 
 
 
y

Φ=
 0
y 
 
z
 
δ
with the transverse momenta x 0 =
momentum8

px
0
pz , y

=

py
pz

and the deviation δ =

(2.80)

δpz
pz

from the nominal

pz . Any beam optics in an accelerator, even drift sections, change the phase-space

vector of a particle. Similar to the mathematics of paraxial optics, these changes can be developed in a Taylor expansion [52]
Φ1i = R̂ij Φ0j + T̂ijk Φ0j Φ0k + . . . ,

(2.81)

8 A good description of linear beam optics can be found in the books written by Wiedemann [51] or Rosenzweig [40].
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where 0 denotes the original state and 1 the state after the transformation. We assume that
all changes are small compared to the original values or can be expressed as a series of linear
transformations. Higher orders can be omitted so that the transformation is approximated to
Φ1 = R̂ij Φ0
  
R11
x1
  
0
 x   R21
 1 
  
 y1   R31
 =
 0 
 y1   R41
  
 z  R
 1   51
δ1
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 0
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  x0 
  .
 
R36 
  y0 
 0
R46   y0 
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  z0 
δ0
R66

R12 R13 R14 R15 R16
R22 R23 R24 R25
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R52 R53 R54 R55
R62 R63 R64 R65

The transformation matrix
R̂ij =

∂Φ1i
∂Φ0j

(2.82)

(2.83)

connects input and output parameters and is the Jacobian of this transformation. As such it
requires det( R̂) = 1, which also means that only the changes due to conservative forces are
described by equation 2.82. Later in this work, the matrix component R56 will become important. It connects an input deviation from design longitudinal momentum δ the to a deviation
in longitudinal position
z1 = R56 δ0 .

(2.84)

Matrix element R56 is also an important parameter when considering the compression of electron bunches, as it describes how the bunch length is altered when propagating through a
dispersive section of the accelerator such as dipoles, or combinations of dipoles such as doglegs or chicanes. In section 7.1 this is used to estimate the timing jitter of an electron bunch
with respect to the nominal energy.

The Liouville Theorem
When considering an entire bunch of electrons it is useful to describe it as a smooth distribution
f (~r, ~p) in spatial (~r) and momentum (~p) coordinates. The distribution is normalized so that
Z∞

f (~r, ~p)d~rd~p = 1.

(2.85)

−∞

The Liouville Theorem states that if only conservative forces are applied to the bunch, the total
phase volume occupied by the distribution stays constant. This is mathematically equivalent
to any transformation that maintains condition 2.85, which can be expressed by Jacobian transformations of the kind described by equation 2.82. Of course R̂ does not need to act upon the
entire 6D-Phase space. In fact, it is common to reduce the analysis and describe only changes in the trace space as the planes are mathematically independent and some beam-optical
devices, as e.g. dipoles do not change both trace-space planes .
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Courant-Snyder coefficients, emittance and brightness
In order to obtain a measure of the actual phase-space volume, the statistical moments of the
distribution can be determined by evaluating the integral
n

< x >=

Z∞

f (~r, ~p) x n dx.

(2.86)

−∞

Courant and Snyder in their summary paper [53] set the standard for defining the phase-space
volume in the trace space with an elliptical equation for its boundary
γ < x2 > +2α < x >< x 0 > + β < x 02 >= e.

(2.87)

The coefficients

< xx 0 >
< x2 >
< x 02 >
,β =
,γ =
(2.88)
e
e
e
p
are the so called Courant-Snyder coefficients with x 0 = pxz being the ratio between the transα=

verse momentum px and the longitudinal momentmum pz . The ellipse constant e is the tracespace emittance. A distribution function f (~r, ~p), as defined with equation 2.85, is considered
to be a smooth 6D-Gaussian function, with the rms trace-space values determining its borders
as sketched in figure 2.7. The rms trace-space emittance is defined as [54]
p
etr,rms = < x2 >< x 02 > − < xx 0 >2 .

(2.89)

This can additionally be normalized to the normalized rms trace-space emittance into the form
en,tr,rms = γetr,rms
pz p
=
< x2 >< x 02 > − < xx 0 >2 .
me c

(2.90)
(2.91)

In this representation, its value stays constant under acceleration. We will mostly work with definition 2.91 when considering emittance. The emittance is an important value, as it is invariant
under conservative transformations, and thus an important figure of merit for electron-beam
quality in general. In particle accelerators the rms transverse beam size is
q
σx = β(z)etr,rms

(2.92)

at a given position z in the accelerator. The beta function β(z) is determined by the beam
emittance and the focusing strength of the beam-optics k (z) connected by the differential
equation
β00 (z) + 2k2 (z) β(z) −

2
= 0.
β(z)

(2.93)

With no external force applied on the bunch, the differential equation 2.93 transforms to
β00 (z) −

2
=0
β(z)

with the solution
β(z) = β∗ +
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( z − z0 )2
β∗

(2.94)

(2.95)

around a focal point z0 . Evaluating this solution with equation 2.92, the transverse electronbeam size increases from the waist spot size, σr0 , like
s

σr (z) = σr0

1+


z
.
β∗

(2.96)

2 /e
β∗ = σx0
tr,rms is a measure of the focal length and is dependent on the trace-space emittance

and the focusing. In the course of this work, the acceleration of electron bunches is simulated
x'

x'

x
A=π

Figure 2.7: Illustration of the trace-space ellipse and its connection to the Courant Snyder
coefficients.
with PIC codes in which the phase space is not a continuous distribution, but represented by
the properties of macro-particles. For a discrete distribution, the definition of the emittance
needs to be adjusted. Floettmann [54] suggested taking sums over n electron macro particles
in the form
1 n 2
1  n 2
−
x
xi
i
n i∑
n2 i∑
=1
=1
1 n  p 2
1  n p 2
< x 0 > = ∑ x,i − 2 ∑ x,i
n i=1 pz,i
n i=1 pz,i
1 n
n
p x,i
p x,i 2
1 n
< xx 0 > =
−
.
x
x
i
i ∑
n i∑
pz,i
n2 i∑
p
=1
=1
j=1 z,j

< x2 > =

(2.97)
(2.98)
(2.99)

Emittance by definition describes a normalized particle distribution. It is therefore insensitive
to the total charge of a particle bunch. To evaluate the efficiency of the bunch in terms of
photon-source or scattering applications, however, it is important to also consider the bunch
charge. For that the Brightness is a better parameter. The 6-dimensional normalized brightness
is defined as [55]
Bn,6D =

Qb
.
e x ey ez

(2.100)
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It depends not only on the transverse emittances, but also on the longitudinal phase-space
volume ez = cσz (∆E/E), influenced by the relative energy spread

∆E
E .

In this work we will

mostly consider the 4-dimensional peak brightness, defined as
Bn,4D = 2

Ip
,
e x ey

(2.101)

where the current is evaluated as peak current Ip and the emittances are the full-bunch tracespace emittances.
2.7

electron trapping in plasma accelerators

The wakefield in the blowout regime will now be applied to describe the trapping of electrons,
where the condition for trapping is that electrons inside the wake reach the wake’s phase velocity. The derivation follows reference [56].
From the Lorentz-force equation 2.18, the Hamiltonian for a single particle electron in an external potential
H = γmc2 + qe Φ

(2.102)

can be derived. Taking the temporal derivative of the Hamiltonian we get
d
d
dH
= (γme c2 ) + (qΦ)
dt
dt
dt
d~p
d
= ~v + (qΦ)
dt
dt
~
~v × ~B
∂A
d
= q~v(−∇Φ −
)+
+ (qΦ)
∂t
c
dt
~
d
~ Φ − ~v ∂ A )
= q( Φ − ~v∇
dt
∂t
~
∂Φ
∂A
= q(
− ~v )
∂t
∂t

(2.103)
(2.104)
(2.105)
(2.106)
(2.107)

Assuming that the wakefields are quasi-static during the trapping process, then for any function
f (~r, z − vφ t)
∂
∂
+ vφ ) f (~r, z − vφ t) = 0.
∂t
∂z
This is also true for the Hamiltonian, so that it can be written as

(

~
d
∂Φ
∂A
H = q(
− ~v )
dt
∂t
∂t
~
∂Φ
∂A
= −qvφ (
− ~v ).
∂z
∂z
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(2.108)

Since H − vφ Pz = const. the following transformations can be done:
H − vφ Pz = const.

(2.109)

γmc2 + Φ − vφ pz − vφ qAz = const.

(2.110)

pz
qΦ
− vφ 2 = const.
2
mc
mc
pz
q
γ − vφ 2 −
(Φ − vφ Az ) = const.
2
mc
|mc
{z
}

(2.111)

γ+

(2.112)

Ψ̄

Ψ̄ is the trapping potential, which moves with a phase velocity vφ with respect to the laboratory
frame. It is valid both for small and for relativistic velocities. With the trapping potential, one
can calculate if an electron inside the plasma wake will be successfully injected and accelerated
or not i.e. if an electron will be able to catch up with the wake’s velocity during the propagation
of the wake or whether it will slip out of the potential. From the previous calculations, a general
formula can be determined:
∆Ψ̄ = Ψ̄i − Ψ̄f = γf − γi − γ f

v φ vf
v φ vi
+ γi 2 .
2
c
c

(2.113)

To apply this derivation for predictions of the electron trapping behavior in the plasma wake,
it is necessary to define a trapping condition. An obvious and conventional choice is that an
electron should catch up with the wake’s velocity so that vf = vφ . Equation 2.113 consequently
simplifies to the trapping condition
v2φ

v φ vi
c2
2
vφ
v φ vi
≤ γφ (1 − 2 ) −γi (1 − 2 )
c
| {zc }

∆Ψ̄ ≤ γφ − γi − γφ

c2

+ γi

(2.114)
(2.115)

=γφ−2

≤ γφ−1 − γi (1 −

v φ vi
).
c2

(2.116)

Equation 2.116 can be used to define a 3-dimensional volume with the fundamental property
that electrons released inside this volume fulfill the necessary condition to be trapped inside
the wake. This volume will be referred to as the trapping region.
Equation 2.116 is now further separated into different physical cases that are examined below.

Phase velocity at speed of light, electron injected at rest
In this case, the plasma wake travels with a phase velocity near to the speed of light, which is
the case for beam-driven scenarios with high-γ driver beams (vφ ≈ c), and electrons starting
inside the wake initially at rest (vi ≈ 0). Here, equation 2.116 simplifies to
0
∆Ψ̄ ≤

1
γφ−
−1

≤ −1.

(2.117)
(2.118)
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Examples of this case are the underdense photocathode, or Trojan Horse injection [7], or
wakefield-induced ionization injection [57].

Phase velocity at speed of light, electron injected with v 6= 0
In external injection schemes, the electrons are already pre-accelerated when they are injected
into the wake so that the trapping condition becomes
vi v φ
)
c2
vi
≤ −γi (1 − ).
c

(2.119)

∆Ψ̄ ≤ −γi (1 −

(2.120)

Phase velocity smaller that speed of light, electron injected at rest
This case is given for example in ionization injection in LWFA [58, 59] or beam-driven ionization injection schemes in which the wake’s phase velocity is retarded such as the Downrampassisted Trojan Horse (DTH) [12], on which this work specially focuses. In the latter case,
strictly speaking in equation 2.102

dH
dt

6= 0, but in the special case that

dH
dt

≈ 0 during the

injection process of the electrons, the trapping condition equation
∆Ψ̄ ≤ γφ (1 −

v2φ
c2

) − 1 = γφ−1 − 1

(2.121)

can still be applied.

Superluminal wakefield
Physical situations in which the wake or at least part of the wake moves with a phase velocity
faster than the speed of light can be imagined. This is the case for example when a beam-driven
wake traverses an electron-density upramp. From previous derivations, it seems obvious that
trapping electrons in such a superluminal wakefield is not possible, as γφ−1 becomes complex for
vφ > c. However, if this condition is only transient, as in the case with a short density upramp,
the phase velocity will return to c immediately after the transition. In this case, trapping can
be possible nevertheless.
2.7.1 The Trapping Position
Assuming that the longitudinal wakefield

∂Ez
∂r

= 0 for a sufficiently large radius and that the

witness-bunch electrons are released approximately in the radial center of the wake, where
the transverse focusing fields are weakest, the trapping behavior can be described by only
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considering the accelerating electric field Ez . As described with equation 2.74, the accelerating
field can be approximated to

1e
E0 kp ξ,
(2.122)
2
where the origin of the coordinate system is shifted such that ξ = 0 is at the zero crossing
Ez (ξ ) =

of the electric field. Since the total length of the plasma wake is ≈ λp , equation 2.122 is only
e0 is the gradient of the accelerating field. It can
valid within the boundaries [−λp /2, λp /2]. E
be identified with the cold plasma wave-breaking limit EWB in equation 2.68, but can also
differ from it by a constant factor, depending on the drive-bunch properties [60]. Integrating
equation 2.122 with respect to ξ gives the wake potential
Uz (ξ ) =

1e
E0 kp ξ 2 .
4

(2.123)

The trapping condition for an electron released at rest in a wake with vφ ≈ c is given by
equation 2.118 to
Ψ̄i − Ψ̄f = −1,

(2.124)

where Ψ̄i is the trapping potential at the release position ξ i of the electron bunch and Ψ̄f is the
trapping potential at the final position ξ f after the trapping. We identify Ψ̄(ξ ) =
and insert equation 2.123:
Uz (ξ i ) − Uz (ξ f ) = −
ξ i2 − ξ f2 = −

me c2
qe
4me c2
e0 kp qe
E
| {z }

qe
U (ξ )
me c2 z

(2.125)
(2.126)

αt

ξf = ±

q

ξ i2 + αt .

(2.127)

In principle, ξ f can have positive or negative values, but causality implies that only trapping
positions at the back of the wake, i.e. negative solutions, can be realized. One can see from
equation 2.127 that release and trapping position are not linearly connected. Hence, depending
on the gradient of the electric field, the released bunch compresses during the trapping, an
effect that is called velocity bunching which is analogous to the technique known in classical
accelerators.
2.7.2 Velocity Bunching
In references [61, 62] bunch compression from velocity bunching is described in detail and
the compression efficiency

δξ i
δξ f

is evaluated for a sinusoidal accelerating field. In this work, the
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calculation is applied to the linearized blowout electric fields. We combine equation 2.123 and
equation 2.113 to obtain
v φ vi 
m e c 2  −1
γφ − γi (1 − 2 )
qe
c

v φ vi 
4me c2
ξ i2 − ξ f2 =
γφ−1 − γi (1 − 2 ) .
e0 kp qe
c
E

Uz (ξ i ) − Uz (ξ f ) =

Re-arranging equation 2.129 with αt =

and v = c

p

(2.129)

1 − γ−2 leads to the expression

r

q


−αt γφ−1 − γi + γi (1 − γφ−2 )(1 − γi−2 ) + ξ i2

(2.130)

q

At (γφ , γi ) + ξ i2 .

(2.131)

ξf = −

=−

4me c2
Eˆ0 kp qe

(2.128)

We define the function
At (γφ , γi ) = −αt



γφ−1

− γi + γi

q


(1 − γφ−2 )(1 − γi−2 ) ,

(2.132)

taking care of the dependence on the velocity gamma factor and the gamma factor of the
injected initial electron bunch. A spread in initial release position δξ i then leads to a spread in
trapping position δξ f so that
ξ f + δξ f = −

q

At + (ξ i + δξ i )2

(2.133)

The compression factor is the ratio between the initial and the final position spread
C=|

δξ i
|
δξ f

=p
=

(2.134)
δξ i

At + (ξ i + δξ i )2 + ξ f
q
s
! −1
At + ξ i2
At
ξi
+(
+ 1)2 −
.
δξ i
δξ i
δξ i2

(2.135)
(2.136)

The compression is dependent on the initial bunch release positions and plasma density. As an
example, equation 2.136 is plotted against release position ξ i in figure 2.8. The result shows the
advantageous release position at the zero-crossing of the accelerating field.
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Figure 2.8: Equation 2.136 plotted as an example with γi = 1, γf = 40000, ne = 1.7 ×
1017 cm−3 and δξ i = 1 µm.
2.8

acceleration in plasma wakefields

The strong accelerating fields in PWFA can be utilized for acceleration in a variety of ways.
Some basic principles of PWFA and an overview over acceleration and injection methods is
presented in the following.

The Transformer Ratio
The transformer ratio
Rtrans =

+
Emax
−
Emax

(2.137)

in PWFA is defined as the ratio of the maximum accelerating electric field behind the dri+ , to the maximum decelerating electric field E−
ving bunch, Emax
max acting upon drive-beam

electrons. The transformer ratio is a value that can be obtained comparatively easily in an experiment when assuming that the acceleration length for the witness beam and deceleration
length for the drive beam are equal and that the witness beam is accelerated at the peak accelerating field. Then the transformer ratio can be observed in the electron energy spectrum as the
maximum energy gain of the witness beam divided by the maximum energy loss of the drive
beam. In that sense, the transformer ratio is a measure of the efficiency with which the drive
electron beam transfers energy to the witness electron beam. For a Gaussian driver bunch in
the linear regime with rms sizes σr , σz , the peak accelerating field for narrow drive beams with
radial rms size kp σr < 1 depends on the product kp σz and has its maximum for the resonance
√
condition kp σz = 2 [38]. In [63] it is calculated and simulated that in the linear regime the
transformer ratio is limited to Rtrans ≤ 2. However, for asymmetric drive-beam current profiles, it can reach up to Rtrans ≈ 6 by applying a triangularly shaped drive-beam current [64].
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Beam loading
For sufficiently high witness-bunch charge densities, the space-charge field generated by the
witness bunch opposes the wakefield, so that it effectively reduces the accelerating field experienced by the witness bunch electrons. This, on one hand, decreases the transformer ratio due
to lower accelerating fields, but on the other hand, flattens the fields so that the energy spread
is reduced. This effect is called Beam loading.

Betatron oscillations
The transverse bunch size of the driver electron bunch behaves in vacuum according to paraxial
optics as described by equation 2.96. As soon as the electron bunch enters the plasma, the
transverse forces felt by the driver bunch are altered. In the blowout regime, the ion-channel
focusing forces increase the bunch emittance. The rms beam radius r can be calculated with
equation [65]

2
en,rms
1 dr
d2 r
2
+
.
+
k
r
=
dz2
γb dz
γb2 r3

(2.138)

The solution to equation 2.138 is an oscillatory trajectory and is said to be Betatron Oscillation.
For a 3-dimensional electron bunch, different slices of the bunch can oscillate out of phase
with each other, which can lead to an increase in emittance. Transverse bunch compression
from betatron oscillations in the drive bunch normally leads to higher electric fields and a
deeper wake potential, as can be seen from simulations. In an equilibrium state, no oscillation
in transverse bunch size takes place. The equilibrium beam radius is calculated in [66] to be
!1/4
2
en,rms
c2
Req = 8
.
(2.139)
γb ωp2
An electron bunch that fulfills this criterion is called transversely matched. In the case that the
electron bunch not only drives a wake but also ionizes the gas to plasma, a drive-beam electron
population at the tail of the bunch propagates in plasma and the population at the head of the
bunch propagates in the gas not yet ionized by the electron beam’s field. The latter population
propagates as in a vacuum and is not further focussed. Therefore, it diverges much faster than
the rest of the bunch. This effect is known as Head Erosion[67] and can limit the acceleration
length. The impact of Head Erosion can be reduced by pre-ionizing the plasma e.g. with a laser
or a gas discharge [68].
2.8.1 External Injection - Double Bunch Acceleration
External injection is one of the least complex PWFA setups and is also the method that has
been demonstrated much earlier than other methods. The basic idea is that a plasma wake is
set up by one electron beam and other electrons - either from the same electron beam or a
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trailing electron beam - are accelerated if they are in the right phase with respect to the wake.
Figure 2.9 shows a sketch of a "driver/witness" PWFA in the blowout regime. The first experi-

Figure 2.9: Sketch of a double-bunch acceleration. The driver electron beam excites a plasma
wake, here in the blowout regime and continuously looses energy due to the decelerating fields,
while the electrons of the witness beam that follow in the accelerating field gain energy.
mental realization of a PWFA was established in 1988 at the Argonne Advanced Accelerator
Test Facility (AATF) [69]. With a method previously successfully applied to measure the wake
fields in accelerating structures, a 2 − 3 nC electron beam with an rms bunch length of 2.4 mm
was used to drive a wake in a 33 cm long plasma with density of the order of 1013 cm−3 . The
driving bunch was followed by a low-charge witness beam whose delay was varied in order
to scan the wakefield. The oscillating nature of the wakefield was well measured, with a maximum accelerating gradient of 1.6 MV/m. With a higher driver beam charge of 4 nC [70], it
was later possible to show a non-linear wake with an accelerating field of 5.3 MeV/m.
In 2006 at the Final Focus Test Beam Facility (FFTB) at the Stanford Linear Accelerator Center
(SLAC), the blowout regime was finally reached as described in [50]. A 42 GeV electron beam
with a spot size of 10 µm and rms bunch length of ≈ 15 µm propagated through a 85 cm Li vapor generated in an oven. The shorter, high-current bunch now allowed acceleration in a much
higher plasma density of 2.7 × 1017 cm−3 in the blowout regime. The extremely high wakefield
gradient of 52 GV/m effectively accelerated part of the electron beam to up to 85 GeV.
The Facility for Advanced Accelerator Experimental Tests (FACET) [71] is the successor facility
to the FFTB for plasma acceleration. Several double bunch experiments have been successfully
conducted there. At FACET, the double bunches are produced by accelerating one long chirped
electron bunch all the way to the final chicane. Inside the chicane, the bunch is rotated and
chopped into two bunches by a mask [72]. This method has the advantage that the transport of
the beam along the LINAC is only required for one bunch. Efficiency and beam-loading effects
were studied in a double bunch experiment as reported by Litos et al. [73].

