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Abstract
A promising scheme for plasma wakefield acceleration is the hybrid plasma
acceleration mechanism, which is experimentally connected to worldwide programs
at various accelerator facilities. This scheme may lead to extremely high-quality
electron bunches, that can be used to drive ultrabright light sources such as freeelectron lasers. The big challenge for plasma acceleration is to produce electron
bunches with high quality in terms of low emittance, energy spread, and high
brightness. To overcome this challenge, the Trojan Horse "plasma photocathode"
scheme is used to produce designer electron beams.
This thesis explores the Trojan Horse mechanism in a systematic simulationbased parametric study. Different interaction regimes are explored by variation of the
injector laser pulse by normalised vector potential a0, spot size w0 and relative
spatiotemporal synchronisation and alignment in the plasma wave at various densities.
These parameters define the plasma photocathode process.
The general motivation of this work is to investigate the generation of highquality electron beams for light source applications. Several factors and mechanisms
impact the witness bunch, affect its beam emittance, and drive its growth. The main
driver for emittance growth, particularly at increased witness beam charge levels, is
space charge and intra-beam Coulomb repulsion. Although the laser-released electrons
from the plasma photocathode are rapidly accelerated and focused by the plasma
wakefields, increasing the charge, e.g., by means of increasing the background plasma
density from which the plasma photocathode electrons are liberated, produced very
strong electric fields inside the bunch and thus triggered and driven rapid emittance
growth. The effect of evolving space charge in the formative phase of the witness beam
production and acceleration is investigated using tailored particle-in-cell simulations,
for example, by scanning the evolution of transverse phase space across different
plasma densities, and the illumination of the process by analysis is not available to the
experiment but only to high-resolution and high-fidelity simulations.
These computational studies provide insight into the sensitivities and
robustness of the scheme, which is important for upcoming experiments, e.g., at
SLAC, FACET-II, and may allow pushing the emittance and brightness barrier of
electron beams produced by the Trojan Horse process. This could dramatically impact
applications such as ultrabright, hard x-ray free-electron lasers, particle and strongfield physics.
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Chapter 1
1 Introduction
Over the last decades, we have seen a remarkable development in plasmabased accelerators. The structures of plasma acceleration are formed using ultrashort
laser pulses or charged particle beams to produce relativistic particle beams of
electrons or positrons for energy gain. Plasma-based techniques can build a wide range
of applications from high energy physics to low energy physics. T. Tajima and J.M.
Dawson conceived the basic idea of plasma accelerators were conceived by T. Tajima
and J.M. Dawson of UCLA in 1979 [1]. They suggested exciting the plasma waves by
an intense laser to produce wakefields. Since then, there has been intense research on
plasma accelerators, light sources, and many other applications developing, with
enormous advances in recent years.
Before discussing the plasma-based accelerators, we will review some
accelerator fundamentals. Firstly, they use either elementary particles or light pulses
as drivers. Secondly, they can be used to accelerate particles on a circular ring path or
linearly along straight trajectories. Presently, the largest accelerator is the Large
Hadron Collider (LHC) at CERN, with a circumference of 27 km and a budget of
approximately €7.5 billion [2]. The purpose of the LHC is to validate existing particle
physics theories and perhaps discover novel, surprising fundamental physics. A
prominent conventional linear accelerator (linac) is the SLAC National Accelerator
Laboratory with a length of 3.2km [3], where seminal discoveries in particle physics,
free-electron-lasers and plasma wakefield accelerators have been obtained. These
conventional accelerators are technically mature. Despite their enormous successes,
they have limitations, such as high construction, maintenance costs, and the connected
large spatial footprint due to the long distances required to accelerate the particles to
high energies. The fundamental reason for this is that the accelerating fields are limited
due to breakdown at the accelerator cavity walls due to high accelerating fields that
occur at 100 MV/m. Therefore, high-gradient accelerators with reduced size and cost
would be highly desirable. Plasma-based wakefield accelerators promise to provide
compact machines at reduced financial and spatial footprint because of their ability to
afford huge acceleration gradients [4] of the order of hundreds of GV/m in compact
setups compared with conventional accelerators [5]. The accelerating structure in this
state is the plasma, which plays the enabling role instead of being the limiting factor
during the electrical breakdown of a metallic cavity structure through an ionised gas,
as in conventional accelerators. In addition, an external feed of injected particle beams
is not necessarily needed, because the plasma itself can be exploited as a suitable
source of electrons. The power source in the plasma accelerator is a charged particle
beam or an intense laser pulse [6] driver, that transfers energy into plasma oscillations
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and from the resulting co-moving plasma wake into the particle beam to be
accelerated.
The long-term goal of the work presented in this thesis is the development of
compact highest quality plasma-based accelerators, which could be realised in the
Middle East without requiring an extensive accelerator infrastructure. We aimed to
design and create electron beams having unprecedented emittance and brightness, so
that advanced light sources like free-electron x-ray lasers (FEL) can be powered. This
work can be pursued via particle-in-cell computer codes (such as VORPAL/VSim)
[7]. One especially promising scheme is a hybrid plasma acceleration mechanism with
novel plasma photocathodes. It is experimentally associated with global projects at a
variety of accelerator sites. Subsequently, this system could result in electron bunches
of exceedingly high quality and brightness. This, in turn, is being used to generate xray flashes of extraordinary brightness in light sources, such as FEL. In theory,
research and development, computational modelling and experimental achievements
are interconnected and are driven forward in a wider international collaboration led by
the University of Strathclyde. The present work is centred on the Trojan Horse
mechanism, computational modelling, and exploration, mutually aligned with
experimental plans and target applications.
In this chapter, the first section presents an overview of basic plasma properties,
including Debye shielding, plasma frequency and dispersion relation, and a description
of (laser-based) ionisation processes, including a classification of ionisation according
to the Keldysh parameter. The interaction of lasers, plasma and electron beams is the
underlying principle of any plasma-based accelerator, and is particularly important for
the plasma photocathode scheme.

1.1 Plasma properties
In physics, plasma is an ionised gas, representing the fourth state of matter.
Irving Langmuir and his colleague Lewi Tonks were the first who described the plasma
in 1920 and introduced the name plasma for an ionised gas [8,9].
Plasma is distinguished and unique due to collective behaviour where the charged
particles interact with each other, and the plasma responds to external forces, which
determines them collectively [10,11]. Some plasma parameters and characteristics will
be briefly described in the subsequent sections.

1.1.1

Debye Shielding

The Debye shielding length is one of the most frequently utilised parameters to
characterise plasma. It determines the typical distance D where particles of the
opposite sign can shield the electrostatic field from a charged test particle. It may be
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described by imagining two charged spherical entities inside the plasma connecting to
a battery. Spherical bodies begin to attract particles with opposite charges, creating a
cloud of electrons around a positive spherical body and even a cloud of ions
surrounding the negative spherical body, while a dielectric layer prevents the
recombination process on the plasma surface. Plasma is considered to be cold,
implying that there are no thermal activities. At the edge of these two clouds, the
potential and thermal energies of particles are in equilibrium. Subsequently, the
thickness of the charged cloud is estimated. Assume that a plane grid is placed in a
plasma that is maintained at a specific potential ∅.
Furthermore, a potential ∅ that develops due to these two clouds is thought to have a
distribution similar to that depicted in figure 1.1, with a maximum value of ∅0 at x =
$
0. The mass ratio of electrons to ions is thought to be very small, $! ≪ 1, indicating
"

that the ions are stationary and form a homogeneous positive background.

Figure 1.1: Potential distribution near a grid in a plasma, [10].

The disturbance to the potential then tends to fall off quickly into the plasma, unlike
in the vacuum scenario. This may be demonstrated with the following key equations
[10], Poisson's equation as:

'# ∅

𝜀% 𝛻 & ∅ = 𝜀% ') # = −𝑒(𝑛* − 𝑛+ )

(1.1)

where 𝜀% is the permittivity of free space, e is the electron charge, ni and ne are ion and
electron densities, respectively. These densities can be written according to Boltzmann
distribution as:
!∅

𝑛* = 𝑛% 𝑒 ,%&

,

!∅

𝑛+ = 𝑛% 𝑒 %&

3

(1.2)

Where T and K are gas temperature and Boltzmann constant, respectively, substituting
for ni and ne, in equation (1.1), then we get:
'# ∅
') #

=

&!' +
-'

sinh (𝑒∅/𝐾𝑇)

(1.3)

/

Where sinh (𝑒∅/𝐾𝑇)= & (𝑒 +∅/12 − 𝑒 ,+∅/12 ). By assuming that 𝑒∅ is less than KT for
electrons and inserting in equation (1.3), we can get the following result:
'# ∅
') #

! +#

/

= - '12 ∅ = 3# ∅
'

(1.4)

(
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where 𝜆4 = 7 !' + #

(1.5)

°

𝜆4 stands for the Debye length [12,13], measures shielding distance. As a fundamental
but also evident prerequisite for such existence of plasma, the physical dimensions of
a system must surpass Debye length (𝜆4 ). Otherwise, the charged particle collection
would not behave like plasma unless there is enough zone for such a collective
shielding effect to take place.
Another parameter to specify, is the number of electrons inside a Debye sphere ND,
which is provided by [10]:
5

𝑁4 = 6 𝜋𝜆64 𝑛%

(1.6)

Plasma with ND >>1 is referred to as a weakly-coupled plasma, whereas plasma with
ND <<1 is considered as a strongly-coupled plasma [10]. In this thesis, the plasma is
considered to be weakly coupled.

1.1.2

Plasma Frequency

Plasma has collective behaviour in the manner of oscillations that occur at a
specific frequency, assuming a cold plasma with a uniform charge distribution. If
electrons are shifted from an equilibrium state with vanishingly small ions mobility,
an electric field is created in the direction of electron movement. This field acts as a
restoring force on the electrons, causing them to return to their start point and fluctuate
their equilibrium position.
In the simplest scenario, the electron plasma frequency is computed using the
following equations in 1D (x-coordinate) for charged particles exposed to the electric
field force[10].

4

Equation of motion:
'𝒗

𝑚 ; '8𝒆 + (𝒗𝒆 . 𝜵)𝒗𝒆 @ = −𝑒𝑬

(1.7)

Continuity equation:
'!!
'8

+ 𝜵. (𝑛+ 𝒗𝒆 ) = 0

(1.8)

Poisson's equation:
𝜀% 𝜵. 𝑬 = 𝜀%

𝜕𝑬
= 𝑒 (𝑛* − 𝑛+ )
𝜕𝑥

(1.9)

The variable parameters in the final three equations are linearised before being
separated into two parts: equilibrium, and perturbation, as follows:
𝑛+ = 𝑛% + 𝑛/
𝑣+ = 𝑣% + 𝑣/ H
𝐸+ = 𝐸% + 𝐸/

(1.10)

When there is no oscillation in the plasma, the equilibrium components appear.
Plasma electrons are thought to remain in a homogeneous and neutral state at rest until
being displaced, resulting in:

'!'
'8

=

':'
'8

=

';'
'8

=0

(1.11)

When an equilibrium state (𝑛*,% = 𝑛+,% ) is assumed, and the ions are at rest
and therefore do not move in the turbulent state (𝑛*/ =0), Poisson's equation (1.9) can
be rewritten as:

𝜀% 𝛁. 𝑬 = −𝑒 𝑛+/

(1.12)

Then, if the oscillating sections are assumed to be sinusoidal waves, we get:
𝑛/ = 𝑛/ 𝑒 *(=),>8)
𝒗𝟏 = 𝑣/ 𝑒 *(=),>8) 𝒆𝒙 L
𝑬𝟏 = 𝐸/ 𝑒 *(=),>8) 𝒆𝒙

(1.13)

As a result, the equation of motion (1.7), and continuity equation (1.8) neglecting the
nonlinear terms can be rewritten as:
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𝑚

'𝒗𝟏

'!,
'8

= −𝑒𝑬𝟏

(1.14)

+ 𝑛% 𝜵. 𝒗𝟏 = 0

(1.15)

'8

As a consequence, the following can be derived by substituting equation (1.13) into
equations (1.12), (1.14), and (1.15):
−𝑖 𝑚+ 𝑤𝑣/ = −𝑒𝐸/
−𝑖 𝑤𝑛/ = −𝑛% 𝑖𝑘 𝑣/

(1.16)
(1.17)

𝑖 𝑘𝜀% 𝐸/ = −𝑒 𝑛/

(1.18)

Inserting equation (1.17) and (1.18) on (1.16) gives:
𝑤& =

!' + #

(1.19)

$ -'

As a result, the plasma frequency is expressed as:
! +#

𝑤B+ = 7 $' -

(in rad/sec) (1.20)

'

The plasma frequency determines the duration of harmonic oscillation after
electron displacement. The last equation reflects the dependence of the plasma
frequency on plasma density [10,14].

1.1.3. Dispersion Relation
Whenever electrons gain thermal energy, the plasma frequency propagates like
a wave. Maxwell's equations for such a plasma with external magnetic field B0 = 0
take the form[10] :
𝜵 × 𝑬𝟏 = −
𝑐 & 𝜵 × 𝑩𝟏 =

'𝑩𝟏
'8
'𝑬𝟏
'8

(1.21)
+ 4𝜋𝑱𝟏

(1.22)

By taking the curl of equation (1.21), and applying the time derivative to both sides
of equation (1.22), we get:
𝑐&𝜵 ×

'𝑩𝟏
'8

= 4𝜋

'𝑱𝟏
'8

6

+

' # 𝑬𝟏
'8 #

(1.23)

𝜵(𝜵. 𝑬𝟏 ) − 𝜵& 𝑬𝟏 = −𝜵 ×

𝜕𝑩𝟏
𝜕𝑡

(1.24)

Inserting equation (1.23) into equation (1.24), hence:
𝜵(𝜵. 𝑬𝟏 ) − 𝜵& 𝑬𝟏 = −

1
𝜕𝑱𝟏 𝜕 & 𝑬𝟏
\4𝜋
+
] (1.25)
𝐶&
𝜕𝑡
𝜕𝑡 &

If we consider the waves to vary as 𝑒 *(=),F8) , we get:
−𝒌(𝒌. 𝑬𝟏 ) + 𝐾 & 𝑬𝟏 =

5G*>
H#

𝑱𝟏 +

>#
I#

𝑬𝟏

(1.26)

Where k is the wavenumber from Maxwell’s equations 𝛁. 𝑬𝟏 = 0 𝑜𝑟 𝒌. 𝑬𝟏 = 0, so
equation (1.26) can be rewritten as:
(𝑤 & − 𝑘 & 𝑐 & )𝑬𝟏 = −4𝜋𝑖𝑤𝑱𝟏

(1.27)

In this state, considering ions are in reset and do not move because they have a large
mass, the current density 𝑱𝟏 is obtained as:

𝑱𝟏 = −𝑛% 𝑒𝒗𝟏

(1.28)

𝒗𝟏 can be estimated throughout linearising equation of motion, as:
+

𝒗𝟏 = *>$ 𝑬𝟏

(1.29)

Substituting equation (1.29) into (1.28), then:
𝑱𝟏 = −((𝑒 & 𝑛% )/(𝑖𝑤𝑚)) 𝑬𝟏

(1.30)

By inserting equation (1.30) into equation (1.27), we get:
(𝑤 & − 𝑘 & 𝑐 & )𝑬𝟏 =

5G+ # !'
$

𝑬𝟏

(1.31)

with:
&
𝑤 & = 𝑤B+
+ 𝑘&𝑐&

&
Where 𝑤B+
=

5G+ # !'
$

(1.32)

, equation (1.32) is known as the dispersion relation [15], for

electromagnetic waves in plasma with B0 = 0. It can be observed from this dispersion
relation that the frequency is dependent on the wavenumber [10], therefore:

7

𝑘=

>
I

71 −

#
>.!

(1.33)

>#

This implies that if the frequency of the electromagnetic wave exceeds the plasma
frequency, the wavenumber becomes real, allowing for the propagation of an
electromagnetic wave within the plasma. In this case, the plasma is considered as
underdense. In contrast, the wavenumber becomes imaginary if the electromagnetic
wave frequency is less than the plasma frequency. The electromagnetic wave cannot
propagate inside the plasma in this condition and therefore is reflected from the
plasma. Hence, the plasma is considered as overdense.

1.2

Ionisation

Electrons are bound to the atomic core by their electrostatic potential. A certain
energy is needed to break this binding force. This energy is referred to the ionisation
energy 𝜁* .
There are several ways to create plasma. For example, It can be created as an "electrical
discharge" by ionising gas with high voltage applied to electrodes surrounding the gas.
In addition, a laser field is another tool to create plasma. In the Keldysh parameter, gk,
is one approach to distinguish various kinds of ionisation based on laser fields [16-19].
It can be defined as:
J

𝛾= = 7&K"

(1.34)

.

Where 𝜁* , and 𝑈B are considered as ionisation energy of an atom, and the
ponderomotive energy of the incident laser, respectively. Up can be rewritten as:
+ # ;'#

𝑈L = 5 $

!

(1.35)

>/#

Where 𝐸% , 𝑤M , e, me are the electric field that amplitude the frequency, electron charge,
and mass, respectively. According to the Keldysh parameters, there are two different
regimes:
• Photoionisation regime when 𝛾= ≫ 1 and
• Field ionisation regime when 𝛾= ≪ 1 [20].
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1.2.1

Photoionisation

If 𝜁* ≫ 𝑈B this leads to 𝛾= ≫ 1, meaning that the incident light has a low
intensity and short wavelength [20]. If a valence electron interacts with a single photon
with energy that equals the electron's binding energy, the photon's energy is transferred
to the electron. In this case, the electron is liberated from the atom's orbit, the atom is
ionised, and the photon vanishes. This is known as "single-photon ionisation", as
shown in Figure 1.2.

I) Single photon ionisation

II) Multi-photon ionisation

Figure 1.2: Photoionisation process illustration. (I) Single photon ionisation: a single
photon (purple) interacts with a valence electron (red), causing an electron to be
released from the atom's binding potential (green). (II) Multi-photon ionisation:
an electron is released by several photons.

On the other hand, when the incident radiation energy is less than the ionisation
energy, the ionisation can be induced by absorbing a large number of low-energy
photons, and this process is called "multi-photon ionisation". This mechanism requires
a high photon intensity I and high photon flux. The probability for liberating one
electron with the required number N of photons can be written as [22,21]:
𝑃N ∝ 𝐼N

1.2.2

Field Ionisation

If the pondermotive energy is greater than the ionisation potential, then
Keldysh's parameter 𝛾= ≪ 1, indicating a high intensity and long-wavelength for the
incident light. This implies strong electric fields interacting with the atom [20]. This
process leads to tunnel ionisation and barrier suppression ionisation, which are
commonly utilised for plasma-wakefield and laser-field interactions.
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1.2.2.1 Tunnel Ionisation

Tunnel ionisation is a mechanism in which an incident laser with a strong
electric field, and long-wavelength causes an atom potential to drop, allowing the
electron to tunnel through the remaining Coulomb Barrier (see Figure 1.3) [23].
Ammosov, Delone, and Krainov presented the ADK model for tunnel ionisation in
1986 [24,25]. To compute the tunnelling ionisation rate for complex (nonhydrogen)
atoms under the influence of a constant electric field, the ADK model is utilised. This
is performed by averaging the rate over one period of a laser field oscillation, and it is
valid when the ionisation potential is smaller than the incident photons energy [26].

I) Tunnel ionisation

II) Barrier suppression ionisation

Figure 1.3: Illustration of field ionisation scheme: (I) Tunnel ionisation: when the length of
the potential barrier reduces as a consequence of an intense electric field (blue), the electron
(red) can pass through. (II) Barrier suppression ionisation: increasing the intensity causes the
electron to be liberated directly from the atom.

The popular formula for ADK ionisation rate, WADK was adapted for PIC simulation
as [27]:
/P

𝑊O41 ≈ 1.52 × 10

w

∗

5 0 J" (+Q)
!∗ R(&!∗ )

2

x (20.5 ×

J" # (+Q)
;(SQ$3, )

2

)

&!∗ ,/

J" # (+Q)

× 𝑒𝑥𝑝 (−6.83 ;(SQ$3, ))

(1.36)
Where E is the strength of the electric field, 𝛤 is the gamma function, and 𝑛∗ ≈
3.69

U
VJ" (+Q)

, z is the atomic number. This approximation is valid for electric fields that

do not exceed:
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J +Q

"
𝐸IW*8. = {√2 − 1} 5.14 × 10// (𝑉/𝑚) (&Y.&
)6/&
+Q

(1.37)

1.2.2.2 Barrier Suppression Ionisation
If the intensity is increased even more, the electron can directly release the
atom, as illustrated in Figure 1.4, by lowering the potential barrier without tunnelling.
This is known as "barrier suppression ionisation" [26]. It represents a special case of
tunnel ionisation.
When the electron may leave the atomic bond freely, the laser's minimum intensity,
IBSI follows the relation[26]:
𝐼Z[\ (𝑊/𝑐𝑚& ) = 4 × 10] |𝜁* (𝑒𝑣)|5 / 𝑍 &

(1.38)

Where 𝑍 is the ionic charge, for example, the lowest laser intensity is required to ionise
a helium atom is in the range [26]:

𝐼^+,Z[\ ≈ 10/5 W/cm&

(1.39),

which can simply be carried out by focused short laser pulses from modern pulses
systems with typical wavelengths.

