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General introduction

1.1 Charged particle acceleration

Accelerated charged particles, especially electrons and protons play a crucial role in many
of today’s machines used in a variety of fields. From big accelerators used for high energy
particle physics [1–3] to diagnostic tools for materials [4–8], medical applications [9–11]
down to the common household microwave. The energy to which these particles are ac-
celerated can vary from a few electron volts (eV (1.6× 10−19J)) in small appliances to
several TeV (1012 eV) in the largest accelerators [1, 12].

In order to accelerate charged particles to a high energy, there are generally two things
needed: a strong electric field and a distance over which this electric field can accelerate
the particles. The stronger the field or the longer the acceleration distance, the larger the
final energy obtained. Since larger accelerators often cost more money and space, it is
generally preferred to use accelerating fields that are as large as reasonably feasible to keep
both the cost and the size of the accelerator down. However, using the largest attainable
fields, high-energy accelerator still become very big and expensive.

For conventional accelerators, the maximum fields that are attainable are on the order of
100 MV/m, but in practice they are often (far) below that. This limit is inherent to the way
conventional accelerators work: When the voltage applied between two plates or parts of an
accelerator becomes too large, a discharge follows, creating a conducting path between the
two parts and reducing the applied voltage. This process is known as breakdown [13]. By
carefully machining the accelerator, reducing the time the field is applied, it is possible to
increase the fields that can be attained before breakdown occurs. But around 100 MV/m,
breakdowns will occur in accelerators even if all these precautions are taken. This means
that in order to reach high energies (GeV and beyond), the accelerator needs to be very
long. Currently, the longest accelerators [14, 15] already measure several kilometers, but
plans for future accelerators will require over 50 km in length [3].
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Chapter 1.

1.2 Laser wakefield acceleration

An alternative to building ever larger accelerators would be to somehow increase the acce-
lerating fields. But since these are limited by the accelerating techniques used, we would
need a different approach to generating accelerating fields. Laser WakeField Acceleration
(LWFA) [16–18] is such an approach that offers accelerating fields that are 3-4 orders
of magnitude larger than those achieved in conventional accelerators. Accelerating fields
inside prototype laser wakefield accelerators have been measured to be on the order of
100 GV/m [19, 20] and even several TV/m [21]. Using these fields, it is expected that the
length of the accelerators needed for desired energies can be greatly reduced as is illustrated
in Fig. 1.1 and as a result, new energy frontiers may be achieved.

1 GeV ~ 50 m 1 GeV ~ 0.05 m
Figure 1.1: The 50 GeV conventional accelerator (long white structure) as found at the SLAC
National Accelerator Laboratory measuring 3.2 km [14, 22] compared to a GeV laser wakefield
accelerator of a few centimeters [23].

The principle behind laser wakefield acceleration was first proposed by Tajima and
Dawson in the 1979 [16]. In this scheme, the large electric fields that are present in high-
power lasers are used to create an accelerating field inside a plasma. However, at that
time, the large laser powers needed for the scheme were not yet available. This changed
with the advent of Chirped Pulse Amplification (CPA) [24]. CPA allows the generation of
very high intensity laser pulses without destroying the optics used for amplification. This
is done by first making the pulse longer, then amplifying the pulse to a medium intensity
at this long duration and finally compressing the pulse again, resulting in a high intensity

2



General introduction

pulse as is illustrated in Fig. 1.2. With this scheme, it is possible to create laser pulses
with an intensity up to a PW (1015 W) [25].

Stretch Amplify Compress

Figure 1.2: The principle behind chirped pulse amplification. A short laser pulse is first
stretched, the stretched pulse is then amplified to medium intensity and finally compressed
again to a high intensity short pulse.

While the electric fields inside a focused laser beam are very large, they generally can
not be used directly for accelerating charged particles: The fields of the pulse do not only
accelerate the particles, but they also decelerate them before they leave the pulse, resulting
in little to no net acceleration in most cases [26–28]. When adding a plasma, it is however
possible to use the fields of an intense laser pulse indirectly in a way that does provide a
significant net acceleration. This process is know as laser wakefield acceleration.

1.2.1 The laser wakefield acceleration mechanism

Laser wakefield acceleration starts with a high intensity laser pulse entering a plasma. As
the laser pulse enters the plasma, the electric fields of the laser pulse push away the plasma
electrons, an effect known as the ponderomotive force (Fp):

~Fp = − πe2

2mω2
l

~∇ ~E2, (1.1)

with e the elementary charge, m the mass of the charged particle, ωl the laser frequency
and ~E the electric field of the laser. The same force also acts on the ions of the plasma, but
since they are much heavier than the electrons, the effect on them is much smaller. As the
laser pulse moves on through the plasma, it leaves behind a trail of positively charged ions
and negatively charged electrons that have been pulled apart. With no force pulling them
apart anymore, the electrons are pulled back towards the ions. Once the electrons reach
the ions, they still have a large velocity, causing them to overshoot their original position
and being pulled back again by the ions, only to overshoot again... These overshooting
electrons create an electron density oscillation called a plasma wave as depicted in Fig. 1.3.

3



Chapter 1.

a) b)laserwakefield

Figure 1.3: Electron motion in the wakefield caused by a laser pulse traveling through the
plasma (adapted from [29]) (a) and amplitude of plasma wave in the linear regime (b)

Inside the plasma wave, the separation of the negatively charged electrons and positively
charged ions causes an electric field. The magnitude of this electric field (E0) can be
estimated from the maximum number of oscillating electrons and maximum distance they
are separated from the ions [16]:

E0 =
cmeωp
e
' 9.6× 104 √n0

V

m
, (1.2)

with c the speed of light, ωp the plasma frequency
(
ωp =

√
n0e2/meε0

)
, n0 the plasma

density and ε0 the vacuum permittivity. For a typical plasma density of n0 = 1.0×1024 m−3

this gives a maximum electric field on the order of 100 GV/m, or 3 orders of magnitude
above the maximum fields achievable in conventional accelerators.

As can be seen in Fig. 1.3, the fields in the plasma wave can be either accelerating or
decelerating in the longitudinal direction and either focusing or defocusing in the radial
direction. For optimum acceleration, the particles have to be in the accelerating part of
the wave and also radially focused so that they will not leave the plasma wave. This means
that, depending on the regime, only about a quarter of the plasma wave is suitable for good
acceleration. It is however not enough for charged particles such as electrons to be injected
into the plasma wave at the proper phase of the wave: They also need to have a sufficient
initial velocity to remain there or they will stay behind as the plasma wave moves along
leading to defocusing and deceleration. This situations is analogous to a surfer surfing a
wave: If he is not going fast enough before hitting the wave, he will not be able to catch
the wave and surf it, but will stay behind.

Electrons that are going fast enough to get accelerated by the plasma wave will get more
and more velocity and will eventually start to move beyond the wave they are surfing. This
means that at some point they will reach the next decelerating part of the plasma wave
and start to lose energy and velocity. Then the plasma wave with catch up to them again
and they are once again accelerated. This process is known as dephasing (’leaving the
accelerating phase’). The typical length over which electrons can be accelerated before
they leave the accelerating phase of the plasma wave is known as the dephasing length
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(Ld) [30–32]:

Ld =
πcω2

l

ω3
p

, (1.3)

with ωl the laser frequency of the laser pulse used to create the plasma wave. Thus a
lower plasma density gives lower accelerating fields, but electrons can be accelerated over
a longer distance, resulting in a net increase of the final energy when compared to higher
plasma densities.

1.3 Injecting electrons into a plasma wave

In this thesis, we will consider the acceleration of electrons using laser wakefield accelera-
tion. As mentioned, these electrons must be injected into the plasma wave with a sufficient
initial velocity and at the right phase of the plasma wave. To obtain the electrons that are
going to be accelerated, there are two possible sources: we can either extract them from
the plasma itself (internal injection) or we can use an external source of electrons (external
injection).

Using the electrons from the plasma itself seems like the most straightforward approach:
If the laser pulse is very intense, the electric fields produced are strong enough to pull some
of the plasma electrons far enough away from the ions that they no longer return to them.
These ’freed’ electrons will then experience the fields of the plasma wave. The difficulty
arises when the electrons not only have to be freed from the plasma, but also freed from
the plasma in the proper phase of the plasma wave to get accelerated electrons. If you
also want the electrons to have a low energy spread, they should all be injected at about
the same phase in the plasma wave, requiring an even larger degree of control over the
electron injection. In 2004, a better understanding of the acceleration mechanics and
increased control over both the plasma and laser parameters allowed research groups to
accelerate electrons from the plasma using LWFA to an energy of 100 MeV [33–35] with a
low energy-spread. Two years later, the first experiment reached the GeV-level [23].

While this increased control over the plasma and laser can produce high energy electron
beams with a low energy spread, producing these beams reliably is still an issue. This is
caused by the injection process itself which is very sensitive to any fluctuations. To improve
the reliability and reproducibility of the internal electron injection, several techniques have
been proposed and some tested. These methods rely on getting more control over when and
where the electrons are injected into the plasma wave. Examples are the pre-shaping of the
plasma such that only a small region has a sufficiently high density to inject electrons [36].
Another is using two counter propagating laser pulses [37]. The first one creates the plasma
wave, but is not strong enough to trap electrons from the plasma. When the first and second
pulse overlap, their combined intensity is high enough to inject electrons into the plasma
wave. This means that injection can only occur in the region where both pulses overlap.

Using an external electron source is another way of gaining more control over where and
when the electrons are injected into the plasma wave. This approach also allows a greater
freedom in choosing the laser and plasma parameters since they no longer have to supply

5
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the exact fields needed to extract electrons from the plasma at the right location and time.
This additional freedom can be used to go to lower amplitude plasma waves which require
less powerful lasers and are less prone to field-driven instabilities. Additionally, it can be
used to explore the effects of various laser, plasma and electron parameters without having
to maintain the delicate balance of plasma density and laser power needed for internal
injection. The price that has to be paid is the addition of a high quality external electron
source and the necessary synchronization between laser pulse/plasma wave and the injected
electrons.

External injection was initially dismissed as a tool for creating low energy spread elec-
trons since it was thought that both the injected electron bunch and the synchronization
jitter between the electrons and the plasma wave would have to be small compared to
the plasma wave length. Since the typical period of a plasma wave is only several tens of
femtoseconds, the electron bunches and synchronization would have to be at the sub-ten
femtosecond range. These required durations are significantly lower than thus far achieved.
More recently, several schemes [38–45] have been proposed that result in the acceleration
of short accelerated bunches with a low energy spread from longer external bunches with
lengths achievable by current electron sources. These schemes also tolerate more synchro-
nization jitter while still able to reliably produce low energy spread electron bunches [46].

There are two general ways of injecting external electrons into a plasma wave as shown
in Fig. 1.4: they can be injected either directly into the plasma wave [38–40] or in front of
the plasma wave [41, 43–45]. Both schemes can produce high energy accelerated electron
bunches with a low energy spread, from injected bunches which are significantly longer than
the plasma wavelength. When electrons are injected in front of the laser pulse, the laser
pulse and plasma wave overtake the electrons and compress the bunch during trapping
inside the plasma wave, resulting in a much shorter accelerated bunch. When injecting
behind the laser pulse, the plasma wave acts as a chopper: only those parts of the initial
electron bunch that are in the right phase of the plasma wave are accelerated, the rest of
the bunch is radially expelled. This process results in a train of short sub-bunches. These
sub-bunches can all be accelerated at (nearly) the same phase of the plasma wave and thus
all have approximately the same final energy with a low energy spread.