39

Double-bunch acceleration is not limited to electrons. It can also be done with an electron
driver accelerating positrons or a positron driver accelerating positrons. Recently at FACET a
double-bunch PWFA of positrons in a positron-driven wake was demonstrated by shaping the
transverse plasma shape to a hollow channel, which effectively avoids any transverse fields
that would otherwise defocus the positrons [74].
2.8.2 Density Downramp Injection
As mentioned before, in the case of a constant plasma density, the phase velocity of the plasma
wake in PWFA is equal to the velocity of the driving electron bunch vφ = vbunch , which is normally close to the speed of light. This feature of PWFA makes dephasing, when the witness
bunch catches up with the drive bunch in the co-moving frame due to velocity differences between the bunches, practically negligible. However, it also makes the injection of electrons from
the plasma into the wake more difficult, because the electrons need to approach a relativistic
velocity when entering an accelerating phase of the wake. The injection can be facilitated by
lowering the phase velocity. This is e.g. achieved when the driving bunch passes a density downramp. Since the plasma wavelength λp (eq. 2.33), which is the characteristic scale of the
longitudinal blowout length, depends on the plasma density, the blowout must expand in a
density downramp and contract in an density upramp. The phase position of the wake is
q
(2.140)
φ = k p ξ ∝ ne ( z )
in the co-moving frame with ξ = z − ct and the electron density ne (z) decreases with z, but
is constant in t.
The phase velocity in a density gradient is
vφ (ξ, z) =

=
=
=

∂φ
∂(kp ξ )
∂(ct)
−c ∂φ = − ∂(k∂t ξ )
p
∂z
∂z
0
∂k
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( ∂t ξ + ∂ξ
∂t k p )
− 
∂kp
∂x
∂z ξ + ∂z k p
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e
kp 2n1 e ∂n
∂z ξ + k p
c

1 ∂ne
2ne ∂z ξ

+1

(2.141)

(2.142)
(2.143)
(2.144)

Bulanov et al.[75] studied injection of electrons into the second plasma wake, trailing the drive
bunch, where they assumed the density downramp to be longer than the plasma wavelength
λp . Injection into the first trailing plasma wake in PWFA from sharp density transitions, with a
downramp shorter than λp , has been studied by Suk et al.[76]. With a 1D Hamiltonian analysis
and simulations they found that for a linear density downramp with a scale length Ls =

ne
∂ne /∂z ,

an injection criterion is
kp Ls < 1.
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(2.145)

In [77], England et al. refined this description by applying wave-breaking as a trapping criterion.
They also observed in simulations that electrons from the high-density region were trapped in
the wake fields.
The above considerations do not take account of the highly nonlinear blowout regime in which
wave breaking and trajectory crossing of sheath electrons occur naturally, even for a flat plasma
density profile. This means that in the blowout regime, even for rather smooth density gradients, trapping of sheath electrons is much more easily achievable. Grebenyuk et al. investigated the density downramp injection capabilities specific for the electron drive beam at the
FLASHForward facility [78]. They showed successful injection in PIC simulations for a drive
beam of 2.5 kA peak current and at kp Ls ≈ 3.3 [79] and little dependence of witness-bunch
properties on downramp length variation when keeping the density gradient constant.
The interplay between drive-beam current, sheath-electron energy at the vortex and wake potential determines the trapped charge and witness bunch properties in this regime and is the
subject of ongoing research.
Experimental realization of injection due to a density downramp has been successfully applied in laser-driven wakefield acceleration [80, 81, 82] . The first experimental realization in
PWFA with an optically generated plasma density spike is demonstrated later in this thesis.
The concept is described in the next section; experimental results can be found in chapter 5.
2.8.3 Plasma Torch Injection
In laser-driven plasma-wakefield acceleration schemes, density gradients are normally generated hydrodynamically for example with razor blades or knife edges as gas-flow obstacles that
are positioned on top of gas jets [83, 84, 85]. This hydrodynamic approach is required because
of the specific electric-field and laser-intensity parameters in typical LWFA. Because the laser
excites the plasma wake by its ponderomotive force, which scales F ∝ I ∝ E2 , it needs to
be very intense to drive a plasma wake and the laser-electric fields are so high that they fully
ionize the gas in most cases. An effective plasma density shape can therefore not straightforwardly be produced by generating a plasma density profile with a preionization laser and a gas
density downramp is necessary.
In PWFA, the transverse force scales with F ∝ E, so that the electron beam needs much lower
electric fields in order to drive a plasma wake. Ionization of a gas due to the driving electron
beam can be avoided with negligible effect on the wake, which is why in PWFA, electron density
gradients can be generated by locally controlling the ionization level of the plasma.
Our alternative approach is the optical generation of a plasma density spike, also called a
Plasma Torch [8, 9] as the means to inject an electron bunch. We make use of the ionization
gap explained in the chapter 2.3 to use a HIT and LIT medium for distinct plasma shaping by
applying two laser arms with different levels of intensity. There are a number of possible gas
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Figure 2.10: Sketch of a Plasma Torch injection setup taken from reference [9]. A preionization laser arm generates a plasma on the electron-beam axis, ionizing only the H2 of
the H2 /He gas. A second injection laser arm ionizes a small density spike on axis by ionizing
He in a confined volume with sharp density edges.

mixtures that can be used to ensure a sufficiently large ionization gap. In this work, we will
only focus on the combination of helium as HIT and hydrogen as LIT medium (see figure 2.2).
The plasma electron density shape and profile is determined by the laser pulses that ionize gas
prior to the arrival of the driving electron bunch. This shape is generated over timescales down
to few femtoseconds – the duration of the laser pulses – but it then is present over timescales
eventually determined by the plasma recombination time, which is typically on the order of
a few ns. Therefore, picosecond control over the relative time of arrival between the electron
beam and the laser pulses is already sufficient to ensure that the electron bunch propagates
through the desired density profile.
Figure 2.10 shows a sketch of the proposed setup [9]. A pre-ionization laser pulse ionizes a
long plasma column and only ionizes the hydrogen gas to a homogeneous plasma along the
electron-beam orbit. A second laser is focused down perpendicular to the beam propagation
axis with higher intensity than the pre-ionization laser to ensure full He ionization in a confined
volume. Both laser arms need to ionize the gas prior to the arrival of the electron bunch. Due to
the exponential dependence between ionization rate and electric field, density downramps on
the order of 10 µm length can be formed and picosecond-timing control ensures these profiles
persist until the electron beam arrives. The gradients can be tuned very easily by changing the
relative density of hydrogen and helium.
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Figure 2.11: Part a) shows the calculated focal intensity distribution of a Gaussian laser pulse
with 5 mJ energy, a pulse length of 20 fs FWHM and at 800 nm wavelength. The corresponding
plasma density profile, calculated with ADK rates in a 1:1 H2 :He gas mixture, without preionization is shown in part b). Image c) shows the plasma-density profile in the case of preionized hydrogen at different gas properties. A plasma density profile for a H2 to He gas mixture
ratio of 1:1 (blue), 1:3 (red) and 1:4 at a total gas density increased by a factor of 2.5 (yellow) is
plotted. The blue graph in part c) shows the same density and ratio as part b).
Figure 2.11 shows an example of possible plasma density spikes and control by relative and absolute HIT and LIT densities. The focal intensity distribution of a 5 mJ, 20 fs, 800 nm laser pulse
and the corresponding density profiles are shown. Figure 2.11 b) shows the laser transverse
density distribution calculated from tunnel ionization (eq. 2.52) in the case that there is no
pre-ionization laser and assuming that the injection laser ionizes hydrogen as well as helium.
The outer wings in the distribution are caused by the lower ionization threshold for hydrogen.
In this example, both gases have the same molecular gas density and the total molecular gas
density is ntot = nH2 + nHe = 1 × 1017 cm−3 .
Figure 2.11 c) shows how the density profile can be controlled in the case of two lasers, by
changing the total gas density and the ratio between the molecular density of the gas components. The pre-ionization laser is assumed to fully ionize hydrogen and not to ionize the
helium gas. If one starts with the density profile shown by the blue plot and wants to increase
the density of the upper plateau while leaving the rest of the plasma density constant, changing the gas mixture only is insufficient. Changing from the 1:1 gas mixture (blue) to a 1:4
ratio between molecular hydrogen and helium at the same total gas density (red) leads to a
decreased plasma density of the lower plateau before and after the plasma density spike. The
total gas density needs to be increased by a factor of 2.5 to bring the lower-plateau plasma
density back to 1 × 1017 cm−3 . With these two parameters, the gas density and mixture ratio,
the plateau plasma densities can be arbitrarily adjusted without changing the laser, which leaves the possibility to change the form of the downramp independently by modifying the laser
properties.
In order to use the gas densities to control the ramp gradients, it is a necessity that the HIT and
LIT media are not the same gas or that the HIT medium does not have a lower ionization energy
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that is smaller than or equal to the ionization energy of the LIT medium. For example, Li and
H2 are two distinct gases, and the transition Li+ → Li2+ has a large ionization gap, but the
ionization energy for the transition Li → Li+ is even lower than for hydrogen. Therefore, the
pre-ionization laser, if at the right energy to ionize hydrogen, will always additionally ionize
the first level of Li and an independent density gradient regulation as previously described
is no longer possible. In [8] and [9], the option of a Plasma Torch Injection for an electron
bunch for the experiments described in chapter 5 was explored. Assuming a driver bunch with
an energy of W = 23 GeV, an rms bunch length of σz = 27 µm and a radial rms size of
σr = 8.5 µm, the charge was varied between Q = 1 nC and Q = 3 nC. The emittance was set
to en = 2.25 × 10−6 mrad. Three cases were studied:
1. Gaseous H2 only, no preionization laser.
2. Gaseous H2 /He mixture, no preionization laser.
3. Fully ionized H2 , He ionized locally by the injection laser.
Cases 1 and 2 rely on ionization by the drive bunch. In these cases, injection occurs due to a
sudden shift in wake phase velocity, which is caused by two effects. The first is from the plasma
density transition because the drive bunch is not capable of fully ionizing a large column of gas
to a plasma in case 1 and does not ionize He at all for case 2 so that the effective electron-beamionized plasma density is smaller than the density in the plasma torch volume. The second
effect that causes a wake phase-velocity shift is the fact that in the plasma spike, the wake
forms in plasma that does not need to be generated by the electron bunch. The bunch ionization
in the gaseous environment shifts the ξ onset position of the wake upstream; this sudden
shift also acts as a transitory phase-velocity decrease which allows for the injection of sheath
electrons9 . With a 3 nC drive bunch for case 1 and 2, injection of up to 530 pC was observed
with an approximately linear relationship between torch plateau plasma density and injected
charge. Simulations of case 3 generated the witness bunches with lowest emittance (2.6 ×
10−6 mrad) and even for Q = 1 nC drive-bunch charge, a total charge of QW = 260 pC could
be accelerated.
2.8.4 Ionization Injection
In all previously outlined injection types, electrons to be accelerated in the wake are at a nonzero velocity when injected, which is an advantage as regards the requirements on the wakefield and the driver bunch, because injection is possible with shallower wake potentials (see
section 2.7). Ionization injected electrons are in a bound state of an atom or molecule until
they are released from this state into the continuum inside the wake. This means that the electrons are effectively at rest when being released into the plasma wake. A successful trapping
of these electrons either requires the potential of the plasma wake to be deep or the electrons
to be released at the right phase in the potential minimum.
9 This also means a superluminal phase velocity at the onset of the density spike.
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The plasma in which the wake is excited needs to be only partially ionized, ideally with an
ionized low-ionization-threshold (LIT) and a gaseous high-ionization-threshold (HIT) medium.
Here, LIT and HIT can be taken from one and the same gas medium by making use of different ionization levels, as long as they are separated by a sufficiently large ionization gap as
described in section 2.3. If, however, HIT and LIT are different gases such as H2 and He, their
gas density ratio becomes a useful additional degree of freedom to control the injected charge.
Experimentally in reference [86], ionization injection was shown in a Rb oven. The electric field
from the head of the electron beam was used to ionize Rb → Rb+ , while the field from the tail
of the drive beam overlapped with the wake electric fields. The sum of both fields was strong
enough to further ionize Rb+ → Rb2+ inside the trapping region (see section 2.7). However,
the injection can also occur in the back of the wake. In [87] and [57] a setup was examined both
in theory and simulation where only the back of the wake had sufficiently high fields to ionize
the HIT medium. It was shown that the combined requirements for trapping, i.e. the overlap
between the ionization region and the trapping region, confine the possible parameter space
of the electron source which enables the generation of electron bunches with low emittances
of ex = 1.5 µm. In order to maintain the high quality of the witness bunches, the injection
was assumed to be limited to a small region of H2/He mixture by controlling the flow of a gas
cell [57]. The ionization does not need to be triggered by the wake- or beam-electric fields. The
witness-bunch electrons can also be released inside the wake by laser-induced ionization which
leads to a decoupling of wake formation and injection process. Li et al. proposed to perform
the ionization injection with two transverse colliding laser pulses [88]. Both pulses should overlap in the transverse center of the plasma wake such that only at this position is the electric
field high enough to release electrons. Wan et al. [89] analyzed the injection by two colliding
co-linear laser pulses. Injecting the witness bunch by ionizing with one co-propagating laser
pulse is the Trojan Horse injection. A method that this work has a strong focus on and that is
described in the next section.

45

2.8.5 Trojan Horse Injection
The underdense plasma photocathode mechanism or Trojan Horse injection is one of the most
intriguing injection techniques. It was proposed in 2012 by Hidding et al. [7, 36] and has subsequently gained substantial scientific interest due to the very low achievable emittance values of order of a few erms ≈ 10−9 mrad and extremely good peak brightness of order of
B ≈ 1019 Am−2 rad−2 . In this method, neither the wake nor the beam-electric fields are suf-

Figure 2.12: Underdense Photocathode during injection. The drive electron bunch (blue) excites a wake in the blowout regime. A short laser pulse (white peak in electric field sum) copropagates with the electron beam, focused onto the beam axis and at the correct timing to
release electrons (red) in the center of the wake. Witness-bunch electrons (red) move back with
respect to the plasma wake in the co-moving frame while they are accelerated to relativistic
speed and accumulate at the back of the wake.
ficient to ionize the HIT medium, which constitutes a path towards reliable dark-current-free
operation. Instead, triggering the ionization injection is the task of an additional short laser
pulse trailing the driving electron beam. Given full control over laser-to-electron-beam alignment and synchronization, it is possible to ionize and release electrons wherever required in the
wake. It was shown in figure 2.8 that a release in the potential minimum, i.e. the zero-crossing
of the longitudinal electric wakefield, is particularly advantageous for high brightness because
the bunch compression is maximal at this position.
The witness-bunch emittance is influenced by a variety of factors. One normally assumes that
the momentum of the electron at the moment of its release is the same as the momentum
of the originating ion. In experiments, the temperature of the gas is typically T ≈ 102 −
103 K, which means the temperature of the HIT medium contributes little to the final emittance
when compared to other factors and is negligible [90]. The electron release by the laser can be
separated into two regimes depending on the laser properties: a weakly ionizing regime in
which electrons are released over the length of the laser pulse barely exceeding the ionization
threshold, and a strongly ionizing regime in which electrons are only released at the ionization
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front of the laser pulse and approach full ionization. Further simulations and calculations in
this work will only concentrate on the strongly ionizing regime.
Schroeder et al. [90] calculated that the laser does not influence the initial emittance, i.e. the
thermal emittance, in the plane orthogonal to the laser polarization. The quiver motion of
the electrons in the laser field only changes the thermal emittance in the polarization plane.
However, in the limit of

k β w0
 a0
(2.146)
2
√
with the matched betatron wave number k β = ωp /( 2γc), the thermal emittance coming
from transverse momentum obtained in the laser field is small compared to the emittance
coming from the transverse spatial distribution of the ionized electrons. If condition 2.146 holds,
the contribution to the thermal emittacne coming from the quiver motion in the polarization
plane of the laser can also be neglected and the emittance becomes symmetric in x and y.
In the case of Trojan Horse injection, the laser intensity can be small compared to the case of a
laser-triggered ionization injection in a laser-driven plasma wake [91]. Therefore, a normalized
laser amplitude of a0 ≈ 0.02 is already sufficient to ionize e.g. He to He+ .
For values typical to Trojan Horse simulations of w0 = 6 µm and a plasma wavelength of
1 × 1017 cm−3 , condition 2.146 is met even for γ = 1 with

k β w0
2

≈ 0.13 > 0.02.

The initial emittance, in this case, is dominated by the transverse spatial distribution of the
released electrons and depends on the laser wavelength λ and the ionization potential ξ ion
with the scaling
−3/2 −1
e ∝ k β w02 a0 ξ ion
λ .

(2.147)

For the evolution of the emittance during the acceleration, one has to consider the influence
of phase mixing. In the Trojan Horse injection scheme, the individual electrons which form the
witness bunch are not released at the same time. Instead, electrons are added to the witness
bunch continuously until the laser is diffracted and does not ionize anymore. Electrons released
first start to gain energy first and also start to rotate in the transverse phase space earlier than
electrons released last. This spread in betatron phase leads to an increased emittance.
Xu et al. calculated that the emittance then decreases again because the electrons released
first are at higher energy and rotate slower than the electrons released last [92]. This effect
is called transverse phase mixing. After trapping, the witness bunch has a finite bunch length
which goes along with a spread in accelerating field Ez . This spread leads to an energy spread
which in turn decreases the spread of the betatron phases again. Consequently, this so-called
longitudinal phase mixing causes the emittance to gradually grow again, after decreasing first
due to transverse phase mixing [92].
The initial spread in betatron phase can be reduced by decreasing the propagation length of
the laser over which it releases electrons. This can be achieved by controlling the focusing of
the different wavelengths of the laser spectrum, a method which is known as simultaneous
spatial and temporal focusing (SSTF) [93].