1.3 Summary
This chapter provides an overview of plasma accelerators, including their basic
concept, fundamentals, and features of several of the world's plasma accelerators. In
addition, the thesis's objective and goals are provided.
A brief description of the basic plasma parameters, such as Debye shielding, plasma
frequency, and dispersion relation, is also introduced. An explanation of (laser-based)
ionisation mechanisms is also presented, and a classiﬁcation of ionisation according
to the Keldysh parameter focuses on field ionisation techniques. Any plasma-based
accelerator's basic premise is the interaction of lasers, plasma, and electron beams,
which is especially critical for the plasma photocathode scheme.
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Chapter 2
Plasma-based Accelerator Physics
This chapter provides an overview of the plasma wave excitation techniques and
the injection methods of an electron bunch into the plasma cavity. Furthermore, the
Trojan Horse scheme concept is described in this chapter. Finally, the particle-in-cell
simulation method used by the VSim code is presented.

2.1 Methods of Plasma Wave Excitation
In general, there are different techniques to use whcih involve using plasma for
particle acceleration, which are categorised according to how the plasma wave is set
up, for example [1,28-30]:

2.1.1 Plasma Wakefield Acceleration (PWFA)
Particle bunches are employed in this approach, such as electrons, which have
unidirectional electric fields flowing through the plasma to produce a wakefield by
expelling plasma electrons away from positive ions, resulting in a blowout, as shown
in Figure 2.1. It consists of a positive charge region surrounded by a negative charge,
which produces a strong electric field capable of accelerating any charged particles
passing through it [29-31].

Figure 2.1: PWFA approach: excitation of a plasma wave and the elliptical plasma
electron blowout (red) in the wake of an intense electron bunch (green), propagating
to the right at approximately the speed of light c, [31].
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2.1.2 Laser Wakefield Acceleration (LWFA)
A single short laser pulse with high intensity creates a bubble and drives a
plasma wave accordingly. When the plasma wavelength is on the order of the laser
pulse length 𝐿 ~ 𝜆B , the wakefield is driven more efficiently [1,30]. Laser pulses
consist of electromagnetic waves with fields that oscillate in the transverse directions,
making them less effective in expelling electrons than electron bunches, known as
Laser WakeField Acceleration (LWFA), as illustrated in Figure 2.2 [31].

Figure 2.2: LWFA approach: excitation of a plasma wave by an intense laser pulse,
propagating at significantly smaller velocities than the speed of light c in plasma
[31].

2.1.3 Laser Beat-Wave Acceleration (LBWA)
In this approach, two long laser pulses are employed with frequencies 𝑤/ and
𝑤& to resonantly excite a plasma wave and generate a large amplitude of these waves.
This is achieved by adjusting the plasma density and laser frequency to obtain the
resonance condition, 𝛥𝑤 = 𝑤/ − 𝑤& ≃ 𝑤B where wp is the plasma frequency, each of
these pulses had a role in forming the plasma wave [1,28].

2.1.4 Self-Modulated Laser Wakefield Accelerator (SMLWFA)
SMLWFA concept employs a single long ultra-high intensity laser pulse with
a duration longer than the plasma wavelength. Because it has a wavelength longer than
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the plasma, the single long-laser pulse is split into a series of short pulses [32-34],
resulting in a large-amplitude plasma wave under specific conditions.
Many early studies employed the LBWA and SMLWFA techniques; however, the most
recent studies have used PWFA and LWFA techniques. When comparing PWFA and
LWFA techniques, researchers discovered that the PWFA approach is significantly
superior at expelling plasma electrons than the LWFA technique because it employs
unidirectional electric fields rather than a laser pulse. LWFA employs the
ponderomotive force for expelling plasma electrons. The electromagnetic fields for
laser pulses that oscillate in transverse directions affect plasma electrons [31].
Nevertheless, the required field strength to ionise the plasma region in the case of
PWFA is smaller than that in the LWFA case. For example, for an electron bunch with
charge, Q = Ne = 100 pC, bunch radius 𝜎W ≈ 2 𝜇𝑚 and bunch length 𝜎_ ≈ 4 𝜇𝑚, the
peak electric field for this bunch is about [31]:

𝐸W ≈

`× %.%&P
b4 -' b5

(2.1)

Where e0 is the absolute permittivity in free space. The electric field is approximately
equal to 𝐸W ≈ 35 𝐺𝑉/𝑚 with the values mentioned above. This field can ionise a
medium like hydrogen, which has an ionisation potential of 13.6 eV, but it is more
challenging to ionise a medium like helium, which has 24.6 eV. In contrast, the peak
electric field for Ti: sapphire lasers with wavelength 𝜆 = 800 𝑛𝑚 and connected to a
normalised vector potential 𝑎c = 1 is [31]:
𝐸% =

2𝜋 𝑚+ 𝑐 &
𝑎∘
𝑒𝜆

(2.2)

Where 𝑎∘ is the normalised amplitude of the laser pulse. This quantity of electric
field, which equals 4 TV/m, can ionise a medium such as He. In addition, the particle
bunch (as a driver) provides a long distance of acceleration to gain energy compared
to a laser pulse by defining the length of beta function, which represents the length of
the transverse envelope of the electron beam in plasma accelerators. It can be
expressed as [31]:
𝛽∗ =

e
f0

&
𝜎W%

(2.3)

It is clear from this relation that the square of the electron bunch diameter at
focus, 𝜎W% , as well as the Lorentz factor 𝛾 = (1 − 𝑣 & /𝑐 & ),//& and normalised
transverse emittance 𝜖! , have a significant impact on the value of the beta function.
For example, for 𝜎W% =10μm, 𝜖! = 10,g 𝑚𝑟𝑎𝑑 and energy equal to 1 GeV, the beta
function length 𝛽 ∗ is equal to 20 cm. Consequently, the Rayleigh length, 𝑍h of the
laser pulse is presented as [31]:
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𝑍h = 𝜋 𝑤%& /𝜆

(2.4)

Where 𝑤% , and 𝜆 are the spot size and wavelength of the laser pulse, respectively. For
a Ti: sapphire laser pulse with a wavelength 𝜆 = 0.8 𝜇𝑚, intensities in the range of
𝐼 = 10/i − 10/] 𝑊/𝑐𝑚& with spot size 𝑤% = 10 𝜇𝑚, and the Rayleigh length for this
laser pulse is about 𝑍h ≈ 400 𝜇m. This value is much shorter than that of the electron
bunch case due to some phenomena occurring in the LWFA cases, such as dephasing,
where the speed of the formed beam within the cavity exceeds the laser pulse then
enters the deaccelerating region and that limits the acceleration length.

2.2 Electron Bunch Injection into Plasma Cavity
The significance of forming a plasma wakefield in a plasma cavity with a
powerful accelerating field is explored. Because of the impact of the injection
technique on the bunch's performance, injecting electrons into the plasma cavity is an
important aspect of producing a high-quality witness bunch. Moreover, the trapping
criterion states that electrons must move through the plasma wakefield at a velocity
comparable to the phase velocity of the wakefield to inject electrons into the plasma
cavity. It can be expressed as [35]:
/

+

.

!I

(1 − e ) ≤ $

#

∆𝜓

(2.5)

Where 𝜓 denotes the electrostatic potential, and 𝛾B represents the Lorentz factor
of the wakefield. The electric potential produced by the longitudinal electric field of
the plasma cavity can trap electrons under this condition.
Different methods of electron bunch injection into the plasma cavity have been
reported (Esarey [30] and Malka [36]), as well as how they impact the quality of the
witness beam. The following is a brief overview of most of these techniques:

2.2.1 Self-Injection
Self-injection occurs when a strong laser intensity or relativistic electron bunch
with high electric fields creates a plasma cavity, which expels plasma electrons away
from positive ions. The expelled electrons travel and collide at the end of the plasma
cavity. It induces the statistical scattering for the electrons within the plasma cavity by
trapping some of them. Such a process is known as transverse wave breaking [37].
The latter process continues injecting until the space charge for the trapped electrons
deforms the topology of the plasma electric field, which is known as beam loading
[40,41].
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This injection, however, is unstable for the witness bunch. Consequently, a wide
electron spectrum is produced due to its random injection behaviour. Due to the
electrons trapped early, this spectrum is accelerated for a longer distance than the
electrons trapped later. As a result, the total amount of distributed energy and the
emittance of the witness beam is increased. That is recognised as dark current [38,39],
and it impacts the features of the witness bunch.

2.2.2 Density Downramp Injection
Density downramp injection [42] is a controllable plasma electron injection
method that is more efficient than transverse wave breaking. In this approach,
stretching the length of the plasma cavity due to the increasing plasma wavelength
reduces the plasma density and produces a drop in the wake phase velocity.
Consequently, the proportion of trapped electrons rises since a potential trapping area
is large due to the reduced trapping momentum.
Moreover, downramp injection can give better control during injection procedures
than self-injection. As a result, it can be applied in both PWFA [43] and LWFA [42]
techniques. More recent attention has focused on the provision of density downramp
injection to produce high-quality bunches [44,45].

2.2.3 Ionisation Injection
The ionisation injection technique is utilised to control electron trapping
better, since it can inject electrons directly into the plasma cavity rather than injecting
them at the cavity rear in a plasma accelerator. Consequently, these approaches are
typically based on the employment of two types of gas mixtures with various ionisation
levels separated by a significant ionisation gap or a single gas with multiple ionisation
levels [46, 47]. The low ionisation threshold (LIT) is the first ionisation level, and it is
utilised to drive the plasma wake. The second level, known as the high ionisation
threshold (HIT), is utilised to generate free electrons at a specified place within the
plasma cavity by the laser field when the trapping requirement (equation 2.5) is met,
at which point the electrons can be trapped and accelerated [48]. The laser pulse
characteristics allow us to manipulate the place and time at which electrons are
released.
This approach is effective for trapping the electrons in the LWFA technique.
Otherwise, it has certain drawbacks, like decreasing the laser intensity for a driver to
control electron trapping to avoid ionising HIT medium by the driving pulse. In
addition, a precision synchronisation between the laser pulse and the wakefield is
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required. Furthermore, the quality of the electron bunch is influenced by many of the
laser characteristics (described in section 2.1).

2.3 Trojan Horse Schem
Based on the characteristics mentioned in section 2.1, an electron bunch is
excellent for creating plasma waves, but a laser pulse is ideal for ionising the plasma
medium. Accordingly, Hidding et al., 2012 [49], created a novel hybrid system to
combine the benefits of the two approaches of LWFA and PWFA. This scheme is
known as Trojan Horse (TH) (underdense photocathode process) [31, 49-51]. It emits
electron bunches with ultra-low emittance values in the range of 𝜖 =
100 to 10 nm rad with high brightness in the order of 𝐵 = 10/Y to 10/] A/m& . rad&
. The concept of underdense plasma asserts that electron beam density should be higher
than that of plasma, which is critical for creating a plasma cavity.
Moreover, the requirements for this technique are the availability of LIT and HIT
media, electron beam propagation through an underdense plasma, and a synchronising
co-propagating laser pulse. In this technique, a compact electron bunch is used as a
driver to travel through an underdense plasma to set up the plasma blowout at a LIT
medium like hydrogen. Additionally, a synchronised laser pulse is focused onto a HIT
medium, like that of helium, to liberate He electrons inside the blowout directly. After
that, these electrons are subsequently trapped and compressed, resulting in a compact
beam defined as "witness beam or witness bunch". The bunch is accelerated to gain
highly-tunable energy. Using numerical simulations, we observed the Trojan Horse
injection process in these circumstances, as illustrated in Figure 2.3.

Figure 2.3: PIC simulation snapshot of the Trojan Horse technique, in which the driver
(electron beam) sets up the plasma blowout in the LIT medium (H), while a moderately
intense focused laser pulse ionises HIT medium (He), and thus, releases He electrons to form
the witness bunch.
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The quality of the witness bunch is typically controlled by altering the properties of
the laser pulse, such as the spot size w0 of the laser pulse and the laser intensity a0. The
challenge in this process is to compromise among the bunch's parameters.
Moreover, the Trojan Horse hybrid scheme is a useful tool for producing
electron bunches having low emittance and high brightness while reducing energy
spread through beam loading [31]. Therefore, it can be used for many applications
such as Free Electron Lasers (FEL).
This project aims to develop an efficient compact plasma accelerator that could
be established in the Middle East without a large infrastructure. To implement a
powerful FEL, we want to create electron beams with unprecedented emittance and
brightness.

2.4 Particle-in-cell Simulation for VSim Code
In a plasma system, a nonlinear state creates a high density of particles with
strong interactions between them and with the fields. It results in extremely complex
behaviour. As a result, finding an analytical solution in 3D without reducing the
computations is extremely challenging. The particle-in-cell (PIC) technique is utilised
to solve this problem, since it can provide useful tools to simplify the complex
behaviour of plasmas.
PIC methods were first implemented in the late 1950s [52]. As a result of its
ability to simulate the experimental results, the PIC simulation has evolved
substantially in recent years. VSim is a 3D PIC code used to simulate for Trojan Horse
configurations. In particular, the VSim code is provided by Tech-X has been used in
this thesis to perform such simulation [53]. The VSim code uses a mix of PIC and
finite-difference time-domain (FDTD) concepts to obtain reliable results. Likewise,
the FDTD technique in the leapfrog type of the time advancement formulas assumes
the estimation of the Electric and magnetic field at half – and one- integer of the time
steps, respectively.
In this study, the whole 3D laser- and beam-driven PWFA scenarios were
computed using the high-performance multi-physics cross-platform VSim. All
operations in VSim are internal, allowing for local communication through the
Message Passing Interface (MPI) for scalability to over 30000 processing units. The
particles are organised consistently with this closeness on the nodes. B-splines of
second order are employed to form the macro-particles [54]. Moreover, the VSim
concept reduces the number of particles in a macroscopic calculation to make plasma
simulation easier.
Additionally, to decrease self-forces and analytical heating, higher-order field
interpolation is required for the Lorentz force. The currents are also regulated to
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minimise analytical heating. The ADK tunnels ionised concept (equation 1.36) is used
to establish the ionising approach. This field-ionisation approach is used for ionisation
processes generated from lasers, and the space-charge fields of charged particles are
used to ionise matter. Furthermore, perfectly matched layers (PML) are installed
around the simulation box's edges to collect any incoming wave energy and avoid
reflection back towards the simulation domain. The simulated box was shifted at the
light speed along with the plasma wave to save processing costs and exclude areas of
no physical significance. The ionising laser is not completely resolved in the TH
simulation, but its surround minimises the computational load and makes the
simulation run quicker [55].
It preserves plasma's fundamental behaviour, in which each macro particle is
composed of a large number of smaller particles [56]. We wish to simulate an arbitrary
physical volume made up of particles as well as electric and magnetic fields. We
assume that a mesh covers this volume with a specific number of cells. In one
simulation time, Figure (2.4) depicts the PIC process. The initial locations and
velocities of particles are weighted based on their distance from the mesh point at the
start of the numerical simulation. Calculating the densities of charged particles and
current is the next step. Then, by Maxwell equations, the electric and magnetic fields
are derived. Finally, the new locations and velocities of particles are calculated using
Lorentz force. The simulation is tested on the FACET II Trojan Horse experiment
(E210) [50]. In 2011, FACET consented to the "E210: Trojan Horse PWFA" project,
which began as a multi-institutional partnership of international research teams
(Strathclyde-UK, UCLA and Austin -USA, Hamburg- Germany, and Oslo- Norway),
research facilities (SLAC- USA and DESY-Germany), incorporation with some
companies (RadiaBeam, Tech-X, and RadiaSoft - USA) in 2012. Accordingly, E-210
at SLAC was significant cooperation to demonstrate the plasma photocathode
technology for the first time [57], which is regarded as a promising experiment for the
Trojan Horse.

Figure 2.4: PIC simulation cycle used for Trojan Horse configurations.
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2.5 Summary
The excitation techniques for plasma waves, such as plasma wakefield
acceleration (PWFA), laser Wakefield acceleration (LWFA), laser beat-wave
acceleration (LBWA), and self-modulated laser wakefield accelerator (SMLWFA),
are briefly explained in this chapter. Because particle bunches, particularly electrons,
are used to generate a wakefield in PWFA. The injection mechanism (using LWFA)
have a significant influence on the performance of the bunch. Therefore, an overview
of electron bunch injection techniques into the plasma cavity is described, including
self, density downramp, and ionisation injections.
The excitation methods and ionisation techniques have been given as a prologue since
the Trojan Horse regime combines PWFA and LWFA excitations. Moreover, a basic
overview of the Trojan Horse concept was presented. Finally, a description of the PIC
simulation and VSim code, as well as the simulation cycle used to model the
FACET II Trojan Horse experiment (E210), are provided.
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Chapter 3
The Properties of the Witness Bunch and its Applications in
Free Electron Laser
Chapter 3 describes the quality of witness bunch in FEL, which is impacted by
many parameters, including emittance, brightness, and space charge. Free electron
lasers were also investigated for potential use on the ultrabright light sources.

3.1 The Quality of the Witness Bunch
Each laboratory accelerator facility should be able to produce extremely small
electron bunches with a high quality of emittance, energy spread, and beam current.
Subsequently, the quality of such electron beam played a key role in developing the
FEL light source. During the undulator, this was adequate to attain the saturation of
FEL amplification inside a single path of the bunch. Finally, this is offered up the
potential of expanding the wavelength range from the VUV to the X-ray zone.

3.1.1 The Emittance
Normalised emittance is the most important parameter for assessing the quality
of electron bunch, since it describes the distribution of momentum and the transverse
form of the electron beam. Therefore, the ability to achieve low emittance of witness
bunch is essential for developing a new generation of light sources, such as FELs.
Although the concept of the emittance is established for such an ideal distribution of
elliptical phase space, not all electron bunches provide the same shape practically,
especially the plasma accelerator witness bunch, which has a complicated transverse
phase space shape. Lapostolle and Sacherer [58,59] introduced the concept of the
equivalent beam. When the first X and second X2 moments are the same in that beam,
two bunches with distinct phase-space distributions have the same charge density and
energy. As a result, we can explain these bunches using their RMS values, and we can
write the RMS emittance as [60]:

/k
&

𝜀) = (〈𝛸 & 〉〈(𝛸 j )& 〉 − 〈𝑋𝛸 j 〉& )

(3.1)

Where X is the transverse position, 𝛸 j is the divergence of the particle, and the 〈𝑋𝛸 j 〉&
represents the correlation between two quantities, X and 𝛸 j . Equation (3.1) estimates
the particle spread; therefore, the 𝜀) determines the quality of the bunch [61].
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Additionally, because the emittance is usually conserved by acceleration, the initial
situation of the trapped electron bunch has a significant impact on the quality of the
electron bunch. Therefore, it is helpful to provide another definition of emittance to
remain constant during acceleration, which is called "normalised emittance", it is given
by:
, 𝛽 = 𝑣⁄𝑐 ~ 1

𝜀! = 𝛽𝛾𝜀)

(3.2)

Where 𝑣 is the charged particle speed, c is the light speed, and 𝛾 represents Lorentz
/

factor which equals to [1 / (1 − 𝛽 & ) k& ]. This normalised emittance is an essential
feature of electron bunch to measure their transverse size and their attempt to diverge,
which is crucial in accelerators and for many bunch applications like FELs.