The choice of which method can be used for external injection depends on the experi-
mental parameters: Injection in front of the laser generally requires a more powerful laser
and needs a relatively short initial electron bunch. Injection behind the laser pulse requi-
res a less powerful laser and can be used to accelerate longer electron bunches, but these
generally need to have a higher initial energy to be trapped due to the lower trapping fields
inside the plasma wave. In the intermediate laser power regime, both methods can be used
and by changing the timing between the laser and the electron bunches, electrons can be
injected either in front or behind the laser pulse. Depending on the desired properties of
the accelerated electrons, the experimental parameters can be adjusted to optimize the
final bunch properties.
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a

b

Figure 1.4: Schematic overview of bunch injection and accelerated electrons when injection
behind the laser pulse (a) and when injecting in front of the plasma wave (b)

1.4 This thesis

This thesis describes the work done to develop a proof of principle experiment for the
reliable acceleration of externally injected electron in a laser wakefield accelerator. The
thesis covers both the initial design of the experiment and the commissioning of the electron
source designed for the electron injection.

We start by introducing a simple and fast numerical model to describe the fields of a
plasma wave. This model is then implemented in the General Particle Tracer (GPT [47,
48])-program which will also be used to design the injection beamline. We then use GPT
to simulate the effects of a plasma wave on an generalized injected electron bunch. In
Chapter 2, we use this model to study the effects of plasma density and length, the initial
energy of the injected electron and the intensity of the laser used to excite the plasma wave.
This allows us to identify which parameters should be aimed for in the experiment. With
this data and the available experimental infrastructure, we then design the setup for an
experiment to study the creation of (quasi-)mono-energetic electron bunches from a laser
wakefield accelerator using externally injected electrons (Chapter 3). This design uses a
2.6-cell RF-photogun, a combination of electron source and accelerator, to produce a 300 fs
electron bunch with an energy of 6.7 MeV. This bunch is then injected into a plasma wave
generated by a 2 TW laser pulse in a plasma channel. After acceleration, a bunch train of
∼ 10 fs sub-bunches with an average energy of 90 MeV is created. The current progress on
the construction and commissioning of the photogun and injection beamline is described

7
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in Chapter 4. The main characteristics of the photogun are measured at both low and
high RF-powers. The electron bunches produced, at the current sub-design RF-powers,
are characterized to see to what degree they already fulfill the criteria set forth in the
design.

In order to obtain a reliable injection and efficient acceleration of electrons, the injection
scheme also needs to be able to produce high-quality electron bunches in the presence of
unavoidable fluctuations in the experimental parameters. If small variations in key para-
meters such as the laser intensity, initial electron energy, plasma density or timing between
the laser and electrons will produce large variations in the characteristics of the final beam,
it can no longer really be called stable and reliable. In Chapter 5, we therefore use a more
advanced plasma wave model to study the stability of the expected accelerated bunches
produced by the two injection schemes (injecting either in front of or behind the laser pulse)
with regards to fluctuations in experimental parameters and timing. This is needed to be
able to get an estimate of how precise parameters such as the laser intensity, plasma den-
sity, initial electron energy and the synchronization between the plasma wave and injected
electrons have to be controlled to reliably produce high-quality electron bunches.

Finally, in Chapter 6 we introduce a new application of externally injected laser wake-
field acceleration, namely the use of a plasma wave as an electron bunch compressor. While
the compression or chopping of the injected beam is present in many schemes using ex-
ternal injection, they are all aimed at achieving high energy and low energy spread with
the shortness of the final bunches being a bonus. To increase the use of a plasma wave
as a bunch compressor, we adjust the existing scheme proposed by Khachatryan [43, 44]
for injection of electrons in front of the plasma wave. With this adjustment, part of the
possible energy gain is sacrificed to reduce the final energy spread, decrease the sensitivity
to timing jitter and allow the compression of longer electron bunches while retaining a low
energy spread, thus making it better suited as a general bunch compressor.
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2

Numerical evaluation

Abstract.
We present a parameter study for laser wakefield acceleration, in which externally

injected electrons are accelerated in low amplitude plasma waves, represented by an
analytical 2-D description. Results have been obtained for plasma densities up to
2.6× 1024 m−3, plasma lengths up to 300 mm, laser intensities up to 3.5× 1021 Wm−2

and injection of Gaussian model bunches at energies up to 12 MeV. For the range of
parameters studied, effects of laser depletion and electron back action on the plasma
can be ignored. We identify a region in parameter space where final energies of over
100 MeV are reached, at an energy spread of less than 5% and a RMS-emittance of a
few µm[rad].

This chapter is based on the article published as: Parameter study of acceleration
of externally injected electrons in the linear laser wakefield regime, W. van Dijk and
S.B. van der Geer and M.J. van der Wiel and G.J.H. Brussaard, Phys. Plasmas 15,
093102 (2008)
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Chapter 2.

2.1 Introduction

Laser wakefield acceleration [1] allows the generation and use of accelerating electric fields
orders of magnitude larger than those achieved in conventional accelerators, allowing the
reduction of the size of the accelerating structure from meters or kilometers to the scale
of millimeters or meters. Recent demonstrations have shown the ability to create electron
bunches with energies of 100 MeV [2–4] and even up to 1 GeV [5] with low energy-spread.

One of the interesting features that sets electron bunches created using laser wakefield
acceleration apart from those created with conventional radio-frequency accelerators is the
length of the bunches created which is in the order of a few femtoseconds. The generation
of electron bunches with such short duration opens up new applications in fields such as
coherent THz-generation [6] and compact, femtosecond free electron lasers [7–9].

In addition to having severe requirements on energy, energy spread, bunch duration
and emittance, these applications also require a stable and reliable source of electrons,
something current laser wakefield acceleration experiments have not been able to achieve.
The main reason for the unstable behavior, is the way the electrons are injected into the
wakefield. Electrons are trapped from the plasma itself in a process known as wave-braking.
The onset of wave-breaking requires the generation of very non-linear fields, these fields
will then trap electrons from the plasma. The highly non-linear behavior and necessary
instability make control over the injection process very difficult. A possible way [10–14]
to prevent this problem is to use externally injected electrons instead of electrons trapped
from the plasma itself. Using an external electron source would allow more control over the
injection process by manipulating the initial electron properties and avoid the instabilities
inherent to the highly non-linear regime needed for wave breaking. Also, the approach of
external injection enables the use of low amplitude plasma waves which require less laser
power for their generation, reducing the size and cost of the laser system.

The next chapter (Chapter 3) will focus on the specific design and optimization of
an injector beamline for injecting electrons into a low amplitude wakefield. This chapter
describes the framework and simulation methods used to obtain the results. This model
will then be used to explore the effects of several important experimental parameters on
the properties of the final electron beam. The parameters are the density and length of the
plasma, the energy of the injected electrons and the intensity/power of the laser used to
generate the wakefield. When using external injection, these parameters can be separately
varied and more or less individually tuned to obtain the desired electron beam properties.
The final electron beam will be characterized by energy, energy spread, charge, emittance
and duration. The resulting trends of the parameter study will be discussed.

2.2 Method

The tool used to evaluate the effects of the different laser wakefield and electron parameters
on the initial electron bunch is the General Particle Tracer code [15]. The GPT-code solves
the relativistic equations of motion of charged (macro-)particles in three dimensions in the
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presence of both external electro-magnetic fields and internal space charge forces. To
include the effects of a plasma wave, an analytical approximation of the fields inside the
plasma wave (described in 2.2.4) has been used.

One advantage of this approach compared to the use of Particle-In-Cell (PIC) codes [16,
17] is the possibility to include all the components used for the generation of the injected
electrons and their transport to the plasma. This allows the use of non-idealized electron
bunches and evaluation of the effect of the injection beamline on the final electron bunch,
as was shown in [18].

More relevant for the present work is the fact that the current implementation of the
laser wakefield module allows the execution of many thousands of simulations with different
parameters on a regular personal computer in one or a few days instead of requiring the
same time for a single run on a cluster as is the case with the more elaborate PIC-codes.
This allows a much more complete sampling of the parameter-space given constraints on
time and computing power.

2.2.1 Laser

Low amplitude wakefields can be described by simple harmonics with a single frequency
(the plasma electron frequency). As a contrast to the regime of high amplitude non-linear
plasma waves, this regime will be referred to as the linear laser wakefield regime. Because we
want to investigate the linear laser wakefield regime, the default laser parameters considered
are those of a relatively modest laser system. The specifications of the laser system used
for the simulations (except where stated otherwise), are those given in Table 2.1.

2.2.2 Laser guiding

To maintain a high laser intensity over a long distance, we will assume the laser to be
guided [19–23] in the plasma, with a matched spot size [23] given by:

W−1 = 4

√
e2

8ε0mec2

∂2ne
∂r2

. (2.1)

Here ne is the electron density, r the distance from the center of the channel, e is the
elementary charge, ε0 is the vacuum permittivity, me is the electron rest mass and c is the
speed of light in vacuum.

2.2.3 Electron bunches

External injection of electron bunches with a duration of less than one plasma wavelength
has not been demonstrated and may be very difficult to achieve [24, 25]. It used to be
thought that such bunches would be necessary for the generation of (quasi) mono-energetic
electrons bunches. However recently, simulations and theory have been published [10, 18,
26] showing that bunches significantly longer than the plasma wavelength can still lead
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to the generation of electrons with low energy spread and a bunch length on the order of
10 fs. In this scenario, the plasma wave acts as a slicer and as a compressor in addition to
an accelerator as can be seen in Fig. 2.1.

An additional advantage of using electron bunches which span several plasma periods
lies in the relaxed demands for synchronization between the laser and the electrons. For
bunches significantly shorter than the plasma wavelength, synchronization on timescales
below the plasma period is needed to select the proper injection phase. With bunches
longer than the plasma wavelength, injection needs to take place before significant wave
damping takes effect. This relaxes the synchronization demands by an order of magnitude
from a few femtoseconds to tens or hundreds of femtoseconds. Such synchronization has
already been demonstrated and can be achieved routinely [27].

In the simulations, we will use an initial electron bunch length of 500 fs RMS. This
bunch spans several plasma periods, but is short enough to limit the number of accelerated
(sub-)bunches to a few up to twenty per injected bunch as can be seen in Fig. 2.1. The
temporal profile will be assumed to be a Gaussian distribution. It is possible to use arbitrary
distributions, but the intention is to give a general parameter scan. Effects of a non-
Gaussian distribution will be discussed in Section 3.6.

The transverse size of the electron bunch should be as small as possible to ensure
acceleration of as many electrons as possible in the laser focus. In reality the emittance of
the bunch and the space-charge forces inside the bunch will limit the minimum size to which
the electrons can be focused. Based on previous investigations of realistic beamlines [18, 26],
we assume that the electrons can be focused down to at least 30 µm. That is the value
we will assume for the FWHM of the Gaussian radial distribution so that both laser and
electron bunch have the same spot size. The results are representative for other electron
beam radii as long as the laser spot size and laser power are adjusted to maintain the same
laser intensity and relative spot sizes compared to the ones presented here.