47

A detailed theoretical study, supported by PIC simulation parameter scans by Xi et al. [94]
compared a description of Trojan Horse injection for different ionization models, the AmmosovDeloine-Krainov (ADK) and the Yudin-Ivanov (YI) ionization theory in the weakly ionizing
regime. The electrons were then numerically propagated by solving the equation of motion
in the field of the laser and the plasma wakefield, obtained from PIC simulations. It was also
discovered that the witness-beam emittance and brightness is insensitive to pulse length, but
that emittance increases with w0 and intensity. The results were in a good agreement between
the emittance calculated with the YI and the ADK model for a Keldysh parameter in the range
γK = 0.77 − 0.59 was found. The YI model becomes important when injection with e.g. a
frequency-doubled Ti:Sa laser pulse with a wavelength of 400, nm because in this γK > 1regime multi-photon ionization is the predominating ionization process.
2.8.6 Dark Current Mitigation
Trojan Horse PWFA is a highly controllable ionization injection method due to the decoupled
wakefields and injection-laser fields and allows for the generation of witness beams with uniquely low emittance values and excellent control over injection. The ionization gap between H2
and He and a plasma wake potential deep enough to trap the released electrons from rest are
core requirements. This requires a sufficiently strong excitation of the plasma wake which in
turn requires a sufficiently high-current drive-bunch to excite the plasma wake. However, if the
electric field is too high, He is ionized which can lead to injected charge from less decoupled
ionization injection methods such as described in section 2.8.4.
In analogy to conventional photocathodes, any kind of charge injected by a method other
than the intended one is referred to as dark current. In this work, the two intended methods
of injection are plasma photocathodes in the form of the Plasma Torch or the Trojan Horse
method.
Dark current can result from unwanted ionization injection mainly at two hot spots: ionization
by the drive-beam electric fields or by wakefields. The electric fields in these hot spots may
exceed the HIT level and hence liberate electrons. Fortunately, a further condition for this
charge to become dark current is that it needs to be trapped, i.e. it must be released in the
right phase with a trapping potential Ψ̄ < −1. This section addresses how to avoid dark
current following the results from reference [10].
As mentioned in section 2.4, the wake electric fields in the blowout regime scale with the wavebreaking electric fields
EWB =

cme ωp √
∝ ne ∝ λp .
qe

(2.148)

This implies that the effects of wake-induced ionization injection can be mitigated by lower
plasma densities or longer plasma wavelengths, which in turn also lowers the accelerating
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fields as well as the slope of the electric field within the plasma wake.
The electric field of a point charge in its rest frame in the radial direction ~ρ is

~E =

qe
~ρ.
4πe0 |~ρ|3

(2.149)

If moving at relativistic speed v in the z-direction, the fields longitudinal to the propagation
axis are squeezed due to relativistic length contraction, so that the fields as observed in both
the lab frame and the co-moving frame become [95]

~E =

γ~ρ
qe
.
3
2
2
4πe0 |~ρ| ( x + y + γ2 z2 )3/2

(2.150)

For highly relativistic charges at γ  1, the electric fields are squeezed to such an extent that
they become increasingly transverse, which means that the electric field of a highly relativistic
electron bunch of rms bunch length σz and transverse rms size σr is longitudinally compressed
in the laboratory frame with strong transverse electric fields with maximum value


Q
−r2 /(2σr2 )
.
1−e
Emax (r ) =
2π 3/2 e0 σz r

(2.151)

From this equation it can be deduced that a viable strategy to decrease the electric field is
either to reduce bunch charge, to increase bunch length or to increase the radial bunch size
σr . Since the electron bunch performs betatron oscillations (see section 2.8), its transverse size
depends on plasma density, emittance and inital transverse bunch size. It should be noted that
changing the drive-bunch current will also have a profound effect on the wakefield strength,
which means that to some extent the reduction of driver hot spot and wake hot spot can be
approached via driver-beam parameter changes.
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Figure 2.13: Charge release calculated from ADK rates for different simulation parameters.
a) Drive beam charge Q = 3 nC, λp = 333 µm, σz = 25 µm, σr = 7 µm. b) Q = 3 nC,
λp = 149 µm, σz = 25 µm σr = 7 µm c) Q = 1.1 nC, λp = 100 µm, σz = σr = 14.1 µm.
Images are generated by the author from simulation data carried out for reference [10].
The reduction of hot spots by altering the plasma wavelength and the electron bunch properties are presented in figure 2.13. The three images show snapshots of PIC simulations with a
transverse cut through the longitudinal electric field Ez (color coded). The limit of the trapping
region is drawn as a red line and the longitudinal derivative of the ionization rate normalized
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by the final ionization ratio as black peaks, calculated from ADK rates (see equation 2.49). The
assumed gas mixture consists of fully ionized hydrogen plasma with gaseous He at half the
hydrogen gas density. Figure 2.13 b) shows the simulation of a 3 nC FACET-like driver bunch
with sizes σr = 25 µm and σz = 7 µm driving a plasma wake in the blowout regime in a
plasma of wavelength λp = 149 µm. Here, the drive beam ionizes He, but the predominant
He-ionization is due to the fields at the back of the wake. However, the ionization at the back
of the wake in this simulation begins at the border of the trapping region. Figure 2.13 a) shows
the situation for the same drive beam, but at λp = 333 µm. The wake-induced ionization is
greatly diminished, but the driver ionizes more strongly due to more efficient drive-beam pinching in the transverse focusing fields. Figure 2.13 c) demonstrates the effect of a drive-beam
charge decreased to Q = 1.1 nC with a round beam of σr = σz = 14.4 µm. Dark Current from
electron-bunch-induced ionization injection as well as from wake-induced ionization injection
is very low. Such an environment is a good starting point for Trojan Horse PWFA as it ensures
a clean witness-bunch formation, which of course comes at the cost of a reduced available
accelerating field. How the underdense photocathode can be applied even for comparatively
weak driver bunches is treated in chapter 4.
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3

T R A P P I N G B E H AV I O R F O R T H E T R O J A N H O R S E P W F A E L E C T R O N
INJECTION

We saw in section 2.7.1 that the length and position of the released electron bunch as well as
the accelerating gradient play a significant role in establishing an effective velocity bunching.
In the Trojan Horse injection concept, the wakefield formation is completely decoupled from
the witness-bunch injection. This makes it in principle possible to inject electrons at a phase
and transverse wake position of choice. We want to examine now what kind of initial and final
electron bunch distributions we can expect. Hence, one needs to combine the 1D ionization
physics from section 2.3 with the 1D trapping theory from section 2.7. The parameters that
determine the current profile of the witness bunch are then important to understand the results
presented in chapter 4.
3.1

bunch compression

The transverse release position of the witness-bunch electrons can and often should be chosen
to be situated in the transverse center of the blowout where the focusing forces are symmetric.
From the Panowsky-Wenzel Theorem (equation 2.70) it can be concluded that the accelerating
field is constant in the radial direction and the focusing force is constant in the longitudinal
direction, as seen in figure 2.5 and 2.4. Hence, for an electron-bunch release in a volume which
is small compared to the size of the plasma wake and situated in the radial center of the wake,
a 1D treatment of the longitudinal witness-bunch formation is sufficiently accurate. Figure 3.1
demonstrates the time-dependent ionization ratio in He during the propagation of a 100 fs
long laser pulse with peak intensity 1 × 1015

W
,
cm2

according to equation 2.52. The ionization

front (red) is clearly visible as a rapid increase of the ionization ratio.
The calculations are carried out with the electric field of the laser assumed in the envelope
equation 2.51. In the strongly ionizing regime considered here, in which the laser ionizes a
large percentage of the gas, the form of the ionization front calculated by a fully resolved laser
pulse is in good agreement with the result applying the envelope equation.
The form of the ionization front is also in good agreement with experimental data: in reference [96], the structure of the ionization front of short-pulse lasers in He has been measured
with single-shot supercontinuum spectral interferometry by using a well-known chirped lowintensity probe laser pulse co-propagating with the ionizing laser pulse. Interferometry of the
spectrally dispersed probe pulse then revealed the length of the ionization front. These results
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Figure 3.1: Ionization front (red) and derivative of ionization front (yellow), i.e. the initial witness bunch current distribution, from an 100 fs rms ultra-short laser pulse with peak intensity
of I0 = 1015 W/cm2 . All graphs are normalized to their maximum value to emphasize their
longitudinal/temporal relation.
have demonstrated a very good agreement with the ionization front as predicted by the ADK
formalism.
The form of the ionization front given by equation 2.49 is very important to the process of the
witness-bunch generation. From the derivative of the ionization ratio one can calculate the
form of the initial witness-bunch electron distribution during the release. The initial electron
release distribution in the co-moving frame at given position in cylindrical coordinates r, z is
f i (ξ, r, z) = −

d ne (ξ, r, z)
dξ
n0


d
=−
1 − exp −
dξ

=


d
exp −
dξ

Zξ

(3.1)
Zξ

WADK ( E⊥ (ξ 0 , r, z, ))dξ 0



(3.2)

∞


WADK ( E⊥ (ξ 0 , r, z))dξ 0 .

(3.3)

∞

Here, the electric field of the laser pulse is assumed to have linear polarization, i.e. perpendicular to the propagation direction z.
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When analyzing the ionization behavior as shown in figure 3.1, two details of the ionization
front are important to notice:
• The length of the ionization front and hence the initial release is much shorter than the
actual laser pulse.
• The center of the released electron distribution does not need to coincide with the peak
of the laser-pulse intensity profile.
In order to calculate a final witness-bunch distribution from the initial release distribution,
the trapping formalism as described in section 2.7 needs to be applied. Equation 2.127 can be
reorganized to
ξi =

q

(3.4)

ξ 2f + αt .

This gives the relation between the initial release position ξ i and the final trapping position ξ f
of an electron released at rest in the co-moving frame for an accelerating field approximated
to be linear. Causality only allow solutions with ξ f < 0. Therefore, ξ f has negative solutions
only, which means that trapping can only occur at the back of the wake.
We will now treat the trapping of a distribution of charge instead of a single electron. This
finding can than be used to calculate the longitudinal compression of a released electron bunch
during the trapping. For that we consider the initial release distribution as a one-dimensional
Gaussian distribution
1
√

f i (ξ ) =

−

σξ 2π

e

(ξ +δξ )2
2σ2
ξ

(3.5)

with rms width σξ . This is a good approximation, as can be seen in figure 3.1. The distribution
should be normalized to

Z∞

!

(3.6)

f i (ξ )dξ = 1.

−∞

Equation 3.5 is now the initial released electron beam and can, by applying equation 2.127, be
used to calculate the trapped electron beam distribution
f f (ξ ) = f (ξ i (ξ f ))|

=

=
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√
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Figure 3.2: Trapped longitudinal electron density distribution (a) calculated with equation 3.11
for an initial release density distribution (b) in the wake zero-crossing (blue) and with a 5 µm
offset (red) for a plasma density of ne = 1 × 1017 cm−3 . The release distributions shown in b)
are identical and differ only in the longitudinal offset.

This solution also requires the normalization
Z0

!

f f (ξ )dξ = 1

(3.12)

−∞

to ensure the conservation of charge from release to trapping. In contrast to the normalization
of equation 3.6, equation 3.12 is integrated from −∞ to 0 because trapping is only possible
at positions ξ f < 0. An example of equation 3.11 can be seen in figure 3.2. The calculations
illustrate the effect of velocity bunching in ionization injection. The strongest compression
is achieved if the electron bunch is released at the potential minimum, which is at the zero
crossing of the accelerating electric field as illustrated in figure 2.8. An elegant way to produce
such a bunch of released electrons is to use a laser pulse focused at this zero-crossing point,
since no wakefield-ionized electrons are produced in this region of zero electric field. This can
be achieved with the Trojan Horse Injection method.
The bunch compression depending on the release position is illustrated with 3D PIC simulation
results shown in figure 3.3. A 2 nC drive beam with bunch dimensions σr = 17.7 µm and
σz = 40 µm drives a wake in a plasma density of ne = 4.6 × 1015 cm−3 , which corresponds
to a plasma wavelength of λp ≈ 500 µm. The laser-pulse length is τ = 20 fs with a focal
waist of w0 = 6 µm and a peak intensity of I0 = 7 × 1014 Wcm−2 . The current profile of the
trapped witness bunches for different injection phases is plotted (dashed lines) and compared
to the analytic model (thick lines). The analytic model fits best for a release at ξ i = 0 µm and
ξ i = −29 µm. The analytic model shows a slightly different trapping position for the release
position ξ i = −50 µm because the accelerating field in the simulation increases more rapidly
at the back of the wake than in the linear approximation (see figure 2.4). The initial release
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Figure 3.3: 3D PIC simulation of a compressed witness-bunch longitudinal current distribution
after Trojan Horse Injection (dashed lines ) compared with analytic model (thick lines). Position
ξ i = 0 µm (blue) corresponds to a release at the potential minimum. The fluctuations are
caused by resolution effects in the simulation.
bunch length is set to σξ = 8 µm and was used as a free parameter to best fit the simulation
data. However, evaluating equation 3.3 gives a value of only σξ = 2.5 µm.
This disparity can be explained by considering the complete propagation of a 3D resolved laserpulse during the injection process.
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3.2

the role of ionization front movement

During the focusing of the ionization laser in direction z, its intensity increases, which causes
the ionization front to change in length σξ and position with respect to the laser pulse intensity
maximum δξ . Moreover, both parameters can also change in transverse direction r because
the intensity is highest in the radial center of the Gaussian laser. These variations in intensity
increase the release length of the witness bunch in the plasma wake and consequently increase
the bunch length of the trapped bunch which leads to a decreased peak current.
However, At low laser intensities, which occur transversely outside the axis at position r, and
before and after the laser focus in the lab frame the HIT medium is not ionized anymore so
that no charge is contributed to the witness bunch. This section summarizes these effects that
influence the length of the trapped witness bunch.
The injection-laser intensity distribution in cylindrical coordinates is
temp.

I0

(r, z) = I0

w02
r2
exp
(−
2
),
w ( z )2
w ( z )2

(3.13)

where w(z) is the laser spot size (see also equation 2.51). For every temporal peak intensity,
equation 3.3 calculates an initial release distribution f i (ξ, r, z, t) with a release length σξ and
offset δξ . To obtain the full witness-bunch current distribution, the integral
f i (ξ ) = 2π

Z∞
0

rdr

Z∞

(3.14)

dz f i (ξ, r, z)

0
ne ( ξ )
ξ → ∞ n0

needs to be evaluated, where f i (ξ, r, z) is weighted by the final ionization ratio lim

after

the passage of the laser pulse. Figure 3.4 shows the result of the numerical analysis of the ionization front, ionizing He to He+ . The laser pulse is assumed to be Gaussian with a wavelength
of 800 nm. The contour plot shows the longitudinal rms length of the ionization front as calculated with equation 3.3 as a function of the laser pulse length and temporal peak intensity
(a). The calculation of the contour plot (a) does not take into account the fact that the intensities do not necessarily lead to full ionization, which explains the increasing values towards
low intensities and long pulse lengths in the weakly ionizing regime. In this regime, the ionization front is not a sharp sigmoid function, but instead, there is continuous ionization over the
length of the laser pulse, leading to a large initial witness-bunch phase distribution. Contour
plot (b) shows how intensity and pulse length influence the longitudinal offset δξ of the witness beam release peak with respect to the laser-pulse center. As long as the offset is constant
for all the released charge, this does not contribute to an additional broadening of the initial
bunch distribution; however, a correct analysis should consider the focusing and defocusing
as well as the transverse intensity distribution of the laser pulse. In order to translate that into
meaningful information on witness-bunch formation, the contributing intensities at a given
pulse length need to be weighted by the final witness-bunch charge contributed to by each
intensity value. This is plotted in red in the contour plot in figure 3.4 a) and b). A 800 nm laser

56

12
10

100

8
6

200

4

σ ξ / µm

Pulse length / fs

Release Length

2

300
5

10

15

20

25

14

2

I 0 / 10

W/cm

30

35

40

40

100

30

200

20

δ ξ / µm

Pulse length / fs

Position of ionization front relative to laser pulse maximum

10

300
5

10

15

20

25

14

2

I 0 / 10

W/cm

30

35

40

Figure 3.4: Variation of rms electron beam release length calculated from the derivative of
the ionization front (a) and peak electron release position relative to peak laser intensity (b)
as a function of laser peak intensity and FWHM pulse length. The red line shows the part
of the intensity distribution of a Gaussian Laser Pulse with peak intensity 1 × 1015 W/cm2 ,
w0 = 6 µm and pulse length of 20 fs that contributes to the witness-bunch charge.
pulse with w0 = 6 µm , peak intensity of 1 × 1015 W/cm2 and pulse length of 20 fs is assumed.
The red line marks those intensities that contribute at least 10 % of the total witness-bunch
charge.
This analysis helps to choose the parameters of the Trojan Horse Injection laser. To optimize
the laser parameters for short witness bunches, the length of the red line should overlap with
low values for the release length in inset a) and overlap with a small range of values δξ in inset
b). Both contour plots confirm that the choice of laser parameters is already well suited for
minimizing initial phase spread and hence witness bunch length because the release length is
comparatively small and there is little change in release position during the injection.
Another way to optimize Trojan Horse injection for short witness bunches is to generate a narrow intensity distribution during the injection process, which means a short red line in figure
3.4. While Gaussian focussing might be somewhat limited, this can be achieved by designing
optical focusing elements that generate a line focus such as e.g. an axicon [97].
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4

D O W N R A M P A S S I S T E D T R O J A N H O R S E P W FA

motivation for phase-velocity retardation
As discussed in section 2.8.5, the underdense photocathode or Trojan Horse PWFA is an exceptional method for generating short ultra-low-emittance high-brightness relativistic electron
bunches. Such bunches, if transported without quality loss, can open up a variety of new applications. However, as for all ionization-injection schemes, witness-beam electrons are released
in the wake at rest, which requires a trapping potential Ψ̄ < −1 (see section 2.7), so even in the
blowout regime, very strong wakefields are required. This, in turn, needs a short electron drive
bunch with a high peak current. As will be shown in section 10, for a FLASHForward-class electron drive bunch, a peak current of at least 6 kA is necessary to enable Trojan Horse Injection.
On the other hand, in section 2.8.6 it is shown that a low peak-current can be advantageous to
avoid dark current.
In table 4.1, a list of future PWFA facilities with expected beam specification is provided. All of
the listed facilities plan to engage in Trojan Horse PWFA acceleration, but only FACET II will
provide high-peak-current bunches. Hence, these facilities will have to investigate and invest
in further compression of the drive bunch, or a solution from the plasma side needs to be found.
Facility

Energy (GeV)

Maximum beam charge (nC)

Peak current (kA)

FLASHForward

1.25

0.5

2.5

CLARA

0.25

0.1

1

FACET II

10

5

≤ 50

ATF II

0.5

0.3

>1.5

Table 4.1: List of upcoming PWFA research facilities and their electron beam specifications.
Values are taken form references [78],[98],[99] and [100].
The aim of this chapter is to present a solution to the challenge of how a facility with a few-kA
electron beam can conduct Trojan Horse PWFA research. We make a virtue out of necessity and
start immediately with a driver with low peak current. In order to establish clean Trojan Horse
Injection, an intermediate state needs to be found between a strong wake with a trapping
potential Ψ̄ < −1 and a wake that is too strong, thereby ionizing He either from the drive
beam or the wake.
Assuming a comparably weak drive bunch, the author presents an alternative approach, i.e. to
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facilitate the trapping by changing the evolution of the accelerating field of the plasma wake.
As presented in section 2.7, a decrease in wake phase velocity with gamma factor γφ leads to
a trapping condition of the form
∆Ψ̄ = γφ−1 − 1.

(4.1)

In an infinite homogeneous plasma, the wake’s phase velocity is equal to the drive-bunch
velocity
(4.2)

β φ = β beam ≈ 1.