3.1.2 The Brightness
Another essential factor to take into consideration when evaluating bunch
quality is the total current of the bunches. This current is expressed as:
𝐼 = 𝜕𝑄•𝜕𝑡 ≈ 𝑄•𝜏

(3.3)

It exhibits the longitudinal charge, and Q distribution over the bunch duration t. As a
result, high-current bunches are preferable over low-current bunches in most
applications because they can establish more electron beam interactions per unit of
time. The normalised brightness [62] is a parameter that links the normalised emittance
and the current of an electron bunch, which is given by:
𝐵=-

&\

(3.4)

0,(8,9)

3.1.3 Space charge
Owing to Coulomb forces, it is difficult to compress charged particles. In
particular, space charge forces are one of these forces that are formed directly by the
distribution of charge. Therefore, these forces are responsible for undesired beam
dynamics, including instability, beam emittance growth, and energy loss processes.
Hence, the space charge force Flm is considered as inversely proportional to electron
energy [63]:
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/

𝐹nI ∝ e#

/

∼ (&;)#

(3.5)

This means that the focusing force and defocusing force balance are out, as the electron
energy increases. As a result, the contribution of the space charge is reduced. Figure
3.1 shows the radial Coulomb force for an electron in a stationary mode. The field
lines contract towards being perpendicular to the direction of motion for relativistic
electrons. The radial Lorentz force of particles inside the bunch is expressed as [64,65]:
𝐹W = 𝑞 (𝐸 + 𝑣 × 𝐵)

(3.6)

Where q is the electron charge, and the electric field is predicted using Gauss law for
such a long bunch having uniform density represented as:
𝐸=

+ W !;

(3.7)

& -'

In Faraday's law, the magnetic field is equal to:

𝐵=

+ W o' !;

(3.8)

&

Inserting equations (3.7) and (3.8) on equation (3.6), we get:
p#

q;

𝐹W = 𝑞𝐸 (1 − I # ) = e#

(3.9)

Where 𝑐 & = (𝜀% 𝜇% ),/ . In the early stages of producing the witness bunch at low
energies, the space charge forces rise and become dominant.

Figure 3.1: Electron field lines at stationary-state (left) and in motion with relative
speed (right), [65].
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It is vital to understand the effect of the space charge to avoid any impacts on the
quality of the witness bunch. As a result, the envelope formulas specify the relationship
between space charge and emittance, which can be used to anticipate whether space
charge effects are significant. With concerns to the assumption of a symmetric
distribution transversely (𝜎) = 𝜎# = 𝜎r ), we compute the space charge to emittance
ratio as follows [66]:
\ b#

𝑅% = & \. e<-#
'

(3.10)

0

Where Ip is the peak current of the bunch, 𝐼% =

+I
W!

, and 𝑟+ are the electron radius.

When R0 < 1, the bunch is emittance dominated; hence space charge forces are
neglected, otherwise, whenever R0 >1, space charge forces are dominated.

3.2 Free Electron Laser (FEL) as an Application
A plasma accelerator is a useful source for witness bunches with a high current,
low emittance, and high energy created over short distances [30]. As a consequence, a
plasma accelerator driven FEL is an attractive potential coherent light sources that
operate in the x-ray zone [67]. In addition, compared to traditional RF accelerators,
the underdense plasma photocathode technology [49] has improved the transverse
emittance, current, and brightness of the witness bunch. Furthermore, massive energy
spread and associated energy spread (energy chirp), which have the potential to be
obstacles to FEL processes [68], are by far the most serious challenges.

3.2.1 FEL Concept
The FEL is a high-energy coherent radiation source that operates at
wavelengths ranging from infrared to hard x-ray, making it a one-of-a-kind source.
Accordingly, two major advancements could contribute significantly to the highquality production of FEL radiation [69]. To begin with, advanced plasma-based
accelerators have been developed to produce high energy, high current, and low
normalised emittance electron bunches, resulting in a tighter concentration of the
bunch. In this study, we employed TH as an electron bunch source (as indicated in
section 2.3) while considering that energy dispersion, as previously stated (section
3.2), has an adverse impact on the FEL. Furthermore, the criterion of resonant
wavelength is the best approach to fully understand this adverse impact:
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𝜆% =

𝜆s
£2𝛾 &

(1 + 𝑎s& )

(3.11)

Where 𝜆% is the radiation wavelength, 𝜆s 𝑖𝑠 the length of undulator period, 𝛾
represents the Lorentz factor of such the electron, and 𝑎s is undulator parameter [67].
Considering resonant wavelength conditions, a large energy spread causes spread in
resonant conditions, which reduces FEL gain. Likewise, another TH-generated
obstacle is related to an energy chirp in the electron bunch. This signifies that the
energy of the tail of the electron bunch is higher than that of the head, and this is a
natural result of such an accelerated bunch in an electric field within blowout. As a
result of the energy chirp, the lasing process on the FEL is disrupted, resulting in
Coherent Spontaneous Emission (CSE) [70,71]. Moreover, electron bunch dispersion
prevents the FEL from bunching since electron bunches generate radiation at different
wavelengths.
The second advancement contributes to the production of high-quality of FEL
radiation. Likewise, the undulator is a special device with linear alternating magnets
having a period of 𝜆s . As the relativistic electrons propagate through the undulator,
this type of alternation tries to deflect them [72]. A schematic diagram of the undulator
employed in this section, as shown in Figure 3.2.

Figure 3.2: Electron bunch propagates along a planar undulator with periodic
magnet arrangement, thereby emitting resonant radiation [73].

3.2.2 Electron Bunch Production for driving FEL
An electron bunch generated from the Trojan Horse technique in collaboration
with a colleague [68] is proposed, using the identical procedure and settings that will
be described in detail in section 4.2.1. However, the duration of the PIC simulation
was changed to the tsim=4.6 ps with propagation distance zsim=14 mm and using driver
beam charge Qd = 800pC. The outputs of the witness bunch generated from the
simulation are summarised in table 3.1.

25

Name
Energy
Lorentz factor
Slice energy spread
Normalised emittance
RMS bunch length
Bunch charge
Peak current
5D Brightness

Symbol
Ww
𝛾
𝜎! /𝛾
εn
𝜎"
Qw
I
B5D

Values
247.3 MeV
483.9
0.3%
21nm rad
0.26 𝜇m
3.6 pC
1.5 kA
6.8 x1018 A/m2/rad2

Table 3.1: Projected witness bunch parameters at the end of acceleration z of 14 mm
[68].

This section focuses on the 3D simulation of a plasma accelerator-driven FEL. In
particular, the Puffin code is used to perform FEL modelling [74]. It can simulate the
effects of the macroscopic electron beam change by the effects of energy chirp, any
CSE, and Self Amplified Coherent Spontaneous Emission (SACSE). The VSim code's
output files (.h5 files) have been analysed, and several parameters for the electron
bunch have been depicted in Figure 3.3. It is clear from this Figure that the original
bunch of macroparticles, their characteristics, and the witness bunch propagate in the
z-axis are along with the undulator. These characteristics include normalised emittance
εn, Lorentz factor γ, RMS energy spread σγ as well as the current I.
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Figure 3.3: From top to bottom, εn is the normalised emittance of the witness bunch,
γ represents Lorentz factor, σγ is RMS energy spread, and I represents the
current as a function of z [68].

Consequently, the resulting bunch has a low normalised emittance of
approximately 21 nm. rad, a current exceeds 1 kA with a slice energy width σγ of 1.5
on average with relatively-slice energy spreading σγ/γ of 0.3% [68,75]. Additionally,
the generated .h5 files from the VSim code have been organised to implement the
Puffin code. Then, the study procedure [76] was used to match the microparticles
bunch with a natural focusing channel for the undulator. After that, the parameters of
such an undulator device, au = 1.0 and λu = 0.015 m, were therefore selected to be
suitable for the produced bunch. According to these parameters, the value of radiation
wavelength is λ0 = 67 nm, and it was then executed using the Puffin code.
As a result of energy chirp and emitting considerable CSE power, the electron
pulse will shorten when propagated through the undulator. CSE has been observed to
be able to drive the bunch's electrons into the weak super-radiant regimes. This is not
the effect of FEL, which is in a collective high gain regime. There are various methods
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for removing the energy chirp produced in the electron bunch, either within the TH
scheme [69,77] or even after its extraction [68]. In this project, we performed a simple
geometrical approach to reduce the effect of energy chirp. Figure 3.4 [71] illustrates
that this approach involves rotating the bunch in phase space to diminish the
microparticle's energy chirp. Consequently, with the unchirped beam, we observed a
clear bunching at the resonant radiation wavelength with SASE as compared to the
chirped simulation. Finally, this approach may open the way for a promising future in
which plasma accelerators are used to drive FEL [71].

Figure 3.4: The bunch propagates along the positive z-axis; the red bunch represents the
output phase space of the accelerator electron bunch, Lorentz factor versus position z2 inside
the bunch. At the same time, the blue bunch shows electron bunch after the energy chirp has
been artificially removed [71].

3.3 Summary
This chapter discussed the properties of the witness bunch in a free-electron
laser, such as its quality, emittance, brightness, space charge. Additionally, the concept
of FEL is described, as well as the electron bunch generation for driving FEL. PIC is
used to simulate an electron bunch using the TH method, utilising duration,
propagation distance, and beam charge as inputs. Table 3.1 summarises the features of
the witness bunch at the end of acceleration (14 mm). The emittance, brightness, and
bunch charge of this bunch are 21 nm rad, 6.8x1018 A/m2/rad2, and 3.6 pC,
respectively.
Furthermore, Puffin is used to model the impacts of energy chirp on the macroscopic
electron beam and any CSE and SACSE in FEL. Normalised emittance, Lorentz factor,
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RMS energy spread, and current as a function of propagation distance are the aspects
of the bunch. The VSim code outputs are then incorporated in Puffin code to fit the
microparticles bunch to a suitable focusing channel for the modulator. The electron
pulses will shrink when carried via the undulator due to energy chirp and producing
significant CSE power. According to the findings, CSE was shown to be capable of
driving the bunch's electrons into weak super-radiant regimes. This is not the impact
of FEL, which is in a high gain collective mode.
The main challenge in this research is to use a simple geometrical strategy to minimise
the energy chirp effects. This strategy involves rotating the bunch in phase space to
reduce the microparticle's energy chirp. As a result, when comparing the chirped and
unchirped simulations, we see a distinct and evident bunching at the resonant radiation
wavelength with SASE. Finally, this method might pave the way for a bright future in
which plasma accelerators are employed to power FELs.
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Chapter 4
Study of Parametric Dependencies of the Injector Laser
Pulse
This chapter discusses the impact of various injector laser pulse parameters
on the electron beams produced in the collinear Trojan Horse scheme. Exploratory
simulations have been used to identify several parameter constellations to be studied
to maximise the insight gained at affordable computational costs. As key parameters
of interest, the laser pulse spot size w0, its laser intensity in the form of the
dimensionless laser amplitude a0, and the spatiotemporal position concerning the
blowout have been selected. As conventional photocathodes, the variation of the
plasma photocathode laser pulse parameters is the crucial parameter that determines
the initial fundamental witness bunch properties, such as charge. For example, tight
focusing of the laser pulse, and its comparable low intensity produce electrons in a
small volume and with small transverse residual momentum, are key to produce
ultralow emittance, and ultrahigh brightness electron bunches. However, similarly to
conventional photocathodes in linacs, the accelerating and focusing fields, phase
mixing, and space charge have a very important influence on the accelerating witness
bunch and its parameter evolution. In broad strokes, the injector part of the plasma
photocathode – plasma wakefield accelerator system is largely determined by the laser
pulse parameters and its spatiotemporal positioning. The high ionisation threshold
(HIT) plasma medium type and density, and the accelerator of the plasma
photocathode – plasma wakefield accelerator system are largely determined by the
driver beam configuration, the low ionisation threshold (LIT) medium type, and
density [31,49]. While there is a far-reaching decoupling between the injector and the
accelerator – a particular strength of the plasma photocathode mechanism – it is still
significant inter-dependence of the injector and accelerator, for example, reflected by
the transverse and longitudinal matching relations.

4.1 Low-fidelity Particle-in-cell Simulation
The fully explicit particle-in-cell code VSim/Vorpal has been used for all
simulations presented in this thesis. The input deck describing the physics
representation, and the associated techniques for computational efficiency and
numerical noise management have been developed collaboratively in the group over
many years since 2012 [49]. The required resolution and noise management are based
on the explored physics and adapted from case to case. The VSim code calculates the
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tunnelling ionisation rates by considering the He gas density, spot size and intensity of
laser pulse, and ionisation potential to calculate how much charge is released per time
step, then, the accumulated charge is the final witness charge. The PWFA stage and
the subsequent controlled injection of witness bunches via the Trojan Horse
mechanism is modelled in 3D. Here, the moving window simulation box, propagating
with the speed of light, contains 109 x 65 x 65 cells with cell size DX=DY=DZ= 3.2
µm to accommodate the plasma blowout structure, and one macroparticle for each cell.
This corresponds to nearly 450,000 macroparticles forming the plasma background.
The PIC-simulation was run for tsim » 3.3 ps, corresponding to a propagation distance
of zsim » 10 mm. The charge of the Gaussian electron driver beam is set to Qd = 900
pC with beam energy Wd=10 GeV, energy spread 2%, and its longitudinal 𝜎_,t =
20 µm (r.m.s), and transverse σ(u,v),w = 3.5 µm (r.m.s) dimensions are in one scenario
matched (4.2.1) with the plasma density. In this study, a combination of two different
types of gas was used. For the LIT component, hydrogen gas with density nH= 4.95 x
1016 cm-3 and plasma wavelength λx =150 µm was used, and for the HIT component,
helium gas with density nHe =1.5 x 1017 cm-3. These parameters have been applied to
all cases studied in this chapter. A laser pulse ionises the HIT component inside the
plasma wakefield for the Trojan Horse injection. The laser is implemented in the
envelope approximation, with an intense laser pulse following up the driver beam at
the distance = 100 µm, FWHM pulse duration 𝜏 = 30 fs, and at zi = 2mm reaches its
focal position where the intensity of laser pulse is just a little above the threshold of
tunnel-ionisation of the neutral helium. This leads to the release of He electrons onaxis directly inside the blowout cavity. The thereby formed witness beam is then
accelerated by the plasma wave for 10 mm, which leads to witness beam energies in
the range of 90-150 MeV based on the precise laser setting. The generated witness
beams are then visualised, post-processed and analysed.
In this thesis, the search was used computational resources of the National
Energy Research Scientific Computing Center - KAUST, which is supported by
Shaheen Supercomputer (project k1191), and the National Center for Combustion and
Plasma Technology – KACST continued support.

4.2 Variation of the Injector Laser Pulse
It is crucial to examine the variation of plasma photocathode laser pulse,
since the quality of the witness bunch strongly depends on the properties of the laser
pulse, such as spot size of laser w0, and normalised amplitude quantity a0. On the one
hand, the variation is necessary to adjust and optimise the quality of the produced
witness bunches [31]. On the contrary, it is also important to understand the impact of
the laser pulse parameters.
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As mentioned in section (2.3), in the plasma photocathode technique, the
driver beam produces a plasma wave, and the co-moving, collinear, spatiotemporally
synchronised laser pulse is focused within the blowout. The intensity of the laser pulse
is tuned to exceed the helium ionisation threshold (or, more generally, the higher
ionisation medium threshold) around its focus, which releases helium electrons
confined directly inside blowout with negligible transverse momentum. The
compactness of the release volume in combination with the low transverse momentum
leads to confinement of the initial transverse phase space. Thus, it produces a witness
bunch with low emittance, if the amount of released charge becomes not too high and
the emittance becomes space-charge dominated (see chapter 5).
The electron beam driver that is used to excite the LIT plasma wave can come
either from a conventional, radiofrequency cavity-based accelerator, or from LWFA
[31]. The origin of the driver beam influences many features of the setup, because, for
example, while an electron beam from a state-of-the-art linac can be assumed to be
stable, have low energy spread, and electron driver beam from LWFA would tend to
have a larger energy spread, be shorter, and have higher current. For a suitable setup,
one may consider this, which may also impact the choice for the injector laser beam
parameters to form the initial phase space for the witness bunch, with high tunability
[78].

4.2.1 The Spot Size of the Laser Pulse
The normalised transverse emittance in one dimension has a proportional
dependence with the laser pulse spot size and its normalised amplitude that can be
expressed as 𝜀! ∝ 𝑤% 𝑎% . Therefore, the initial 'thermal' emittance due to the residual
momentum of the release laser pulse is combined with the laser pulse spot size. It
should be noted that the laser pulse spot size during the release process is not the same
as the formed electron witness bunch, once trapped. First, the laser intensity may not
be large enough to the tunnel that ionises the HIT medium, thus releasing electrons
across the full spot size transverse profile. Second, the released electrons and the
formed witness bunch formed by them are then subject to the strong focusing forces
of the plasma wave. At the same time, the formed witness bunch exhibits transverse
forces due to Coulomb expulsion and Lorentz-contracted transverse electric fields. The
relation and equilibrium between transverse fields of the witness bunch, and the
transverse wakefields at the position of the witness beam are very important for the
witness beam evolution.
The witness bunch and the driver electron beam are subjected to the transverse
wakefields of the plasma wave. Therefore, the important part of plasma wakefield
acceleration is ensuring the stability of the driver beam propagation inside the plasma
blowout, which can be optimised by applying the beam matching formula:
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&
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= εn (√2/ (ωp/c) /√𝛾)

(4.1)

By adjusting the radius r of the driver beam to its normalised emittance en, Lorentz
factor g, and the plasma frequency wp [79]. The plasma frequency is dependent on the
plasma density and represents the focusing ion forces in the electron-free blowout.
This means that the electron driver beam transverse forces (pointing to the outside) are
in equilibrium with the transverse forces (pointing inwards) produced by the ion
background generated by the electron-ion charge separation in the plasma. Before
applying equation (4.1), the drive beam emittance was 2.25x10-6 m rad, the radius is
30x10-6 m with plasma wavelength 150 μm, and gamma factor 19500. Nevertheless,
after applying it, a beam emittance of 50x10-6 m rad, and the matched radius would be
equal to 3.5x10-6 m. Reduced emittance aims to get a smaller matched radius, leading
to higher densities, which means higher fields. The plasma photocathode spot size, w0,
and laser pulse intensity, a0, were varied in one case before applying the matching
condition, and in the other case after it was applied. We start by changing w0 and fixing
a0 to 0.018. The spot size w0 has been varied from w0 = 7 µm to w0 = 19 µm.
The driver electron beam and laser pulse parameters are summarised in table
4.1. Witness beam charges were calculated on the one hand via VSim, and on the other
hand, via an external tunnelling ionisation script developed by D. Ullmann and T.
Heinemann. This external script is much faster than a full PIC-simulation with VSim
and can be used to estimate approximate charge yields to be obtained in VSim, by
considering the laser pulse parameters, gas density, and ionisation potential. In Figure
(4.1), the calculated charge yields from the external script and from VSim are
compared across the full range of considered spot sizes w0. The witness beam charge
predicted by the external tunnelling ionisation script is slightly higher than those
obtained in the simulations. One of the reasons for this difference is the use of lower
resolution in the full PIC simulation, which leads to the interpolation of fields and can
be responsible for reduced tunnel ionisation rates. The trend is correct, confirming that
the underlying calculations and trends are confirmed.
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Figure 4.1: Plot of charge Qv predicted by the VSim code and charge Qs expected
from the tunnelling ionisation script versus spot size of plasma photocathode laser
pulse.

Next, Figure 4.2 shows the evolution of the projected transverse emittance, brightness,
and mean energy during propagation over a distance of 10 mm for the unmatched case,
and the matched case, obtained by VSim.
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Without transverse matching

35

With transverse matching

Figure 4.2: Evolution of the witness bunch parameters during propagation, when w0
is changed, and a0 is fixed. Shown are transverse emittance, brightness, and mean
energy. Both the scans are shown for the unmatched and matched case.
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Laser pulse parameters
Name

Values

Laser amplitude a0
Pulse duration 𝜏
Laser wavelength 𝜆=
Laser pulse position 𝜉>
Focal position zi

0.018
30 fs
800 nm
100 μm
2 mm

Driver beam parameters
Name

Without matching

With matching

Charge 𝑄
RMS bunch length 𝜎?,@
RMS bunch width 𝜎(A,B),@

2000 pC
20 μm
30 μm

900 pC
20 μm
3.5 μm

Normalised emittance 𝜀C
Energy W

2.25 m rad
10 GeV

50 m rad
10 GeV

Table 4.1: The laser pulse parameters and driver beam (without and with matching).