The effects of the bunch charge on the plasma are not included in the model. This means
that the bunch charge should be low enough not to significantly influence the plasma it is
traveling through. Limiting the total charge to 10 pC will result in space charge fields that
are less than one percent of the fields generated by the wakefield. In experiments, the total
injected charge will depend on the electron source used. Therefore, we express the final
charge in our simulation results as a percentage of the injected charge for more convenient
evaluation.

2.2.4 Plasma wave description

A general 3-D fully analytical description of the plasma wave generated by the laser pulse is
impracticable if not impossible. However, under those conditions explored in this article, an
analytical approximation of the wakefield can be made [10, 28–30]. The main restriction is
that the laser intensity is relatively low and the laser pulse is guided. Under this condition
the plasma wave can be described by simple harmonics. The second assumption is that the
problem is quasi-static. This requires both the depletion of the laser and the effect of the
accelerated bunch on the plasma wave to be negligible. In the parameter space explored,
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both these conditions are fulfilled. We will further assume that the plasma is a hydrogen
plasma and fully ionized in the region of interest.

With the assumptions mentioned, the electrical fields of the plasma wave can be de-
scribed (analogous to [31]) by:

Ez (r, z) = kpU0 sin (kp (z − vgt) + φ0) e
−
(
r2

W2

)
, (2.2)

Er (r, z) =
2U0r0

rl2
cos (kp (z − vgt) + φ0) e

−
(
r2

W2

)
, (2.3)

with kp the plasma wave number, U0 the potential amplitude of the wave, vg the group
velocity of the wave, φ0 the initial phase of the wave, W the matched spot (Eq. 2.1) of the
plasma channel and rl the 1

e2
-radius of the laser beam.

The plasma wave number kp is related to the electron density ne, electron mass me and
vacuum permittivity ε0 by:

k2
p =

e2ne
ε0mec2

. (2.4)

The group velocity vg of the plasma wave is described by:

vg = c

√
1− np

ncr
, (2.5)

with ncr the critical plasma density
(
ncr = ε0m0

e2
ω2
l

)
for angular frequency ωl of the laser

that is used to generate the wakefield.
The amplitude of the wave U0 can be expressed as a function of the parameters of laser

pulse and plasma channel as described in [32]:

U0 =
eP
√
µ0

mec2
√
πε0

(
λl
λp

)(
σz

2ZR

)
e
−
(
k2pσ

2
z

4

)
. (2.6)

Here µ0 is the permeability of vacuum, P is the laser power, λl the laser wavelength, λp
the plasma wavelength

(
λp = 2πkp

−1
)
, σz the temporal half-width of the laser pulse and

ZR the Rayleigh length in vacuum
(
ZR = πr2

l λl
−1
)
.

The electric fields described by Eqs. 2.2, 2.3 and 2.6 have been incorporated into the
GPT code allowing the simulation of both the injector beamline and the plasma wakefield
within the same code. The results of the 2-D low amplitude approximation have been com-
pared to those of the more complete 3-D particle-in-cell model developed by Reitsma [33]
and within the stated limits of validity, the results agree.

During acceleration, part of the electrons are expelled in the radial direction by the
radial component of the wakefields. These electrons are removed from the final beam in
the simulation as soon as their radial distance from the optical axis and center of the
wakefield exceeds 150 µm within the plasma, well separated from the trapped part of the
beam.
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2.3 Parameter evaluation

When evaluating the effect of the various system parameters on the accelerated electrons,
it is important to first identify which ones are interesting to perform a full parameter scan
and which are the ones that can be accounted for by scaling.

The plasma serves a dual role in the system: It serves both as a medium to accelerate
the electrons, driven by the laser, and as a laser guide to maintain the same laser intensity
over the entire plasma length. The efficiency as a laser guide can be adjusted by changing
the way the plasma is generated, but since these are specific to the kind of plasma used,
it will be assumed that these adjustments have been made and the plasma acts as a laser
guide. Two important remaining parameters are the density and the length of the plasma,
which can both significantly influence the characteristics of the final electron bunch, as is
explored in Section 2.4.5.

For the injected electrons, the most important characteristics are: energy, energy
spread, charge, bunch length and radial size. Within the limitations stated in Section 2.2.3,
the effects of charge, bunch length and radial size can be obtained by scaling the given re-
sults. Since most injection sources can provide beams with low energy spread, its effect
can also be neglected. That leaves the effect of the initial energy of the injected electrons,
which is explored in Section 2.4.6.

The laser pulse is characterized by wavelength, energy, duration and spot size. While
the wavelength and minimum duration are usually fixed for the laser system chosen, the
energy and spot size can be varied. As can be seen by examining Eq. 2.6, the electric fields
within the plasma wave are proportional to the intensity of the laser pulse. Since we have
chosen to keep both the laser spot and electron bunch the same size, we will keep the laser
spot size constant while varying the energy in the laser pulse to study the effect of the laser
intensity. The results are presented in Section 2.4.7.

2.3.1 Default parameters

When evaluating the effect of one particular parameter, we will keep the other parameters
of the injected electrons and laser at the default values which have been summarized in
Table 2.1.

2.4 Simulation Results

2.4.1 Parameters explored

In this section, we will evaluate the effects of the plasma length (Section 2.4.5), electron
energy (Section 2.4.6) and laser intensity (Section 2.4.7) on the electrons accelerated in a
laser wakefield. The plasma density has a strong effect on the final beam characteristics,
even in combination with other parameter changes. We will therefore also present all results
as a function of the plasma density in a range of (0.2− 2.6)× 1024 m−3.
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Parameter Default value

Energy 6.68 MeV
Electron Charge 10 pC
Bunch Length (FWHM) 500 fs

FWHM Radial size 30 µm

Central wavelength 800 nm
Energy per pulse 100 mJ

Laser Pulse length 50 fs
Spot size

(
1
e2
− radius

)
30 µm

Intensity 0.7× 1021 W/m2

Table 2.1: The default parameters used when exploring the parameter space.

2.4.2 Beam transformation

When a bunch with a total length exceeding the plasma period is injected into a plasma
wave, parts of the initial electron bunch will be radially expelled. This leads to a breakup
of the original bunch into a train of sub-bunches as is shown in Fig. 2.1.

When considering the properties of the final bunch, we will integrate over all the sub-
bunches of the entire bunch train.

2.4.3 Beam criteria

Since the initial electron bunches span more than one period of the plasma wave, the
fields and energy gain experienced by the different electrons vary greatly. Also there are
electrons that neither remain trapped nor are expelled far enough from the plasma to be
removed in our simulation scheme. In order to reduce the effect of these few outliers on
the macroscopic properties of the final train of electron bunches, we will consider only the
central 95% of the distribution of the final electron bunches when determining the average
energy, relative energy spread, charge and emittance.

2.4.4 Emittance definition

There are many definitions that can be used to quantify the emittance of a beam. The
generally used RMS-emittance is not suited for describing the emittance of the bunches
created since it assumes a Gaussian distribution in phase-space which, as mentioned before,
is often not the case for the bunches exiting the wakefield. Moreover, the RMS-emittance is
very sensitive to a few outliers. Therefore we will use the area of an ellipse in the transverse
phase-space containing 95% of the electrons, divided by π and normalized by the Lorentz
factor.

In order to be able to compare this emittance with the more conventional RMS-
emittance, it can be noted that for a uniform phase-space distribution, the area of the
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Figure 2.1: Typical example of the effect of the plasma wave on a bunch with a length greater
than the plasma wavelength. The initial Gaussian bunch (a) is transformed into a train of sub-
bunches (b) corresponding to similar phases in the plasma wave while retaining the overall
Gaussian profile.

ellipse containing 95% of the electrons is a factor 4 larger than the RMS-emittance.

2.4.5 Effect of plasma length

The effect of the length of the plasma on energy, energy spread, charge and emittance can
be seen in Fig. 2.2. Normally one would expect the highest energy to be achieved at the
dephasing length (Ld) [34–36] given by:

Ld =
πcω2

ω3
pe

. (2.7)

As can be seen in Fig. 2.2a, the length of the plasma which yields the highest energy,
differs slightly from the dephasing length (Eq. 2.7). The general picture of dephasing is
preserved however: The electrons are accelerated until they outrun the accelerating phase
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Figure 2.2: (Color online) Effect of the plasma length and density on the final energy (a),
energy spread (b), total charge (c) and emittance (d) of the train of bunches. The solid line
represents the dephasing length (Eq. 2.7). The laser and injected electron parameters are
described in Table 2.1.

and enter the decelerating phase. After deceleration, they again enter the accelerating
phase and gain energy, and so on.

The energy spread (Fig. 2.2b) reaches its minimum for a given density at around the
same plasma lengths for which the energy reaches its maximum. At that length the gradient
in potential energy is minimal leading to the least energy difference between those electrons
in the forward part of the bunch and those in the back. The total energy spread is reduced
from almost 100% during the initial phase of the acceleration to only a few percent at this
optimal distance

The total charge (Fig. 2.2c) varies very little: after about 3 mm, over 75% of the
electrons are expelled in the radial direction and those trapped by the plasma wave generally
stay trapped. The total accelerated charge drops both with high and low plasma densities,
showing a peak around 15% at intermediate values within the range evaluated.

The emittance (Fig. 2.2d) at the lengths that yield the highest energy and lowest energy
spread is 1− 8 µm[rad] (0.25− 2 µm RMS). The values of the emittance can vary over two
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orders of magnitude over the entire parameter space explored.
While studying the effect of the energy of the injected electrons (2.4.6) and the laser

intensity (2.4.7), we will use Eq. 2.7 to set the length of the plasma. This is close to the
length providing maximum energy and minimum energy spread as can be seen in Fig. 2.2.

2.4.6 Effect of the energy of the injected electrons

The effect of the injection energy on the final energy, energy spread, charge and emittance
is shown in Fig. 2.3. Because the initial energy of the electrons determines the range of
the phase of the plasma wave where electrons can be trapped, it is expected to influence
energy, energy spread and especially accelerated charge.
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Figure 2.3: (Color online) Effect of the plasma density and injection energy of the electrons
on the final energy (a), energy spread (b), total charge (c) and emittance (d) of the train
of bunches. The fixed laser and injected electron parameters are described in Table 2.1 and
the plasma length is equal to the dephasing length (Eq. 2.7). The dotted line denotes the
approximate trapping limit of 4.75 MeV.

There are regions in Fig. 2.3 where all of the electrons are expelled and none reach the
end of the plasma. These regions are denoted by a white color. The data from Fig. 2.3
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shows two different regions, depending on the initial energy of the electrons with a boundary
around an injection energy of 4.75 MeV for the default laser parameters. Electrons with
an energy below 4.75 MeV are mostly expelled beyond the 150 µm radial limit, resulting in
no accelerated electrons. There are however also cases, mainly at higher plasma densities,
where the lower energy electrons seem to gain (almost) no energy, exhibit low to moderate
energy spread (0-15%) and the remaining charge varies up to almost 100%. Closer inspec-
tion of the evolution of these electron bunches reveals the following: The electrons are not
trapped and accelerated by the plasma wave during their journey through the plasma, but
are radially expelled from the region of the plasma wave. However, this expulsion is not
strong enough to remove them further than 150 µm from the optical axis within the length
of the plasma. They therefore continue inside the plasma without further interaction with
the plasma wave on a trajectory roughly parallel to the optical axis on which they entered
the plasma with a small radial velocity due to the expulsion force. The fact that these
electrons still remain in the simulation is therefore a result of the criteria chosen to deter-
mine which electrons are trapped and which are expelled and should be removed from the
results.