Beams with low momentum could be used to decrease the phase velocity, but such low-γ beams would be depleted or explode due to intra-beam Coulomb self fields before the witness
bunch reaches relativistic energy due to the strong decelerating field in the plasma wake (see
section 2.8.). Consequently, manipulation of the plasma response to the wake excitation is the
best strategy to decrease the phase velocity. Fubiani et al. [101] have proposed a smooth density downramp, lowering the trapping threshold. The implications of this Downramp-assisted
Trojan Horse (DTH) for the possible generated witness bunches is investigated in this chapter.
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Figure 4.1: Suggested Injection method. A smooth exponential density downramp with
Cramp = 1.1 mm−1 (green), the corresponding product of the inverse skin depth and the density transition scale length kp Ls (blue) and the phase velocity at ξ tr = −70 µm behind the
drive beam are plotted. The Trojan Horse injection laser is focused at z = 1050 µm and releases a longitudinal charge density Q0 during the injection.
A possible hydrodynamic density downramp is shown in figure 4.1, which is also the guideline
for the simulations. A smooth density downramp with a total length of 500 µm decreases exponentially from an electron density ne = 1.7 × 1017 cm−3 to 0.98 × 1017 cm−3 in the direction
of the electron-beam propagation, z. An exponential density profile (green) is chosen, because
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of its similarity to realistic hydrodynamic shapes (superior to ramps assumed to be linear) and
secondly, because analytic calculations become easier. On a density ramp with upper plateau
plasma density nie and ramp gradient constant Cramp , the profile is
ne (z) = nie e−Cramp z

(4.3)

with a phase velocity according to equation 2.144


1
vφ (ξ ) = c 1 + Cramp ξ
2

 −1

(4.4)

.

The phase velocity expressed in terms of the relativistic gamma factor is
s

γφ = p

1
=
1 − βφ


1−

1
1 + (1/2)Cramp ξ

2

 −1


.

(4.5)

Equation 4.5 depends only on ξ and not explicitly on z. In figure 4.1, this can clearly be seen
in the graph depicting the phase velocity at ξ tr = −70 µm behind the drive beam. Also the
product kp Ls , with Ls = ne (z)/ne0 (z) is plotted and ranges between 50 − 70  1. For such
values, injection into the first bucket due to density-downramp injection should not be possible,
which is also confirmed with PIC simulations (see figure 4.5).
Such smooth density downramps can be generated e.g. by a gas cell with a controlled flow [102,
103]. Particularly the option of controlling the downramp gradient mentioned by Kononenko
et al. [102] is interesting as it can be used to remotely alter the phase velocity.
The described downramp and injection method was tested in a 3D PIC simulation. The driver
bunch is assumed to be spatially Gaussian with a transverse rms size of 7 µm and an rms bunch
length of σz = 20 µm. The laser is focused at the logitudinal position z = 1050 µm, where
√
the resonance condition kp σz ≈ 2 is fulfilled. The energy is Wd = 250 MeV and the energy
spread is

∆Wd
Wd

≈ 1%. The witness bunch should be injected after the driver is compressed due

to the focusing wakefields because the increased charge density of the drive bunch leads to a
stronger wake. The efficiency of this compression depends on the drive-bunch emittance (see
d
section 2.8), which was set to en,rms
≈ 6.0 × 10−6 mrad.

In a simulation study, a minimum drive-bunch charge of Qd = 500 pC at which reliable
injection is still possible has been determined. This corresponds to a drive-bunch peak current
of Id ≈ 2 kA and a dimensionless beam charge Q̃ = 0.66 at resonant electron density. We can
reason that the driven wake is not strongly nonlinear because the condition for the blowout
regime Q̃ > 1 is not fulfilled. Snapshots of the simulation at these parameters are shown in
figure 4.5.
The trapping potential is not exceeded either on the high-density plateau before the downramp
(figure 4.5 a) with a minimum trapping potential of ∆Ψ̄min = −0.90 or on the low-density plateau after the downramp (figure (4.5 c) at a minimum trapping potential of ∆Ψ̄min = −0.82.
This means that injection of laser-released witness beams as well as dark current from wake-
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Figure 4.2: Snapshots of 3D PIC simulation at different time steps with a slice through the
longitudinal electric field with the projected drive-bunch electrons (blue) and a central onaxis cut of the trapping potential (yellow) before the downramp (a), on the downramp (b) and
after the downramp (c). The witness-bunch electron macro-particles injected on the downramp
(b) are color-coded by their kinetic energy and remain trapped in the wake even after the
downramp (c).

or beam-ionization is impossible outside the downramp region. Such a restriction is experimentally very valuable, because it ensures a clean injection. However, on the downramp the
trapping potential
s
∆Ψ̄ =


1−

1
1 + (1/2)Cramp ξ

2

−1

(4.6)

is significantly lowered to a minimum value of
min

∆Ψ̄
1 − γφ−1

!

≈ −1.4

(4.7)

so that the trapping condition is fulfilled (see figure 4.5 b). Figure 4.5 b) shows the simulation
during the helium ionization by the laser pulse, and the trapping process. The injection laser
pulse with a normalized vector potential a0 = 0.025 and a pulse length τ = 40 fs is defined
in the envelope equation 2.51 and is sufficiently intense to ionize He. The released electrons
are trapped if they reach the wake’s phase velocity. During the continuous release of witnessbunch electrons, the trapping position ξ tr keeps falling back in the co-moving frame due to the
increasing longitudinal wake size.
To substantiate the claim of suppressed injection outside the downramp region, a simulation
with a plasma at resonant density was performed. The result is shown in figure 4.3 and is
unambiguous: all charge is lost without a density downramp and nearly all charge is trapped
if injected on the downramp.
4.1

witness-bunch evolution

Figure 4.4 shows the evolution of witness-bunch properties during its acceleration in the plasma
wake. The snapshots of the PIC simulation shown in figure 4.2 are taken at different lab-frame
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Figure 4.3: Charge inside plasma wake during propagation as calculated by PIC simulation of
TH injection on a density downramp as described in figure 4.1 (black) and with a flat plasma
profile at resonant density ne = 1.61 × 1017 cm−3 (red).
coordinates z1 − z3 marked in figure 4.4. After the downramp (green area) the wakefield does
not continue to fall back in ξ with respect to the drive bunch and the witness bunch is accelerated by a constant mean electric field Ez (ξ acc. ) ≈ 5.8 GV/m. In zacc. ≈ 10 mm, the witness beam gains energy from the wake to W = qe Ez (ξ acc. ) ≈ 58 MeV, with a relative rms
energy spread of

∆W
W

≈ 6.8%. The emittance and brightness evolution show signs of phase

mixing and eventually reach values of en,rms ≈ 4.1 × 10−8 m rad and a peak brightness of
B=

2Ip
2
en,rms

≈ 3.2 × 1017 Am−2 rad−2 . Even though the expanding wake promotes phase mix-

ing, ultra-low emittance values en,rms < 10−7 m rad, typical for the Trojan Horse injection are
reached. The slightly lower brightness compared to conventional Trojan Horse PWFA simulations is solely due to the witness-beam elongation caused by the expanding wake.
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Figure 4.4: Evolution of witness-bunch parameters during acceleration in the plasma wake,
plotted over acceleration length z. The witness-bunch energy (black), and energy spread
(blue) are plotted in part a). The green area represents the extent of the density downramp.
Normalized trace-space emittance (black, solid line) and brightness (black, dashed line) are
plotted in part b). After initial phase mixing, the normalized trace-space emittance remains

< 10−7 m rad.

4.2

longitudinal phase space

The witness bunch is not compromised by any kind of dark current. The drive-bunch electric
fields and wakefields release a total charge of only 13 fC from helium, which is not even trapped. The suppression of dark current from downramp injection as indicated by the calculated
high values of kp Ls (figure 4.1) is confirmed by PIC simulations. Figure 4.5 shows longitudinal phase-space scatter plots for the low-energy background plasma-electron macro particles
(a) and the high-energy injected witness-bunch-electron macro particles (b) after ≈ 12 mm
propagation in plasma.
The background plasma electron distribution has a typical form (compare e.g. reference [76])
with highest energies at the blowout vertex corresponding to a velocity of β φ ≈ 0.63, far below the phase velocity. No high-energy electron population is visible which confirms that no
charge has been accelerated from downramp injection. In contrast to the Trojan Horse scheme,
in DTH, the continuous variation of the trapping position leads to a chirp so that the correlated
energy spread is large. The uncorrelated slice-energy spread, however, is much smaller. Such
energy spreads can be minimized by an advanced dechirping method that rotates the longitudinal phase space, such as the dechirper bunch concept presented in reference [104]. It suggests
injecting a second high-charge bunch into the blowout that escorts the low-emittance witness
bunch. The escort bunch loads the wake so strongly that the accelerating field flips sign and
rotates the longitudinal phase space of the witness bunch such that its energy spread is minimized.
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Figure 4.5: Scatter plots of longitudinal phase-space distribution after ≈ 10 mm witnessbeam acceleration. The background plasma electron distribution (a) shows no sign of injected
charge, which means that no downramp injection occurred. The laser-ionized electron bunch is
elongated and shows an approximately Gaussian current distribution with 300 A peak current
(b, red plot). The kinks in the longitudinal phase space of the witness bunch (b) are likely to
originate from Numerical Cherenkov Radiation.

4.3

longitudinal witness-bunch shaping

In the case of Trojan Horse Injection, the witness bunch can be of sub-µm-length, as described
in section 3.1. The simulations show that the witness bunches generated with the DTH method,
however, can be several µm long. While for TH the injection position and movement of the
ionization front determine the bunch length, for DTH, the witness-bunch length is dominated
by the expansion of the plasma wake on the density downramp. The continuous release of
charge into an elongating wake results in an elongated electron bunch.
A detailed analysis of simulations reveals that electron macroparticles released first (before
the laser focus) are trapped at higher ξ-values than electron macroparticles released later (e.g.
after the laser focus). The bunch-lengthening effect by the wake expansion is described by the
increase of the plasma wavelength between the starting point of the FWHM laser release z10
and the end point z20 with ∆z = z20 − z10 . A Taylor series expansion around ∆z  1 brings
about the scaling for the FWHM bunch length

σw ≈ ∆λp ≈ (2πc/e)

p

e0 m0 /ne (Cr ∆z).

(4.8)

The proportionality to the ramp constant Cramp was tested systematically in simulations and
the results are plotted in figure 4.6. A number of ramp profiles with different downramp constants (red, yellow, green, blue) and their density profiles are plotted in (a) and (b), which
show the resulting witness-bunch current profiles in the same color coding. Additionally the
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Figure 4.6: Control over Witness-bunch current profile via density-downramp gradient: DTH
is simulated for downramps with different constants. a) shows the ramp density profiles and
the longitudinally resolved charge release by the laser pulse. In b) the resulting witness-bunch
profiles are shown. Inset c) confirms the linear dependence predicted by equation 4.8.

rms bunch-length values from the color coded ramps and other values are given as a function
of Cramp in (c), which confirms the linearity predicted by equation 4.8. The witness-bunch
profile is a convolution of the longitudinal charge released during the laser focusing Q0 and
the trapping response function 3.11. For small values of Cramp , the structure of the response
function still has a visible effect, as for example can be seen in the case of Cramp = 1.1 mm−1 .
This can be illustrated by comparing figure 4.6 b) with figure 3.2. For larger values such as
Cramp = 1.8 mm−1 , the response function becomes effectively a delta function and the form
of Q0 dominates the form of the current profile.
Witness-bunch-length control over a range between 1.5 µm and 6.0 µm rms has been sucessfully demonstrated in simulations without electron-bunch quality loss in emittance, which means en,rms < 10−7 m rad for all simulation results shown.
The witness bunch develops a Gaussian current profile, simply because the Gaussian focusing
of the injection laser happens to produce a Gaussian-distributed charge release in z during the
injection. However, a Gaussian focusing is only one among many possible methods of laserfocusing. In fact, it is possible with Fresnel plates to design a longitudinal intensity profile of
choice and because the injection pulse only needs an energy of a few 100 µJ, to a few mJ this
can also be easily handled.
Simulations with alternative longitudinal peak-intensity profiles (figure 4.7 a) are applied in a
simulation with Cramp = 1.1 mm−1 , so that the witness-bunch current profiles as calculated
by simulation form a triangular shape. In figure 4.8 the same result is shown for a line focus
with a transverse Gaussian profile of w0 = 3 µm. In agreement with the presented description,
the trapped witness bunch develops a flat-top current profile during injection. Such laser foci
are for example achievable with an axicon [97].
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Figure 4.8: Current profile from line-focus injection on density downramp.
Controlling the density ramp to that degree is possible, even remotely controllable during accelerator beamtime, if specialized hydrodynamic gas cells[102] are utilized.
Trojan Horse Injection is a method that decouples the witness-bunch injection from the wake
formation. Downramp-assisted Trojan Horse further decouples the bunch length, determined
by the density ramp, from the witness-beam shape, which is determined by the longitudinal
laser intensity profile.
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5

T H E E 2 1 0 E X P E R I M E N TA L C A M PA I G N

In 2014, the experimental campaign for demonstrating the proof-of-concept of Trojan Horse
injection (see 2.8.5), which is known as "E210: Trojan Horse PWFA" started at the Facility for
Advanced Accelerator Experimental Tests (FACET) at the SLAC national laboratory. In this
campaign, we worked in a collaborative effort with researchers from the University of Hamburg, University of California Los Angeles (UCLA), University of Strathclyde in Glasgow, the
industry partners Radiabeam technology1 , Tech-X2 and RadiaSoft3 and with dedicated support from the SLAC personnel. All experiments that were conducted at FACET in overlapping
beam-time periods had to be designed in a way that a change from one experiment to another
can be accomplished remotely or with little effort. That way, in case one experiment needs
maintenance, another can take over and continue measuring and no accelerator beam time is
wasted. At FACET the different experimental setups had to pass several levels of maturity. This
required constant adjustment of the overall FACET setup, which led to a fruitful joint learning
process between several research groups.
It is fair to say that E210 was one of the most complex and most demanding experiments in
terms of accuracy ever conducted at FACET [105]. Several steps were required to optimize the
experimental setup until the experiment was eventually successful. The most crucial obstacles
to overcome were timing and alignment between two laser arms and the electron beam. The
timing requirements between the electron beam and the pre-ionization laser were rather undemanding as long as the pre-ionization occurred before the arrival of the electron beam, with a
timing difference less then the recombination time (ps-ns range). However, proper control over
the relative time-of-arrival (TOA) between the injection laser and the electron beam required
- in principle - control over timing on the order of 10 fs. With an estimated timing jitter in the
range of at least 73.2 fs rms (see section 7.1) sufficiently stable timing on a shot-to-shot basis
was not possible. The best solution to cope with such a timing jitter was to accurately measure
the relative time-of-arrival on every shot with electro-optical sampling (described in section
7.2) to determine the timing-dependent injection properties. To measure the synchronization
(t0 ) as well as fine alignment between the electron beam and the injection laser, a novel plasmabased method was developed, commissioned and applied. The method is based on plasma glow
from recombination light as a result of the fs-scale-interaction signature and is described in
section 7.3.

1 RadiaBeam Technologies, LLC www.radiabeam.com
2 Tech-X UK Ltd. www.txcorp.com
3 radiasoft.net
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5.1

pwfa at the slac national accelerator center

Founded in 1962 as the Stanford Linear Accelerator Center and operational since 1966, SLAC
has been ever since a landmark for excellence in science. The Nobel Prizes for 1976 for the
discovery of the charm quark, for 1990 for the structure of quarks in protons and neutrons and
for the discovery of the τ-Lepton in 1995 have been awarded for research conducted at the
SLAC accelerators. In addition, a large variety of high-impact publications testify to the huge
influence SLAC has on the research field of high-energy physics. In 2006, the Nobel Prize in
Chemistry was awarded for "studies of the molecular basis of eukaryotic transcription" thanks
to the data taken at the Stanford Synchrotron Radiation Lightsource (SSRL), a storage ring on
the SLAC campus. The Nobel Prizes in Chemistry awarded in 2009 for deciphering the structure
of the ribosome and in 2012 are also based on work that took place at the SSRL.
This shift of scientific success from high-energy physics to other fields of science was made
possible due to the conversion of part of the SLAC Linac to a high-quality X-ray light source.
The building of the Linear Coherent Light Source (LCLS), the world’s first X-ray free-electron
laser (FEL), emphasized this diversification of research focus. One third of the 3.2 km-long
Linear Accelerator (Linac) tunnel of the Stanford Linear Collider (SLC) was converted to produce the LCLS electron beam, leaving room for the unique Facility for Advanced Accelerator
Experimental Tests, FACET [72].
5.2

the facet linear accelerator

The FACET accelerator from start of operation in 2011 until its end in 2016 made use of many
SLC accelerator parts (see sketch figure 5.1[106]). The thermionic electron gun is such an example. It was developed for the SLC collider and can inject up to 5 × 1010 electrons (=
ˆ 8 nC) into
the Linac [107]. Thermionic guns have the disadvantage that they produce higher-emittance
electron bunches than state-of-the-art photocathodes. As a countermeasure, the bunch is cooled
down in the North Damping Ring (NDR) to a transverse emittance of 30 × 3 mm mrad [74].
The electron bunch is then compressed to a length of ≈ 6 mm [108] and injected into the
linac via the North Ring to Linac Chicane (NRTL). The phase at which the electron bunch is
injected into the linac S-band RF period can be tuned to change the energy chirp in the beam
to achieve optimal compression in the following chicanes. This parameter is called the phase
ramp and is one of the most frequently used measures to maintain a stable bunch compression
during beam operation. Since phase-ramp adjustments change the electron-bunch phase with
respect to the RF phase, it also changes the relative timing between the master RF reference
signal and the electron beam arrival at a given z-position along the linac.
This detail is of particular importance for the E210 experiment, because precise timing between the laser pulse, which is stabilized to the master RF reference, and the electron beam is
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Figure 5.1: Schematic sketch of the FACET Linac beamline. Beamline components specific to
positron acceleration are drawn in blue. Lengths are not to scale. A map of accelerator parts
can be found in reference[106]. Image altered from an image by P. Scherkl.
required. The S-band frequency is 2.586 GHz, which corresponds to 1.0742 ps/◦ phase ramp.
During the experimental campaign, the phase ramp required changes by only a few degrees
and beam operators were asked to keep the phase ramp constant during data acquisition. The
bunch when injected into the linac is approximately 1.5 mm rms long. It is accelerated to
9 GeV in the first 10 linac sectors and is then further compressed by the Linac Bunch Compressor Chicane (LBCC) in sector 10 to approximately 60 µm bunch length. In sector 11 to 20,
the bunch is accelerated to its final energy of 20.35 GeV and then compressed a final time by
the sector 20 W-chicane to a minimum bunch length of 20 µm rms length4 . Subsequently, the
final-focusing magnets in sector 20 compress the electron-bunch transversely, with typical values for β∗x = 0.25 m and β∗y = 1.0 m for the different transverse axes. The coordinate system
convention at FACET is that z describes positions along the accelerator, y is the vertical axis
and x the horizontal axis. The beam waist, which is the focal position of the electron bunch,
was in most cases set to the start of the plasma, because one can expect that, after entering the
plasma, the strong focusing forces of the blowout determine the transverse bunch behavior. It,