Regarding emittance, both in the unmatched and the matched case, the
emittance is monotonically increased when the spot size is increased from w0 = 7 μm
to w0 = 19 μm. In the matched case, the emittance values are closer together.
The witness beam obtains higher mean energy after matching concerning mean
energy.
Figure 4.3 shows PIC simulation result snapshots after a propagation distance
of 10 mm. The electron beam (green macroparticles) propagates to the right and drives
a blowout in the medium with LIT (here, hydrogen). The black line is the on-axis
accelerating electric field. In the centre of a blowout, a synchronised laser pulse has
ionised the HIT medium (here, helium) and has released He electrons (red dots) inside
the blowout. These He electrons have then been trapped and are accelerated to energies
by the accelerating field of the plasma wave. The colourmap shows the transverse
electric plasma wave field, which focuses on the electrons inside the blowout.
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Without matching

With matching

Figure 4.3: Numerical simulation of the TH technique (before and after matching)
over a distance of 10 mm. The green dots represent the driver beam, the black line is
the accelerating electric field, the middle is the laser pulse, and the red
macroparticles represent the witness beam.
The contribution of the laser pulse to the normalised transverse emittance can be
reduced using higher frequencies of the laser pulse and a small value of spot size w0 ∝
𝜆, which decreases the Rayleigh length ZR ∝
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4.2.2 Variation of the Normalised Amplitude of the Laser
Pulse
For this scan, w0 was fixed to w0 » 15 𝜇𝑚, and the dimensionless normalised
light amplitude a0 was changed, as defined in equation (2.2). As described by equation
(1.36), tunnelling ionisation rates have an exponential term, and for a given ionisation
potential of gas, the electric field of the laser pulse is decisive for the rate and amount
of ionised gas. By changing a0, as shown in equation (2.2), the corresponding laser
pulse electric field is changed linearly, and the tunnelling ionisation rates are changed
dramatically.
Another impact of a0 variation is that the volume over which the ionised gas
tunnel is changed because the volume around the laser pulse exceeds the tunnel
ionisation threshold field. An increased transverse extent of the ionisation region when
increasing the a0 of the laser pulse, for example, means that the initial betatron
oscillation amplitude is larger for some electrons. Therefore, the initial transverse
momentum: an electron 'born' further away from the propagation axis will be
accelerated towards the axis by the transverse focusing force of the plasma. It hence
will accumulate more transverse kinetic energy than an electron born closer to the axis.
A larger range of electrons being born farther away from the focus position in the
longitudinal direction means enhanced phase mixing for the produced electron beam.
Neither of these two volumetric effects can be good for the emittance of the formed
witness beams. While increased charge yield due to higher a0 should increase current
and the brightness of the formed beam. The rivalling effects are increased emittance
due to large release volume when a0 increases. The current and emittance influence
the composite parameter beam brightness. Hence, it is interesting to see how changes
of a0 will quantitatively affect the emittance, current, and brightness because of these
competing effects.
A simulation-based scan of a0, based on parameter accessibility to tune, has
been carried out in the range from a0 = 0.016 to a0 = 0.019 to examine the impact on
emittance and brightness, and energy gain, because the expected variation of charge
may also have an impact on the mean accelerating field due to beam loading. Figure
(4.4) depicts results for the unmatched and matched driver beam cases. Again, the
simulations have been run over a simulation distance of 10 mm.
The charge levels obtained for the various a0-values are an insufficient
agreement between tunnelling ionisation estimations and PIC, as we see in Figure
(4.5).
First, the emittance increases monotonously with increasing laser intensity. It
should be noted that the transverse residual momentum of the released electrons is not
correctly modelled because the plasma photocathode laser pulses have been
implemented in an envelope approximation by an analytical function. On the one hand,
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this simplification is required because the computational demands of a spatially
resolved injector laser pulse would require computational cell sizes small enough to
cover a single laser wavelength with tens of cells. In other words, it would open a
whole new resolution scale and therefore is computationally prohibitive. On the other
hand, such a simplification is justified because the residual momentum at the
investigated laser intensity levels is small compared to phase mixing, but even more
important small compared to space charge based effects on emittance. What is
observed in Figure (4.4) in the emittance plot is to be attributed to phase-mixing and
space charge effects. It should be noted that the y-axis is plotted logarithmically
because of the huge differences in emittance, likely an effect dominated by space
charge.
Regarding 5D-brightness, the picture is unclear: the obtained values are more
similar, which is the result of the competing effects between increased current due to
the increased charge, which increases the brightness, and the increased emittance due
to space charge and phase mixing, which decreases the brightness.
Finally, the mean energy obtained is plotted. Again, we observe a monotonous
behaviour in obtained mean energies is larger for lower a0. This is the effect of beam
loading of the plasma wake, which manifests itself as reduced electric accelerating
field and, consequently, reduced energy gain. This observation indicates that the
dominating effect in the scan is indeed a space charge.
Concerning differences between the unmatched and matched case, a more regular
behaviour can be observed in the matched than in the unmatched case, even with
logarithmic scales for emittance and brightness plots.
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Without transverse matching

41

With transverse matching

Figure 4.4: Evolution of the witness bunch parameters during propagation when a0
is changed, and w0 is fixed for transverse emittance, brightness, and mean energy, the
scans before and after matching.
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Figure 4.5: Plot of charge Qv predicted by the VSim code and charge Qs expected
from the tunnelling ionisation script versus plasma photocathode laser pulse
intensity.

4.3 Variation of the Laser Pulse Offset
The previous study shows that the properties of the plasma photocathode laser
pulse in terms of spot size w0 and laser intensity, represented by a0, have a distinct
effect on the quality of the witness bunch. Another method to tune the parameters of
the witness bunch, and an experimentally very real parameter variation even from shot
to shot, is a transversally and horizontally varying position of the laser pulse within
the blowout. The following two subsections are studied, such as transverse and
longitudinal offset of the release laser pulse and its effects on key witness beam
parameters.

4.3.1 Transverse Offset
First, the effect of transverse offset variation is studied. One can
straightforwardly inject electrons with a transverse offset at another transverse position
inside the blowout, experimentally, by shifting the injector pulse in the corresponding
position through a mirror shift. The positively charged ion background inside the
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plasma wake blowout provides a restoring force for an electron produced off-axis or
overshoots. When injecting any electrons off-axis, they oscillate inside the blowout at
a betatron frequency :

𝑤{ = 𝑤B /(2𝛾)//&

(4.2)

Where 𝛾 = (1 − 𝑣 & /𝑐 & ),//& is the Lorentz factor of witness bunch, and 𝑤B is the
plasma frequency. The oscillations performed by the electrons in the transverse plasma
wake are known as betatron oscillations, and the name is derived from the classical
Betatron accelerator device, in which the electrons oscillate around stable orbits during
the acceleration process. Betatron oscillations are useful for radiation production
because electrons in their turning points of the oscillations emit radiation. The plasma
photocathode technique offers a unique path to release distinct electron populations
off-axis and trigger betatron oscillations, which could be used for radiation production
and light source applications. Here, the impact of transverse off-axis released on
electron beam quality shall be examined.
In a PIC simulation scan, transverse offsets up to 10 µm were applied and explored.
Table 4.2 shows the impact of transverse release laser offsets on charge Q, produced
bunch length, peak current Imax, emittance and 5D brightness B5D.

Name

Transverse
offset value

Charge
Q

Max current
Imax

Emittance
𝜺

5D brightness
B5D

The max
length
LenMax

Unit

μm

pC

KA

m rad

A/(m2rad2)

μm

0
(no offset)

77.01

70.74

y=1.24x10-7
z=1.23x10-7

9.27 x 1018

2.43

1

81.16

66.75

8.01 x 1018

2.52

3

91.83

51.83

4.30 x 1018

2.63

5

104.33

38.97

2.54 x 1018

2.68

10

144.01

43.78

y=1.34x10-7
z=1.25x10-7
y=1.85x10-7
z=1.27x 10-7
y=2.22x10-7
z=1.27x10-7
y=5.52x10-7
z=1.06x10-7

1.50 x 1018

5.73

Table 4.2: The witness bunch parameters when shifting the release laser pulse
transversely for the case of a0=0.018, and w0=15μm.
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First, because the blowout, in this case, is small, a transverse variation of the
laser pulse position will mean that the superposition of the laser pulse electric field
with the plasma wakefield is significant [51]. As a result, the charge yield further away
from the central propagation axis is significantly increased, doubling from 77 pC onaxis to 144 pC, at a release position 10 µm away from the axis, where the transverse
wakefield is large (see Figure 4.6)[80].
At the same time, a larger charge produces increasingly longer formed electron
witness beams, this occurs on the one hand, due to an increased release volume because
of the superposition of laser and wakefield, but on the other hand, also because of
beam loading. Also, this is shown by the calculated current I, thus reflecting the ratio
between increasing charge and increasing bunch length. The current I does not show
a clear trend but reflects the competing effects and linear impact of charge and bunch
length.
The increasing beam loading with increasing charge is also reflected by the
mean energy gain, as shown in Figure (4.7): higher charge means stronger beam
loading, and the average accelerating field is lower and leads to reduced energy gain.
Regarding transverse emittance, Figure (4.8) shows that the emittance of the
witness beams increases strongly (note the logarithmic scaling of the y-axis), when the
laser pulse releases electrons further away from the axis. Increased space charge forces
cause this due to the larger charges released when further off-axis, but there will also
be a contribution of increased phase mixing, and an effect to be attributed to an
increased transverse momentum of the released electrons. They accumulate a kick by
the electric forces produced by the field of the ions, which accelerates released
electrons transversally towards the axis.
Finally, the joint impact of current and emittance is visible in the 5D brightness
B5D as a composite parameter (see figure 4.9). As one may expect from the comparable
current values obtained for various transverse offsets, the emittance increases for
larger offsets, but the brightness is largest for on-axis release smallest for release far
from the axis. Again, logarithmic scaling is required to visualize this trend properly.

45

Figure 4.6: The injected charge against the transverse offset of the laser pulse.

Figure 4.7: Energy scan of the witness bunch at various values of transverse offset
of the laser pulse during propagation.

Figure 4.8: Evolution of the transverse emittance of the witness bunch during
propagation when the laser pulse is released transversely.
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Figure 4.9: Evolution of brightness of the witness bunch during propagation when
the laser pulse is released with different transverse offsets.

4.3.2 Longitudinal Offset
The effect of changes in the longitudinal release position has been explored in
another simulation scan. This corresponds to a timing variation between the laser pulse
and the driver electron beam, which is particularly relevant for linac-driven systems.
The default release position is in the centre of the blowout, located at » 100 μm behind
the drive beam. As shown in table (4.3), the longitudinal offset increases from the
centre of the blowout up to 120 µm to explore the effect on charge Q, bunch length,
peak current Imax, emittance and 5D brightness B5D.
As a result of these scans, the charge increases gradually, as we move the laser
pulse away from the centre of the blowout longitudinally. This can be explained by the
fact that the longitudinal wakefield is zero around the centre of the blowout, where the
longitudinal field changes from accelerating to decelerating but increases the farther
one moves away from the zero-crossing. As for a longitudinal shift, an increasingly
larger longitudinal shift means that superposition of laser electric field and plasma
wakefield increases the peak electric field amplitude, and the tunnelling ionisation
rates. This explains why one sees an increase in charge, as shown in Figure 4.10.
As shown in table (4.3), the current for this scan shows a decreasing trend as
the longitudinal offset and, therefore, the amount of released charge increases,
reflecting the competing impacts between charge and bunch length.
Concerning the transverse emittance, as shown in Figure (4.11), the emittance
shows a decreasing trend when the offset is changed from 100µm to 120µm.
Finally, as shown in Figure (4.12), the 5D brightness decreases because of the ratio
between current and emittance, as mentioned earlier in section (4.3.2).
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Name

longitudinal
offset value

Charge
Q

Max current
Imax

Emittance
𝜺

5D brightness
B5D

The max
length
LenMax

Unit

μm

pC

KA

m rad

A/(m2rad2)

μm

100
(no offset)
105

77.80

69.70

9.15 x 1018

2.43

79.38

47

5.99 x 1018

2.46

110

80.73

35.04

4.47 x 1018

2.83

115

81.64

27.88

3.75 x 1018

3.54

120

83.34

23.30

y=1.24x10-7
z=1.23 x10-7
y=1.27x10-7
z=1.23 x10-7
y=1.27x10-7
z=1.23 x10-7
y=1.23x10-7
z=1.21 x10-7
y=1.15x10-7
z=1.13 x10-7

3.59 x 1018

3.46

Table 4.3: The witness bunch parameters when shifting the laser pulse release position
longitudinally, for the case of a0=0.018 and w0=15μm.

Figure 4.10: The injected charge against the longitudinal offset of the laser pulse.
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Figure 4.11: The evolution of transverse emittance of the witness bunch during
propagation when the laser pulse is released longitudinally.

Figure 4.12: Evolution brightness of the witness bunch during propagation when the
laser pulse is released longitudinally.

4.4 Summary
The laser pulse must be adjusted accurately to produce a high-quality witness
bunch, which strongly depends on the properties of the laser pulse. We saw how
increasing the laser spot size affected the quality of the witness bunch by increasing
its emittance value and decreasing brightness. Also, this applies to the laser intensity,
where increasing its value led to a worse emittance value and brightness growth.
Furthermore, beam matching is a critical part of accelerators because it minimizes the
instabilities inside the plasma and increases the mean energy of the witness bunch.
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About transverse offset, we observed how increasing the offset affected the witness
bunch parameters by significantly increasing the emittance value with the increase in
the beam length, which affected the current value. Likewise, increasing the
longitudinal offset affected the current value by decreasing its value and brightness
value and slightly affecting the emittance.
These considerations guide the experimental parameter range which is required
to realize future experimental implementations, with major long-term applications
such as a plasma-based free-electron laser via ultrahigh brightness beams produced
through the Trojan Horse technique.
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Chapter 5
Space Charge Effects In a Plasma Photocathode
In the previous section, we have seen that the charge released by the plasma
photocathode process plays a dominating role in emittance and brightness when
increasing the space charge to higher levels, e.g., in the high 10’s to 100’s of the pC
range. For example, beam-loading leads to increased bunch length due to the
interaction with the plasma wave wakefield and electrostatic potential, but more
importantly, intra-beam space charge leads to an increase of transverse momentum of
the beam electrons. This increases the emittance as the released charge is increased.
This is very important because it is desirable to have a high charge (and current) and
low emittance for applications.
In [77], the issue of space charge emittance growth was addressed in the
context of energy spread. While it is possible to beam-load the wake with a single
plasma photocathode to flatten the local accelerating field for optimized energy spread
yields, the emittance suffers from that approach. The deleterious effect of space charge
on emittance occurs at the beginning of the release and trapping process. This is
because the beam stabilizes relativistically, as it accelerates and becomes increasingly
immune to space charge effects.
However, the evolution and dynamics of space charge during release, trapping,
and acceleration on a single bunch has to be explored. It is crucial to understand this
to optimize the process and perhaps to develop novel schemes that can be used to
compensate for associated emittance growth.
The approach taken here is to extend the exploration by scanning various
densities of HIT components, including very high density, to find links, e.g., between
produced charge (density) and emittance growth. We examine this for two different
laser spot sizes at three levels of HIT densities at specific, artificially set ionisation
potential values to investigate and explain how released charge impacts the formed
witness bunch. In this context, we will exploit several options that are not directly
accessible to experiments but are possible to exploit in simulations.
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5.1 Generating a Witness Bunch by Varying the Background
Density with Low-fidelity PIC Simulation

It is expected that increasing the density of helium (or any HIT components,
for that matter) will increase the charges of the witness bunch approximately linearly
with density, because the quantity of electrons released is proportional to the density
of the gas [81]:
𝑁+ ≅ 𝑤r& 𝑙* 𝑓* 𝑛^+ 𝑎r &

(5.1)

Where 𝑙* represents the region length of gas that will be ionized, 𝑓* is the fraction of
ionized electrons, nHe the gas density, and 𝑎r is the normalised amplitude of the laser
field.
By increasing the He density, the witness electrons repel each other much more
because they feel the Coulomb field of many surrounding electrons, which is expected
to increase the transverse momentum that develops. They also change the collective
wakefield structure such that the wakefield is distorted (beam loading effect).
In the context of the various forces occurring inside the plasma accelerator,
intra-beam space charge forces are to be seen with the other forces present in the
plasma wave. It is important to remember that a beam injected from a Trojan Horse
plasma photocathode will have an initial emittance specified by the laser’s w0 and a0.
However, the further evolution is then dependent on the plasma wake characteristics,
such as the focusing force of the wake, the relation of intra-beam space-charge forces
to the plasma wave focusing, and phase mixing, …etc.
The preliminary laser parameters and the focused wakefield forces are crucial.
A beam injected may extend or compress transversally until the balance between both
extending and focusing forces is reached naturally, resulting in matching. In that case,
the beam may rapidly match, e.g., when the released electrons can not accumulate too
large transverse momentum during the trapping process in the transverse fields of the
plasma wake, and emittance may then remain constant, ideally at as low level as
possible. The space charge force becomes more significant and widens the beam if we
liberate further charge by raising the HIT density. Furthermore, when a high charge
quantity is released, space charge begins to dominate all other contributions to the
emittance, causing the beam emittance to grow.
Therefore, it is crucial to explore the space charge related emittance effects
during release, trapping and initial acceleration. This PIC study first plotted the
transverse normalised emittance during the plasma photocathode process to
understand its evolution. Two cases of laser spot size were examined, namely w0=7
μm and w0=15 μm. For these two spot sizes, the helium density was changed.
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In this study, the two different initial beam radiation are only in the low charge
regime determined largely by laser spot size w0 and intensity a0. In both cases,
increasing the HIT density; then increases the space charge until it dominates.
The PWFA and the subsequent controlled injection of witness bunches via the
Trojan Horse mechanism are modelled by the fully explicit 3D PIC code VSim. As in
chapter 4, the produced witness beam charge observed by the tunnelling ionisation
implementation in VSim and the one predicted by the external tunnelling ionisation
script have been compared. For the simulation runs to be comparable as much as
possible, the simulation length and the number of dumps must be the same in both
situations. Here, the dump ratio is chosen such that there is 1 dump per 5 μm of
simulated propagation. The simulation code then keeps all relevant files (e.g. "dumps"
of electric fields, macroparticles etc.) every 5 μm that the moving simulation box
propagates. This means, in the case of w0=7 μm, the number of dumps is 600, and in
the case of w0=15 μm, the dump number=800.
A combination of two different types of gas was used to provide the LIT
medium and the HIT medium independently. This is required to be able to vary the
HIT medium to vary the released charge linearly. The LIT (hydrogen) gas density is
the same as used in the fourth chapter settings. Concerning the HIT medium, we used
different helium densities from 1.5x1021 m-3 up to 1.5x1026 m-3. The charge of the
driver beam was also changed and initially set to Qd = 4500 pC, and the ionisation
potential used by the simulation has been artificially increased and set to ξi = 70 eV.
The reason for the driver beam charge increase is to be able to trap and contain a higher
witness beam charge. Otherwise, the released charge is not all trapped when operating
at elevated HIT densities, and the effects of beam-loading are influential. Both
compromise the comparability of the simulations regarding intra-beam space charge
force effects. As a result of the increased driver beam charge, however, the peak
electric field of the drive beam and the wakefield are increased, beyond the real
ionisation potential of helium of ξi = 24.6 eV. This means that both the electric field
are associated with the driver beams, and the wakefield exceeds the tunnelling
ionisation threshold of helium – thus leading to unwanted hot spots and current dark
production. Fortunately, the simulation allows one to set the ionisation potential to
arbitrary values, thus enabling the study of space charge effects in experimentally
inaccessible parameter regimes, which is helpful to gain a proper understanding of the
parametric dependencies involved. The driver electron beam and laser pulse
parameters are summarized in tables 5.1 and 5.2, respectively.
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Name
Charge 𝑄
RMS bunch length 𝜎_,t
RMS bunch width 𝜎(),#),t

Unmatched
4500 pC
20 μm
3.5 μm

Normalised emittance 𝜀!
Energy W

50 m rad
10 GeV

Table 5.1: The driver beam parameters in the 3D PIC simulation for the broad range
witness space charge effect studies.