Electrons with injection energy higher than the 4.75 MeV trapping threshold are trap-
ped by the plasma wave and their final energy is almost independent of the initial energy
as can be seen in Fig. 2.3a; there is even a slight decrease in average energy when the
injection energy is increased due to electrons also being trapped in phases of the plasma
wave that lead to smaller final energies.

For a given plasma density, the energy spread (Fig. 2.3b) starts out high as the injection
energy is increased beyond 4.75 MeV, as part of the electrons are trapped and accelerated
to higher energies while another part is not trapped or does not remain trapped over the
entire length of the plasma. Just above the threshold, all the electrons that are trapped are
being trapped at nearly the same phase of the plasma wave. The resulting energy spread
is small, on the order of a few percent. When the initial energy is increased, a larger part
of the initial electron bunch is trapped over a larger phase of the plasma wave and thus the
electrons experience different accelerating fields, resulting in larger final energy spreads.

When considering the charge of the accelerated electrons (Fig. 2.3c), we note that the
effect of more electrons being trapped when injected with higher initial energy is clearly
visible in the final total charge. Higher initial energy leads to more trapping, which leads to
more charge. In the region of plasma densities between 0.2× 1024 m−3 and 0.8× 1024 m−3

and injection energies between 7 MeV and 12 MeV where the energy spread is below 20%,
the total fraction of the initial charge accelerated can be as high as 40%.

The emittance (Fig. 2.3d) is higher near the trapping limit due to the presence of
both trapped and untrapped but unexpelled electrons. At electron energies just above
the trapping threshold, the emittance drops as electrons stay either trapped or are radially
expelled. At injection energies further above the trapping threshold, the emittance starts to
increase as electrons are trapped in a larger range phases of the plasma wave experiencing
different radial fields. In the region of plasma densities between 0.2× 1024 m−3 and 0.8×
1024 m−3 and injection energies between 7 MeV and 12 MeV where the energy spread is
below 20%, the emittance varies between 3 µm and 20 µm (0.75− 5 µm RMS).
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2.4.7 Effect of the laser intensity

The effect of the laser intensity on energy, energy spread, charge and emittance is shown
in Fig. 2.4. According to the equation for the wakefield amplitude (Eq. 2.6), the electric
fields scale linearly with the laser intensity.
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Figure 2.4: (Color online) Effect of the plasma density and laser power on the final energy (a),
energy spread (b), total charge (c) and emittance (d) of the train of bunches. The fixed laser
and injected electron parameters are described in Table 2.1 and the plasma length is equal to
the dephasing length (Eq. 2.7). The dotted line denotes the trapping limit of 0.5×1021 Wm−2.

As expected, the energy of the final electron bunch (Fig. 2.4a) typically scales linearly
with the intensity above a certain threshold where trapping occurs. The average final
energy varies between the initial injection energy of 6.7 MeV to energies above 250 MeV

The energy spread (Fig. 2.4b) increases with increased laser intensity. At higher la-
ser intensities more electrons are being being trapped over a larger phase of the plasma
wave. Similar to the process described for increased injection energy, this leads to a hig-
her energy spread. Around 0.5× 1021 Wm−2, electrons start getting trapped and there is
similar trapping behavior as for the injection energy with an increased energy spread due
to electrons remaining trapped and electrons being trapped, but then escaping again. The
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total energy spread typically varies from 50% at high laser intensities to below 5% just
above the trapping threshold.

The charge in the final bunch (Fig. 2.4c) increases as a function of the laser intensity
as noted above. The charge also increases with higher plasma densities due to the larger
electric fields (linear with the plasma density: see Eq. 2.6) resulting in a higher trapping
efficiency. However higher plasma densities lead to lower final energies due to a shorter
dephasing length. The total trapped fraction can get as high as 45% for high plasma
densities and 30% at lower plasma densities.

The emittance (Fig. 2.4d) is again higher near the trapping limit due to the presence of
both trapped and untrapped but unexpelled electrons. Similarly, at laser intensities just
above the threshold, it drops as electrons stay either trapped or are radially expelled. At
intensities further above the trapping threshold, the emittance starts to increase as electrons
are trapped in a larger range phases of the plasma wave experiencing different radial fields.
The emittance is between 5 µm and 20 µm (1.25−5 µm RMS) for plasma densities between
0.2 × 1024 m−3 and 0.8 × 1024 m−3 and laser intensities between 0.75 × 1021 Wm−2 and
2.0× 1021 Wm−2.

2.5 Discussion and conclusion

From the results presented in Section 2.4, it is possible to draw several conclusions re-
garding the effect of various experimental parameters on the process of laser wakefield
acceleration in the linear regime. The study helps to select the experimental parameter
ranges appropriately for obtaining desired beam characteristics for applications.

For most applications, the following characteristics of the accelerated beam are desira-
ble: High energy, low energy spread, high charge and low emittance. From Figs. 2.2, 2.3
and 2.4 we can conclude the following regarding those characteristics:

The final energy of the accelerated bunch is mostly determined by the plasma density
(combined with the appropriate plasma length) and laser power. Lower plasma densities
and higher laser power result in high electron energies, which is to be expected.

The energy spread of the accelerated electrons varies greatly from a few percent to
almost 100% depending on the parameters chosen. With regard to the plasma length,
the energy spread generally has a minimum at the same length where the energy is at its
maximum. Low energy spread is possible at all plasma densities evaluated. With regard to
laser power and the energy of the injected electrons, the energy spread reaches a minimum
slightly above the trapping limit for the electrons.

The total fraction of accelerated charge is fairly uniform over most of the parameter
space with 5−10% of the initial charge being accelerated, though this fraction drops when
either the laser power or the initial electron energy is too low for trapping. Most charge
is preserved with a high laser power or initial electron energy, but this will also lead to an
increased energy spread. There are many cases which show significantly more than 10%
charge in the final bunch below the trapping limit, but these all have a large fraction of
electrons that are radially expelled from the plasma wave, but with insufficient force to
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remove them completely leading to a large energy spread and emittance.
The emittance of the accelerated electrons shows minima around the areas where the

energy spread is also at a minimum, usually just above the trapping limits.
The use of non-idealized bunches will have some effects as will be discussed in Sec-

tion 3.6, but all the final characteristics will still remain roughly the same with the excep-
tion of the total charge.

It was noted before that there is a difference between the dephasing length (Eq. 2.7)
and the length offering the lowest energy spread and emittance as can be seen in Fig. 2.2.
The effect of this difference is most evident at higher plasma densities, leading to a sub-
optimal result at higher plasma densities in Fig. 2.3 and 2.4. Also at small plasma lengths
(generally below 3 mm) there is still a fraction of untrapped electrons present that have
not been radially expelled far enough to be removed. These electrons still influence the
macroscopic bunch properties. This leads to a lower average energy and a higher energy
spread, charge and emittance. The general picture is preserved however and can help
narrow down the region of interest for further detailed evaluation.

The length and number of the (sub-)bunches has thus far not been discussed. With
respect to the total bunch train length, that length remains the same unless a very large
fraction of the electrons is expelled (leading to shorter trains/ no electrons) or when there
is an untrapped fraction traveling along the accelerated electrons. Since the untrapped
electrons usually have a lower energy, the bunch train will become longer (with less distinct
sub-bunches). The length of the sub-bunches varies little, typical values are a few to
ten femtoseconds for each sub-bunch. The reason for the almost constant bunch length
lies in the fact that the electrons, in the regions of interest, are almost all trapped at
nearly the same phase in the plasma wave. The energy spread will however lead to bunch
lengthening after the plasma. The number of bunches is almost exclusively determined by
the plasma density (provided enough electrons are trapped by the plasma wave). Since
trapping occurs at specific phases of the plasma wave, the various sub-bunches are separated
by the wavelength of the plasma wave. Higher densities lead to shorter wavelengths and
more sub-bunches while lower densities lead to less and more separated sub-bunches. The
total number of sub-bunches is roughly equal to the initial bunch length divided by the
plasma wave wavelength.

Concluding, there is an area within the parameter space that offers most of the desired
characteristics for the accelerated electrons: Moderately high energy, low energy spread,
reasonable charge and low emittance. This area can be found at plasma densities between
0.2× 1024 m−3 and 1.1× 1024 m−3, initial electron energies between 4.75 MeV and 9 MeV
and a laser power between 0.5× 1021 Wm−2 and 2.5× 1021 Wm−2 (1.75 TW and 9 TW).
The optimal plasma length depends on the plasma density and within the region mentioned
above, is between 25 mm for a density of 1.1×1024 m−3 and just over 300 mm for a density
of 0.2×1024 m−3. For plasma densities between 0.8×1024 m−3 and 1.1×1024 m−3, guiding
plasmas are available. At the densities below 0.7×1024 m−3 and lengths exceeding 70 mm,
guiding plasmas with a small matched spot size currently do not exist, this seems a good
incentive for the further development of long, low density guiding plasmas.
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3

Designing a setup for externally injected LWFA

Abstract.
We report the design of a laser wakefield accelerator (LWFA) with external

injection by a RF photogun and acceleration by a linear wakefield in a capillary
discharge channel. The design process is complex due to the large number of intricately
coupled free parameters. To alleviate this problem, we performed front-to-end
simulations of the complete system. The tool we used was the general particle-tracking
code, extended with a module representing the linear wakefield by a two-dimensional
traveling wave with appropriate wavelength and amplitude. Given the limitations of
existing technology for the longest discharge plasma wavelength (50 µm) and shortest
electron bunch length (100 µm), we studied the regime in which the wakefield acts
as slicer and buncher, while rejecting a large fraction of the injected bunch. The
optimized parameters for the injected bunch are 10 pC, 300 fs at 6.7 MeV, to be
injected into a 70 mm long channel at a plasma density of 7 × 1023 m−3. A linear
wakefield is generated by a 2 TW laser focused to 30 µm. The simulations predict
an accelerated output of 0.6 pC, 10 fs bunches at 90 MeV, with energy spread below
10%. The design is currently being implemented. The design process also led to an
important conclusion: output specifications directly comparable to those reported
recently from ”laser-into-gas jet” experiments are feasible, provided the performance of
the RF photogun is considerably enhanced. This Chapter outlines a photogun design
providing such a performance level.

This chapter is based on the article published as: Front-to-end simulations of the
design of a laser wakefield accelerator with external injection, W.H. Urbanus, W. van
Dijk, S.B. van der Geer, G.J.H. Brussaard and M.J. van der Wiel, J. Appl. Phys. 99,
114501 (2006)

29



Chapter 3.