4 W refers to the shape of the sector 20 chicane. In the original FACET proposal a second part of the chicane was
planned to simultaneously compress electron bunches and positron bunches. This plan is called the sailboat chicane.
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therefore, makes sense to have the electron-bunch smallest when this sets in5 .
In the course of the E210 experiment, if not otherwise stated, we requested the full-charge, fully
compressed standard FACET bunch with 30 µm × 30 µm × 30 µm bunch size. Depending on
the overall machine condition, these target values were not always reached and drifted during
the beam shift. The bunch was characterized at least once before and once after each shift. A
wire scanner approximately 1 m upstream of the plasma section measured the transverse spot
size, so bunch sizes might be a little bit under-estimated at the experimental focus. The bunch
length was characterized by an X-band travelling-wave transverse-deflecting cavity (TCAV)
[71, 109]. In contrast to an accelerating RF cavity, in a TCAV, the cavity structure resonates
in a mode that transversely deflects the electron bunch. The deflecting wave co-propagates,
synchronized with the electron bunch such that the electron bunch travels along at the zerocrossing of the sinusoidal amplitude of the deflection. Consequently, the beam electrons obtain
a kick with a linear dependence on their longitudinal position. This kick relates the longitudinal ξ position of the beam electrons to a transverse position after free propagation, which is
observed on a titanium optical-transition-radiation (OTR) screen downstream of the TCAV and
allows for measurement of the bunch length.
The electron-beam characterization could not be done during the experiment. As long as the
plasma section is filled with gas, the thin and sensitive wires of the wire scanner can be broken
by plasma discharges. The same hazard applies to the integrity of OTR screens. Additionally,
a deflected bunch cannot be used as a driver for the wake fields, so that during beam shifts
the bunch length was monitored by a pyroelectric bunch-length monitor (BLM). The sector 20
BLM consists basically of an off-axis mirror that picks up the edge radiation from the electron
bunch when exiting the magnetic field of the last chicane bend and reflects it into a pyroelectric detector[110]. The so-called Pyro Signal UPYRO has been measured to depend on the total
bunch charge Qb and the longitudinal bunch length σzb with the relation [111]
UPYRO ∝

Q2b
.
σzb

(5.1)

Measuring the Pyro value is non-invasive to the electron bunch and was performed on a shotto-shot basis for the sector 20 BLM, which was located downstream of the W-Chicane. The
Pyro value does not come close to the accuracy of the TCAV measurements but it is a good
feedback tool to monitor drifts in the linac that affect the final bunch length. The Pyro value
can also be used in the post-processing of the data. During malfunctioning of a klystron or an
alignment drift, the Pyro value can drop by more than half, indicating a weak compression or
low charge. These shots then clearly stand out from the normal situation and can be omitted
from further analysis.
After the final-focusing section, the electron bunch traversed the interaction-point (IP) area,
where several different experiments were set up. The energy spectrum and emittance in the ho5 The FACET beam line also provided the option of accelerating positrons, which enabled it to measure positronacceleration in plasmas. This is also an important and fascinating research topic, but for the experiments described
in this work, only crucial in the sense that the start of the positron experiments set a definite end date to hydrogenplasma experiments. For completeness, the positron beam optics are drawn in blue in figure 5.1.
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rizontal x-plane can then be analyzed by the imaging spectrometer before the electron bunch’s
journey comes to an abrupt end in the beam dump at the end of sector 20.
5.3

the facet imaging spectrometer

Diamond
window

Dipole
E-LANEX

QS 1
QS 2

Cherenkov spectrometer
Al-window

W-LANEX
DRZ

Figure 5.2: Sketch of FACET spectrometer setup: QS1 and QS2 set the focusing energy and
the dipole deflects the electrons down (negative y direction). The electron beamline is separated from the screens by a diamond window and an aluminium window. Two LANEX screens
are available to analyze the spectrum, the movable E-LANEX, and the larger W-LANEX. The
spectrum can also be measured with a Cherenkov spectrometer.
The imaging spectrometer consists of three electromagnetic quadrupole magnets, QS0, QS1
and QS2 and an electromagnetic dipole. During the experimental campaign, only QS1 and QS2
were used; QS0 was switched off. The quadrupoles are arranged to first focus and then defocus
the electrons (FODO arrangement). The combination of QS1 and QS2 focuses electrons and
produces an image of the electron beam from an object plane of choice onto an image plane of
choice. The focusing is sensitive to the electron energy, which therefore needs to be selected.
The dipole disperses the electrons in the vertical y plane, with the highest energies at the top.
The resulting image on the screen is a butterfly-like image with a pinch at the energy chosen
for the quadrupoles, which facilitates an energy calibration of the screens. The spectrum can be
observed at three different locations: two scintillating screens and the Cherenkov spectrometer.
Scintillating screens with a layer of phosphor – they go by their brand name LANEX – have
been successfully applied as a standard diagnostic for electron beams for several years. The
E-LANEX is the lanex screen closest to the end of the beamline. It can be moved up to analyze
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drive-beam acceleration. The W-Lanex consists of two large screens to observe drive-beam
deceleration or witness-bunches at lower energy than the drive-beam, one of which, the LANEX
screen of the type DRZ [112] is more sensitive to low charge fluences, which is why during the
campaign we used it for the witness-bunch analysis. The scintillation light is captured and
observed by PCO edge 5.5 CMOS cameras [113].
The vacuum and plasma section is separated downstream by a 105 µm-thick diamond window,
while the vacuum-to-atmosphere separation is sealed by a 5 mm aluminium window. The stopping power range of electrons in these thicknesses of material correspond to an electron-energy
cutoff of 127 keV for the diamond window and 2.7 MeV for the aluminum window [114]. Most
electrons below the cutoff energy will be stopped in the respective window.
For those electrons that reach the LANEX screen, it is possible to measure the charge (see calibration in section 8.1) and the energy spectrum of driver or witness bunch in the spectrometer.
From the shape of the butterfly on the spectrometer, it is additionally possible to determine
the divergence of the witness bunch at the exit of the plasma, from which conclusions about
the emittance can be drawn under the assumption of a particular β. This has been successfully
applied by Vafaei-Najafabadi [115] for witness bunches at energies beyond 20 GeV. This method is more complex and less reliable for the witness bunches explored in this work because
the generated witness bunches are accelerated up to only 3 GeV and have potentially very
low emittance inside the plasma. For such low energies, scattering at the diamond window
that separates the plasma section from the vacuum and the aluminum window that separates
the vacuum from atmospheric pressure adds so much divergence to the bunch that such an
analysis becomes complicated and goes beyond the scope of this work. The Cherenkov light
spectrometer was not used by us during the experimental campaign. The interested reader can
find a good description of it in reference [116].
5.4

the facet laser

The FACET accelerator, including the E210 experiment in sector 20, is situated in a concrete tunnel 10 meters underground. Accelerator infrastructure, like klystrons that generate the accelerator RF signal and cabling for the main RF reference, are located at ground level. At ground
level also most of the FACET laser system is built up. The FACET laser system provides laser
pulses with a minimal pulse length of ≈ 25 fs FWHM at a maximum repetition rate of 10 Hz
[117]. The optical medium used along the beamline to amplify the laser pulse is Ti:Sa 6 .
Ti:Sa crystals are most efficiently pumped at a wavelength of ≈ 485 nm and in most applications lase at a wavelength of ≈ 800 nm. The laser beam line starts with a Vitara main oscillator
by Coherent. The oscillator is locked to the master RF reference of the linac to ensure proper timing with respect to the electron bunch and mode-locked so that it provides 20 fs laser
6 It is conventional to write the bulk medium last and the dopant first. In this case, this means the optical medium
is Sapphire (Sa) with a dopant of Titanium (Ti).
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pulses at a repetition rate of 68 MHz. In a regenerative amplifier (Regen), the laser pulses are
amplified to 3 mJ at 120 Hz. After the Regen, the laser pulse is stretched to apply chirped pulse
amplification (CPA) [118]. The laser pulse has a wavelength of 800 ± 60 nm. A Pockel’s Cell
chooses laser pulses with the repetition rate of the electron beam - but at most at 10 Hz to protect the main amplifier - and sends them to the preamplifier. The preamplifier is traversed four
times by the laser pulse and pumped by a Quantel CFR200 YAG laser. After the preamplifier,
the laser pulse is at an energy of ≈ 30 mJ. The main amplifier is also a four-pass amplifier that
is pumped by two SAGA YAG lasers, which pump the crystal from opposite sides. The SAGA
pump lasers themselves are pumped by flash lamps and are frequency doubled to 532 nm to
ensure a good overlap with the absorption range of the Ti:Sa crystal. One of the pump lasers
showed a rather rapid decay of the flash lamps during the campaign, which is why it was
replaced by a Continuum YAG pump laser. Although the laser system was commissioned to
deliver laser pulses at an energy of ≈ 1 mJ after the main amplifier, during the campaign it
typically reached energies that varied between 500 mJ and 600 mJ as measured at the laser
transport entrance. The 28 m-long transport beamline down to the IP area in sector 20 is evacuated to avoid plasma sparking. This would occur under atmospheric pressure because the
relay imaging system included in the transport beamline focuses the laser down between the
mirrors. The lenses of the relay imaging have the crystal surface of the main amplifier as object
plane and the vacuum compressor as the image plane, which limits the propagation of unwanted structures in the transverse mode distribution of the laser. Before entering the vacuum
compressor, the laser pulse was split by the main sampler, with 90 % of the energy being transmitted to the main laser and 10 % being reflected to the probe laser arm. The main laser was
compressed in the vacuum compressor. Its FWHM pulse length was measured with a Single
Shot Autocorrelator (SSA) to be 55 fs. The vacuum compressor gratings are motorized so that
the main laser compression can be remotely altered. The probe laser pulse was compressed by
an air compressor, which was not motorized. The probe pulse was measured to have an FWHM
pulse length of 60 fs after the air compressor.
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Figure 6.1: Sketch of the E210 experimental setup including the probe and main laser beamline.
Image modified from an image by P. Scherkl.
The original purpose of the FACET laser was to ionize lithium or rubidium vapors for PWFA
experiments conducted with an alkali gas oven as a plasma source. Eventually, the FACET laser
system served several purposes. It was used to preionize gas and alkali vapors for PWFA, for
injection as part of the plasma photocathode approaches, and for diagnostics such as probing
in the E224 experiment.
At the Advanced Accelerator Concepts (AAC) Workshop 2014, several of the FACET experimental
teams including that of the E210 experiment agreed on the wish to conduct experiments in
hydrogen instead of lithium. Hydrogen in contrast to lithium is gaseous at room temperature
and the pressures of interest. This made the plasma oven obsolete and allowed the plasma
transverse to the electron beam axis to be accessed with laser arms or observed by cameras. The
electron density could now be easily inferred by filling the entire plasma area with hydrogen
and measuring the pressure.
Also, the main laser-to-e-beam alignment could now be improved. Several 6” cubes with windows transverse to the electron-beam orbit allowed plasma recombination light to be observed
and laser-to-e-beam alignment to be carried out using OTR screens. Figure 6.3 shows part of
the hydrogen plasma line between cube 3 and cube 4 with the injection laser off-axis parabola
(OAP) chamber attached to cube 3. OTR screens were attached to actuators on top of cube 3 as
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Figure 6.2: 500 µm thick titanium foil as optical transition radiation screen (OTR) to observe
electron beam position as well as laser position(a) In the photograph it is lifted above the
electron-beam orbit height, indicated by the green line. The screen needs to be at an 45 ◦ angle
to reflect the signal light to the camera. Image (a) shows the OTR screen and image (b) shows
the signal on the screen as obtained during the experiment. The attenuated laser, as well as
the electron beam signal, can be observed at the same time. Image (b) shows good alignment
between Bessel-function-like axilens laser-transverse intensity profile and the electron beam
in the center.

well as cube 4. A photograph of a cube’s interior including the OTR foil and the overlap between
the electron beam and laser pulse can be seen in figure 6.2. To get a better understanding of the
setup, figure 6.1 shows most of the parts used for the E210 experiments set up in sector 20 in a
sketch1 . Along the IP area, many CCD cameras were set up and were responsible for a variety
of tasks. In general, mostly Manta GigE cameras [119] were used. Only the spectrometer was
monitored by CMOS cameras.
A fraction of 10% of the pulse energy from the low-energy probe laser was coupled out by a
beamsplitter for the electro-optical sampling (EOS) timing diagnostic, which is discussed in detail in section 7.2, to provide shot-by-shot timing information between laser pulse and electron
beam prior to the plasma interaction. The high-energy part of the probe laser was then focused
by a gold-coated 6" off-axis parabola with a focal length f OAP = 9 ”. The probe laser in the
setup had to wrap once around the OAP chamber to ensure the correct laser path length and
timing. This detail has been left out of the sketch for simplicity, but can be seen in figure 6.3.
The linear motion of the OAP and the rotation around the axis of the incoming laser (roll) do
not change the focal spot quality. These 4 degrees of freedom were used to align the OAP focus to the electron beam orbit under remote control. The focal spot was then monitored by the
IPOTR3 camera, which also observed the electron orbit and the pre-ionization-laser position
on the OTR screen (see figure 6.2 b). The focal quality and astigmatism were measured by the
1 Before reaching the OAP chamber, a small fraction of the probe laser was coupled out for plasma imaging experiments, performed by the E224 collaboration. This beamline is not shown as it is not part of the E210 setup.
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Figure 6.3: View on experimental setup from upstream to downstream. The 6” Cube 3 with
OAP chamber is shown on the right-hand side including the laser path to CaF2 window (in
this image covered by a fluorescent card). Cube 4 with a window is shown on the left-hand
side. The distance between the center of both cubes is 50 cm. The plasma extended roughly
between the upstream end of cube 3 and cube 4.
focus diagnostic, which contained a 2” lens with a focal length of 300 mm and a camera, each
mounted on linear stages. An image, taken by the focus diagnostic, can be found in figure 7.7.
The Cube3Vert camera looked at the plasma through a window on the bottom of cube 3. Attached to it were 3 bandpass filters that could individually be flipped in or out to filter out laser
light at 800 nm or to transmit the recombination light of H2 at 589 nm or the recombination
light of He at 656 nm. This diagnostic was key to the investigation of a novel plasma-based
synchronization and alignment method as described in section 7.3. The preionization laser had
a much larger portion of the total laser energy. After the vacuum compressor, it was focused
by an axilens, developed by the E200 collaboration to produce ideally a 1 m-long and ≈ 88 µm
FWHM-wide plasma channel. An axilens[120] was considered because of the experience gathered in the beamtime in the spring of 2015. The previously used axicon was able to generate
a longer plasma channel, at the expense of the channel width. In Li, this is not so much of
a problem because the electron-beam electric fields can ionize lithium, so that a small initial
plasma-e-beam overlap can be sufficient to focus down the e-beam and keep a stable wake.
Such an electron-beam ionization in hydrogen turned out to be extremely difficult to maintain
stable from shot to shot and therefore was unviable for this application. However, the axilens
turned out to be more sensitive to astigmatism, so that major transport beamline optimization
work had to be done during the autumn run of 2015.
A calculation of the expected plasma size is shown in figure 6.4. The intensity distribution is
calculated with a Matlab code [121] provided by S. Gessner, which was adjusted to meet the
parameters for the axilens applied in the experiment and combined with an ionization routine
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Figure 6.4: Calculation of transverse axilens intensity distribution at z = 326 mm including
the central lineout (a). The longitudinal cut of the ionization ratio for hydrogen ionization
shows an expected plasma length of ≈ 1 m (b).

that resolves the ADK tunnel ionization of a temporal Gaussian-shaped laser pulse in envelope
approximation. The mathematics behind the code can be found in the book by Goodman [122].
The code calculates the distortion of the laser wavefront during its propagation through the
axilens material. A flat wavefront is assumed for the calculations discussed in this work. The
distorted wave is then propagated to the focus position. This projection in Fraunhofer approximation can be reduced to a two-dimensional Fourier transformation[122], which is numerically
evaluated with the Matlab Fast Fourier Transformation (FFT) package.
The calculated plasma length of ≈ 1 m was not achieved in the experiment. For many shots,
no plasma or the end of the plasma was visible in cube 4 which is approximately 60 cm downstream of the start of the plasma at cube 3. The plasma could be shorter than expected
due to the astigmatism in the laser or ionization defocusing [123], which is the effect of the
plasma-density-dependent index of refraction distorting the laser phase front.
6.1

laser energy calibration

The laser energy available on target could be remotely modified at two positions in the laser
beam line. Each of the two laser-energy attenuators consisted of a broadband polarizing beam
splitter cube between two zero-order 808 nm half-wave plates. The half-wave plate, which was
located further upstream in the laser beam line, was motorized, such that the amplitude of the
attenuation could be remotely controlled. The beamsplitter cubes have a length of 12.7 mm.
Traversing a glass material of this length with a compressed laser pulse means risking nonlinear effects such as self-focusing, which can damage the bulk material and distort the laser
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pulse (see breakup integral equation 6.11). Therefore, the attenuators were situated upstream
of the compressors.
The laser was split up by a beam splitter, the main sampler, right downstream of the laser
transport beamline. The main sampler reflected 10 % of the laser energy into the so-called
probe laser beam line and transmitted 90 % of the laser energy into the so-called main laser
beam line. One of the attenuators, the main energy wave plate attenuator, was located upstream
of the laser-transport beamline and therefore acted upon the entire laser energy being sent to
the experiment.
The second laser-energy attenuator, the probe energy wave plate attenuator, was set up downstream of the main sampler in the sector 20 tunnel. This means that the laser energy available
in the probe laser beam line was determined by a combination of both wave-plate settings,
while the energy available on the axilens in the main laser beam line was set only by the main
laser-energy wave plate. The typical shot-to-shot laser energy jitter is ≈ 5 % FWHM as mea-
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Figure 6.5: Laser energy calibration for main energy waveplate (upper plot) and probe energy
waveplate (lower plot)
The laser beam line contained numerous optical elements that decreased the maximum available energy on target. All losses in optical components were measured. The total transmission
values were integrated into the results of calibration measurements for the laser-energy attenu-
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ators. The functions, fitted to the calibration data are plotted in figure 6.5. The calibration fit
function including the measured transmission values for the energy available on the axilens is
(6.1)

Axilens
Laserroom
WLaser
= WLaser
× 0.253
main
× 0.994 cos2 ((φpol
− 5.11°)) + 6.16 × 10


−3

.

(6.2)

For the energy on the OAP, the function is
OAP
Laserroom
WLaser
= WLaser
× 1.25 × 10−2
2

× 0.994 cos
×

main
((φpol

probe
0.998 cos2 ((φpol

− 5.11°)) + 6.16 × 10

(6.3)
−3

− 17.8°)) + 1.65 × 10

(6.4)




−3

.

(6.5)

This means that, for a typical laser energy output of 500 mJ, a maximum energy of 6.2 mJ is
available on the OAP target and 125.9 mJ on the axilens.
6.2

probe laser energy limitations

In the 2015 spring beamtime, we performed the first attempt to show Trojan Horse Injection.
Due to the tight FACET schedule we chose a simple setup, in which the probe laser was focused
by a f = 200 mm lens through a CaF2 IR coated window. With this setup, we did not succeed
in injecting electrons and did not observe ionization by the probe laser. Focusing through the
window generated a secondary focal spot that was reflected by the window surface and damaged several optical elements. Moreover, the compressed probe-beam laser pulse traversed
a few optical elements, which probably led to a lengthening of the pulse duration. For the fall
beamtime, we altered the setup, according to the lessons learned. In the revised setup, the collimated probe laser entered the vacuum through a 3 mm-thick CaF2 window. The laser was
focused by an OAP, mounted in a specialized chamber shown in figure 6.3.
The applicable on-target laser energy in this setup was limited by the window damage threshold. We determined the limits in three parameters:
1. peak fluence:

Fluence F is the total laser energy applied per unit area. It is a better

figure of merit for long laser pulses; most laser-induced damage threshold (LIDT) values given
by the manufacturers are not measured for fs pulse lengths but for a ps- or ns-long pulse. Those
values can be corrected by the engineering formula [124]
s
r
λexp.
τexp.
.
Fmax = FLIDT
λLIDT τLIDT

(6.6)

For a 190 fs-long laser pulse with a wavelength of 790 nm, the damage threshold is 2.70 J/cm2
[125]. This means a fluence damage threshold of
r
r
800 nm 60 fs
Fmax = 2.70
J/cm2
790 nm 190 fs

= 1.53 J/cm2 .
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(6.7)
(6.8)

2. nonlinear focusing:

The propagation of light inside a material is characterized by

its dispersion relation ω (k ), which can be calculated from the material’s electronic response to
the electric fields of the light. If the electronic displacement ceases to be small in comparison
to the potential, the dispersion relation becomes dependent on the light’s intensity I. This is
implemented into the electric wave propagation by adding an intensity-dependent term η2 to
the index of refraction
x

Ee−i(ωt−kx) = Ee−iω (t− c (η1 +η2 I )) .