Name
Laser amplitude a0
Pulse duration 𝜏
Laser wavelength 𝜆M
Focal position zi

Values
0.081
30 fs
800 nm
2 mm

Table 5.2: The laser pulse parameters used in the 3D PIC simulation for these scans.
First, the results of the witness beam charge from PIC and the external
tunnelling ionisation script should again broadly agree, as they describe the same
physics. Figure (5.1) shows the results from numerical implementation via the
tunnelling ionisation script and the VSim code for the two spot sizes of w0 =7 μm and
w0=15 μm. Here, a linear y-axis scaling is chosen to show that at low to modest “He”
densities, the released and trapped charge yield predictions agree (similar to in chapter
4), but that at higher HIT densities, a substantial difference between prediction and
VSim code develops. This is less a signature of numerical differences between the
external script and the VSim implementation, but the wakefield is no longer strong
enough to contain all the witness beam charges. In VSim, the charge is counted after
the release process is over: when the wakefield is not strong enough, an increasing
amount of charge is not captured and has already left the forward-propagating
simulation box is not counted anymore. In any case, to overcome this, one needs a
stronger driver beam and associated wakefield. The drive beam charge hence has been
increased to 5500 pC. Re-running the simulations with this driver beam shows that all
released charge is indeed trapped for the whole range of laser spot sizes and He
densities, and the predicted/observed values are in much better agreement, as shown
in Figure (5.2).
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Figure 5.1: The plot of Qv (VSim) and Qs (script) versus He density for both cases
w0 =7 μm and w0 =15 μm when Qd=4500 pC.
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Figure 5.2: Plot of Qv and Qs versus He density for both cases w0 =7 μm and w0 =15
μm, when Qd=5500 pC.
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Figure (5.3) shows the evolution of the transverse emittance. For the w0=7 μm
case, one obtains transverse normalised emittance values of the order of en < 100 nm
rad for HIT densities up to 1.5 × 1021 m-3 and correspondingly low total witness charge
levels. For higher HIT densities, emittance increases, but then, when the density is
increased to 1.5 × 1026 m-3, there is a dramatic jump in emittance up to > 1 µm rad.
This corresponds to a jump in witness charge up to the 100 pC level. A first assumption
and conclusion are at such charge levels, space charge effects kick in and suddenly
increase the obtained emittance by order of magnitude. This observation is useful for
the first estimation of the range where space charge effects begin to dominate the
emittance levels. For the w0=15 µm case, due to the much larger charge ionisation
volume (remember, the peak laser intensity is kept constant for both cases). As shown
in the plot, the space-charge-related emittance growth sets at much lower densities
revealed by the corresponding simulations. In the case of w0=7 μm, if the number of
macroparticles is too low in the simulation, we get statistical outliers (e.g., emittance
plots would show irregular behaviour) for that we increased a0 to 0.1 in the case w0=7
μm with the same parameters to get sufficient witness beam charge to adjust the growth
of transverse emittance, see table (5.3). The charge is produced in the simulation
increased by a factor of 10, and the growth of transverse emittance looks good for He
density=1024 up to 1026.
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Figure 5.3: Evolution of the transverse emittance for the witness bunch during
propagation for w0=7 μm and w0=15 μm.
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He density
1.5 x 1021 1.5 x 1022 1.5 x 1023 1.5 x 1024 1.5 x 1025 1.5 x 1026
-3
(m )
Charge
0.013
0.13
1.31
13.18
131.8
1313.45
(pC)
Transverse
emittance 6.60x10-8 6.29x10-8 3.22x10-8 1.18x10-7 3.69x10-7 2.81x10-6
(m rad)
Table 5.3: The witness bunch charge and its transverse emittance value when the
dimensionless laser pulse intensity is increased to a0 = 0.1 in the case w0=7 μm.

The last results have shown that the chosen physical parameters yield an
appropriate range of witness beam charges for both cases w0=7 μm and w0=15 μm
across the range of He densities. However, this working point range has to be adjusted
from a numerical standpoint in the next step. The grid resolution has to be increased
(i.e., the cell size has to be decreased) to achieve a better resolution and get accurate
results across the wide range of HIT densities and corresponding witness beam
charges.
Before executing high-resolution simulations for study space charge effects during the
injection process of trojan horse PWFA simulations, in the previous simulation, a
limited number of macroparticles were used where ionized 0.2 percent of the gas
background was ionized after the laser passed through. After applying the ADK
model, we found out by inserting a0 and ξi values in equation (1.36). To ensure that
we end up with enough macroparticles to evaluate the simulation, we used the ADK
model to get a suitable parameter set that leads to ionized 10 percent background by
using laser pulse intensity a0= 0.123 with ξi =75 eV, as shown in Figure (5.4).
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Figure 5.4: Plot of the on-axis ionisation ratio exactly at the time when the laser
reaches its focus for both cases w0=7μm and w0=15μm. The top panels show the
scenario a0=0.081 and ξi =70 eV, and the bottom panels a0=0.123 and ξi =75 eV.

After raising the percentage of ionisation in the background gas density, the previous
simulations were repeated with the same parameters that were used for both cases,
w0=7 μm and w0=15 μm, as presented in tables (5.4) and (5.5).

He density
1.5 x 1021 1.5 x 1022 1.5 x 1023 1.5 x 1024 1.5 x 1025 1.5 x 1026
(m-3)
Charge
0.044
0.451
4.516
45.16
451.6
3916.6
(pC)
Transverse
emittance 3.33x10-8 2.28x10-8 4.11x10-8 1.18x10-7 4.67x10-7 6.54x10-6
(m rad)
Table 5.4: The witness bunch charge and its transverse emittance value, after
increasing the ionisation rate to ξi =75 eV with a0= 0.123 in the case w0=7 μm.
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He density
(m-3)
Charge
(pC)
Transverse
emittance
(m rad)

1.5x 1021

1.5 x 1022

1.5 x 1023

1.5 x 1024

1.5 x 1025

1.5 x 1026

1.16

11.60

116.04

1161.10

7799.44

6869.74

8.57 x 10-8

1.69 x 10-7

9.08 x 10-7

9.91 x 10-7

1.64 x 10-5

1.25 x 10-5

Table 5.5: The witness bunch charge and its transverse emittance value, after
increasing the ionisation rate to ξi =75 eV with a0= 0.123 in the case w0=15 μm.

5.2 Using High-fidelity PIC Simulation
An overarching motivation for this work is to explore the production of highquality electrons bunches, particularly for FEL applications. As the preliminary
simulations have shown, various factors impact the properties of the generated witness
bunches and can increase emittance value. Some physical reasons and mechanisms
lead to emittance growth (such as a poorly matched witness beam) and numerical
mechanisms, and often these mechanisms occur strongly in particle-in-cell
simulations. As discussed, one strong factor that dominates witness beam quality at
elevated charge levels comes from space charge forces. The matched witness beam
size is small, and the charge density is particularly large. Therefore, one needs
extremely well-resolved and noise-free simulation methods to resolve the physics, but
on the other hand, to suppress numerical emittance growth, e.g., due to numerical
Cherenkov radiation. Even if the input deck and simulation setup are optimized, high
resolution inevitably means that simulations are very costly. We will examine the
impact of space charge on the witness bunch as well as the mechanisms that space
charge produces during and immediately after injection in this research, because, at
low energies, space charge has a significant impact, the forces of space charge increase
with decreases of gamma during acceleration according to equation (3.5).
Three well-defined high-resolution simulations are used in the refined
simulations: low-charge, medium-charge, and high-charge witness bunches for two
spot sizes of the plasma photocathode, the laser pulse of w0=7 μm, and w0=15 μm (see
Figure (5.5)). Based on the previous findings, these simulations are physically and
numerically well comparable and allow to delve into details of the emittance growth
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during release. VSim’s average ADK model for ionisation and otherwise identical
simulation settings are used.
As indicated previously, a very important and useful trick is available
exclusively for simulation-based work, not for the experiment. In addition to the
realistic simulations with intra-bunch space charge effects, each high-resolution
simulation is repeated by artificially switching off the witness beam self field
interaction. This means that the witness beam electron macroparticles will only be
subject to the plasma wakefields but not repel each other. This allows one to compare
the witness beam parameters for the simulations with space charge (SC) on and off, to
explore the substantial differences, isolate, and understand the space charge effects.
The parameters of the driver electron beam, photocathode laser, and gas
medium (HIT) are summarized in tables (5.6), (5.7), and (5.8), respectively.
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Figure 5.5: Plot of witness charge versus He density for w0 =7 μm and w0 =15 μm,
respectively.
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Name
Charge 𝑄
RMS bunch length 𝜎_,t
RMS bunch width 𝜎(),#),t

Values
5500 pC
20 μm
3.5 μm

Normalised emittance 𝜀!
Energy W
Energy spread
plasma Wavelength 𝜆B

50 μm
10 GeV
2%
200 μm

Table 5.6: The driver beam parameters used for the high-resolution 3D PIC
simulations.

Name
Laser amplitude a0
Pulse duration 𝜏
Laser wavelength 𝜆M
Focal position zi
Laser position (behind
the drive beam center)
RMS spot size w0

Values
0.123
30 fs
800 nm
2 mm
100 μm
7 μm and 15 μm

Table 5.7: The laser pulse parameters used for the high-resolution 3D PIC
simulations.

Name
Ionization potential ξi
HIT DENS

Values
75 eV
change value in this study

Table 5.8: The gas medium parameters (HIT) are used for the high-resolution 3D
PIC simulations.
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Studying the relevance of space charge forces for Trojan Horse injection with
physical parameters shown in Tables 5.6-5.8 requires highly optimized simulation
decks. Since space charge forces occur within the electron witness beam distribution,
the spatial resolution must be improved substantially compared to the simulations, as
shown in Chapter 4. Here, the optimized resolution of DX = 0.16 µm longitudinally
and DY = DZ = 0.4 µm in transverse direction represents a tremendous improvement
and challenge. Combined with an improved Yee solver [82], this setting yields high
numerical precision and ultra-low numerical noise so that observed emittance growth
can be attributed directly to physical space charge effects. Consequently, these
simulations are extremely costly and require ~ 8000 processors for 1281 hours on the
Shaheen-II supercomputer.
Furthermore, this simulation deck employs an extremely high dump rate that
allows identification of space charge effects already during the dynamics of the
ionisation process of the Trojan Horse process. Particle tracking allows the following
the 6D phase space trajectory of each electron released by the Trojan Horse process
via unique macroparticle identifier tags. Combined with the high resolution, the
simulations produce several TB data within a very short time. To realise this
demanding simulation, the burst buffer feature of Shaheen-II is used, which speeds up
the I/O process by a factor of ~10-100. The high dump rate is maintained until the
witness beam is fully formed and has gained relativistic energy, which is defined here
as having 10-20 MeV mean energy.
The settings that were made in this simulation are as follows (see Figure (5.6)):
First, the simulation was carried out on the Shaheen super-computer for eight
hours and uses 10TB of burst buffer capacity to speed up the production of dump files.
The beam is started in a vacuum at the start. Then, the beam penetrates the plasma
with a suitable upramp and produces the wakefield. When the wake has formed, the
simulation performance is improved by spreading the particle load over all processors
as evenly as feasible. Iterative post-processing and visualisation of the produced
dumps and simulation results have been used to ensure the numerical and physical
evolution of the fields, particles and beams in the simulation box are sound and can be
used for analysis. This is important due to the very high computational costs of these
simulations.
Second, the simulation is restarted, and the simulation propagates until the
blowout is formed and stable. This is also confirmed through
postprocessing/visualising of the produced dumps. Because the distance from the first
dump until the laser commences ionising is identical for all our simulations. Then, we
only have to save the final dump before the ionisation occurs. This is then used as a
starting point for all subsequent simulations, whereby the different HIT densities and
spot size of the laser pulse are varied, and the space charge effects are turned off for
the important artificial reference simulation. This avoids repeating the redundant
simulation part before the laser ionisation occurs.
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Third, the simulation is restarted with an increased dumps rate for HIT
electrons during injection, but the reduced dump rate for all other fields and particles
for the injection phase, since keeping the same dump rate for fields would exceed the
storage capabilities of the Shaheen-II. The iterative postprocessing/visualizing of the
dumps and, in particular, the witness beam macroparticles was crucial to carry out the
simulations without exceeding the storage capabilities of the Shaheen-II HPC cluster.
In the end, all released HIT electrons were accelerated to approximately 20 MeV,
where they are regarded as relativistically stable regarding space charge, and phasemixing has been completed largely.
It shall be confirmed that the simulations shown here are purposefully not all
realistic. The driver beam charge is set particularly high in order to drive a wake that
allows systemic investigation of witness beam space charge, the ionisation potential is
set to an artificially high value to avoid current dark production by the driver beam,
wakefield and witness beam, and the intra-beam space charge effects have been
switched off by the split-field method. Only this enables us to isolate the relevant
effects to be studied here and compare them to maximize the relevance of the results.
In the split field method, the witness electron macroparticles do not only not interact
with each other based on their Coulomb forces but also do not interact by magnetic
pinching due to the current they collectively (would) produce. They are exclusively
subject to the wakefields.

Figure 5.6 : Illustration of the computing steps used for space charge study.
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5.3 Examining the Impact of Space Charge on Witness Bunch

Quality
With the settings described in the previous section, the case of w0 = 7 μm at a
He density equal to 3.3x1022 m-3 is investigated in detail. This produces a low-charge
witness bunch with very low emittance. Now, the normalised emittance evolution in
both transverse planes during injection and trapping is plotted in Figure (5.7). At dump
836, the energy of the accelerated electrons corresponds to 15.8 MeV. As shown in
(5.6), there are spikes in the plots that make the analysis more difficult. These spikes
can result from single electron macroparticles that may appear from non-zero
ionisation rates even outside the laser focus spot, dramatically impacting the
momentary emittance calculation. Figure (5.8) shows how the macroparticle appeared
physically irrelevant, but numerically impactful positions in phase space can distort
the emittance calculation. The corresponding spike in emittance is not permanent
because either the stray particle is not trapped and hence lost from the simulation box,
or it is trapped, and then, legitimately contributes to the formed witness beam. This
explains the tail of the spikes, with a typical length of a few dump numbers.

Figure 5.7: Evolution of the transverse emittance in both planes for the witness
bunch versus dump numbers, for w0 = 7 μm, with stray particles.
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Figure 5.8: A zoom in on the emittance spike shown in Figure 5.7, resulting from a
stray particle appearing in the simulation box at dump number 560.

An in-depth analysis by plotting the longitudinal and transverse phase spaces
for these dumps, as shown in Figure (5.9), reveals where stray particles that falsify the
calculated emittance value are located in longitudinal and transverse phase spaces.
Figure (5.10) shows the stray particle in real space. This stray particle does not belong
to the formed witness bunch and therefore has to be excluded from the analysis. This
identification allows omitting the distorting macroparticles from the analysis, cleaning
the plots and focusing on the statistically relevant emittance of the laser-produced
witness beam.
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Figure 5.9: Example of identification of stray macroparticles (emphasized by adding
the circle) that falsify the calculated emittance value of the beam by plotting the
longitudinal phase space and the transverse phase spaces in both planes, shown here
for the example of dump number 560 in the simulation shown in Figure 5.8.

Stray particle

Figure 5.10: Real-space visualization of dump number 560, where the black arrow
highlights a red stray particle.
In this example, before cutting, the obtained transverse emittance values are at
dump 560 amounts to 1.07x10-6 and 6.9x10-7 m rad in the y and z directions,
respectively. After removing the stray particle, at that dump, the (projected) emittance
reaches 5.02 x10-8 m rad and 5.03x10-8 m rad in the y and z directions, respectively,
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which is a more realistic value. Now, one can focus on the real witness beam phase
(and real) spaces, as shown in Figures 5.11 and 5.12. Interestingly, the transverse phase
space plots show how phase is mixed due to the plasma photocathode release
procedure causing a broadening of the phase space (i.e., several phase space ellipses
of electrons are produced and then mixed).

Figure 5.11: Plot of phase spaces in x (longitudinal), y and z directions for dump
number 560, after cutting away the stray particles.

Figure 5.12: The real space of dump number 560 after cutting away the stray
particles.
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The cleaning procedure can only be partially automatised, and has to be
repeated for each dump where stray particles and corresponding dumps in the
emittance plots appear. Following this procedure, it was possible to obtain the real
emittance curve shown in Figure (5.13). With that, much more meaningful and
systematic analysis is possible. Here, one sees that after the initial release process and
corresponding high emittance, the emittance reaches a minimum shortly after dump
400, and then increases due to phase mixing. The bunch emittance value rises to ~8.82
x10-8 m rad, and while at this stage, it does not yet seem to have reached saturation in
this scenario. It allows us to examine the most important phase of release trapping,
initial acceleration, and the emittance dynamics are associated with it.

Figure 5.13: Evolution of the transverse emittance for the witness bunch versus dump

numbers after cutting the stray particles, for w0 = 7 μm.

The full range of (projected) witness beam parameters is extracted, namely
charge Q, r.m.s. bunch length, current, bunch width, transverse momenta, mean
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energy, r.m.s. energy spread, and 5D brightness. The evolution of these parameters is
displayed in Figure (5.14). Such a comprehensive plot that allows one to correlate
trends in one parameter with trends in another, and in particular composite parameters
such as emittance and brightness, is crucial to understanding the details of the Trojan
Horse beam dynamics.
First, the charge Q curve shows that the release process is finished at a
propagation distance of approximately 2300 µm. This is expected because the laser
focus is specified to be around 2.2 mm in the simulation. One sees that the laser starts
ionising shortly after the wakefield has propagated 2000 µm. The released charge then
ramps up in a sinusoidal fashion during focusing. The charge yield (i.e. the time
derivative of charge versus time) reaches its maximum at the focus position, and then
the charge yield rate decreases until the charge saturate when the ionisation of the laser
pulse stops because the laser is diffracting away. The total charge accumulated by this
process is Q ~ 1.28 pC.
The corresponding evolution of the bunch length σx shows that the bunch
length is longest during the release process, and reaches a maximum length
approximately when some electrons already have reached their final trapping position
in the back of the plasma wave. Others are still significantly released by the laser pulse
around the centre of the plasma wave. The maximum bunch length is reached at about
2180 µm of propagation distance with σx ≈ 20 µm. Generally, when the laser pulse
releases in the centre of the plasma wave, and the released electron population is
completely trapped, the maximum length the bunch can assume during release is half
of the plasma wavelength σx ≈ 𝜆B /2, in reality, because the trapping position is earlier.
In this case, it is significantly earlier due to the strong plasma wake, and one has σx <
𝜆B /2 for the maximum bunch length. Once the laser-based tunnelling ionisation ceases,
the electrons are compressed during the trapping process as they accumulate around
the trapping position. Interestingly, while the second panel of Figure (5.14) may appear
to indicate that the trapping process is over at a propagation distance of approximately
2.5 mm, a zoom-in (shown in the third panel) shows that the compression process goes
on a little while longer until the final, minimum bunch length is assumed. This is
important to understand the trend of the current I in the next panel.
The peak current can be expressed as [83]:

𝐼B = 𝑑𝑄/𝑑𝑡|$y) = 𝛽𝑐𝑄/√2𝜋𝜎) (5.2)