3.1 Introduction

Laser wakefield acceleration (LWFA) utilizes a powerful, short-pulse laser beam guided
through a plasma. The plasma modulation thus created results in a traveling wave of very
high field gradients, which can be used as an accelerating structure. A major advantage
as compared to conventional radio-frequency accelerators is that the electrical fields in the
plasmas are not limited by the vacuum breakdown constraint. Hence, LWFA promises the
generation of beams of charged particle bunches with energies of GeVs in accelerators of
tabletop scale.

Although the basic idea of LWFA seems straightforward, the difficulty of finding wor-
king combinations of operational parameters has for a long time prevented experimental
demonstration of the concept. However, publications in Nature, in September 2004 [1–
3],have shown the potential of LWFA using the laser-into-gas jet scheme to become a rea-
listic accelerator option. Electron beams were generated with peak current, bunch length,
and brightness that are well beyond specifications reached with present RF technology. In
this LWFA scheme, a powerful laser, of tens of terawatts, creates highly nonlinear plasma
waves. Background electrons from the plasma are injected into the wakefield through a
process known as wave breaking. Thus, the plasma is both the source of the electron bun-
ches as well as the accelerating medium. Strongly nonlinear processes, which depend on
details of both the laser and gas jet profiles, determine the charge, final energy, and energy
distribution of the electron bunches. This means that the parameter space available for
the generation of mono-energetic electron bunches is severely limited

A possible method to overcome this drawback is to separate the production of elec-
tron bunches and the acceleration process. In such a system using external injection, the
parameter space appears to be much larger in terms of, e.g., injected charge per bunch
and plasma parameters such as electron density and applied laser power. Most important,
however, there seems better control over both the injection and acceleration processes.

Using external injection, plasma wakefield acceleration can be operated in linear and
nonlinear regimes. In the linear regime, as will be used in the design described in this
Chapter, a relativistic bunch is injected into the plasma wake just behind the laser pulse.
In this regime, a laser power of 2 TW is sufficient, which allows possibly high repetition
rates, while the system will have truly tabletop dimensions. The fraction of the current
that is accelerated depends strongly on the length of the injected bunch relative to the
plasma wavelength. As we will see, using present day technology, typically less than 10%
of the injected bunch is captured by the accelerator. There is an alternative mode of
operation in the external injection scheme: a non-relativistic electron bunch is injected into
the plasma channel ahead of a powerful laser pulse capable of driving a highly nonlinear
plasma wakefield [4, 5]. This wakefield overtakes the electron bunch and compresses it in
both longitudinal and radial directions. Even when injecting long bunches compared to the
plasma wavelength, a significant fraction of the injected bunch, up to 50%, is accelerated.
However, the price paid for this setup is a laser of at least 10 TW.

This Chapter describes the design of a LWFA experiment being developed at Eindhoven
University of Technology, using external injection and acceleration in the linear regime. In
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order to find optimized combinations of input parameters, front-to-end simulations of the
entire electron beamline have been performed, which include formation of the bunches in
the RF photogun as well as acceleration in the plasma channel. The plasma wave is repre-
sented by a two-dimensional (2D) periodic traveling wave with appropriate wavelength and
amplitude, which is incorporated in the general particle tracking (GPT) code [6]. Through
optimization, channel parameters are found such as the plasma density and channel length,
and parameters for the injected electron bunches such as the minimum energy required,
bunch charge, and length. Still, even for an optimized design of the injection system, the
length of the injected bunch is more than two times longer than the plasma wavelength.

For a long time the general idea was that a bunch shorter than the plasma wavelength is
an essential prerequisite for controlled laser wakefield acceleration. However, as realized by
Gordon et al. [7], in the case of a bunch length of the order of the plasma wavelength or even
longer, a plasma wakefield not only accelerates electrons but also acts as a slicer/buncher.
This is the regime that can now be tested using existing technology. For carefully chosen
injection energies, regimes can be found where a fraction of the input beam is quickly
sliced, bunched, and accelerated to high energies. Due to this slicing, these electrons all
experience roughly the same accelerating plasma fields, leading to a low energy spread.
The remainder of the bunch, i.e., the part that is outside the phase acceptance, is not
accelerated properly and is ejected radially.

Based on these ideas and using front-to-end simulations, a straightforward, realistic
design has been developed, see Fig. 3.1, making use of well-proven technology. This includes
a photogun developed earlier in our group [8], a laser system which produces pulses of 2 TW
of 50 fs pulse length and a plasma channel based on the work of Butler et al. [9].

3.2 The simulation tool

3.2.1 Injector and beam transport line

The beamline that we designed for the LWFA experiment consists of electron optical com-
ponents with different characteristics, such as the RF photogun, static-field solenoid lenses,
and the plasma channel, see Fig. 3.1. As will be shown, typical bunch lengths are of the
order of tens of micrometers, while the radius is a few millimeters, i.e., the bunches look
like pancakes. Minor effects, such as path length differences, nonlinearities of accelerating
and focusing fields, or very small energy spread, can lead to severe deformation of the
pancake bunches and hence to an increase of the bunch length.

In order to perform front-to-end simulations of acceleration and transport of such
pancake-shaped bunches, thereby tracking both the radial and longitudinal dimensions
and including the influence of space charge and energy spread, a multi-particle tracking
code is needed. To represent the various components, the code should be capable of ge-
nerating the various magnetic and electrical fields or import fields generated by separate
codes. The GPT code includes all these features. This is a three-dimensional (3D) parti-
cle tracking code that solves the relativistic equations of motion of up to about a million
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Figure 3.1: Schematic overview of the controlled laser wakefield accelerator. The Ti:sapphire
laser is drawn as one block, indicating that the two laser beams, to drive the plasma wakefield
and to generate the electrons in the photogun, originate from the same oscillator. The figure is
not to scale; the plasma channel is 70 mm long, while the total beamline measures 1.2 m.

charged sample particles in time domain. The code combines the electromagnetic fields of
external beamline components, such as accelerator sections and focusing elements, with the
self-fields of the charged particle bunch. However, wakefields are not included yet. In the
simulations for this design, the fields of elements such as the photogun and solenoids are
calculated with the SUPERFISH set of codes [10, 11] and fed into GPT as high-resolution
2D magneto-static field maps. The fields of the plasma channel are represented by a set
of analytical equations, as described in Section 3.2.2. The self-fields of the bunch, due to
space-charge forces, are calculated in GPT in full 3D as a three-step process. Firstly, the
charge density in the zero momentum frame, often denoted as rest frame, of the bunch is
calculated. Subsequently, the potential is calculated by solving Poisson’s equation with a
tailor-made anisotropic multi-grid solver. In the final step, the derivative of the potential,
being the electrostatic field in the rest frame, is Lorentz transformed to the laboratory
frame to yield the electric and magnetic fields to be used in the tracking procedure. The
numerical challenges related to space charge calculations posed by ultrashort bunches are
described in detail in [12].

3.2.2 Modeling the plasma channel for LWFA

In the plasma channel, a powerful laser pulse excites a plasma density oscillation thus
creating a Wakefield. In a linear model, the plasma wave generated by the laser beam can
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be modeled as a 2D periodic traveling wave with appropriate amplitude and wavelength and
a Gaussian radial profile if the following assumptions hold. Firstly, the power transferred
from the laser beam to the plasma is small, such that the laser beam propagates at constant
power density. The plasma wave is then periodic. Secondly, the laser power is such that
the linear wakefield regime applies, i.e., the modulation of the plasma density is small and
can be assumed to be sine shaped along the longitudinal coordinate. Thirdly, the wakefield
accelerates the electrons, but back action can be neglected, i.e., the self-fields of the electron
bunches do not significantly influence the wakefield. After the description of the fields, we
will check the validity of these assumptions. With the above assumptions, the electrical
fields of the wakefield are given as Eqs. 2.2 and 2.3. The group velocity determines the
slippage of the wakefield relative to the electron bunches. It thus sets the dephasing length
of the plasma channel, i.e., the length after which the electron bunch is not accelerated
further. As an approximation, in the linear regime this dephasing length (ldeph) can be
expressed as [13]:

ldeph =
2

π

λ3
p

λ2
0

. (3.1)

The phase φ0 in Eqs. 2.2 and 2.3 gives the phase of electrons with respect to the
wakefield. Generally, the phase is an important parameter because the longitudinal and
radial electrical fields are π/2 out of phase, i.e., at maximum acceleration there is no radial
focusing and vice versa. Consequently, only in a limited part of the phase will the electron
bunches be accelerated and focused simultaneously. However, when injecting bunches much
longer than the plasma wavelength, the phase has limited influence since it only determines
which part of the bunch is finally accelerated. Hence, for long bunches the final energy and
accelerated charge hardly vary with the phase.

In order to verify that the linear regime indeed applies, we can look at the relative
plasma density modulation caused by the plasma wave. Assuming a sine-shaped plasma
density modulation, the relation between the potential amplitude and the modulation depth
α can also be written as U0 = αnpe/ε0k

2
p. Using this equation, U0 can be written as:

U0 =
αmec

2

e
, (3.2)

so that a modulation 1% gives a wakefield amplitude of 5 kV. For typical operating
parameters for this experiment (2 TW laser power, np = 2 × 1023 m−3) the modulation
depth is less than 10% and the linear wakefield regime indeed applies. Furthermore, the
assumption that back action from the bunches upon the wakefield is negligible can be
validated by comparing the wakefield amplitude to the internal field of the bunches. The
wakefield amplitude is 8 GV/m (Eq. 2.6, whereas the internal field of the injected 10 pC,
6.7 MeV bunches of 30 µm radius and 100 µm length (see Section 3.3) is two orders of
magnitude smaller. When the bunches are accelerated, their internal space charge forces
become even smaller.

This linear model based on Eqs. 2.2 and 2.3 has been incorporated in the GPT particle
tracking code, so that the entire beamline can be simulated front to end. The wakefield
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model has been tested against a more complete 3D particle-in-cell model developed by
Reitsma [14]. For small plasma modulation, i.e., a wakefield in the linear regime, the
models give comparable results for final energy, energy distribution, and bunch charge. In
fact, both models could have been used. However, for this design and optimization work,
a large number of parameter scans was needed and we have opted for the linear 2D model,
which is less CPU costly.

Using the front-to-end simulation model, regimes of parameters can be identified which
provide a good trade-off between high electron energy, low energy spread, and high char-
ge/peak current of the accelerated bunches. Input parameters for the laser wakefield ac-
celeration process are the plasma density and the length of the plasma channel, the power
density and temporal half-width of the laser pulse, and the energy, length, radius, emit-
tance, and charge of the injected electron bunches. Output parameters are the energy,
energy distribution, temporal pulse width, charge, and emittance of the electron bunches.

3.3 Application to the true design

3.3.1 General considerations and layout of the injector system

The injector system has to deliver bunches that are matched to the acceptance of the
plasma channel in terms of energy, emittance, and transverse size since bunches that have
the wrong characteristics won’t be accelerated properly. One of the key parameter in the
design process is the plasma wavelength. Using state-of-the-art technology, in a capillary
tube a plasma can be generated with a density of as low as 7× 1023 m−3 [9]. This results
in a plasma wavelength of 42 µm. Ideally, to have all the injected charge captured by
the plasma wave, the bunch should be shorter than approximately a quarter of the plasma
wavelength. However, this cannot yet be realized in the present setup. Still, a length of the
electron bunches as short as possible leads to higher accelerated charge. The optimization
process resulted in a bunch length of 100 µm (300 fs). At these short bunch lengths, effects
which are usually ignored, such as beam scalloping leading to path length differences, play
an important role.