(6.9)

The phase difference between a wave propagating in vacuum and in a medium of length L is
then

2π L
2π
η2 I ( x 0 )dx 0 .
η1 L +
∆Φ =
λ
λ 0
The latter term of the sum is called the Breakup Integral or B-Integral
Z

e = 2π
B
λ

Z L
0

η2 I ( x 0 )dx 0 .

(6.10)

(6.11)

These intensity-dependent changes in phase cause a focusing of high-intensity parts of the
laser. The focusing increases the intensity which in turn increases the focusing again. This
instability is called small-scale self-focusing (SSSF) [126] and can lead to structural damage in
transmissive optical elements such as the window. Since the growth rate of the instability is
e)[127], we chose the threshold of the B-Integral to
proportional to exp( B
(6.12)

e<1
B
to avoid damage.

3. peak intensity:

As a precautionary measure we additionally decided to limit the peak

intensity at the window to
Imax < 1012 Wcm−2

(6.13)

to avoid ionization.
symmary of damage threshold considerations

The window was constructed from

CaF2 . The material was chosen because of its low nonlinear refractive index value of η2 (CaF2 ) =
1.26 × 10−16 cm2 W−1 [128], so that the B-Integral can be kept at a low value. The transverse
profile of the injection which was collimated while traversing the window can be approximated
e = 1 corresponds to a fluence
by a flat-top with a diameter of 10 mm. In this arrangement, B
of 18.5 mJ cm−2 and an intensity of 3.4 × 1011 W, cm−2 . This gives a limit of
max
Wprobe
= 14.6 mJ

(6.14)

max is far above the maximum energy provided by the laser system,
onto the CaF2 window. Wprobe

as demonstrated in section 6.1, so that in the modified setup, no window damage is expected.
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7

L A S E R - T O - E L E C T R O N - B E A M S Y N C H R O N I Z AT I O N

In order to establish controlled injection of electrons into the wake, synchronization between
electron beam and laser pulse to the order of 10 fs is desirable. In this chapter, our work addressing the relative time of arrival between electron bunch and laser pulse is presented. First in
section 7.1 the timing jitter is estimated. The design and commissioning of an electro-optical
sampling diagnostic are described in section 7.2, which includes a measurement of the timing
jitter. In section 7.3 a novel plasma-based method to find synchronization is analyzed with
measured data, theory, and simulations.
7.1

timing jitter estimate

Two major contributors to the expected jitter in time of arrival between laser pulse and electron
bunch could be identified, the jitter between laser pulse and RF master reference and the jitter
between electron bunch and RF master reference.
The Vitara-T laser main oscillator is mode-locked to the radio-frequency (RF) master reference
[117]. This lock has a timing jitter of [117]
σtRF,laser = 70 fs.

(7.1)

The electron bunch on the other hand has a timing jitter with respect to the RF, which can
be estimated with the help of linear beam optics as described in section 2.6. Due to energydependent path lengths in the FACET W-chicane, as illustrated in figure 7.1, an electron-bunch
mean energy devation from the design energy, δ0 , leads to a longitudinal offset
z1 = z0 + R56 δ0 .

(7.2)

Figure 7.1: Sketch of a chicane with trajectories dependent on electron-bunch energy. Electron
bunches at different energies, but at same time with respect to the RF master reference end up
at different timing after the chicane.
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The relative longitudinal offset between two bunches α and β can then be written as
∆z = z0 − z0 + R56 δ0α − R56 δ0 .
β

(7.3)

This means, from the electron-beam energy jitter σW /W, one can deduce a jitter in time-ofarrival
σte

− ,RF

≈ ∆zf /c
σ
1
= R56 W
c
W

(7.4)
(7.5)

with respect to the RF signal, which runs at the velocity designed for the target electronbunch energy. The sector 20 chicane R56 is typically set to −7 mm to achieve maximum
bunch compression and the rms energy jitter has been measured to be σW /W =
9.2 × 10−4 [74]

18.7 MeV
20.35 GeV

=

so that the rms jitter in the time of arrival of the electron beam with respect to

the master RF reference can be estimated to be
σte

− ,RF

≈ 21.5 fs.

(7.6)

Additional laser time-of-arrival jitter due to pointing jitter is negligible. This leaves us with a
total estimated jitter between the laser-pulse and electron-bunch time of arrival of
q
−
e− ,laser
= (σte ,RF )2 + (σtRF,laser )2 = 73.2 fs.
σt

(7.7)

One needs to keep in mind that this is a rather optimistic estimate. Small variations in the
energy-dependent electron-beam orbit over several km of accelerator are completely ignored,
because of lack of data. This might be a large effect. Furthermore, it is definitely advisable to
be able to track timing variations from long-term drifts in order to compare datasets which are
taken hours apart from each other or even on different days.
7.2

electro - optical sampling (eos)

Electro-optical sampling (EOS) is a standard method that is well suited for determining differences in arrival times between a laser pulse and a source of THz radiation, such as emitted by
the FACET electron bunch. When the ultra-relativistic electron bunch passes the crystal, the
THz radiation traverses the crystal and acts upon the crystal for the time of the passage of the
electron bunch. The crystal transiently changes its optical properties and alters the polarization of the laser pulse, from which relative timing information can be obtained. The method
has been previously shown to reliably measure the bunch length of sub-picosecond electronbunches [129].
This method exploits the optical anisotropy of electro-optical crystals, which is altered by the
external electric field from the electron bunch. Electromagnetic waves as from a laser pulse,
propagating through an anisotropic crystal perceive a difference in dielectric permittivity, er ,
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Te / P

Figure 7.2: Unit cell of a ZnTe or GaP crystal structure.

depending on entrance angle and polarization of the wave, which is why the dielectric properties need to be addressed in a more general way with the dielectric permittivity tensor ê. This is
equivalent to a polarization-dependent index of refraction, a property known as birefringence,
which leads to a polarization-dependent phase velocity of light inside the crystal.
A laser at the correct incident angle with respect to the crystal’s anisotropy samples a phaseshift between different planes of polarization which leads to an overall change in the laser
polarization, depending on the phase-shift strength and the crystal size. Electro-optical crystals change the orientation of the dielectric permittivity tensor when an external electric field
~Eext. is applied. The strength of this effect can be illustrated by a Taylor expansion of the impermeability tensor
η̂ = ê−1

(7.8)

ηij = ηij (0) + rijk Ek + sijkl Ek El + . . . .

(7.9)

for small external electric fields ~Eext. to

The linear dependence on the electric field strength is called the Pockels Effect, with rijk being
the Pockels coefficient. The Kerr effect with the Kerr coefficient sijkl describes the quadratic
dependence on the electric field.
In the context of the experiments described in this work, only two types of electro-optical crystals were used, gallium phosphide (GaP) and zinc telluride (ZnTe). Both crystals are packed
in the so-called zincblende structure, as depicted in figure 7.2. In this structure, the Te (or P)
ions are arranged in a face-centered cubic structure and the Zn or Ga ions are in the center of
orthogonal sub cubes the size of a quarter of the unit cell. For crystals in zincblende structure,
the Pockels coefficient dominates over the Kerr effect. For GaP and ZnTe, the order of magnitude of the Pockels coefficient is rijk ≈ 10−12 mV−1 and the order of magnitude of the Kerr
coefficient sijkl ≈ 10−21 m2 V−2 [130], so that the Kerr effect can be neglected1 .
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Figure 7.3: Setup of upstream electro-optical sampling inside the so-called "picnic basket"
vacuum chamber. The electron-beam (green) and EOS laser (red) co-propagate at an angle of

≈ 45° to each other.
Setup of the Electro-Optical Sampling
An electro-optical sampling (EOS) was set up as a non-destructive shot-by-shot diagnostic in
order to measure the relative time of arrival between electron bunch and laser pulse as close
to the interaction point in cube 3 where the witness bunch injection should occur. In this
experiment, the EO crystals were located in close proximity (few mm distance) to the electron
beam axis. Due to the high γb ≈ 42000, the electric field of the FACET electron beam at the
interaction point is strongly Lorentz contracted in the laboratory frame. Therefore, the THz
radiation traversing the EO crystal can be assumed to have the same length as the electron
bunch. The electric field applied to the crystal and with that, the induced birefringence is only
active while the electron beam passes by the crystal.
Figure 7.3 depicts the setup with a photo and a 3D representation. The EOS ladder shown on
the right-hand side of figure 7.3, supports an Yttrium aluminium garnet(YAG) crystal to find
the electron beam axis, a 500 µm thick ZnTe crystal for broad timing scans and a GaP crystal
with 100 µm thickness for fine resolution. The crystal surface was oriented perpendicular to
the electron-beam orbit to minimize temporal overlap and cut in the right plane for the laserpropagation. The orientation of the crystal was tested by colleagues at UCLA.
In the EOS setup, a laser pulse (red) with linear polarization in the vertical plane, which was
split off the probe laser-beam, traverses the EOS crystal at an angle of ≈ 45 ° with respect to
the electron beam axis (green). The laser beam was collimated with a transverse diameter of

≈ 1 cm and completely illuminated the crystal. For a better signal-to-noise ratio, an additional
1 A detailed description of the physics involved in the application of electro-optical crystals as TOA and bunch length
diagnostic can be found in [130]
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polarizing filter was installed in front of the "picnic basket" chamber. We placed a motorized
polarizing filter after the chamber. If set to an orientation perpendicular to the laser polarization, the intensity of the laser pulse was attenuated such that it was barely visible on the
camera. If set to an orientation horizontal to the laser polarization, the laser was seen by the
camera. This setting was used to align the laser with the crystal.
If the relative timing between laser pulse and electron bunch was correct, a part of the laser perceived a rotation to horizontal polarization in the EO crystal due to the previously mentioned
Pockel’s effect. The transverse part of the laser with horizontal polarization was afterwards less
attenuated by the motorized polarizing filter than the rest of the laser pulse. As a result, the signal has the form of a line as seen in figure 7.4 with a horizontal position linearly corresponding
to the relative TOA.
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Calibration of the Electro-Optical Sampling diagnostic

a) ZnTe raw image

d) GaP raw image
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Figure 7.4: EOS signal post-processing for ZnTe crystal (l.h.s) and GaP crystal (r.h.s). A defined
region of interest is background substracted with an image that shows laser-light but no EOS
signal. The rotated and background-subtracted images(b,e) are projected in the y-plane. The
resulting signal demonstrates how the ZnTe crystal can be used for rough alignment, while the
GaP signal gives a clear peak which is then fitted. The ZnTe signal is plotted in units of pixels
because the broad signal inhibits a reliable calibration.
Figure 7.4 also illustrates the post-processing procedure for the EOS signal. A small region of
interest of the raw images (a,d) is rotated and the background is subtracted (b,e). As one can see,
by comparing part (d) and (e), most of the background is laser light, which is not sufficiently
attenuated by the polarizing filter. Since the laser profile, as seen by the camera, changes with
alignment on a day-to-day basis, different background images are picked for every dataset.
The image projection shows a strong but broad signal for the thick ZnTe crystal (c). This was
intended since the purpose of the ZnTe crystal was only to find a broad timing range. A reliable
calibration, however, is not possible with the given signal quality. The GaP signal, in contrast,
is much cleaner. The maximum position, as well as a Gaussian fit, was calculated to determine
the relative timing.
The EOS calibration was performed by changing the laser target time with respect to the RF
main reference. For every time step, several shots were performed to take account of the timing
jitter. There is a limit to the number of shots taken per dataset as for long data acquisition, drifts
eventually start to become important. Frequent calibration is essential to take into account dayto-day changes in laser alignment. However, since timing scans were a common type of dataset
during the experimental shifts, as will be seen in chapter 8, it was not necessary to take specific
timing-calibration datasets on a regular basis.
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Figure 7.5: Typical EOS calibration. The peak position as seen in figure 7.3 f) is plotted versus
the set timing difference. Insets show the signal homogeneity across the crystal.
An example of an EOS calibration is shown in figure 7.5 with a clear linearity between signal
position and timing as well as a relatively narrow scattering of the datapoints around the mean
step value. From several timing scans over several days, a mean calibration of
tcalib
EOS = 25.8 ± 2.5 fs/px

(7.10)

was obtained.
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Measurement of the TOA timing jitter

rms timing jitter σ TOA
= 153.6 ± 17.0 fs
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Figure 7.6: Histogram with fit of EOS data for 998 consecutive shots. The red curve shows a
Gaussian fit to the taken jitter data.
With the calibrated EOS diagnostics, we determined the relative timing jitter between the
electron beam and the laser pulse to compare it with our estimate. A total number of 998
consecutive shots were taken. A histogram of the timing data is plotted in figure 7.6. The rms
width of a Gaussian curve, fitted to the distribution gives the timing jitter
σtTOA = 153.6 ± 17.0 fs.

(7.11)

This result shows that the estimated timing jitter of 73.2 fs, was indeed much too optimistic and
that implementing the EOS diagnostic is a crucial tool to determine the shot-by-shot relative
timing.
Although this diagnostic can pin down precisely the most important contributor to the timing
jitter, this was not done because this would have been a major machine-development task
of unclear value and it was not essential to the success of a proof-of-principle. Instead, the
EOS measured relative timing between electron beam and laser pulse shot-by-shot and noninvasively to the electron beam or laser pulse at the interaction point. This gives the freedom
to sort the measured data by relative timing, as measured by the EOS in the post-processing
without the need for low timing jitter. The EOS timing resolution varied over time due to alignment changes but stayed at resolution values of ≤ 30 fs, allowing phenomenona on time
scales between 30 fs and 20 ps to be investigated.
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7.3

plasma-recombination-light diagnostic

Section 7.2 describes the EOS commissioning and demonstrates that it is excellently suited
to measure the difference in arrival times between the electron beam and the laser pulse. Unfortunately, there is a distinct difference between relative timing and synchronization at the
interaction point (IP). Given that the EOS crystal in the "picnic basket" chamber and the interaction point in cube 3 are several meters apart in laser path length, the timing offset remained
unknown. Although the EOS measures a certain relative e-beam-to-laser-pulse timing, it still
remained a crucial challenge to find an absolute reference.
The first attempt to address this problem was to send laser light from the EOS position downstream
of the IP and set up an auto-correlator between both laser arms at the IP. This was eventually
abandoned due to geometrical restrictions. The second idea was another EOS at the IP, with
laser and electron beam in a 90 ° geometry. Besides the fact that the interpretation of the received signal was ambiguous, this setup also required change from a focused to a collimated
injection laser by remote control, as well as a remote polarization and laser-energy control. This
basically required a complete change between a high-energy laser with protection for cameras
and crystal to a low-energy, high-quality laser with high sensitivity. Any mishandling of the
settings during the shift led to inevitable and in practice frequent destruction of cameras or
optical components.
Luckily it was observed before at FACET that the plasma light emission increased significantly
if it was not only ionized by the laser but subsequently hit by the electron beam. This was used
as a binary information for the long axicon-ionized plasma column whether or not the electron
bunch arrived after the plasma generation. It was not known how accurately the synchronization between both could be achieved with this method or to what extent the phenomenon can
be reproduced with a small plasma column, ionized by the injection laser. The combination of
the EOS, a a camera to observe the injection-laser plasma and the focus diagnostic (see section
6) put us into a position to address these questions in a dedicated experiment.
The experimental setup was nearly identical to the one described in figure 6.1 with the small
change that the pre-ionization laser was blocked so that only the injection laser ionized gas
within a small filament around the electron-beam orbit.
The OAP focal spot and a longitudinal scan of the laser waist showing the astigmatism in the
laser focusing is presented in figure 7.7. Although it was possible to reduce the focal spot size
with the combination of OAP motorization and focus diagnostic, the measures had always to
be weighed against other priorities crucial to the success of the experiment. For example, reduction of astigmatism in the injection laser could be reduced by optimizing the alignment
of the OAP, but large movement of the OAP motors increased the risk of them getting stuck.
While this may be considered a small problem in a laser lab that allows for easy hands-on
access to the equipment, in combination with the FACET accelerator, such an access required
an expensive shut-down of the accelerator of at least a day. Another possibility to reduce astig-
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Figure 7.7: Focus diagnostic analysis of injection laser spot. A longitudinal intensity waist
scan reveals strong evidence of astigmatism (a), which can also be seen by imaging the focus
(b). Nevertheless, for 5 mJ on target, the He ionization threshold is easily surpassed.

matism was to slightly alter the laser-alignment into the transport beamline. Such changes,
however, also impacted the quality of the pre-ionization laser focus. Finally, we decided that
residual astigmatism and the asymmetrical focal spot illustrated in figure 7.7 were acceptable
as long as the injection laser was able to ionize helium.
One huge advantage of the hydrogen FACET setup compared to the oven setup was that it
allowed the plasma to be monitored at several view ports so that it was not only possible to
make sure that He could be ionized, but also to observe the beam-plasma interaction. We set
up a camera, viewing cube 3 (Cube3Vert) from the bottom, imaging the plane of the electronbeam orbit and attached two band-pass filters on remote-controlled flippers in front of it,
one for 656 ± 10 nm [131] and one for 589.3 ± 10 nm [131], corresponding to He and H2
recombination-light lines. The injection laser was remotely aligned to the electron-beam orbit
by observing its transition radiation from a titanium foil in the beamline, while the laser was
blocked (see "+"-beam mark in figure 6.2). After retracting the OTR foil from the electron-beam
orbit, we attenuated the injection laser to an intensity at which it would not damage the camera and aligned its focus to the previously saved pixel position. The Cube3Vert camera takes
an integrated image over several µs, a time window much larger than the plasma recombination time of typically a few ns. The EOS then allows these images to be sorted by TOA and the
time scales to be measured precisely, so that we obtained an image that shows an integrated
image over the radiated plasma recombination light, depending on the relative difference of
the arrival time between the electron beam and the laser.
The compelling difference in signal can be seen in figure 7.8. a) shows the image as taken by
the Cube3Vert camera for a relative timing with the laser being ahead of the electron beam
at timing value −2.216 ps and c) shows the opposite case at timing value 1.60 ps relative to
the turning point of the fitted sigmoid function, respectively. The images were taken in a 50:50
He to H2 mixture at ≈ 4 torr gas pressure, with the bandpass filter for the He recombination
light inserted. Image (a) looks the same if the electron beam is not transported to the IP, which
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Figure 7.8: Scan of relative timing between electron beam and injection laser. Two Cube3Vert
example images at timing t = −2.216 ps (a) and at timing t = 1.60 ps (c) are shown. The
green arrow sketches the electron-beam axis and the red triangle indicates the propagation
direction of the ionizing laser. Panel (b) shows the sum of pixel counts measured by the cube
3 vertical camera with a 656 ± 10 nm band-pass filter are sorted by the EOS measured timing.
t = 0 is defined as the turning point of the fitted sigmoid function.
indicates that the electron-bunch itself does not ionize H2 or He significantly, compared to
the laser pulse. We confirmed this by taking images while the laser pulse was blocked and
the electron bunch was focused onto the interaction point. In this case, the Cube3Vert camera
did not observe any plasma light. This observation also confirmed the decision not to rely on
electron-beam ionization for the injection experiments described in chapter 8. In b) the normalized total pixel sum as counted by the camera is plotted versus the relative difference between
the timing of the laser pulse and the electron beam as measured by the EOS. Thanks to the
EOS sorting, the transition between both states is very clean and a sigmoid function can be
fitted to it to determine the transition length. This length is defined as the width between the
points at which the derivative of the sigmoid function has a value of 1/e of its maximum value
and is
τtrans = 0.947 ps.
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(7.12)