Where 𝛽 is the beta function of the electron bunch and c is the speed of light, which
clearly shows the dependence of the peak current on bunch length σx. Consequently,
the current ramps up while charge release is ongoing and the trapping and compression
occur. The current monotonically increases (the zigzag spikes in the plot are a
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numerical artefact) and asymptotically reaches I ~ 0.92 kA at the end of the simulation
at 3.3 mm.
Next, the bunch width σy is plotted. While the laser pulse is propagating in the
centre of the plasma wave also transversally, its waist has a finite size (in this case, w0
= 7 µm). Therefore, electrons are released in this range around the axis, dependent on
the momentary local intensity and the electric field that may cause tunnelling
ionisation. Electrons released off-axis are subject to the transverse electric wakefields
and, therefore, will gather transverse momentum towards the axis, will overshoot and
oscillate back – a phenomenon known as betatron oscillation. Because the release
region of the laser pulse is not perfectly localized, electrons will be indifferent betatron
oscillation phases. Nevertheless, the average beam size shows that there are trends
visible. The r.m.s. The beam size is large at the beginning, approximately of the order
of the laser waist size – this simply reflects that the electrons are released over the
width of the plasma photocathode laser pulse. Then, transverse forces focus the beam
also transversally, which is reflected by a local minimum of the bunch width reached
approximately 2.3 mm. Then, however, while the electron beam release ceases due to
the diffracting laser pulse, the beam is also compressed in the longitudinal direction,
which increases the charge density. The transverse acceleration in the transverse
wakefield corresponds to an increase in average transverse momentum (shown in the
next panel) – in total, the increasingly complex dynamics then produce a wider beam
than initially, with a local maximum, reached approximately 3.1 mm.
The average transverse momentum P of the released electrons has been
calculated. This is useful and can relatively directly allow one to gain insights and
draw conclusions about the development of space charge forces. As expected, the
average transverse momentum is smallest at the beginning of the release process:
electrons are released via tunnelling ionisation with negligible transverse momentum
– one of the key physics pillars of the Trojan Horse principle. As the witness beam
electrons are subject to plasma wakefields during the trapping and acceleration
process, and as the witness beam charge density increases due to ongoing release and
witness beam compression, the average transverse momentum increases. A local
maximum is reached at approximately 2.8 mm. This results from the focusing
transverse wakefield, the defocusing transverse space charge forces between
individual witness beam electrons, the developing magnetic field, and the selfpinching effect associated with the witness beam current as displayed in panel 4. This
is a highly dynamic process, where growing transverse momenta drive the growth of
the transverse phase space ellipses and hence emittance. Both the transverse beam size
and the average transverse momentum show to some extent, anti-cyclic behaviour:
when the transverse momentum is large, the transverse beam size is small and the other
way around. There is no perfect match between maximum momentum and minimum
beam size, but it is close enough. This is the signature of betatron oscillations, and
since both the transverse momentum and the transverse extent of beam electrons
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determine the emittance, the transverse emittance develops rather linearly once the
beam is completely released.
The emittance is shown in the next two panels. There is an initial peak in
emittance at about 2.2 mm during the release, corresponding to the case where some
transverse momentum is already developed, but the plasma photocathode release has
not yet finished, i.e. the spatial extent of electrons is still large. After reaching a
minimum at ~2.6 mm, the emittance increases and at the end of the simulated
propagation distance, it has reached a normalised emittance value of 𝜀! = 88 nm rad.
The emittance evolution thus reflects various effects: the increasing transverse
momentum, the transversal and longitudinal compression, space charge effects and
phase mixing. The latter process can be descriptively described as follows: during the
release process, the individual electrons are released at different times, and then added
to the bunch at the trapping position until the laser stops to ionize due to diffraction.
The first released electrons start gaining energy and rotate in the transverse direction
of phase space before the electrons that are released later, and this mixing also leads
to the growth of the bunch emittance.
Concerning the 5D brightness, defined as B5D = 2I/(𝜀!,) 𝜀!,# ) as composite
parameter featuring the ratio of peak current and emittance in both planes, the resulting
trend is shown in the last panel. The brightness scales are linear with current and
inversely with the squared emittance, given that in this system, or a plasma
photocathode in general, typically, the emittance is the same in both planes. In this
case, the competing effect of rising current and slightly rising emittance translates into
a rather constant brightness value in the low 1018 A/(m2 rad2) range over the simulated
propagation.
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Figure 5.14: The evolution of key witness bunch properties during release trapping
and initial acceleration over a propagation distance up to 3.3 mm, for the case of w0 =
7 μm with He density = 3.3x1022 m-3. From top to bottom, the charge Q, r.m.s. bunch
length σx,, current I, bunch width σy, average transverse momenta P, transverse
normalised emittance 𝜖!,# and 5D brightness are shown.
Now, we repeat all the previous settings with the same case of w0 = 7 μm but with He
density =3.3 x1023 m-3 and 3.3 x1024 m-3. Then, we plot the witness bunch parameters
(see Figures (5.15) and (5.16)). From the scan of the parameters of the witness bunch
with He density =3.3 x1023 m-3 Figure (5.15), it is clear to us that the value of the
charge increases to 12.8pC as a result of the increase in the density of helium to 3.3
x1023m-3 and this will affect other parameters of the bunch as we shall see. Concerning
the length of the bunch, we notice that the length of the bunch increased to 0.47 μm,
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where the force of the space charge dominates with the increase in the density and
leads to an increase in the length of the beam. As for emittance, the effect of the space
charge on its value becomes clear, as it increases to 102 nm rad, and for the 5D
brightness, its value increases with the rise in the current value to 3.99x1020 A/(m2
rad2).
From the Figure (5.16), we increased the He density to 3.3 x1024 m-3. This will
affect increasing the charge to 128.6 pC, followed by a clear influence of the forces of
space charge on the other parameters of the bunch and this is evident by increasing the
length of the bunch to 2.26 μm., and this is an expected result of the large influence of
the forces of space charge on the bunch, which in turn, will also raise the emittance
value to 137 nm rad.
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Figure 5.15: The evolution of key witness bunch properties during release trapping
and initial acceleration over a propagation distance up to 3.3 mm, for the case of w0 =
7 μm with He density = 3.3x1023 m-3..From top to bottom, the charge Q, r.m.s. bunch
length σx,, current I, bunch width σy, average transverse momenta P, transverse
normalised emittance 𝜖!,# and 5D brightness are shown.
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Figure 5.16: The evolution of key witness bunch properties during release trapping
and initial acceleration over a propagation distance up to 3.3 mm, for the case of w0 =
7 μm with He density = 3.3x1024 m-3..From top to bottom, the charge Q, r.m.s. bunch
length σx,, current I, bunch width σy, average transverse momenta P, transverse
normalised emittance 𝜖!,# and 5D brightness are shown.

Likewise, we also produced three levels of charges of witness bunch for the
case of w0=15 μm with He density 3.3x1022 m-3, 3.3x1023 m-3, and 3.3x1024 m-3
respectively and scanned the properties of the witness bunch for all three cases, see
Figure (5.17)-(5.19). In this case, we increased the laser spot size, and this is followed
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by obvious effects on the produced bunch parameters with increasing helium density.
From the Figure (5.17), with a density of helium 3.3x1022 m-3, the value of the bunch
charge reaches 27.4 pC, which is higher than the value of the charge that we obtained
in the first scan in Figure (5.14) when we used a spot size of laser pulse w0=7 μm. In
addition, the current value reaches 4.89 KA with a bunch length of up to 0.24 μm. The
width of the bunch is 4.6 μm, with an average transverse momentum reach 3.2x107.
As for the emittance value, it is estimated at 756 nm rad. In the Figure (5.18), we
observe the charge yield is ramped up to 273.98 pC with a bunch length reach to 1.04
μm as a result of increased the density of helium to 3.3x 1023m-3. In contrast, the
emittance value increases with increased He density to reach around 4013 nm rad.
Regarding the 5D brightness, Its value decreases to 3.05x1015 A/(m2 rad2), and the
reason is due to the large increase in the emittance value according to the equation
(3.5). From Figure (5.19), the value of the bunch charge increases to 2739.1 pC
followed by a noticeable increase in bunch length of up to 7.78 μm, due to the increase
in the strength of the effect of space charging in this case. As for the current, it is a
natural result; with an increase in the charge, its value reaches 41.17 kA. The emittance
value reaches a maximum value of 8177 nm rad, which is the upper limit in this scan.
It is expected of the higher helium density and the laser spot size. In the last, the 5D
brightness decreases to reach 1.23x1015 A/(m2 rad2) due to the large increase in the
emittance value with the increase of the bunch charge.
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Figure 5.17: The evolution of key witness bunch properties during release trapping
and initial acceleration over a propagation distance up to 3.3 mm, for the case of w0 =
15 μm with He density =3.3x1022 m-3.From top to bottom, the charge Q, r.m.s. bunch
length σx,, current I, bunch width σy, average transverse momenta P, transverse
normalised emittance 𝜖!,# and 5D brightness are shown.
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Figure 5.18: The evolution of key witness bunch properties during release trapping
and initial acceleration over a propagation distance up to 3.3 mm, for the case of w0 =
15 μm with He density =3.3x1023 m-3.From top to bottom, the charge Q, r.m.s. bunch
length σx,, current I, bunch width σy, average transverse momenta P, transverse
normalised emittance 𝜖!,# and 5D brightness are shown.
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Figure 5.19: The evolution of key witness bunch properties during release trapping
and initial acceleration over a propagation distance up to 3.3 mm, for the case of w0 =
15 μm with He density =3.3x1024 m-3.From top to bottom, the charge Q, r.m.s. bunch
length σx,, current I, bunch width σy, average transverse momenta P, transverse
normalised emittance 𝜖!,# and 5D brightness are shown.
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5.4 Isolation of the Space Charge Effect
The previous scans, which reflect the real physics, including space charge,
have shown the dramatic effects on the space charge when the witness beam charge
increases substantially. Now, the effect of intra-bunch space charge forces is switched
off. This can be performed in the simulation by having the witness beam interact only
with the plasma wakefields. The focus is now on the transverse emittance, and the
evolution of the emittance is plotted for w0 = 7 μm with He density 3.3x1022 m-3,
3.3x1023 m-3, and 3.3x1024 m-3, respectively, and is contrasted with these cases when
the space charge is switched off. Figure (5.20) shows the emittance in the y-direction,
and (5.21) z-direction. At the same time, the emittance increases when He density is
increased for the simulations that take space-charge into account when the space
charge effects are switched off. The resulting emittance is the same, independent of
the assumed He density. Since the release laser pulse has the same parameters in each
case, the same volume is ionized. The only difference is that orders of magnitude more
charge is released when orders of magnitude ramp up the He density. Therefore, it is
not required to run simulations with space charge artificially switched off for multiple
He densities; one is enough.
In the case of spot size w0 = 15 μm, the space charge-off case was applied to
only one case (with a nominal helium density equal to 3.3x1022 m-3). Figures (5.22)
and (5.23) show the transverse normalised emittance in the y-and z-directions. The
dashed line shows the space charge-off simulation case. These plots are immensely
instructive since they reflect the minimum emittance obtained in these cases, only
considering the effects of phase mixing.

83

Figure 5.20: Evolution of the transverse emittance in y-direction for the witness
bunch versus dump numbers, for w0 = 7 μm with He density =3.3x1022 m-3,3.3x1023
m3and 3.3x1024 m-3, respectively.

Figure 5.21: Evolution of the transverse emittance in z-direction for the witness
bunch versus dump numbers, for w0 = 7 μm with He density =3.3x1022 m-3,3.3x1023
m3and 3.3x1024 m-3, respectively.
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Figure 5.22: Evolution of the transverse emittance in y-direction for the witness
bunch versus propagation distance, for w0 = 15 μm with He density=3.3x1022m-3,
3.3x1023 m3and 3.3x1024 m-3, respectively.

Figure 5.23: Evolution of the transverse emittance in z-direction for the witness
bunch versus propagation distance, for w0 = 15 μm with He density=3.3x1022m-3,
3.3x1023 m3and 3.3x1024 m-3, respectively.
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Another way of exploring the influence of space charge is to investigate the
evolution of transverse momenta. Then, the transverse positions increase as the
transverse momenta let the electrons move farther outside. So, it is a dynamic process
where growing transverse momenta drive the growth of the transverse phase space
ellipse and emittance. One would expect that at the very beginning of the release, the
average absolute transverse momenta are close to zero, and then the transverse
wakefields and the transverse space-charge forces increase the momentum. In Figures
(5.24) and (5.25), the average of absolute transverse momenta is plotted for the case
of w0=7 μm and w0=15 μm for different He densities. As expected and seen before in
Figure (5.14) ff., at the very beginning of the release, the average absolute transverse
momentum is small, and then, the transverse wakefields and the transverse spacecharge forces increase the momentum. In fact, if one looks at Figure (5.24), the plot
without space charge looks most regularly. The transverse momentum oscillates
between local minima and local maxima. This is the signature of betatron oscillation
of the bunch in the plasma wakefield, where collectively a low average transverse
momentum P corresponds to a large beam size (many of the individual electron
trajectories reach the largest transverse amplitude and a turning point at the same time,
have low transverse momenta). The other way around, the maximum transverse
momentum is reached when electrons cross the propagation axis, which corresponds
to the smallest beam size. While this oscillatory behaviour is also present for the other
plots with switched space charge effects, it is less systematic and regular. The space
charge disturbs the pure oscillation in the wakefield, leading to the more peculiar
transverse momentum evolution patterns. For example, it may be a little counterintuitive to see that the plot for the He density of 1023 m-3 exhibits a much reduced
oscillatory momentum evolution than for the lower density of 1022 m-3, and in
particular larger peak average momenta P at the higher density. This indicates that
beam loading may result, and this expectation is confirmed later in section 5.5.
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Figure 5.24: The average of absolute transverse momenta during versus propagation
distance, for w0 = 7 μm with He density =3.3x1022 m-3, 3.3x1023 m3 and 3.3x1024 m-3,
respectively.

In Figure (5.25), the average transverse momentum P evolution for the laser
spot size of w0 = 15 μm across the He densities and the space charge off. As a reminder,
the case of He density of 3.3x1024 m-3 produces a charge of Q » 2739 pC. Therefore,
one expects a much different evolution when contrasted to lower charge values or even
the case where space charge is neglected. Indeed, the Figure shows that the local
minima and maxima of the average transverse momentum are completely shifted.
Interestingly, in this case, P exhibits a maximum for nHe = 3.3x1024 m-3, whereas the
case of space charge off exhibits a minimum. This shows that the effect of space charge
can turn the bunch evolution completely upside down.
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Figure 5.25: The average of absolute transverse momenta during versus propagation
distance, for w0 = 15 μm with He density =3.3x1022 m-3,3.3x1023 m3and 3.3x1024 m-3,
respectively.
This behaviour can be explored in further detail by looking at the transverse
phase space situations, e.g., at these prominent positions highlighted in Figure (5.25).
We plot the transverse phase spaces for nHe = 3.3x1024 m-3 in Figure (5.26), and the
corresponding transverse phase spaces for the case of space charge off in Figure (5.27).
For example, at point 2 (a local minimum of average transverse momentum), Figure
(5.26) reveals that the transverse shape of macroparticles is ‘horizontal’, i.e., there is
low angular momentum (y-axis) and a large extent of macroparticles in the transverse
direction (x-axis). There is a dense central core of macroparticles, but significant
fractions of the electron population have oscillation amplitudes substantially larger
than the core. This is a clear sign of the space charge transverse kick. In contrast, at
point 3, many particles have large transverse momentum but are compressed to a small
transverse size.
On the contrary, in Figure (5.27), no such wings exist around the central core.
Note that the scaling of the axes is very different from Figure (5.26). The much higher
phase space density of the core, together with the absence of ‘space-charge wings’, is
the reason for the dramatically smaller emittance in this hypothetical case, which is
accessible only to simulations.
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Figure 5.26: Plot of the transverse phase spaces at local minima and maxima points for the
density curve = 3.3x1024 m-3 at the Figure (5.25).
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Figure 5.27: Plot of transverse phase spaces at local minima and maxima point for the
curve when space charge is off, Figure (5.25).
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5.5 Comparison of Witness Bunch Parameters at Different

He Densities with and without Space Charge Effects
In this section, first, the evolution of key parameters is plotted as a function of
different He densities, including the case of space charge off. This comparison helps
to understand the evolution of parameters, taking into account the insights offered by
previous observations. Figure (5.28) and (5.29) contrast the charge Q, bunch length
sx, current I, transverse beam width sx, mean energy E, and 5D brightness B5D for the
two spot sizes w0=7 μm and w0=15 μm, respectively.
Regarding the charge Q, we simply observe the linear relation in charge yield
when the He density is ramped up. The bunch length sx, on the other hand, shows a
more complex behaviour. The bunch length is based on beam loading and intra-bunch
effects in a complex way. In any case, the shortest bunch length is obtained for the
case of no space charge, is very similar to very low bunch charge, and is largest for
the highest He density run, rather suddenly jumping to a bunch length of the order of
sx » 3 µm when setting the He density to nHe = 3.3x1024 m-3. In all cases, the bunch
length reaches a local maximum when all charge is released by the laser pulse,
consistent with previous observations.
The corresponding current I, plotted with the logarithmic y-axis, provides
further insight. There is a sudden jump in current in the runs where the space charge
was switched on. This sudden jump is largest for the low-charge case, suggesting it is
numerical. On the other hand, strong beam loading is associated with strong
deformation of the longitudinal field, which may lead to local current spikes in the
simulation, but perhaps also in reality. This phenomenon will be investigated in future
works.
The comparison of bunch width evolution sy again shows the oscillatory
behaviour and shows that the bunch width is minimal when the space charge is off.
This is consistent with the much reduced average transverse momentum, and the much
higher phase space density in the hypothetical case of no space charge effects.
The mean gained energy reflects the effect of beam loading, leading to reduced
energy gradients in case of larger charge values, and the strongest energy gains in low
charge cases or when beam loading is completely absent in the case of space charge
off.
Finally, the 5D brightness is calculated. This reveals that the brightness of
space charge-off cases strongly diverges from the end of the release process. The
brightest beams of the space charge on cases here are produced by the two highest He
densities used, nHe = 3.3x1024 m-3 and nHe = 3.3x1023 m-3, thus reflecting the balance
between competing the impact of current and emittances.
Similar behaviour in all aspects is exhibited by the scans for the laser spot size
w0=15 μm (shown in Figure 5.29), partially even more pronounced due to the released
larger charge.
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Figure 5.28: The evolution of the charge Q, r.m.s. bunch length σx, current I, bunch width
σy, mean energy Emean and 5D brightness versus propagation distance at different He
densities, when SC is on and off for w0=7μm.
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Figure 5.29: The evolution of the charge Q, r.m.s. bunch length σx, current I, bunch width
σy, mean energy Emean and 5D brightness versus propagation distance at different He
densities, when SC is on and off for w0=15μm.
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While the focus was on projected global beam parameters, further detail can
be investigated by resolving the slice parameters of the produced beams. The slice
emittance and current at the end of the simulation are shown in Figures (5.30) and
(5.31) for both cases, w0 =7 μm and w0 =15 μm across the He densities tested, including
the space charge off cases.
The first observation that becomes very clear from plotting the slice details is
that the ne = 3.3×1024 m-3 case (pink lines) produces Q = 128.6 pC of charge. The
formed bunch is much longer than in all other cases. Note that both emittance and
current are plotted with a logarithmic scale. The ne = 3.3×1023 m-3 case (green lines)
already produces much shorter beams, and the ne = 3.3×1022 m-3 case (blue lines)
already has a very comparable beam duration compared to the space charge off cases.
The clear reason for the longer bunch at higher densities is beam loading. In contrast
to beam loading via external injection, a relativistically stable beam injected with a
pre-defined length and its fields are simply overlayed on the wakefield, beam loading
in status nascendi. This highly dynamic process leads to bunch lengthening, which can
be seen very well.
Such lengthening can also be understood in a single-particle picture, where an
electron released later would be kicked out transversally by the existing charge that
had been released earlier and is already trapped and has gained energy. A transverse
kick (i.e. momentum growth) is then reflected by increased (slice) emittance.
Therefore, (slice) emittance, current, and bunch length are coupled. When more charge
is released, such as in the ne = 3.3×1024 m-3 case, the current and emittance are larger,
and the bunch is longer than in the cases where less charge is produced.
Dynamics beam loading also affects the bunch shape, e.g., in the form of the
current longitudinal profile. The zoom-in in Figure (5.30) shows the space charge-off
cases. The current longitudinal profile is nearly Gaussian and symmetric. This is
produced from a laser pulse that symmetrically is focused, reaches the focus and then
diffracts again. The peak of the current profile then reflects the longitudinal position
within the laser pulse, where the most charge is released on aggregate. This may not
necessarily be the longitudinal centre of the laser pulse, and things may be complicated
by a situation where the laser pulse is not exactly centred in the middle of the wakefield
but is slightly shifted and/or by the movement of the ionisation front of the laser pulse,
which will be regarded later.
In any case, when space charge is on and at elevated He densities, the current
longitudinal profile deviates from its simple, more or less symmetric shape. This is
another result of beam-loading and can be seen, e.g., by local dips in current and
emittance.
An interesting trend can be observed in the simulation for w0 = 15 μm, as shown
in Figure (5.31). The current peak in the low charge and space charge off cases is
located at the head of the bunch. Such a profile can be expected when the ionisation
front is mostly located in the front of the release laser pulse. In such scenarios, more
charge is released at the front of the laser pulse than at the end, leading to such
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asymmetric current profiles. Another possibility for such a shape may be an imperfect
centring of the laser pulse in the centre of the wake at the wakefield zero-crossing.

Figure 5.30: Plot of slice emittance and current for w0=7μm at different He densities, when
SC is on and off. The solid lines represent emittance, and the dashed lines represent the
current. The second panel is zooming in on the region of the cases with low or non-existing
space charges.

95

Figure 5.31: Plot of the slice emittance and current for w0=15μm at different He densities
when SC on and off. The solid lines represent emittance and dashed lines for current. In the
second plot, we zoom the region on cases 1022 m-3 to 1023 m-3to be clear.