First, we discuss two more common causes of bunch lengthening, which are space charge
and energy spread. Internal space charge forces have two effects. Firstly, the repelling
forces cause the bunch to grow in all directions. Secondly, the rear of the bunch is slightly
decelerated while the head of the bunch is slightly accelerated, and the corresponding
velocity spread will cause the bunch length to increase due to time-of-flight variation. An
energy spread ∆γ causes a time-of-flight variation ∆t after a distance ∆z given as:

∆t

∆γ
≈ ∆z

cγ3
. (3.3)

The equation shows that the bunch lengthening ∆t decreases strongly with higher
electron energy. For a typical electron energy, γ = 14.1 (6.7 MeV), the time-of-flight
variation per unit of drift space and per unit of energy spread (∆γ = 1) is 1200 fs/m.
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Clearly, to minimize the effects of bunch lengthening as a result of energy spread, the
beamline should be designed as short as possible and the electron energy should be high.
Furthermore, to keep the energy spread as small as possible, the initial energy spread upon
generation of the electron beam should be small and the space charge density should be
kept low wherever possible. The initial energy spread is negligible, since the duration of
the laser pulse that generates the electron bunch (50 fs) is very short compared to the RF
period of 333 ps. Keeping the space charge density low while keeping the bunch as short as
possible implies that the bunch radius should be large. However, this requirement conflicts
with another source of bunch lengthening, beam scalloping.

Beam scalloping increases the bunch length due to the fact that on-axis electrons follow
a shorter path length as compared to off-axis electrons. This effect is usually ignored since
it only plays a role for bunch lengths of the order of tens of micrometers. In order to
minimize the effect of scalloping, the beam should be transported at a radius as constant
as possible. This is possible for most of the beamline, but scalloping unavoidably takes
place inside the photogun and just in front of the plasma channel, where the beam is
focused to a waist of micrometers dimensions. To minimize scalloping, the beam radius
has to be as small as possible. However, this leads to a high space charge density and hence
bunch lengthening. A trade-off between space charge effects and beam scalloping shows
that an initial bunch radius of 1.7 mm gives the shortest bunch length at the entrance of
the plasma channel.

Applying the above considerations results in the following design. As regards the elec-
tron energy, higher values lead to less bunch lengthening. In our photogun the maximum
electron energy is 6.7 MeV, which is limited by the breakdown field strength of 100 MV/m
in the injector. In Section 3.3.3, we will show that this energy is a good choice for the
acceleration process. The focusing solenoid around the injector is operated such that the
bunch is transported at near-constant radius to the final focusing solenoid in front of the
plasma channel, as shown in Fig. 3.2a. This figure also shows the evolution of the bunch
length along the beamline, which is a result of the combined effects of scalloping, space
charge blow up, and energy spread. To illustrate the influence of scalloping separately, a
simulation is also given for a situation without space charge, see Fig. 3.2b. The solenoids
are powered such that in Figs. 3.2a and 3.2b the beam envelopes are identical as much as
possible. This way, the influence of scalloping is the same in both cases and the effects
of energy spread and space charge are made visible too. Comparing Figs. 3.2a and 3.2b
shows that bunch lengthening inside the photoinjector is mainly the result of scalloping.
Even though the beam starts at thermal energy, the space charge has only a minor effect
along the short length of the injector (130 mm). In the drift space scalloping has no effect
(Fig. 3.2b) as expected. Here bunch lengthening is mainly due to energy spread. Finally,
beam focusing in front of the plasma channel adds significantly to the bunch length, some
20 fs due to scalloping and 10 fs due to space charge and energy spread.

The energy spread caused by the charge of the bunch is illustrated in Fig. 3.3, which
shows its evolution along the beamline for bunches of 0 (space charge switched off), 1, and
10 pC. The influence of tight focusing by the solenoid in front of the plasma channel on
energy spread is clearly visible. However, this dramatic increase in energy spread does not
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Figure 3.2: Beam envelope (rmax) and bunch length along the beamline for a 6.7 MeV, 10 pC
bunch (a) and a bunch without space charge (b). Magnetic fields at the injector and the final
solenoid are set to minimize beam scalloping and to focus the beam at the entrance of the
plasma channel, at 1.1 m, respectively.

translate in an equally strong increase of bunch length, because energy spread only has an
effect after a long drift space.

The fact that beam scalloping and high space charge densities have to be avoided
implies that no intermediate focus should be formed anywhere along the beamline. This
requirement is contradictory to the design of the laser beamline. Preferably, the 45◦ on-
axis mirror (see Fig. 3.1) should have a hole as small as possible for the electron beam to
pass through to minimize loss of laser power. However, the effect on bunch length is quite
dramatic as is shown in Fig. 3.4. The beam is not even extremely strongly focused, to a
radius of 0.2 mm at z = 0.5 m, but the bunch length increases to 270 µm instead of 120 µm
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Figure 3.3: Energy spread, ∆γ, as it develops during propagation of the bunch along the
beamline for a bunch without space charge and bunches of 1 and 10 pC, for beamline settings
corresponding to those for the results shown in Fig. 3.2a.

for the optimized situation. Therefore we opt for a near-constant radius of the electron
beam, a hole in the mirror of 1.5 mm radius, and accept a few percent loss of laser power
and some deformation of the laser profile.

For optimum settings, see Table 3.1 and Fig. 3.2a, the longitudinal bunch profile is given
in Fig. 3.5. The total length is over 120 µm and the flat top is 40 µm, i.e., comparable to
the plasma wavelength. The consequences of this bunch length for the accelerated current
will be discussed in the next section.

With regard to the required synchronization between the injected bunch and the laser
driving the wakefield, the consequences are the following. Due to the relatively flat top
of the injected bunch, the requirement for synchronization is relaxed to a level of tens of
femtoseconds. A feedback and control electronic circuit to achieve such a level has been
achieved on a previous cavity as reported by Kiewiet et al. [15].

3.3.2 Constraints and free parameters for the laser wakefield accelerator

The objective of the LWFA experiment is to obtain high peak currents at high energy with
low emittance and narrow energy spread. For the realization of this goal the following
parameters, which are all linked, have to be matched and optimized: the plasma channel
parameters, i.e., length, radius, and plasma density; the laser beam which creates the
wakefield, i.e., power, pulse width, and spot size; and the parameters of the injected electron
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Input parameter Value

Electron energy 6.7 MeV
Bunch charge 10 pC
Normalized RMS emittance 2 µm
Radius of electron bunches 30 µm
Length of electron bunches 100 µm
Plasma density in capillary channel 7× 1023 m−3

Radius of plasma channel 100 µm
Length of plasma channel 70 mm
Laser peak power 2 TW
Laser pulse half width 50 fs
Spot size of laser beam at channel entrance 30 µm

Table 3.1: Input parameters for the controlled LWFA experiment, optimized for maximum
output energy and minimum energy spread.

Output parameter Value

Average electron energy 90 MeV
Relative energy spread, σE/E 8%
Charge of accelerated bunches 1 pC
Charge of central bunch 0.6 pC
Length of central bunch FWHM 10 fs
Peak current of central peak 60 A
Normalized RMS emittance 1 µm

Table 3.2: Output parameters according to GPT simulations for acceleration in a plasma
channel with a plasma density of 7 × 1023 m−3 and a channel length of 70 mm. For input
parameters see Table 3.1.

bunches, i.e., energy, charge, bunch length and radius, emittance, and energy spread.

The design of the plasma channel is largely determined by operational parameters set
by physical properties and technological constraints. As discussed before, for the present
type of discharge channels, the longest possible plasma wavelength is λp = 42 µm, which is
much shorter than the injected bunch. The fraction of the bunch that is captured, however,
is also determined by the wakefield amplitude. A long wavelength (low plasma density)
provides a large range in phase which accepts electrons, but acceleration is relatively weak.
Consequently, only a small range in accelerating gradients, and thus in phase, gives accele-
ration such that the electron bunches stay in phase with the wakefield. Electrons that are
not sufficiently accelerated fall behind, enter a defocusing region, and are radially ejected,
see Section 3.2.2. In contrast, for a high plasma density, a large range in accelerating
gradients provides matched acceleration, but now the plasma wavelength is short.
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Figure 3.4: Same as Fig. 3.2 (10 pC bunch), but for magnetic fields set for an intermediate
crossover at the position of the on-axis mirror, z = 0.5 m and a waist at 1.1 m. Compare to
Fig. 3.2 and note the dramatic increase of the bunch length due to the intermediate crossover,
which causes locally high space charge forces and additional beam scalloping.

With respect to maximum output energy and minimum energy spread, a low plasma
density is favorable. This results in a low accelerating gradient, but also in a long dephasing
length. Equations 2.6 and 2.7 show that the effect of the longer dephasing length is stronger
than the lower gradient. Similarly, a lower gradient over a longer length results in less
energy spread [7].

The wakefield is driven by an 800 nm Ti:sapphire laser, which gives an output energy
per pulse of 100 mJ. The accelerating gradient increases proportionally to the laser power,
see Eq. 2.6. The pulses are compressed to 50 fs, which is bandwidth limited. The maximum
laser power available to us is 2 TW. The spot size of the laser is related to the electron bunch
waist and the accelerating gradient. Firstly, a small laser spot gives a high accelerating
gradient. Secondly, the spot size of the laser beam and the size of the electron bunch
waist should be equal so as to get an optimum overlap between the wakefield and the
electron bunches. Therefore, it seems advantageous to focus the electron beam in a waist
as small as possible too. However, strong focusing of the electron bunch results in bunch
lengthening through space charge, and therefore, since the bunch is longer than the plasma
wavelength, a smaller fraction of the bunch is captured by the wakefield. Analysis of the
bunch length as a function of its waist, i.e., focusing strength of the final solenoid, shows
that the dependency of bunch length on bunch waist size is only weak. This is because
the bunch length is also, and largely, determined by scalloping and energy spread, effects
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Figure 3.5: Current profile in longitudinal position of a 10 pC, 6.7 MeV electron bunch at
the entrance of the plasma channel

which do not depend on the focusing strength. For practical reasons, 50 mm space is
needed between the solenoid and the plasma channel to mount diagnostics for the electron
and laser beams. The electron bunch waist is then 30 µm, and a parabolic mirror with a
focal length of 1016 mm (40 in.) focuses the laser beam into a 30 µm spot, thus matching
the electron beam profile.

Next we look at the optimum injection energy of the electron bunches. At low injection
energies the electrons immediately slip back relative to the wakefield, enter a defocusing
phase region, and are radially ejected. Similarly, for higher injection energies a larger
fraction of the injected bunch is captured, which results in higher transmitted current.
However, this will result in more energy spread. An additional requirement with respect
to the injection energy is imposed by the injection system. As outlined before, for a higher
injection energy, bunch lengthening due to space charge blow up and energy spread is
reduced.