Without sorting the data by the EOS, a transition length on the time scale of ≈ 1 ps can still
be analyzed, but the data is much less clean as it is blurred by a timing jitter which is around
153.6 fs, as described in section 7.2.
During the data acquisition, the electron beam charge was 3.1 ± 0.17 nC and the electronbeam dimensions during the shift were 29.2 µm × 17.9 µm × 35 µm rms. The energy of the
injection laser pulse was ≈ 5 mJ.
The effect of increased plasma glow is stronger with better overlap between electron beam orbit
and plasma and can therefore be used for transverse alignment. Figure 7.9 shows the result of
a transverse-alignment scan, obtained by rolling the OAP. The roll of the OAP is the rotation
around the axis of the incoming laser. It leaves the focus quality intact and merely steers the
focus in the y-direction so that a scan across the beam orbit can be done without additionally
changing the plasma size. The vertical focus position is evaluated by the focus diagnostic. The
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image shows how the light from the plasma can give important information about alignment
to an accuracy of ≈ 100 µm.
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Figure 7.9: Plasma glow in 7.8 torr H2 ( ne = 5 × 1017 cm−3 ) measured by vertical camera
in cube 3. The injection laser off-axis parabola roll is scanned. The vertical plasma position is
evaluated by the focus diagnostic.
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a physical model for the enhanced plasma recombination light diagnostic
Three hypotheses can be made in order to explain the differences in plasma light emission:
• The additional plasma light is predominantly recombination light and due to additional
ionization.
This hypothesis is supported by the fact that inserting a band-pass filter with the right wavelength for the recombination light of hydrogen or helium was beneficial for the image quality.
• The additional ionization is not an effect of the electron-beam ionization.
This is backed by observation because little to no change in plasma light emission was observed
between the laser-after-e-beam case and a measurement without electron beam at the IP.
• The electron beam heats up the plasma and the plasma electrons further ionize nearby
gas via collision ionization.
Confirmation of this hypothesis needs some detailed analysis and is tested in this section with
simulation and theory.
The Lotz equation [132]
σCS = aCS





We
ln(We /ξ ion )
1 − bCS exp −cCS
−1
We ξ ion
ξ ion

(7.13)

describes the collision-ionization cross section of electron-ion collisions, depending on the electron energy We . It has three parameters: aCS , bCS and cCS , that need to be fitted to experimental
data for any given atom, ion or molecule with ionization energy ξ ion . The data for He is already
given in the original paper. Schram et al.[133] have measured the ionization cross sections for
molecular H2 , from which the Lotz parameters can be obtained. The derived ionization cross
sections depending on the electron energy are plotted in figure 7.10 a). The cross section approaches 0 for high electron energies and has its peak at a few keV above the ionization energy. No
collision ionization occurs for electron energies We smaller than the ionization energy ξ ion . Figure 7.10 b) is a histogram of the plasma-electron kinetic energy 5.6 ps after the electron-beam
impact, as calculated in a PIC simulation with VSim. To obtain this result, a 3 nC FACET-like
electron-beam was simulated with 15 µm radial and 20 µm longitudinal rms size interacting
with a plasma filament as generated with the injection laser for the experimental described in
section 7.3. The simulated density spike has a 25 µm flat region with a 50 µm cosine-shaped
upramp and downramp. It is rotationally symmetric in the x-axis, transverse to the electron
beam orbit and has a peak electron density of ntop = 1.3 × 1017 cm−3 . The volume around
the density spike is assumed to be in vacuum.
A comparison between the spectrum of the expelled plasma-electron macroparticles and the
cross section shows a large region of overlap. The lower graph compares the product of the
charge in each plasma-electron bin and the cross section at that particular energy. The same
product is shown for an electron-beam spectrum at a mean energy of 20.3 GeV in figure 7.11.
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Figure 7.10: Electron impact ionization rates of He and H2 fitted to data from reference [132,
133] as a function of electron energy (a). Plasma-electron spectrum from PIC simulation 5 ps
after collision between a FACET-like electron bunch and laser-generated plasma (b). Binned
product of both, proportional to impact ionization probability (c).

Comparing the values with those in figure 7.10, one can see that they differ by several orders
of magnitude. The integral over energy of the product of the ionization cross section (equation
7.13) and the charge spectrum of the plasma electrons or beam electrons is proportional to
the total ionization probability, under the assumption that the volume that can be ionized by
the electron bunch is comparable to the volume that can be ionized by the scattered plasma
electrons. Both integrals are evaluated as discrete sums because the spectra are obtained from
PIC simulations. The ratio of the result of these sums for electron-bunch ionization and plasmaelectron ionization for hydrogen is
i
i (H )
σCS
∑i∈bins Qplasma
2
i
i (H )
σCS
∑i∈bins Qbunch
2

For He the value is

i
i (He)
σCS
∑i∈bins Qplasma
i (He)
i
σCS
∑i∈bins Qbunch

= 2.8 × 1011 .

(7.14)

= 2.58 × 1011 .

(7.15)

The ratio is very large, confirming the experimental observation that the electron bunch does
not considerably ionize hydrogen or helium. It also confirms the previously mentioned hypothesis that the plasma electrons which are kicked by the electron-beam driver have a much
better ability to ionize additional electrons by collision ionization than the electron beam. The
simulation and theoretical analysis show that the plasma electrons accelerated by the electron
drive beam in transverse direction are in the right range of energy to cause substantial additional ionization and could be responsible for the ionization effect. The electron spectrum does not
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Figure 7.11: Product of FACET-beam-like electron spectrum with mean energy at 20.35 GeV
with the ionization injection cross section for He (blue curve) and for H (red curve). At such
high electron momenta, the cross section is approximately constant over several GeV, so that
the graph resembles the momentum distribution of the electron-bunch. The values are many
orders of magnitude smaller than those for the plasma electrons shown in figure 7.10, which
explains the low ionization capability of the electron bunch.
overlap perfectly with the maximum of the ionization cross sections, but due to thermalization
the plasma-electron spectrum shifts to lower energies over time.
This also means that the method can work with lower peak-current electron beams with lower
radial electric fields, which makes this an important technique with potential applicability for
a wide range of accelerator systems.
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8

RESULTS OF INJECTION EXPERIMENTS

The experimental program conducted by the E210 collaboration at FACET demonstrated controlled injection of electron bunches into a plasma wake via two methods, the Plasma Torch
Injection and the Trojan Horse Injection. In this chapter, the analysis and discussion of the
obtained data are presented. First, a calibration for the two charge-measuring devices, the
BPMs and the DRZ screen is presented in section 8.1. Then, the results for the Plasma Torch
Injection are discussed in section 8.2. Finally, section 8.3 presents the transition between the
Plasma Torch Injection and the Trojan Horse Injection regime.
8.1

charge calibration

The witness-beam charge is measured with two different methods: by measuring the difference
between the charge before and after the plasma section and by observing the electron-bunch
on a scintillating screen. Several devices were available to measure the charge propagating in
the electron beam-line. Toroidal Current Monitors (toroids) before and after the plasma section
are the typical diagnostic tool to measure the bunch charge in the accelerator. There are two
reasons, however, why we decided to rely on the charge difference measured by the beam position monitors (BPMs) instead.
The first reason is that the toroid after the plasma section turned out to be vastly over-estimating
the additional charge. For example, it measured up to several nC of excess charge. PIC-simulations
imply that the injection of a witness-bunch charge that exceeds the drive-bunch charge is unlikely. For the same shots, the BPMs obtained much more consistent values. Our interpretation
was that toroids respond with too strong a signal to a direct hit by electrons that leave the
plasma section with a high divergence. The BPMs apparently have not been affected by such
effects, which could be due to the larger aperture of the BPMs compared to that of the toroids.
The second reason to choose the BPM charge data over the toroid charge data is a more scientifically profound one. In order to compare the charge before and after the interaction, the
charge-measuring devices should balance the excess charge to ∆Q = 0 in vacuum, or show an
offset since no drive-beam charge should be lost in vacuum. This offset must be constant and
should not vary too much over several days. Figure 8.1 a) shows the offset between the charge
measured by the BPMs nearest to the interaction point upstream (USBPM) and downstream
(DSBPM) of it. Each scatter point shows the mean and the standard deviation of the charge
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Figure 8.1: Calibration for both ways of charge measurement. The statistical offset between
USBPM and DSBPM as measured on different days spread over 9 months (a) shows good
stability for a mean value of 50.4 pC. A confidence interval of ±9 pC is chosen to make datasets
on different days comparable, which is clearly much larger than the dataset rms deviation. (b)
shows the pixel-count-to-charge calibration on the DRZ lanex screen with an Neutral Density
ND2 filter inserted in front of the camera to attenuate the scintillating light, which would
otherwise overexpose the camera.
difference between USBM and DSPM of one dataset with at least 100 taken shots. The black
line depicts the long-term mean of
∆Qoffset = 50.4 ± 9.0 pC.

(8.1)

The long-term confidence interval is indicated by the red lines. Among all possible combinations of charge-measuring devices, the difference between the charged measured by USBPM
and DSBPM showed the most stable long-term offset and least variation per dataset. Therefore, for the analysis discussed in this work, USBPM and DSBPM were applied to determine
the excess charge.
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The second method to measure the witness-bunch charge is to observe it on the scintillating
screen of the spectrometer where the drive bunch and the witness bunch are transversely separated due to their different energies. LANEX screens are an advantageous material as a diagnostic for electron bunches because of their good radiation hardness and their linear scintillationlight response to charge over a large range of electron energies and charge densities [134]. For
laser-driven accelerators, the charge calibration of LANEX screens can be a difficult task, because a reference signal is required. In PWFA experiments, a well-understood electron beam
is conveniently available as a reference. In the experiment, a LANEX screen of the type DRZ
[112] was used.
Figure 8.1 b) shows the analysis of the charge calibration. If no precautionary measure is taken, the scintillation signal of the full charge ≈ 3 nC FACET electron bunch on the DRZ screen
saturates the CMOS camera. Therefore, the electron bunch was scattered at a thin foil to broaden the signal. In addition, a neutral density ND 2 filter with a broadband transmission of
T = 0.01 was inserted in front of the camera. After background subtraction, the image was
cleaned of additional signal from X-rays with a morphological opening filter. In figure 8.1 b),
the sum of the pixel counts of the post-processed image is plotted against the charge measured
by a toroid upstream of the IP area. The linear dependence between charge and scintillation
light is expected and indicates that scintillation-light triggered by secondary radiation such as
bremsstrahlung did not distort the signal in a measurable manner. In contrast to the electron
drive bunch, many of the low-charge witness bunches could not be detected by the DRZ screen
when the ND 2 filter was inserted in front of the camera. Therefore, these images were taken
with the ND filter retracted, which is why the charge calibration for witness-bunch measurement on the DRZ screen is corrected by the transmission of the ND filter to
−6
pC/count.
QDRZ
calib. = (1.683 ± 0.076) × 10

8.2

(8.2)

experimental results for the plasma torch injection

The Physics of Plasma Torch injection is described with theory and simulations in section 2.8.3.
In the course of the experimental campaign, we studied the feasibility of the injection mechanism and demonstrated the first laser-controlled witness-bunch injection in PWFA. As described in section 2.8.3, simulations show that electron-bunches can be injected and accelerated
by the Plasma Torch density spike, even in the absence of a pre-ionized plasma.
In this case, the electron drive bunch ionizes the gas and drives a wake in the generated plasma.
Of course, this depends heavily on the drive-bunch focusing and emittance. Judging by the cameras which observed the recombination light in cube 3 and cube 4, beam-ionized hydrogen
and subsequent PWFA rarely occurred as the result of the beam fields operating at about the
hydrogen ionization threshold and was certainly not stable over a sequence of shots. It is possible that the light emitted by such a small plasma volume as generated by the electron bunch
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is below the detection threshold of the cameras1 . To test whether charge can be accelerated
by the Plasma Torch Injection method, the roll-scan that was conducted for the data shown in
figure 7.9 was further analyzed. For that dataset, the focus of the OAP was scanned over the
electron-beam orbit. The optimum alignment could be determined from the intensity of the
light emitted by the plasma (see section 7.3). In figure 8.2, the excess charge as measured by
the BPMs, corrected by the constant offset, is plotted over the OAP focus position, as determined by the focus diagnostic. The zero position is determined by the enhanced recombination
light method described in section 7.3. Comparing the data points for good alignment and off-4
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Figure 8.2: Charge difference between DSBPM and USBPM versus focal position. The data is
taken from the same dataset as the one shown in image 7.9. The zero-position is determined
by the maximum of the recombination light.
alignment between electron beam and injection-laser focus, a charge difference of ≈ 6 pC was
measured. Although the long-term confidence interval is slightly larger than the measured
charge difference (see figure 8.1 a), the standard deviation in a single dataset on a given day is
smaller so that we can conclude an indication of Plasma Torch injected charge.
However, in the case of a pre-ionized plasma, the effect of the injection laser is much stronger
due to longer acceleration lengths and a more stable wake. In figure 8.3, histograms of excess
charge are plotted for pre-ionized datasets. They clearly show more accelerated charge for the
data with the injection laser switched on (red bars) compared to the data with the injection laser switched off (blue bars). Plot (a) shows all measured shots while (b) shows only shots with a
witness bunch detected as an electron population distinct from the drive-bunch energy on the
spectrometer. Such a signal on the spectrometer is not only a confirmation of witness-bunch
injection, it is also a quality indicator of the witness bunch. The energy spread and divergence
1 It should be noted that, during the hydrodynamic density-downramp injection experiments, the E215 collaboration
achieved a stable beam-ionized plasma including the observation of drive-beam deceleration. However, this was
only possible by a very strong compression of the electron beam to ≈ 20 µm rms bunch length and stronger
focusing with the waist set to ≈ 1 m upstream of cube 3.
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Figure 8.3: Charge statistic comparison between laser on and laser off cases. The excess charge
is the charge difference measured by USBPM and DSBPM. All data points (a) are compared to
data points with a witness bunch detected on the WLANEX spectrometer screen (b). The bars
are plotted partly transparent, which leads to a dark red area for overlapping histogram bars.
of the witness bunch needs to be small enough to be transported by the quadrupoles QS1 and
QS2 to the DRZ screen2 . Applying the condition that a witness bunch needs to be identified
by the spectrometer data clearly sharpens the difference between the Laser-On and Laser-Off
data. Interestingly, the Laser-On data seems to consist of two populations, one with a peak
at 165 pC and one with a peak at 465 pC. Before the data was taken, the electron-bunch rms
sizes were measured to be 28.1 µm × 28.4 µm × 21.6 µm in x, y, z respectively and the laser
delivered ≈ 650 mJ laser energy measured in the laser room.

Timing-dependent Plasma Torch injection
The availability of precise laser-to-electron-bunch timing information by the EOS gave us the
possibility to scan the TOA of the injection laser with respect to the TOA of the electron bunch
to study the time dependence of the Plasma Torch Injection mechanism. A very interesting
dataset, 20319, is analyzed in this section. This dataset was taken about two weeks after the
On/Off scans shown in figure 8.3. During these weeks, one of the Saga pump lasers for the main
laser amplifier had been replaced by a continuum pump-laser, because the flash-lamps of the
2 Quantitative evaluation of the spectrometer and of cut-off values that would lead to the witness-bunch being lost
in the beam line to the spectrometer, are beyond the scope of this work, but will be further analyzed in the future.
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Saga pump-laser kept failing. This brought the laser energy back to 500 mJ at the transport
beamline entrance, but changed the form of the transverse laser modes, which had an influence
on the focus intensity distribution of the axilens and of the OAP. The axilens focusing was also
altered because a different axilens had been installed. The 4-1 axilens which provides a design
line focus of 1 m starting 4 m downstream of the axilens surface had to be replaced with a 3-1
axilens with a design line focus of 1 m starting 3 m downstream of the axilens surface. In order
to ensure the correct starting position of the plasma, the axilens was also moved downstream
by 1 m. These changes altered the quality of the plasma in such a way that the data taken
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Figure 8.4: Difference in charge measured by USBPM and DSBPM plotted over relative laser
to electron-bunch TOA, which was measured by the EOS (a). The waterfall plot of the witnessbeam spectrum sorted by EOS timing shows a lower energy at higher charge densities in the
region with laser coming clearly earlier then the electron beam(t < t1 = −0.75 ps) compared
to the laser-after-electron-bunch cases (t > t2 = 0.5 ps).
was measured at the beginning of the shift to be 26.9 µm × 18.3 µm × 27.5 µm and to be
32 µm × 45 µm × 27 µm at the end of the shift at 10 am the next morning.
Figure 8.4 shows a scatter plot of excess charge as measured by the BPMs around the plasma
section plotted against timing as measured by the EOS. The scan over relative timing is set by
changing the delay between the laser oscillator and the main RF reference. The pre-ionization
laser arm was set up to arrive at the IP at least 1, ns ahead of the electron bunch. The data
points in figure 8.4 a) can be divided into three different timing regimes. Timing values t < t1
correspond to a situation in which the injection laser arrives at its focus earlier than the electron beam. Timing values t > t2 correspond to the electron beam arriving earlier than the
laser pulse. These two regimes, as regards Plasma Torch injection, are effectively identical to
the previously measured Laser-On-Off datasets with the difference that additionally the transition between t1 < t < t2 was measured. A waterfall-plot of the witness-bunches, measured
at the spectrometer and sorted by EOS timing is shown in figure 8.4 b). The spectrometer data
confirms the BPM measurement, showing low injected charge in the dark-current parameter
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regime and high charge injected in the Plasma Torch Injection regime. It also reveals an interesting detail: the Plasma-Torch-injected witness bunches reach lower energies than the dark
current. A statistical analysis of both data populations is presented in figure 8.5. The average
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Figure 8.5: Normalized mean spectrum of injected electron bunches for Plasma Torch injection
timing regime and for the laser arriving after the electron bunch (a) and histogram of charge
for the same populations (b). The timing regions are illustrated in figure 8.4.
spectrum shown in figure 8.5 a) is a normalized mean over 120 data points for t < t1 and 240
data points for t > t2 , which corresponds to a timing regime for Plasma Torch Injection and a
low-charge dark-current regime with unknown injection mechanism. The analysis shows for
the Plasma Torch regime a peak energy at
PlaTo
Wpeak
= 0.79 GeV.

(8.3)

The dark-current energy peak is measured at
DC
Wpeak
= 1.37 GeV

(8.4)

and shows a broader distribution. The spectrometer in its current configuration cannot deliver
reliable quantitative information about energy spread. Since the witness-bunch energies are
very low compared to the design parameters of ≈ 20 GeV, divergence either inherent to the
witness bunch after the plasma or due to scattering at the diamond window blurs out the
spectrometer image. However, the energy spread is least blurred out at the pinch set by the
quadrupole, which was 1.7 GeV while taking this dataset. This means that the energy spread
is more over-estimated for the Plasma Torch data then for the dark-current data. Since the
energy spread as measured by the spectrometer is smaller for the witness bunches injected
in the Plasma Torch Injection timing regime than in the dark-current timing regime it can be
concluded that the energy stability and energy spread should be qualitatively smaller for the
witness bunches injected by the Plasma Torch injection mechanism. PIC simulations show that
due to the linear accelerating field in the blowout regime, the witness bunches injected by the
Plasma Torch Injection method accumulate a negative energy chirp with the electrons at the
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back of the witness bunch at highest energy. Such a negative chirp would mean a correlation
ξ ∝ −W between energy W and longitudinal position ξ such that the longitudinal current
profile would look like the red graph shown in figure 8.5 a) when flipped along the energy axis.
Figure 8.5 b) compares the BPM excess charge histograms. As already expected from figure 8.4
a), the Plasma Torch injected electron population shows a much larger charge with a mean
value of

< QPlaTo >= 545.0 ± 102.2 pC.