Next, the slice energy spread is plotted in Figure (5.32). Interestingly, the
largest projected energy spreads are assumed for the cases where space charge is off
or low, while the energy spread is lower for higher He densities and charge and current
values. This is an impressive result of dynamic beam loading and shows that it can be
exploited to tailor the energy spread of the whole beam or at least more or less large
slices of it. A particularly interesting case is ne = 3.3×1023 m-3, where the formed
witness beam exhibits a dip in energy spread right in the centre of the beam.
Also, in Figures (5.30) and (5.31), the slice current follows the same behaviour when
we plot the current evaluation for the whole witness bunch which the slice current
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grows with the increase of He density, and it grows larger when turning off the space
charge. We see them in two cases of the spot size. The bunch is so much longer in case
of the high “He” density due to the increased charge that is released in the very high
“He” density case leads to bunch loading of the wakefield, so that the released charge
is trapped less locally in the wake, but more spread out. This leads to a much longer
witness bunch, and the associated current is not a factor 10 higher for the 1024 case
than for the 1023 case.

Figure 5.32: Plot of the slice energy spread for w0=7μm at different He densities
when SC is on and off.
Ultimately, the local longitudinal electric field in the plasma wake is
responsible for the energy spread and chirp that the witness bunches assume, as shown
in Figure (5.30). The green curve (1023 density) shows both better energy spread and
emittance in the middle part than the blue curve (1022 density). The reason for the He
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density=1023 has a low energy spread than the He density=1022 case. The accelerating
field of the case of He density=1023 is altered as a result of producing more charge,
and the field becomes flattered, which does not show a steep gradient but shows a
more constant accelerating field compared with the He density =1022case. Therefore,
with little charges, such as the case of He density =1022, the unloaded wakefield leads
to higher energy spread which the front of the witness bunch has lower energy than
the back, and with He density =1023, the front and back of the witness bunch have the
same energy due to flattening the accelerating field (see Figure (5.33).

HeD=10))

HeD=10)*

Figure 5.33: Plot of the accelerating longitudinal field in real space for w0 = 7 μm,
when ne = 3.3×1023 m-3, and ne = 3.3×1022 m-3. The zoom-in focuses on the beam
loading, which is prominent in the ne = 3.3×1023 m-3 case and hence can facilitate
locally very low slice energy spreads.
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In addition, from Figures (5.34) and (5.35), we plot the accelerating
wakefield when w0=7μm and w0=15μm for the He density = 1022 until 1024 when SC
is on and off. The goal is to see how locally the witness bunch distorts the accelerating
wakefield through-beam loading. For the case when w0=7μm for all He densities
(Figure (5.34)), the beam loading shows surprisingly moderate when the space charge
switch is on. On the other hand, beam loading does not affect the wakefield when the
space charge is switched off, which is an expected result. While from Figure (5.35) at
a larger laser spot size w0=15μm and with an increase in helium density, the effect of
beam loading becomes clearer and stronger when the He density=1024 m-3. This
explains the behaviour of the slice energy spread in Figure (5.32), where it appears
that the energy spread decreases with increasing witness charge, and its highest value
is when the bunch with low charge and when the space charge is switched off.
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Figure 5.34: Plot of the accelerating longitudinal field (black line) in real space for w0
= 7 μm at different He densities, when SC is on and off, the blue line shows
electrostatic potential.
100

22

W0= 15 (μm)

HeD=10 , SC on

23

HeD=10 , SC on

24

HeD=10 , SC on

22

HeD=10 , SC off

Figure 5.35: Plot of the accelerating longitudinal field (black line) in real space for w0 = 15 μm
at different He densities, when SC is on and off, the blue line shows electrostatic potential.
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5.6 The Impact of Ionisation Front Movement
During focusing of the plasma photocathode laser pulse, at first, the laser
intensity is not high enough to enable the associated electric fields to exceed the tunnel
ionisation threshold of the HIT medium. This is desirable because, otherwise, the
release volume would not be localized enough, which would be detrimental to the
produced witness beam quality. During focusing [19], the laser intensity I increase,
and for a Ti: sapphire laser pulse assumes values of:
𝐼 = 𝑎%& 2𝜀% 𝑐 (
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As in the simulations, we assume that a Ti: sapphire laser pulse with a central laser
wavelength of l » 0.8 µm is employed. For a Gaussian co-propagating laser pulse with
a Rayleigh length of ZR = pw02/ 𝜆 , where w0 is the laser spot size. The intensity
envelope of the laser pulse along the propagation axis can be written as:

)

𝑤(𝑥) = 𝑤% 71 + (_ )&
D

(5.4)

Depending on the laser intensity, I ∝ a02 ∝ E2, and given the peak laser intensity
is set high enough. The focusing laser pulse will start to ionise the tunnel, reach the
focus, and then diffract and reduce its intensity below the ionisation threshold.
However, the laser pulse has a finite duration, and is represented by a Gaussian
longitudinal intensity envelope. The corresponding electric laser field is always larger
in the centre of the longitudinal laser pulse profile and lowers further outside. Figure
(5.36) below shows the envelope of the laser pulse intensity (red dashed line) as a
result of the laser spot size evolution w(x), and three snapshots of the laser pulse
electric field, before reaching the focus, at focus, and after focus. In reality, the lase
electric pulse-field oscillates and points in one (blue) and then the opposite (red)
direction in one-half cycle, but of primary relevance to the tunnelling ionisation
process is only the peak electric field amplitude, independent of the direction (and
polarisation) of the laser electric field. In any case, the important point is that the laser
pulse will ionise “earlier”, i.e., further ahead within the laser pulse when it has reached
the focus than before or after the focus position. This simply results from the laser
pulse having an overall larger peak intensity at the focus than outside the focus.
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Figure 5.36: The sketch of the focusing and then diffracting plasma photocathode
laser pulse. The laser pulse propagates from left to right thereby, and its transverse size
is becoming smaller. At the same time, the peak electric field is becoming larger. The
horizontal dashed line indicates the tunnelling ionisation threshold of the HIT medium.
The vertical dashed lines indicate the localisation of the ionisation front, and the
arrows indicate its forward motion in the focusing phase, and the backward movement
in the diffracting phase.

For the plasma photocathode process, it is interesting how long the laser pulse
is, as this is important for increasing the electric field along with the pulse envelope in
the longitudinal direction in the co-moving frame. In this thesis, the laser pulse
duration was set to t = 30 fs FWHM. As shown previously in Figure (5.4) and the
discussion about ionisation yields, the actual section of the laser pulse where the bulk
of the ionisation happens is much shorter than the laser pulse in this case. This
‘ionisation front’ is so sharp because of the exponential relation between tunnelling
ionisation rates and the electric field that perturbs the electric potential of the HIT
atoms.
In the Figure above, therefore, the HIT electric field ionisation threshold is
indicated by the horizontal dashed black line, and the vertical dashed black lines
indicate the position of the ionisation front in the three snapshots. The first ionisation
sets in approximately the middle of the laser pulse when focusing. The laser intensity
is always largest and, therefore, exceeds the ionisation threshold at the earliest. During
further focusing, however, the ionisation front moves further ahead in the pulse in the
co-moving frame because of further increasing electric field amplitude until it reaches
the earliest position within the laser pulse when the laser pulse reaches the focus
position in the laboratory frame. Afterwards, the laser pulse diffracts, and the
ionisation front moves backwards again. This ionisation front movement is indicated
by the arrows in the sketch Figure above.
The laser pulse oscillation is not resolved in the high-resolution PIC
simulation, but the envelope approximation represents the laser pulse intensity for
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numerical reasons. Nevertheless, the ionisation front position can be monitored [84].
This is shown in Figures (5.37) – (5.40), which is the sum of the electric field of the
laser pulse and the wakefield, whereby the latter is a negligible contribution because
the laser pulse is centred in the plasma blowout both longitudinally and transversally,
as discussed earlier. First, the laser pulse electric field and the effect of the local
tunnelling ionisation rates are given for the laser pulse in the focusing phase. The
corresponding positions in the laboratory frame are shown below the snapshots. The
released electrons have been tagged with unique identifiers, which are chronologically
assigned. Therefore, lower tag numbers mean the electron macroparticles have been
born earlier in the process by tunnelling ionisation, and higher tag numbers mean that
electron macroparticles were born later. The tag numbers have been colour-coded to
show this.
In Figures (5.37) and (5.38), the release process is shown for the case of laser
spot size w0=7 μm when space charge is switched on and off respectively, at a He
density of ne = 3.3 × 1022 m-3. In this initial phase of the witness bunch production,
there is no significant influence of the space charge interaction between the released
electrons; both sets of snapshots representing the space charge on and space charge off
situations are identical. One can see that as the laser pulse focuses, the peak electric
field increases. The horizontal dashed line is a marker for the ionisation threshold and
is set to a constant electric field level in all simulation snapshots. As a consequence of
the increase of the laser electric field amplitude during focusing, the relative position
where the ionisation threshold electric field amplitude is reached, also moving forward
within the co-moving frame as the laser pulse is focused, and then moves back as the
laser pulse diffracts, as shown in the later snapshots. The position of this ‘ionisation
front’ in the co-moving frame is indicated by the dashed vertical line and the position
label at the bottom. As defined here, the whole ionisation front moves only by
approximately one micron in this configuration, which seems to be tiny compared to
the plasma wavelength, or the laser pulse.
At the same time as the ionisation movement occurs, the overall momentary
charge release rate and the laser pulse also increase and then decrease again, as can be
deduced from the plotted macroparticle density. The colour coding shows that the
green and yellowish macroparticles have already left the simulation box zoom-in as
they are falling back and being captured in the wakefield, and only the newest electron
macroparticles are shown in the displayed subset of the simulation box, e.g., in the two
latest snapshots.
No difference can be seen between the case where space charge is switched on
and off for these cases, indicating that the space charge effect at such low overall
charge values released is subtle and/or is not yet pronounced enough, as these are the
very early moments of the trapping process.
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Figure 5.37: Plot of several snapshots of released electrons during the release process with
colour coding according to their time of birth. The zoom-in shows the region of the simulation
box and plasma wake where the laser pulse resides. A lineout of the electric field of the laser
pulse allows monitoring of the position of the ionisation front in the co-moving frame. Here,
the spot size is w0=7 μm, and the He density = 3.3 × 1022 m-3. Here, the space charge is switched
on.
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Figure 5.38: Plot of several snapshots of released electrons during the release process with
colour coding according to their time of birth. The zoom-in shows the region of the simulation
box and plasma wake where the laser pulse resides. A lineout of the electric field of the laser
pulse allows monitoring of the position of the ionisation front in the co-moving frame. Here,
the spot size is w0=7 μm, and the He density = 3.3 × 1022 m-3. Here, the space charge is switched
off.

Next, Figures (5.39) and (5.40) show the release process for the case of w0 =
15 μm when space charge is switched on and off, respectively, at He density of ne =
3.3 × 1022 m-3. Since a0 is set to the same value as in the w0 = 7 μm case, the peak
intensity and electric field amplitude are the same. However, while the Rayleigh length
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for the w0 = 7 μm case is » 192.3 µm, for the w0 = 15 μm case, the Rayleigh length is
longer, namely ZR » 883.1 µm. This is reflected by a correspondingly larger ionisation
front movement in this case, namely by nearly 3 µm. Again, the space charge cases
are shown on and off; at these He densities and correspondingly low charge yields,
there is again no significant difference between those cases visible here.

Figure 5.39: Plot of several snapshots of released electrons during the release process with
colour coding according to their time of birth. The zoom-in shows the region of the simulation
box and plasma wake where the laser pulse resides. A lineout of the electric field of the laser
pulse allows monitoring of the position of the ionisation front in the co-moving frame. Here,
the spot size is w0=15 μm, and the He density = 3.3 × 1022 m-3. Here, the space charge is
switched on.

107

Figure 5.40: Plot of several snapshots of released electrons during the release process with
colour coding according to their time of birth. The zoom-in shows the region of the simulation
box and plasma wake where the laser pulse resides. A lineout of the electric field of the laser
pulse allows monitoring of the position of the ionisation front in the co-moving frame. Here,
the spot size is w0=15 μm, and the He density = 3.3 × 1022 m-3. Here, the space charge is
switched off.

Without space charge, there is a simple relation between the release position
of individual electrons and their trapping position. Hence, the position in the formed
witness beam via the electrostatic potential, with space charge effects the impact of
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ionisation front movement on the trapping position, is mixed with intra-bunch space
charge dynamics.

5.7 In-Depth Study of Space Charge Effects on the Bunch
Emittance
The visualisation of the release process for a HIT density of 3.3 × 1022 m-3 has
not revealed the impact of space charge on versus space charge off, previously we have
seen, when plotting the slice parameters, e.g., parameters of emittance (see Figure 5.30
ff.), that there is a substantial difference in emittance values already at these low HIT
densities, at least later during the bunch formation. Therefore, the bunch trapping
process following the initial release process is now investigated in greater detail.
The following plots show the real space of released and trapped electrons. In
addition, the corresponding ions, and the transverse phase space, both with colourcoded tags according to their birth times. For later times, starting from when the
electron bunch is trapped, the slice emittance is added, showing both slice emittance
plots for the space charge off versus space charge on cases. This enables another level
of insight: first, plotting the colour-tagged beam in real space also during trapping,
extends the previous analysis to later times, when space charge effects may begin to
kick in. Second, plotting the HIT ions (black), which are generated as part of the
plasma photocathode process, illuminates the dynamics where released HIT electrons
are still overlapped and shielded by the HIT ions, and later phases where HIT ions are
left behind since they are too heavy to be accelerated in the wake. Third, plotting the
corresponding transverse phase spaces, also colour-coded, visualizes phase mixing
and reveals where individual longitudinal slices sit in transverse phase space. The slice
emittance plot then shows when and where space charge effects drive (slice) emittance
growth within the bunch. In Figures (5.41) and (5.42), respectively, the situation
without and with space charge effects switched on is shown.
The first snapshot in Figure (5.41) is still early times in the trapping process.
The release process is still ongoing, and in fact, no released electron has reached the
trapping position. Analysis of the transverse phase space plot in correlation with the
longitudinal real space plot shows that the red macroparticles/electrons, released latest
and have the highest tag numbers, form a distinct phase space ellipse. Therefore, the
horizontal axis of the transverse phase space plot gives the transverse range over which
electrons are released by the laser pulse, namely over a few micrometres. The
transverse phase space plot's vertical axis gives these electrons momentary transverse
momentum: electrons released on-axis (i.e., transverse coordinate z or y » 0) have
negligible transverse momentum. This results from the transverse wakefields being
approximately zero around the axis. Further outside the axis (i.e. where the absolute
value of the transverse coordinate z or y > 0). In contrast, the transverse wakefield
accelerates electrons towards the axis, which leads to transverse momentum gain. The
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transverse wakefield focuses, which means that electrons released at transverse
coordinate z or y > 0 will develop positive momentum zp, whereas electrons released
at transverse coordinate z or y < 0 will develop negative momentum zp. This also means
that the phase space ellipse will rotate clockwise in transverse phase space. The
turquoise-coloured and blue-coloured electron macroparticles, which have lower tag
numbers because they were released earlier, are already rotated in transverse phase
space and have a different momentum-position composition.
The next snapshot is particularly interesting because the release process is still
ongoing, but at the same time, the electrons born first have already reached their
trapping position. The real space plot reveals that at a co-moving position of x » 123
µm, there is a crunch point during trapping. Here, electrons of a certain ‘age’ (blueish)
are compressed to a very small transverse size, which is reflected by the small
transverse size and a thin (blueish) horizontal phase space feature in the transverse
phase space. It should be emphasized that there are already many more electrons
released in this snapshot than in the previous snapshot. Therefore, there are many more
tag numbers, and the colour bar has been re-normalised. Behind the crunch point,
where electron trajectories cross, the transverse beam size increases again until nearly
the same transverse size is reached during release. This is the result of transverse
momentum conservation on short timescales.
In the fourth snapshot, the release process ceases, again leading to a
characteristic “x”-shape in transverse phase space. As a result of the ceasing release
process, the ion density is also decreased compared to the previous snapshot. This is
interesting because the additional HIT ions provide an attractive Coulomb force on top
of the LIT ions. They are, therefore, an important but only temporary factor in the
balance between focusing transverse wakefields and de-focusing transverse intrabeam Coulomb forces.
In the fifth snapshot, nearly all released electrons have arrived at their trapping
position, while the last HIT ions are left behind and leave the simulation box. It also
makes sense to show the slice emittance, while the real longitudinal space and
transverse phase plots represent the space charge off case. The slice emittance is shown
for both the space charge off and on cases. This is an important analysis and finding
because it shows that the emittance differences start to occur very early in the trapping
process: the slice emittance in the backward region of the trapped bunch starts to
diverge significantly (note that always the slice emittance is plotted logarithmically).
At this point, the combined transverse phase space is an ellipse filled with all release
electron phases.
In the sixth, seventh and eighth snapshot, the trapping process is completed, no
new electrons (and corresponding tag numbers) are added, and phase-space rotation is
slowed down, while electrons gain energy. One can see that while in real space, the
bunch is ultrashort and pan-cake-like (i.e. much wider in size than long), in phase
space, the individual phase space ellipses corresponding to different ‘age cohorts’ of
the release process (i.e., colour-coded tag numbers), are distinct.
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w0=7(μm), HeD= 1022 (m-3), SC off – Ions and Electrons
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Figure 5.41: Eight snapshots during release and trapping, visualized by real space plot of
HIT electrons (colour-coded according to their time of birth by tag numbers), HIT ions
(black), colour-coded transverse phase space plots in both planes, and for snapshots 5-8 also
the slice emittance. Here, the release laser pulse spot size is w0=7 μm, and the He (HIT)
density = 3.3 × 1022 m-3. Space charge effects are switched off here.

When the space charge is switched on, the situation looks very similar for the
first four snapshots in the space charge off case. In particular, also the transverse
crunch point is at approximately the same longitudinal position as in the space charge
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off scenario. Therefore, it can be concluded that the intra-beam space charge is not
significantly relevant for the phase space dynamics up to this point. During the
trapping and compression, the phase space ellipses (represented by the different
colours) are increasingly distorted, and an additional, less systematic mixing process
sets in. This is particularly pronounced and visible in snapshots seven and eight. Here,
the colours are nearly fully mixed in transverse phase space, the transverse phase space
volume and the transverse beam width are significantly larger than in the space charge
off scenario, and the slice emittance becomes larger than the switched off space charge.
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w0=7(μm), HeD= 1022 (m-3), SC on – Ions and Electrons
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Figure 5.42: Eight snapshots during release and trapping, visualized by real space plot of
HIT electrons (colour-coded according to their time of birth by tag numbers), HIT ions
(black), colour-coded transverse phase space plots in both planes, and for snapshots 5-8 also
the slice emittance. Here, the release laser pulse spot size is w0=7 μm, and the He (HIT)
density = 3.3 × 1022 m-3. Space charge effects are switched on here.
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The implemented feature of tagging released macroparticles will investigate
the distribution along the formed witness bunch. Figure (5.43) shows the colour-coded
real space of the formed witness beam for the case of w0 = 7 μm at He density of ne = 3.3
× 1022 m-3 for the cases of space charge off. The first panel shows all macroparticles.
Here, one can see a trend with respect to the longitudinal trapping position in case of
the space charge off case, which seems to indicate that electrons born later (higher tag
numbers) are trapped more at the head of the bunch, but in the case of the space charge
on case, the effect of ionisation front movement, temporal release time and space
charge all overlap. In order to investigate this further, the range of macroparticles is
broken down into three subsets. These electrons are born the earliest, those of middle
age, and those born the latest. In total, four plots are shown per case: the one with all
particles, and the three with the subsets.
Generally, in the case of space charge being switched off, the bunch is shorter
and less wide when compared to the case of space charge switched on (Figure (5.44).
This is the effect of beam loading and increased transverse momentum and emittance
(see Figures (5.27) and (5.29)).
For the space charge off case, from the plots of the three cohorts of the electrons
liberated during the plasma photocathode process in the space charge off case, one
finds that electrons released earlier are particularly contributing to the formation of the
transverse wings of the formed beam. This can be attributed to the fact that they have
accumulated more transverse momentum during the trapping process. Also, it seems
that the electrons released earlier (first third) and the particles that are released later
(third third) actually overlap in the same position in the front of the bunch, and the
intermediate particles (second third) are slipped further back and trap further at the
back of the bunch. This behaviour may be explained as a result of ionisation front
movement regarding the centre of the wakefield, which is shown in Figures (5.37) (5.40).
When space charge effects are switched on see Figure (5.44), the formed bunch
is much longer as we see the transverse phase space, and wider than without space
charge effects. In the first third of electrons, one sees a particularly distinct trend:
electrons born first (coloured in blue) are trapped earlier, while electrons born later
(yellow) are trapped later. In principle, this can result from the exact position of the
ionisation front within the electrostatic potential (as a reminder, when electrons are
released at deeper electrostatic potential, they are trapped earlier, and vice versa), or
space charge effects. However, in this case, one has the comparison with the space
charge off case: there, one does not see such a clear distinction in the first third of
electrons, which implies that space charge effects are the dominating factor for the
observed effect. This is consistent with the significantly widened beam: space-charge
forces of electrons released early, trapped on-axis, push electrons that are born and
arrive later further to the outside. This means they receive larger transverse
momentum, consistent with earlier observations, and due to the conservation of energy
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and momentum, this means the forward momentum required for trapping will be
reached later. Consequently, these electrons are trapped later.
If one looks at the second third of electrons, the most striking feature is that
very few electrons born in this window contribute to the head of the formed witness
bunch. Again, this can be interpreted by the space charge forces that push electrons
further to the outside, beam loading that reduces the local electric accelerating field
even if only slightly, and the ionisation front position. This cohort (the second third)
is released when the laser pulse reaches its focus, hence the ionisation front is further
ahead compared to the first and third third of electrons. The ionisation front position
is the same for the case of space charge off, and hence, the comparison with this case
enables us to isolate the effect of the space charge. It appears from this comparison
that the space charge is not dominating the trapping position in this case: both with or
without space charge. There are electrons trapped at similarly early positions. This is
then consistent with the observation in the third third of electrons, which are trapped
earlier and again contribute significantly to the head of the witness beam.
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Figure 5.43: Plot the released electrons during the release process and
transverse phase space using the colour coding according to their time of birth, for the
case of w0=7μm with the He density= 3.3x1022 m-3 when space charge is switched off.
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Figure 5.44: Plot the released electrons during the release process and transverse
phase space using the colour coding according to their time of birth, for the case of
w0=7μm with the He density= 3.3x1022 m-3 when space charge is switched on.
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These detailed observations, simulations with and without space charge is high
resolution, tagged electrons and the above investigations of real and phase space
dynamics, and analysis of the dynamics of projected and slice beam parameters, open
the door to detailed understanding and optimization of witness beam formation and
parameters. These tools have been exploited in simulations for free-electron-lasers as
part of the STFC-funded PWFA-FEL project, and will be crucial for further plasma
photocathode work, optimization towards high 5D and 6D brightness beams, different
types of plasma photocathodes etc.