The charge injected into the plasma channel is chosen to be 10 pC, for several reasons.
The bunch length at injection is 100 µm. As will be shown in the next section, the plasma
wakefield slices out three bunches, and one main micro-bunch containing most of the charge
and two small satellites are accelerated. When injecting more charge, the injected bunch
will be longer and our simplified wakefield model would predict the acceleration of a train
of micro-bunches. In practice, however, the laser-induced wakefield consists of at most two
or three buckets with appropriate acceleration and focusing properties. In order not to
exceed the regime of validity of our simple wakefield model, we restricted the present study
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to an injected charge of up to 10 pC. Obviously, in the experiments we plan to investigate
the results of injecting charges higher than 10 pC.

3.3.3 Results of iterative optimization of the laser wakefield accelerator

Based on the bunches produced by the injection system, optimized values for the plasma
density, channel length, injection energy, and injected charge have been determined by
simulations on the acceleration process. The goal was to find a trade-off for optimum final
energy, energy spread, and accelerated charge. In all cases, the injected bunches are long
compared to the plasma wavelength. The results are presented in Fig.3.6 as functions of
the injection energy and the plasma density. For each value of the plasma density the
dephasing length has been estimated according to Eq. 2.7. In the results shown in Fig. 3.7
the channel length has been optimized in more detail.

Figure 3.6a shows that a low plasma density is indeed favorable with respect to final
energy. The effect of the longer dephasing length is stronger than the lower wakefield
amplitude. The influence of the injection energy is of minor influence in the plasma density
region of interest, except that there is clearly a minimum energy, see also Fig. 3.6c. Below
4− 6 MeV, depending on the plasma density, electrons are not captured by the wakefield,
but all electrons are radially ejected within a few plasma periods. Figure 3.6b shows that
a low energy spread requires a low plasma density too, and the injection energy appears
to have an optimum between 6.5 and 9 MeV.

With respect to the accelerated charge, the higher field amplitude at high plasma density
leads to higher accelerated charge, even though the plasma wavelength is shorter. However,
the region of high plasma density is of no interest because of the low final energy and high
energy spread.

Additional simulations have been performed for fine-tuning the optimum channel length.
So far the channel length has been determined using Eq. 2.7 to maximize the electron
energy. However, a slightly longer channel can lead to a more narrow energy distribution
due to additional bunching. As an example, Fig. 3.7 shows the simulation results for energy,
energy spread, and bunch charge for Np = 7 × 1023 m−3 as a function of the longitudinal
coordinate. A channel length of 80 mm gives maximum output energy, while the minimum
energy spread is indeed reached for a slightly longer channel of 90 mm. However, note that
after 70 mm there is no significant improvement in final energy and energy spread.

Matching the energy of the injected beam to the plasma channel appears not to be
critical. Within the range of injection energies from 6 to 10 MeV both the final energy
and the energy spread of the accelerated bunches hardly varies. The accelerated current,
however, would increase for higher injection energies, see Fig. 3.6(c). Since the formation of
short bunches by the injection system also requires an energy as high as possible, operating
the RF photogun at maximum energy (6.7 MeV) is the best option. For optimized bunch
and channel parameters, see Tables 3.1 and 3.2, the current profile of the accelerated bunch
is shown in Fig. 3.8.

The injected charge is 10 pC, and most of the accelerated charge is contained in the
central peak. The height and width of the peak show that the wakefield accelerator indeed
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Figure 3.6: Parameter-space map, similar to Fig. 2.3, of the final energy in MeV (a), relative
energy spread (σE/E) (b), and accelerated charge in % (c) as a function of the plasma density
and the injection energy of the electron bunches. The injected charge is 10 pC. The length
of the plasma channel is calculated for each value of np, according to Eq. 3.1. The black dot
indicates the operational point of the design and of the experiment being built up. In the dark
grey areas the entire bunch is lost within a few plasma periods.

slices parts out of the injected bunch, but that there is no strong bunching; the peak current
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Figure 3.7: Average electron energy of the bunches, E, standard deviation of the electron
energy relative to the average energy, σE/E and charge Q, inside the plasma channel relative
to the injected charge Q0, where Q includes all electrons that have not yet been ejected out of
the channel at the given position. For input parameters, see Table 3.1.

at injection is 40 A, and is increased to 65 A at the exit of the channel. Still, the final
energy is over 90 MeV, the energy width is around 10%, and the normalized transverse
emittance is about 1 µm. These are output parameters that are comparable to those of
modern RF accelerators, realized in a device of tabletop dimensions. The bunch length,
however, is an order of magnitude smaller than in RF devices.
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Figure 3.8: Current profile in time of accelerated electron bunches at the exit of a 70 mm
long plasma channel with a plasma density of 7.0×1023 m−3. Other conditions are as indicated
by the black dots in Fig. 2.3. The bunch injected into the channel is shown in Fig. 3.5. The
injection energy is 6.7 MeV. The central bunch has an exit energy of 90 MeV. The arrows
indicate the width of the central bunch, 10 fs FWHM.
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3.4 Outlook

According to the simulation results presented in Fig. 3.6c, about 10% of the charge injected
into the plasma channel will be accelerated and reach the exit of the channel. This is largely
due to the fact that the injected bunches are 100 µm long, while the plasma wavelength
is 40 µm. Clearly, if substantially shorter bunches could be injected, the fraction of the
bunch which is accelerated would increase.

As explained in Section 3.3, the bunch length grows due to beam scalloping and internal
space charge forces. A method has recently been described to overcome the effects of space
charge by producing 3D ellipsoidal bunches, homogeneously filled with charge [16]. Due
to the modular setup of this experiment, sections of beamline can be replaced straightfor-
wardly to incorporate such improvements. As an example, simulations [17] have shown
that a 100 pC bunch can be time focused to a length of 20 µm. Additionally, path length
differences due to scalloping might be pre-compensated by using a curved cathode [18],
resulting in an even shorter bunch.. Injecting these bunches into the laser wakefield acce-
lerator as described results in an accelerated charge of 35 pC in a 7 fs long bunch. The
final energy and relative energy spread would be 85 MeV and 2%, respectively, and the
transverse RMS emittance less than 1 µm.

3.5 Conclusions

Based on well-proven RF photogun technology and a mode-locked Ti:sapphire laser pro-
ducing a moderate output power of 2 TW, a realistic design has been made for a LWFA
experiment. The design is supported by simulations of the complete beamline, including
the RF photogun, focusing elements, and plasma channel. The injection system (photogun
and solenoid) is optimized to produce a bunch as short as possible, for an energy and beam
radius that are matched to the plasma channel parameters. Effects which can usually be
ignored, such as bunch lengthening due to beam scalloping (e.g., focusing), have been ad-
dressed and turn out to be of substantial influence. Even when the beam radius is kept
as constant as possible along the beamline, beam scalloping inside the photoinjector and
the solenoid lens adds some 50 µm to the bunch length. Another 50 µm bunch length is
added through space charge effects. This increase originates from the usual space charge
blow up, but also, and for a substantial part, from space-charge-induced velocity spread.
After 1.1 m of beamline, the velocity spread of 0.01% adds 50 µm to the bunch length.

The bunch injected into the plasma channel has a length of 100 µm. For the optimum
value of the plasma density, which is the lowest operational value of 7 × 1023 m−3, the
wavelength of the plasma wave is 42 µm. However, the plasma channel acts as a slicer/-
buncher, and still proper acceleration of part of the injected beam occurs. By means of
a simplified 2D model of the plasma wakefield, regimes have been identified in terms of
injection energy, plasma density, and channel length, which lead to accelerated bunches
with an energy of 90 MeV, 5% energy spread, a temporal half-width of 10 fs, and a peak
current of 60 A. These are beam parameters in terms of electron energy and distribution,
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which are comparable to those of the laser-into-gas jet scheme, except for the bunch charge
and peak current. This design is currently being implemented.

Finally, some ideas are sketched which can lead to much shorter injected bunches,
thus increasing the accelerated bunch charge. Once these ideas have been realized, much
higher peak currents can be realized and controlled LWFA with external injection can be
considered a serious option for very high performance tabletop acceleration.

3.6 Comparison with a detailed design study of a realistic experi-

ment

The study presented in Chapter 2 used model Gaussian spatial and temporal profiles for
the injected beam. In this section, we will compare the properties of the accelerated
idealized bunches to those of the realistic design for an injection beamline as described in
this Chapter. The main parameters of the two injected beams are shown in Table 3.3.

Bunch parameter Model Design

Energy [MeV] 6.68 6.68
Energy spread [%] 0 0.6

Charge [pC] 10 10
RMS-emittance [µm] 0 1.96

Bunch length (FWHM) [fs] 696 333
FWHM Radial size [µm] 30 30

Table 3.3: The bunch properties of the injected electron bunch of the model study in Chapter 2
and the results obtained for the setup described in this Chapter.

As can be seen from Table 3.3, the model bunch that most closely resembles the op-
timized bunch has been chosen for comparison. The two bunches differ in energy spread,
emittance and length with the design bunch having a non-zero energy spread and emit-
tance and a shorter bunch length. Also the design bunch has a non-Gaussian spatial and
temporal profile. The beamline described in this Chapter, has been specifically designed
to keep the injected electron bunch as short as possible. This beamline includes the com-
ponents needed to focus both laser and electrons into the plasma leading to a bunch length
increase due to space charge, energy spread and path length differences.

The parameters of the resulting bunches when both the model and design bunch are
accelerated in the same plasma wave as used in the beamline design, can be found in
Table 3.4.

The energy (97 MeV vs 97 MeV) and energy spread (4.6% vs 4.1%) are about equal
since they are mainly determined by the plasma wave (plasma density and laser power)
and the injection energy which have been chosen the same. The emittance of the acce-
lerated bunches (11 µm vs 10 µm (2.75 µm vs 2.5 µm RMS)) is also about the same in
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Accelerated Bunch parameter Model Design

Energy [MeV] 97 97
Energy spread [%] 4.6 4.1

Charge [pC] 1.1 0.5
95% Emittance [µm] 11 10

Equivalent RMS-emittance [µm] 2.75 2.5
Sub-bunch length (FWHM) [fs] < 10 < 10
max. charge / sub-bunch [pC] 0.19 0.27

Table 3.4: Comparison of the bunch properties (see Section 2.4.3) of the ac-
celerated electron bunch of the generalized study in this Table. 2.3.1 and the
results obtained for the setup, using the same plasma and laser parameters(
Ne = 7× 1023 m−3, Lplasma = 70 mm, P = 0.7× 1021 Wm−2

)
both situations with the final emittance of the design bunch being comparable to the initial
emittance of the design injected bunch.

The total accelerated charge in the design case is lower than in the general case
(0.5 pC vs 1.1 pC). This is mainly due to the initial spread in energy and momentum
of the design case. Because the charge is spread over less sub-bunches (3 vs 13), the total
charge per sub-bunch is still higher by a factor of two (0.14 pC vs 0.085 pC).