(8.5)

The measured dark-current charge is smaller, having a mean charge of

< QDC >= 81.8 ± 56.8 pC,

(8.6)

which qualitatively confirms the result of the analysis comparing Laser-On-data to Laser-Offdata.
The finding that the dark current has lower charge but higher energy compared to the witness
bunches injected in the Plasma Torch Injection timing regime can be explained in several ways.
The difference in spectra can arise from different acceleration lengths, trapping positions or
from beam-loading effects. Simulations can give a better insight into a possible interpretation.
Figure 8.6 shows a 3D PIC simulation snapshot after a propagation of 11 cm in a plasma column
at a plasma density of ne = 1.7 × 1017 cm−3 . The driver bunch is compressed by the wake fields
and drives a blowout with peak accelerating fields of 67 GV/m.
A difference in acceleration length, which means that the dark current was injected at an
earlier z position than the Plasma Torch injected witness bunches is possible, because an energy
deviation of ∆W = 0.58 GeV does require an offset in z injection position of only a few cm. It is
not precisely known at which z position the plasma starts or how long it was because scanning
the plasma length was risky for the integrity of the diamond window. It is believed that the
plasma started a few cm upstream of the OAP focus. However, this explanation requires the
additional assumption that the injection of dark current only happens upstream of the OAP
focus, which cannot be proven right nor wrong by the experimental data.
Different trapping positions in the co-moving frame ξ for witness bunches from Dark Current
and injected with Plasma Torch can be an explanation, taking the large accelerating fields from
simulations shown in figure 8.6 into consideration. The length of the plasma per shot is not
exactly known, but laser-pulse parameter jitter did result in large changes of the plasma length.
It can be estimated from cameras that imaged the plasma light to be at least 10 cm long. For
such an acceleration length, a trapping position difference of ∆ξ trap ≈ 3 µm corresponds to
a deviation in accelerating field by ∆Ez =

∆W
0.1 m

= 5.8 GeV/m according to PIC simulations.

This is already sufficient to explain ∆W.
On top of these effects, beam loading, the suppression of accelerating field by the witness
beam’s space charge, may also have played a role, given the large charges involved and the
fact that the witness bunches with the largest charge are accelerated to lower energy. Even
though the difference in energy and charge can be explained by a few physical effects, beam
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Figure 8.6: Snapshot of PIC simulation of PWFA after 31.4 cm of propagation through plasma
with plasma density ne = 1.7 × 1017 cm−3 and an Gaussian electron-bunch with sizes as
measured during the shift. A cut through the on-axis accelerating electric field Ez (black line)
is shown. The simulation was conducted by T. Heinemann and analyzed by the author.

loading is an effect that also explains the low energy spread of the witness bunches injected
via the Plasma Torch.
8.3

experimental results for the trojan horse injection

For Trojan Horse Injection, the injection-laser pulse needs to have the correct timing to release
electrons inside the plasma wake trailing the drive electron-bunch. It is easier to inject into the
first wake because it has the strongest fields and is the most stable with regards to transverse
fluctuations of the wake excitation. Therefore, the correct relative timing between electron
bunch and laser pulse for Trojan Horse Injection should be found in the vicinity of the transition
shown in figure 8.4, which marks the time frame in which electron bunch and laser pulse
overlap. Unfortunately, figure 8.4 a) does not reveal any sign of Trojan Horse Injection, but this
data was taken with the injection laser at full energy, i.e. 5 mJ on target, which is much more
energy than simulations predicted to be necessary for a successful Trojan Horse Injection. We
assumed that there are two possible reasons why no evidence of Trojan Horse Injection up to
that point was seen. Either there is a mixed regime in which both Plasma Torch Injection and
Trojan Horse Injection is possible but the Trojan Horse Injection cannot be identified in the
data because the injected charge is dominated by the Plasma Torch injected electrons, or the
laser pulse released too much charge inside the volume of the plasma wake so that the space
charge inhibits trapping3 .
Either explanation implied that lowering the energy of the injection laser should reveal Trojan Horse injected witness beams in the timing scans. This strategy was as simple as it was
experimentally challenging.
3 Simulations carried out after the experimental campaign confirm the existence of such a mixed regime.
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The minimum requirement to take a sequence of timing scans with different injection laserpulse energies was an experimental shift without dark current. This depended a lot on the drivebeam quality. It had to be sufficiently symmetric and could not be compressed too strongly or
else the beam electric fields would ionize helium and inject it. Nevertheless, the compression
needed to be strong enough to reliably excite a strong plasma wake. The electron-bunch orbit
additionally needed to be stable over several hours so that enough datasets could be taken.
Thanks to the great work of Nate Lipkowitz, who wrote an orbit stabilization tool and commissioned it in only a few days, drifts in the electron-beam orbit, which built up over tens of
minutes, could be effectively minimized. The second major device that needed increased stability was the laser. We had to keep three laser arms aligned, the EOS, the pre-ionization laser
and the injection laser.
The EOS was the least troublesome of the laser arms. After its commissioning in dedicated
shifts, its preparation eventually became routine alignment work that took around half an
hour at the beginning of each shift.
The alignment of the injection laser was done with the help of OTR screens as described in
section 6 and then monitored by the enhanced recombination light diagnostic described in
section 7.3, which saved hours of re-alignment during the shifts. The alignment of the preionization laser however, also needed continuous attention. An alignment of the pre-ionization
laser required pumping the hydrogen and helium gas out of the vacuum chambers, alignment
of the laser to the electron-beam signal on the OTR screens and then venting the chambers
again with hydrogen and helium gas. This procedure took at least 20 minutes, but more often several hours, during which no data could be taken. To maximize the duration between
repeating this time-consuming procedure, we relied on plasma-electron-beam interaction.
It can be assumed that in the case of a perfect plasma-to-orbit alignment, the electron beam
would not feel any transverse kicks from the wake field. In the case of a transverse misalignment, however, the transverse wakefield is asymmetric and alters the trajectory of the electrons
at the tail of the bunch. These kicks can be measured by the BPMs downstream of the plasma
section. The procedure consisted of the following steps: First, we turned off the quadrupoles of
the imaging spectrometer and blocked the laser. Then, we took the angle of the electron bunch
without any plasma interaction as measured by the BPMs downstream of the plasma section
as a reference. To address short-term jitter in alignment, a mean over 10 consecutive shots was
taken. After that, we unblocked the pre-ionization laser and ionized the plasma. In case of a
good plasma-to-orbit alignment, the BPMs measured a similar angle. In the case of small angular misalignment, the pre-ionization laser was then adjusted until no kick was observable
anymore. The physics of transverse kicks in PWFA was also studied by Adli et al. [135].
With an optimized procedure, we could maintain conditions stable over several hours. The drive
electron-bunch rms size before the shift was measured to be 27.9 µm × 10.2 µm × 34.3 µm
and after the shift in the early morning these values were 24.3 µm × 19.8 µm × 37.6 µm. The
result of this beam shift is condensed into figure 8.7. Several timing-scan datasets were taken
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Figure 8.7: Mean excess charge measured by BPMs with signal on spectrometer and for timing
values t < 0 (a). Timing scan for different injection laser energies (b). Only datapoints showing
a witness beam on the spectrometer are counted. The moving average over charge measured by
BPMs is shown, revealing the transition from Plasma Torch Injection to Trojan Horse Injection.
and evaluated with 0.5 mJ, 0.8 mJ, 1 mJ and 5 mJ laser energy. Inset (a) shows a plot of the mean
excess charge measured by the BPMs over data points with timing t < 0 with the standard
deviation as error bars plotted over the energy of the injection laser. The timing value t = 0 is
defined by the plasma recombination light diagnostic, described in section 7.3 and corresponds
to a timing regime in which only Plasma Torch Injection can be expected. Only data points for
which a clear proof of a witness-beam injection is given by the spectrometer are taken into
account for inset (a) and (b). The curve shows that the Plasma Torch-injected charge decreases
with decreasing laser energy, as expected. Inset (b) shows the running average of the excess
charge taken over 6 EOS pixel positions, which corresponds to averaging over a relative timing
of 150 fs for each EOS pixel. The data with 5 mJ injection laser energy clearly shows a behavior
that fits the Plasma Torch Injection, with a transition from no injection, in the case of the laser
pulse incident after the electron beam (t > 1.4 ps) to injection, which occurs for small timing
values. The 1 mJ data shows a transitional behavior between the 5 mJ case and the 0.5 mJ
case. At 0.5 mJ injection laser energy, a hump with 0.6 ps FWHM length can be seen. This is
equal to the expected values given a plasma wavelength of 93 µm=
ˆ 309 fs, a minimum FWHM
laser focal spot size of 94 µm=
ˆ 313 fs and a laser pulse length of 60 fs, which is evidence for
Trojan Horse Injection, a laser-triggered ionization injection into a Plasma wake in the blowout
regime.
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SUMMARY

The work presented in this thesis is a major step towards controlled witness-bunch injection in
PWFA and contains experimental, numerical and theoretical results. It comprises experimental achievements obtained jointly with the colleagues in the E210 collaboration including my
Ph.D. colleagues from University of Hamburg and Strathclyde such as Oliver Karger, Thomas
Heinemann and Paul Scherkl.
Several novel results have been obtained within the E210 collaboration. Enabling techniques
for spatio-temporal alignment of up to 2 laser beams to the SLAC electron beam have been developed. Among those, a novel plasma-based laser-to-electron-bunch synchronization method
was developed, analyzed and sub-ps synchronization was established. We expect that the synchronization can be further improved in a geometry in which electron-bunch and laser-pulse
trajectories are parallel and not perpendicular. The method could in future be useful not only
for any kind of PWFA experiment that relies on laser synchronization but also for synchronization in pump-probe experiments for example at experiments including a free-electron laser.
A second technique which enhanced state-of-the-art diagnostics at FACET with plasma-based
response signals was the alignment between preionization laser and electron-beam driver,
which utilized the transverse plasma kick in case of misalignment. Both methods have proven
to be essential for the success of E210, as they enabled alignment, accelerated the alignment
procedures and have demonstrated a robustness and sensitivity which rivals those of the current methods. Several injection mechanisms could be demonstrated in this work. The Plasma
Torch injection is a very important tool now available to the PWFA community. Evidence of
Plasma Torch injection is not only proof for density downramp injection in PWFA, it is also
possible now to build a PWFA setup in which witness-bunch injection can reliably be switched
on and off by the laser. This gives the option to work on tailored laser-controlled plasma shapes
that enable control over witness-bunch parameters such as charge and peak current.
The proof-of-principle demonstration of Trojan Horse injection is clearly the most important
experimental result presented in this thesis. Experimental evidence for ionization injection triggered by a laser opens up a multitude of applications that benefit from ultra-low emittance electron bunches such as photon sources. In this work, no precise measurement of the expected
ultra-low emittance as anticipated by simulations is presented. A refined analysis of the data
with a focus on the emittance goes beyond the scope of this work but will be addressed in the
future. Future experiments, continuing the research on Trojan Horse Injection, should work in
a co-propagating geometry between electron bunch and injecting laser pulse to realize ultralow emittances and high brightness values. Gradual improvement in the accuracy and stability
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of the electron accelerator and laser system will also greatly benefit control over the injection.
One lesson learned from many of the beam shifts was that for a driver beam with up to 17 kA
peak current such as the FACET beam, unwanted dark current could easily appear. Therefore,
techniques to mitigate dark current have been developed. One result is to mitigate dark current
by lowering the peak current of the driver bunches.
The development of the downramp-assisted Trojan Horse injection with simulation and theory
is a core part of this work and presents a viable solution to realize Trojan Horse Injection with
these low-current driver bunches. Since it is more difficult for weaker driver-bunches to trigger
injection, the injection can be limited to a region with reduced phase velocity such as on a
hydrodynamic density downramp. The witness bunches with ultra-low emittance values that
can be generated by this method as well as advanced control over the witness-bunch length
and its longitudinal current profile are key advantages that can make it particularly interesting
for future applications.
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OUTLOOK

We will now take a glimpse into the future and describe some of the near- and longer-term
prospects.
facet ii

LCLS-II LINAC

sector 0
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LCLS-I LINAC

LCLS-II LINAC

sector 20

Figure 10.1: Sketch of planned FACET-II and LCLS-II beamline. Image is post-processed from
reference [99].
In 2016, FACET stopped its experimental operation and is currently being upgraded to FACET
II [99]. FACET II will operate at 10 GeV, half of the FACET beam energy. The smaller FACET
II beamline will make room for the LCLS II beamline. FACET II will have a photocathode that
is expected to give a much better timing stability so that timing-sensitive experiments such as
Trojan Horse Injection will become easier. It can also be expected that the FACET II electron
beam will have lower emittance than the FACET beam. This will give the option to focus more
tightly and stabilize the orbit so that a faster preparation of the accelerator before each shift can
be expected. While beam time can be expected to become of better quality and more frequently
available in comparison to FACET, the access time for maintenance will more strongly depend
on the LCLS maintenance plan, which may lead to less available maintenance time. With lower
total energy and a better control over electron beam orbit and laser system, FACET II will have
the potential for groundbreaking results such as the demonstration of bunch depletion from
electron bunch to positron bunches, or FEL radiation from injected witness bunches.
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flashforward

Figure 10.2: Sketch of planned FLASHForward beamline. Electron bunches are extracted from
the FLASH2 beamline. Image is post-processed from reference [136].
A PWFA laboratory on the verge of starting operation in 2017 is the Future-oriented wakefield
accelerator research and development at FLASH (FLASHForward) [78] located at the FLASH accelerator at DESY in Hamburg. The FLASHForward facility is part of the FLASH accelerator as can
be seen from the sketch in figure 10.2. Single electron bunches will be extracted from the bunch
train in the FLASH 2 arm of the accelerator. Therefore, the experimental operation will mostly
happen parasitically to FLASH II operation. At FLASH, electron bunches are generated on a
CsTe photocathode and injected by an L-band (1.3 GHz) RF gun. The bunches are accelerated
to 150 MeV and then compressed in a chicane to ca. 2 mm bunch length. After further acceleration to 450 MeV, the bunches are compressed a second time to approximately 20 µm FWHM
and then further accelerated. At the extraction section, where the bunches are kicked into the
FLASH, FLASH 2 and FLASHForward beamlines, the electron bunches are at the final energy
of 1.25 GeV. Due to the very low energy-jitter and a well-developed timing system, FLASH provides a few-fs synchronization between electron bunch and laser pulse [137]. The peak current
expected to be available at FLASHForward is 2.5 kA. The fact that the FLASH accelerator is a
super-conducting linac leads to stringent vacuum requirements at FLASHForward. Therefore,
FLASHForward will not operate with a filled gas volume but with a constant-flow gas cell. The
upstream accelerator will be protected by a differential pumping system, which, in contrast
to a window, does not spoil the electron-bunch emittance. An advantage of constant-flow gas
cells compared to a filled gas volume is that gas density profiles can be altered remotely, which
makes FLASHForward the perfect laboratory for the realization of a downramp assisted Trojan
Horse Injection as described in chapter 4.
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Figure 10.3: 3D PIC simulation result for a drive bunch with FLASHForward parameters and
2.5 kA peak current. The image shows a snapshot of the simulation shortly after the passage
through the Plasma Torch Injection density spike. A slice through the longitudinal electric field
(gray) and the injected electron macro-particles show the nature of the injection method.
Drive beam peak current (kA)

Witness beam charge (pC)

2.5

78.9

2.0

34.7

1.5

24.3

1.0

0

Table 10.1: Table of trapped witness-bunch charge as a function of drive-bunch peak current.
The latter is varied by charge only and not by spatial dimension to compare identical resonant
wake excitation. No witness bunch was trapped below 1.5 kA Peak current.

Plasma Torch Injection at FLASHForward
For facilities with a drive beam at a rather low peak current such as the FLASHForward facility, Plasma Torch injection is an interesting option for witness-bunch injection. Figure 10.3
shows a snapshot of a PIC simulation for a FLASHForward drive bunch during Plasma Torch
Injection. The colored macro particles represent the laser-ionized He electron macro particles
forming the density spike. The parameters of the 500 pC drive bunch are set to a peak current
of 2.5 kA and a trace space emittance of 2 × 10−6 m rad. The bunch is σz = 24 µm rms long
and σr = 5 µm wide. The plasma density is ne = 4 × 1016 cm−3 . The injection laser has a
focal spot size of w0 = 60 µm at normalized peak intensity a0 = 0.03 and laser pulse length
typical for the FLASHForward laser of 25 fs FWHM. The peak current that can be reached at
FLASHForward is a crucial value and stable parameters are yet to be experimentally determined. Table 10.1 compares injected witness electrons for drive-bunch peak currents in the range
of 2.5 − 1.0 kA. The currents were decreased by decreasing the charge, leaving all else equal. A
successful witness-bunch injection is possible until 1.5 kA. These results suggest that Plasma

117

Figure 10.4: Simulation of Trojan Horse Injection for a FLASHForward-class driver beam at
6 kA peak current during injection. The red circle frames the volume from which the wake
potential allows for trapping of released electrons.

Torch Injection experiments can indeed be conducted at the FLASHForward facility and several
10 pC witness bunches can be expected.

Trojan Horse Injection at FLASHForward
FLASHForward has access to very precise synchronization between laser pulse and electron
bunch, which makes the facility a perfect candidate for advanced studies with the Trojan
Horse Injection method. Parameter scans with 3D PIC simulations show that, for the standard
2.5 kA FLASHForward bunch, straightforward Trojan Horse Injection is not possible, because
the wake potential is too shallow. A peak current of at least 6 kA is required in order to generate ultra-low-emittance witness bunches with the Trojan Horse mechanism. A snapshot of
the simulation with 6 kA peak current during injection can be seen in figure 10.4. The witness
bunch has a charge of only 3.2 pC, but it has a short bunch length of σz = 0.2 µm and a
peak current of 1.5 kA. The emittance after phase mixing is ultra low with 1.4 × 10−8 mrad
and the energy spread is 1.1 %. Such a drive electron bunch will need to be compressed to
σzd ≈ 10 µm rms. In chapter 4 it is shown that only 2 kA drive-bunch peak-current is sufficient to enable the downramp-assisted Trojan Horse Injection, which could be an easier way
to go. Since FLASHForward is not commissioned yet, it is difficult to be certain what can or
cannot be done. It will depend on the measurements and experiences obtained in the fall of
2017 to determine which of the presented laser-triggered injection methods will be plausible
for future investigation at FLASHForward.
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An all-optical hybrid LWFA-to-PWFA accelerator
A long-term prospect of plasma wakefield acceleration is the hybrid use of LWFA and PWFA
technology, which means that electrons, accelerated by means of LWFA drive a plasma wake
in a second plasma source. This allows for injection methods like Trojan Horse injection or
downramp-assisted Trojan Horse Injection. Hybrid LWFA-to-PWFA accelerators can have a
very small footprint compared to conventional accelerators and a naturally synchronized laser system, because the injection laser can be a split off the accelerating LWFA laser-arm. In
experiments at the JeTi laser at the institute for quantum optics (IOQ) in Jena, we have successfully demonstrated that passive plasma lenses cause a reduction of the divergence of LWFAgenerated electron bunches [138]. A similar result has been obtained by Thaury et al. with the
Salle Jaune laser at the Laboratoire d’Optique Appliquee[139]. Not only passive plasma lenses
are considered in the field of PWFA and LWFA. Active plasma lenses that generate a focusing
magnetic field due to the currents in a plasma discharge have recently become more attractive
because they have strong transverse focusing fields with low chromaticity. Van Tilborg et al.
measured that such active plasma lenses are feasible with only a few cm focal length[140].
Steinke et al. showed staging in LWFA, by combining an LWFA stage with an active plasma
lens and a second LWFA stage[141, 142].
Another crucial step towards an all-optical LWFA-to-PWFA accelerator is the deceleration of
the LWFA-generated electron bunches in a second plasma stage, which has recently been
demonstrated[143]. The next important step to be addressed in the future will be to generate
a witness bunch in a wake driven by an LWFA electron bunch.
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