5.8 Summary
This study intends to create a compact plasma accelerator that can be built in
the Middle East without a large infrastructure. To build an effective FEL, we would
like to develop electron beams with exceptional emittance and brightness. Low beam
emittance can be achieved by combining low transverse momentum with a smaller
beam size. Several reasons result in greater transverse momentum and beam
dimensions, the most important of which is "space charge," which is caused by higher
charge densities when the beam is trapped and compressed. This reduces the brightness
by increasing the transverse phase space and thus the emittance.
The impact of space charge on the witness beam and the dynamics that space charge
causes throughout the release, trap, and initial accelerate processes were investigated
in this study. We might not have to accelerate the beam to higher energy levels. Using
modern, high-resolution PIC simulations, the influence of space charge is deeply
analyzed. The laser pulse of w0=7 μm and w0=15 μm at artificially set ionisation
potential values are for two spot sizes. We constructed three well-defined highresolution simulations for low-charge, medium-charge, and high-charge witness
bunches. We are working on and testing strategies for reducing numerical noise to
focus on its physics. This entails first creating appropriate codes for analyzing
simulation results. Second, we reduced the cell size in the simulation box and then
used high dump rates in the simulation, which achieved 3064 dumps for the case of
w0=15 µm. For instance, making this simulation hugely expensive, requiring over 5
million core-hours and 400 TB of storage on the Shaheen supercomputer. This is the
first time we have used high resimulation with a high dump rate in the TH approach.
On the other hand, the simulation is special because it allows us to investigate aspects
that would otherwise be impossible to discover via experimentation. We intentionally
raised the driver beam charge to capture and maintain a greater witness beam charge.
Therefore, we put the ionisation potential of He gas at an artificially high amount. As
a result, the maximum electric fields of the drive beam and wake-field rise, exceeding
the helium tunnelling ionisation threshold, resulting in undesired hot spots and dark
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current production. For this reason, we increased the ionisation potential to enable us
to research space charge impacts and understand some concepts that are difficult to
interpret experimentally.
We employed colour-coded tags numbers to monitor electrons and study the dispersion
along the produced witness bunch. We employed a clever approach to turn off the
witness beam self-field interaction in the simulation. This implies that the electron
macroparticles in the witness beam will solely be affected by the plasma wakefields
and does not repel each other. This enables the comparison of witness beam
characteristics for simulations with and without space charge (SC), exploration of
significant differences, hence isolation and understanding of the space charge
processes.
The simulated scans indicated that there are three phases involved in enhancing
emittance: First, the thermal emittance is caused by the laser kick's residual
momentum, which is affected by laser parameters such as w0, a0, etc. When the laser
pulse stops releasing electrons due to diffraction, its contribution is complete. Second,
during the release and trapping processes, the phase mixing effect takes over and
dominates the emittance increase for a period. Third, the space charge effect appears
earlier in the trapping process, increasing charge densities when electrons are trapped
and compressed. As a result, as we observed in this chapter, as space charge forces
grow, space charge forces stretch the created witness bunch. At the same time, the
research reveals that as the net released charge is increased, the estimated emittance
increases significantly.
The relationship between emittance and space charge has attracted considerable
attention in the exploration and study. The contributions of thermal emittance, phase
mixing, and space charge to emittance could be used to design appropriate bunch
production for various applications. The findings given in this thesis should serve as a
solid foundation for developing and expanding a robust backdrop for a SAXFEL
machine. Additionally, these findings could be utilized to develop plasma Wakefield
accelerators and advance the UK XFEL and STFC programs and future initiatives.
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Chapter 6
6.1 Conclusions and Outlook
The electron beam quality produced from an accelerator is crucial for any
application. A high-profile application that epitomizes the need for extremely high
electron beam quality is the free-electron laser. In an undulator, high phase-space
density is required to develop the emission of coherent radiation and strong gain of the
photon field intensity. Therefore, the conditions for lasing in a free-electron laser can
be described by criteria that put the electron beam transverse emittance, energy, energy
spread, and current into relation with the undulator parameters in terms of periodicity
and magnetic field strength. These parameters and relations define the ability of the
free-electron laser to develop lasing, the resonant wavelength, and the gain, i.e. the
speed by which the photon field power is rising during the coherent emission process.
Conventional plasma-based accelerator approaches struggle to reach the
required beam quality. Reasons for this are rather fundamental: while the ultrahigh
electric field gradients in plasma waves offer many appealing features for the
production of high-quality beams, the injection into the plasma wave is a challenging
process, which is at the same time defining for the available electron beam quality. For
example, electrons captured from the background plasma wave via what is typically
called ‘self-injection’ usually carry much transverse momentum since they previously
have received large transverse momentum by the driver beam as the fundamental
mechanism of plasma wave excitation. The electric fields associated with the space
charge of the driver beam point outwards in the laboratory frame due to Lorentz
contraction; hence, plasma electrons primarily are ejected transversally. When they
are re-attracted by the ions, it depends rather sensitively on the individual electron
trajectories whether they may be captured in the accelerating field of the plasma wave
or not. While some of those plasma electrons during this trapping process may lose
transverse momentum previously imparted by the space charge of the driver beam,
most of them retain significant residual transverse momentum, which in turn imposes
limits for the obtainable transverse emittance of the electron beam. This limit of
normalised emittance typically is around 1 µm rad. Also importantly, the rate and
amount of charge injected by self-injection or similar processes dependent on
individual plasma electron oscillations can vary strongly in the dependence of the
driver beam or the plasma profile from shot to shot.
In contrast, the plasma photocathode injection process is largely decoupled
from the driver beam and background plasma oscillation. Furthermore, in PWFA, the
electric field associated with the space charge of the driver beam can be comparably
modest, e.g., with peak amplitudes in the range of tens of GV/m. This can leave media
with higher tunnelling ionisation thresholds intact, which is a key prerequisite for the
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plasma photocathode process. For example, a gas mixture of hydrogen and helium can
be used, where hydrogen plasma is used to support the plasma wakefield, and helium,
thanks to its substantially larger ionisation threshold, remains in gaseous form until hit
by the plasma photocathode laser pulse. Because the laser pulse naturally has rapidly
oscillating electric fields, a laser pulse with an electric field amplitude exceeding the
tunnelling ionisation threshold of the high ionisation threshold medium will not impart
significant residual transverse momentum on the liberated electrons.
This is in stark contrast to the role of the driver beam: the driver electron beam
transverse space-charge fields shall be large in order to impart large transverse
momentum to plasma electrons in order to excite the collective plasma wave
oscillation, whereas the witness electron release laser pulse shall impart negligible
transverse momentum to the released witness electrons.
Low transverse momentum, and small beam size, are the desirable defining
factors for achieving low beam emittance. This is reflected by the compactness of
transverse phase space, and the large current density of the witness beam.
Nevertheless, even if the initial residual transverse momentum imparted by the plasma
photocathode laser pulse is negligible, factors subsequently increase the transverse
momentum and beam size. Phase mixing sets in immediately during the release
process, as the released slices of electrons, are captured, accelerated, longitudinally,
and transversely compressed in the plasma wakefield. Then, some effects impact the
witness beam quality due to its charge density being trapped and compressed to
increase charge densities. The intra-beam interaction due to increasing collective
repulsive Coulomb forces in the forming witness beam can become important. This
may increase the transverse phase space and the emittance, in turn reducing the
brightness. Additionally, space charge due to increased charge densities can become
significant and no longer negligible from the plasma wave's perspective, manifest by
reducing effective accelerating electric fields in the form of beam-loading.
These complex effects during beam formation are of paramount importance for
the witness beam shape and quality in terms of emittance, current, energy spread and
brightness. In this thesis, these effects are investigated in detail, using advanced, highresolution particle-in-cell simulations. Generating witness beams at nm-rad emittance
levels and studying the formative phase of witness beam production in detail,
particularly when exploring the witness beam dynamics and subtle space charge
effects at lower total charge levels. Significant effort has been put into developing and
testing techniques that decrease numerical noise issues to concentrate on physics. This
involved developing and testing suitable scripts to analyse the simulation outputs.
Furthermore, this requires not only high resolution in 3D, but also high dump
rates. This puts high demands on computational resources, and is costly. Further
significant effort has been made to make the simulations as efficient as possible, and
the simulations' computational costs are very substantial. A careful down-selection of
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the parameter range to be scanned was used. Furthermore, initial parameter regime
sweeps have been carried out at reduced resolution and reduced computational costs.
These studies have been useful to refine the required resolution for high-resolution
runs, concerning the feasibility of requirements for suitable exploration of details of
the witness beam formation dynamics. More than 5 million core-hours were required,
and ~400 TB of storage. This would not have been possible on many high-performance
computing clusters and allocations, but fortunately, in the context of this thesis, the
Shaheen-II cluster at KAUST in Saudi Arabia could be used to facilitate the research
presented.
On the other hand, simulations uniquely allow exploring details and
dependencies that are not accessible by experiment. Several of these approaches that
can be exclusively exploited in simulations have been used for this thesis. For example,
the ionisation potential of the species from which electrons were liberated from set to
arbitrary values to operate in extremely strong plasma waves was allowed to produce
and capture witness beams with charges up to several nC. Also, released particles were
tagged and tracked. This allowed the examination of relations between date (and
location) of birth times with positions in the formed bunch in real and phase space, to
investigate the movement of the ionisation front within the release laser pulse, and the
exact moment space charge forces and their impact on the formed bunch emittance
kick in.
Further, exploiting VSim’s modular structure, a field splitting technique was
implemented that allowed us to switch off/on intra-beam space-charge forces. If
switched on, witness beam electron macroparticles will ‘see’ each other, and their
electric field configuration was added on the top of the plasma wakefields to account,
e.g., for beam loading, as is reality. If switched off, the released electron
macroparticles would not repel each other but would merely be regarded as test
particles inside the wakefield. These features have proven to be extremely important
to investigate and understand the effect of space charge forces and their dynamics in
detail.
Using these techniques, the studies revealed that thermal emittance resulted
from the residual transverse momentum obtained during tunnelling ionisation and
interaction with the remaining laser pulse, and phase mixing due to different times of
birth of the electrons. Space charge forces dominate the overall emittance when the
total released charge exceeds approximately a few pC. This is a rather general
statement and depends on the specific scenario, e.g., if the wakefield driver is
transversally matched to the wakefield or not, but very important to focus on the
important effects and limitations going forward.
Both the projected and slice parameters of the formed witness bunches have
been investigated in terms of analysis. There are two mechanisms by which the charge
of the witness beam can be tuned. One is to tune the laser pulse, for example, in terms
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of intensity or terms of spot size. The other is to tune the density of the high ionisation
threshold species. Tuning the laser pulse spot size and/or the laser pulse intensity will
vary the focus volume in which electrons are released. For example, a larger spot size
means that more electrons are released off-axis, where they will develop more
transverse momentum when being accelerated towards the axis by the transverse
wakefields.
In contrast, tuning the high ionisation threshold component density will keep
the release volume constant. This is particularly useful to investigate the emittance
contributions and their dynamics. The analysis shows that at high released charge
levels in the range of nC, space charge forces are so strong that they significantly
elongate the formed witness bunch. This is an interesting form of dynamic beam
loading, which is unique to the plasma photocathode process. The analysis at the same
time also shows that the projected emittance increases strongly as the overall released
charge is increased.
On the one hand, the simulation scans revealed that the temporal sequence of
contributions to the emittance has three phases: first, the thermal emittance resulting
from the residual momentum of the laser kick following the tunnelling ionisation
occurs. This contribution is determined exclusively by the frequency and intensity in
terms of a0 of the laser pulse. Further factors are the duration of the laser pulse, its
shape, and polarization. This contribution is finished when the laser pulse has stopped
releasing electrons because of diffraction. Second, betatron phase mixing sets in, as
the individual electrons are accelerated and their betatron frequency and amplitude
increase, while the Lorentz factor 𝛾 associated with individual electrons increases due
to the acceleration. This phase mixing, which has been visualized, e.g., by plotting the
colour-coded transverse phase space slice ellipses, sets in immediately, but then may
dominate the emittance growth for a while, particularly, in the period where the release
process has stopped, but not all electrons are trapped and have reached their final
position on the wakefield. In this period, phase mixing is rapid, but witness charge
densities are not yet high because the beam is not yet compressed at the trapping
position. An exception may be the transverse ‘crunch points’ of witness beam electrons
during the trapping process, when LIT ions and still HIT ions provide focusing forces
and produce transversally small electron beam sizes. In any case, dependent on the
HIT density, ionisation front movement and the overall released witness beam charge,
the dominating emittance growth mechanism may be space charge (third phase). As
the witness electrons’ space charge is Lorentz compressed, and the forming current
produces as pinching magnetic field, the scale of the transverse forces as 𝛾 ,& , and this
emittance growth mechanism is saturated after a while.
On the other hand, the simulations revealed the sequence of contributions and
their relative magnitude. The thermal emittance contribution is extremely low. It has
been ignored to model this correctly by resolving laser pulse oscillations instead of
using the computationally much more efficient envelope approximation. The phase
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mixing emittance contribution is typically much larger, and can be the overall
contributing factor, but only at low released charge values, e.g., in the sub-pC range.
For (much) larger charges, the dominating emittance growth contribution comes from
the space charge.
Figure 6.1 below summarises the relative magnitude and sequence of emittance
growth mechanisms due to the plasma photocathode witness beam formation
conceptually (not to scale).

Figure 6.1: Schematic overview on the three different contributions and phases of
emittance growth: i) thermal emittance due to laser pulse release, ii) betatron phase
mixing, iii) space charge.
Chapter 4 investigated the influence of matched to unmatched driver beams,
the influence of the laser pulse intensity, transverse, and longitudinal variation of the
plasma photocathode position on the produced witness beam quality. This is useful for
understanding parametric dependencies that are important for experiment design,
analysis, and applications.
Chapter 3 investigated a key application for beams produced from the Trojan
Horse mechanisms. This work was done collaboratively. The main contribution of this
thesis has been the underlying PIC simulations that produced the beams that were then
used for FEL simulations. One key simplification for this was that the electron beam
had only been artificially dechirped to fulfil the energy spread criterion. There are
several pathways to realise this practically. One method is the escort beam dechirper
method [96], where the first electron beam is aiming at a relatively low charge to
optimise emittance and brightness of the beam, and a second plasma photocathode
process is then used to provide the high charge bunch to provide tailored beam-loading
of the plasma wake, thus being able to reverse the accumulated chirp of the witness
beam. Another way is direct beam loading, by which the witness beam (slice) current

130

is designed, for example, by increasing the HIT density or the laser pulse intensity of
focusing, to beam load immediately in such a way that the accelerating electric field
around the trapping position is flattened. A higher space charge is required to achieve
suitable beam loading in both cases.
Chapter 5 used simulations highly resolved in space and time to explore what
happens to beams from the plasma photocathode in terms of quality when the charge
is ramped up. From the perspective of applications, this addressed both the direct beam
loading approach by a single witness beam and the escort beam loading dechirper
approach. It is a challenge to tailor the characteristics of these beams in such a way
that they can serve both purposes, robust production of short beams with optimized,
as low as possible (slice) emittance, and for the production of longer beams with high
charge and current that strongly beam load. The relation between emittance (and other
beam quality aspects) and space charge has received special attention in the
exploration and analysis. Revealing the contributions and sequence of thermal
emittance, phase mixing and space charge to emittance helps design suitable bunch
production. Since space charge is the dominating emittance contribution, and has high
charge and/or currents as possible are required for many applications. Hopefully, the
techniques and insights presented and discussed will prove valuable for future plasma
photo gun designs.
Linking emittance growth to space-charge fields in the balance between plasma
ion background, HIT plasma ions and increasingly compressed and accelerated
witness beam electrons via the transverse momentum growth as driving force allowed
to pinpoint the phases during witness generation and acceleration in which the space
charge forces and emittance growth kicks in. Then, the tagged transverse phase space
evolution reflects this emittance growth in further detail.
Profiting from these results and insights, in the STFC PWFA-FEL project, startto-end simulations have been carried through involve further improved, noiseoptimised high-resolution PIC-simulations, beam transport simulations and
sophisticated FEL simulations. These results are currently in preparation for
publication and are expected to be a cornerstone for future experimental work and
plasma-based (X)-FEL design. It is expected that the results produced as part of this
thesis will be used to improve plasma wakefield accelerators to drive those plasmabased PWFA systems of the future.
The electron beams that drive suitable plasma photocathode-equipped PWFA
systems can come either from linacs, such as those at SLAC FACET-II, or those
potentially foreseen for the UK X-FEL, but also can come from LWFA systems. Such
hybrid LWFA-PWFA systems have recently made tremendous progress
experimentally [85]. The latter is particularly of interest for countries in which no
advanced, larger accelerator infrastructure in the form of GeV-scale, km-scale linacs
exists, because they offer access to PWFA-capable systems with a spatial footprint of
a few metres.
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In this context, plans and proposals have been developed towards a compact XFEL system in Saudi Arabia with a working title acronym SAXFEL. As shown in
Figure 6.2 below, such a system may be realised with a spatial footprint of only a few
tens of metres, at dramatically reduced costs compared to existing hard X-FELs, and
potentially with cutting edge capabilities as a result of electron beams from plasma
photocathodes designed based on principles and insights described in this thesis.

Figure 6.2: Conceptual, the basic layout of SAXFEL, a potential X-FEL in Saudi
Arabia. The accelerator part would be based on a hybrid LWFA-PWFA-System,
with a plasma photocathode based on principles and insights-driven forward as part
of this thesis. Thanks to the ultrahigh brightness provided by such electron beams, an
undulator of only ~10 m length may be sufficient to generate soft to hard x-ray
pulses, which then could be used for experiments in the user area.

It is clear that much more knowledge needs to be developed locally, both
theoretically and experimentally, to realise this vision. Hopefully, the results presented
in this thesis will be a key fundament for this. World-leading computational resources
at KAUST in Saudi Arabia, exploited in this thesis, have been proven to push this
research further and build and expand the knowledge base for the know-how and skills
required for a SAXFEL machine. A parallel aim is to explore synergistic R&D
questions required to push forward the UK XFEL project, and further potential future
X-FEL projects that may employ the plasma photocathode technology. In particular,
the development of XFELs based on plasma photocathodes and compact hybrid
LWFA-PWFA layouts require significantly more development in theory and
simulation, but could be realised completely based on commercially available
technology, and will be a focus of further work.
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