Concluding, the generalized Gaussian bunches used in the parameter study of Chapter 2
give a prediction of the final parameters of a comparable non-idealized bunch from an
actual beamline. The charge is more sensitive to the actual beam properties and warrants
attention when evaluating the effect of a designed beamline on the final electron bunch.
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4

Commissioning and initial testing of the RF photogun

4.1 Introduction

Before experiments on the external injection for laser wakefield acceleration can be perfor-
med, the three major components, laser, plasma and injector have to be built, assembled
and tested. This chapter describes the work done on the initial commissioning and testing
of the RF photoinjector. First some basic cavity theory is explained (Section 4.2) and the
testing setup is described (Section 4.3). Then the initial tests on the cavity are described
(Section 4.4) as well as some preliminary measurements on the produced electron bunches
(Section 4.5). Finally, we discuss these results and what still needs to be done before the
electrons can be injected successfully into a plasma wave (Section 4.6).

4.2 Cavity theory

This section introduces some basics to understand the working of the RF photoinjector
and the measurements done on it. We will discuss some general characteristics to describe
a cavity (Section 4.2.1), the fields inside the cavity (Section 4.2.2), coupling power into the
cavity (Section 4.2.3 and breakdown (Section 4.2.4). A more thorough treatment can be
found in [1–3].

4.2.1 Cavity absorption characteristics

Two quantities are commonly used to characterize the absorption of a cavity. The first of
these is the so-called quality factor (Q-factor or Q) which is defined as:

Q = ω0
U

Ploss
, (4.1)

with ω0 the central absorption frequency, U the total energy stored in the cavity and Ploss
the loss-rate of energy out of the cavity. The higher the Q of a cavity, the lower the power
loss from the cavity or the higher the fields inside the cavity for a given input power. The
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Q’s resulting from losses from different sources in the cavity can be added reciprocally to
find the total Q:

1

Qtotal

=
1

QA

+
1

QB

+
1

QC

+ . . . (4.2)

The second quantity is the cavity BandWidth (BW). This quantity is defined as the
Full Width at Half Maximum (FWHM) of the absorption spectrum of a cavity as indicated
in Fig. 4.1

0.5 A

A

BW

w0

frequency

ab
so

rp
ti

on

Figure 4.1: Absorption spectrum of an cavity with a maximum absorption of A with the
bandwidth (BW) indicated.

The bandwidth and Q of a cavity are related as follows:

Q =
ω0

BW
. (4.3)

The absorption (A) of a cavity as function of the bandwidth (BW ) follows a Lorentzian
lineshape:

A = Amax
BW 2

4 (ω − ω0)2 +BW 2
, (4.4)

with Amax the maximum absorption, ω the frequency and ω0 the resonant frequency of the
cavity.

4.2.2 Cavity fields

The cavity consists of several cells operating in the Transverse Magnetic (TM) mode and
thus have a zero magnetic field along the z-axis (defined as the axis of the cylinder).
Specifically, they operate in the cylinder symmetrical TM010-mode in which all electric
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field lines are parallel to the z-axis. For a cylindrical cavity with radius R, this mode has
electric (E) and magnetic (B) fields given by:

Ez (r, t) = E0J0

(p01r

R

)
cos (ω010t) ,

Bφ (r, t) =

√
ε

µ
E0J1

(p01r

R

)
sin (ω010t) . (4.5)

Here, E0 is the maximum electric field, J0(), the zeroth order Bessel function and p01

the first root of that function (p01 ≈ 2.405), µ and ε are the permittivity and permeability
of the materials inside the cavity. The resonance frequency ω010 is given by:

ω010 =
p01√
µεR

. (4.6)

The accelerator used for the experiments has 2.6 cells and thus 3 modes as depicted in
Fig. 4.2. The first cell of the cavity is only 0.6 times the length of the other cells. This
ensures that the electrons experience a high field when they are extracted from the cathode,
leading to a shorter bunch, lower radial size and emittance and a reduced sensitivity to
timing jitter [3].

ð/2 - mode ð - mode0 - mode
Figure 4.2: The three normal modes of the 2.6 cell cavity at the moment of maximum field
at the cathode.

The three modes in Fig. 4.2 are referred to as the 0−, π/2− and π−modes. These
names refer to the phase difference between each cell and it’s neighbor. The cavity is
operated in the π-mode since that mode results in bunches with the highest energy and
shortest duration.

4.2.3 Coupling energy into the cavity

An RF-generator is used to supply the fields that are stored inside the cavity. The amount
of power (P ) that can be transferred from the generator into the cavity is described by:

P = Pmax
4Qext
QUL(

1 + Qext
QUL

)2

+ δ2

, (4.7)
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with Pmax the maximum amount of power that can be transferred, Qext the Q factor of the

generator, QUL the Q factor of the cavity (the ’unloaded Q’) and δ = Qext

(
ω
ω0
− ω0

ω

)
the

de-tuning of the generator frequency (ω) from the cavity resonant frequency (ω0). Both
generator and cavity can be described as a single oscillatory system with a Q (called the
loaded Q or QL) of:

1

QL

=
1

QUL

+
1

Qext

. (4.8)

From Eq. 4.7 it can be that seen the amount of power transferred is the largest if the
Q of the generator is equal to the Q of the cavity (Qext = QUL). According to Eq. 4.8, the
loaded Q is then half the unloaded Q (and the bandwidth of the system is doubled as can
be seen from Eq. 4.3).

The change in energy present in the cavity
(
∂UC
∂t

)
is the difference between the energy

coupled into the cavity and the energy that is lost from the cavity:

∂UC
∂t

= Pin (t)− Ploss (t) = Pin (t)− ω0UC

Q
(t) . (4.9)

And the total energy in the cavity (UC) at time t = T :

UC (T ) =

∫ T

−∞

∂UC
∂t

dt =

∫ T

−∞
Pin (t)− ω0UC

Q
(t) dt. (4.10)

4.2.4 Breakdown

In order to get trapped by the plasma wave, the electron energy has to be above a certain
value. To get these energetic electrons, high electric fields are needed. However, the
maximum attainable fields are limited by breakdown. The exact processes leading to
breakdown are still a matter of discussion [4]. It is however know that surface roughness
and impurities in or on the cavity material can increase the local fields at the surface by a
factor of 100 or higher and thus drastically reduce the global fields attainable. The most
well know theory to try and explain the mechanism behind breakdown was put forward by
Kilpatrick [5] in the 1950s. The theory assumes that electrons are freed by field emission
from the cavity surface. These electrons create ions which bombard the surface creating
secondary electrons which create more ions leading to an exponentially growing discharge.
When an RF field is applied instead of a DC field, the maximum energy of the produced
ions (and resulting generation of secondary electrons) has to take into account the effects
of the transit-time and phasing during acceleration to the surface. The obtained trend for
breakdown voltages was then fitted using the data of various accelerators available at that
time to obtain the coefficients. The resulting relation between maximum field E and the
frequency of the electric field f is known as the Kilpatrick-criterium:

Ee
−4.25
E = 24.7

√
[f(GHz)]

MV

m
. (4.11)
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For the frequency at which the cavity described in this chapter works (2.998 MHz), this
result in a field of about 47 MV/m which is only about half of the design fields for the
cavity. Since the 1950s, there have however been many accelerators with fields exceeding
the Kilpatrick-criterium by factors of 5 and higher. These results have been made mainly
possible by better manufacturing and conditioning techniques. The data from these cavities
suggest an empirical formula [4] for the maximum attainable fields of:

E = 220 3
√
f(GHz)

MV

m
. (4.12)

Extrapolating this more recent empirical formula to 3 GHz, the maximum attainable
field should be 317 MV/m, well above the design specifications of the cavity. However,
in most practical accelerators around the frequency of the cavity, the design fields of ∼
100 MV/m are generally considered the maximum practical fields.

4.3 Setup

4.3.1 Beamline overview

The beamline that has been used for the initial measurements of the injector presented
in this chapter can be found in Fig 4.3. The beamline consists of 4 sub-systems: RF,
UV-optics, electron optics and diagnostics. The RF system consists of the RF-cavity used
to accelerate the electrons, RF-coupler to couple the RF power into the cavity and the
RF generation system, all of which are described in Section 4.3.2. The UV-optics are part
of the laser system that is used to extract electrons from the cathode in the RF-cavity
and is described in Section 4.3.4. The electron optics system is used to focus the electron
beam and to steer the beam. This system is described in Section 4.3.7. The diagnostics
systems are used to characterize the electron bunch from the photo-gun. The diagnostics
are described in Section 4.3.8.
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Figure 4.3: Overview of the beamline used to test the photo-injector.
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4.3.2 RF-system

The RF-system consists of five basic parts: The RF-generator (Section 4.3.2.1) generates
the RF power needed to power the accelerating structure. The synchronization circuit
(Section 4.3.2.2) synchronizes the RF phase, frequency and timing to the laser system
(Section 4.3.4) to ensure that the electrons are injected in the desired phase of the RF-
field. The RF-power is then transported to the cavity via the RF waveguides. A RF-coupler
(Section 4.3.2.3) changes the mode of the RF-field to the one needed for acceleration
and couples it into the cavity. Finally, the RF-power is stored in the accelerator cavity
(Section 4.3.3) where the RF-field is used to accelerate the electrons.

4.3.2.1 RF-Generation

The RF-power needed to accelerate the electrons in the cavity is generated in three stages.
A Voltage Controlled Oscillator (VCO) generates a low power (25 mW) signal with the
right frequency and phase. This continuous signal is then converted to a pulsed signal by
an RF-switch controlled by a triggering unit. The pulsed signal is then pre-amplified by a
solid-state amplifier to ∼ 60 W and finally a klystron powered by the modulator amplifies
the pulsed signal up to a maximum of 10 MW. A schematic drawing of the setup can be
seen in Fig. 4.4. The RF-power is transferred to the Cavity using a sulphur hexafluride
(SF6) filled waveguide system. The system included a circulator to protect the klystron
from reflected RF power from the cavity and two directional couplers to measure the RF
power going towards the cavity and the power returning from the cavity. The waveguide
system is terminated by vacuum windows on both sides to prevent any SF6 from getting
into the vacuum systems.

VCO

ModulatorTrigger Unit

KlystronAmplifier

Synchronization

25 mW 60 W 10 MW

Figure 4.4: Schematic drawing of the system used to generate the needed RF power with the
maximum amount of power at the different stages.
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4.3.2.2 Synchronization

The phase of the RF-field at which electrons are created determines both their final energy
and arrival time. Since control over both the final energy and arrival time of the electrons
will be needed for the successful injection of electrons into a plasma wave, the phase of the
RF-field in which the electrons are created from the cathode has to be both controllable and
reproducible. This means that the phase of the RF-field and the repetition rate of the laser
have to be synchronized and their relative phase adjustable. The synchronization scheme
used for locking the laser and RF-field has been described in [6]. The laser cavity serves as
the master clock, delivering laser pulses at ∼ 75 MHz, the frequency and phase of the VCO
used to generate the initial RF signal is locked to the laser cavity using a phase-lock loop
at ∼ 375 MHz by mixing the 5th harmonic of the laser pulse signal with the RF frequency
divided by 8. By adjusting the length of the laser cavity, the pulse frequency and coupled
RF-frequency can be changed. The synchronization system itself has a maximum jitter of
18 fs [6] between the laser and the RF-oscillator, but the klystron itself adds a significant
extra jitter due to noise present in the modulator signal [3]. The total jitter between the
amplified laser pulse and the electrons accelerated by the RF-field is expected to be about
85 fs.

4.3.2.3 RF-coupler

After generation in the klystron and during transport in the waveguides, the RF-waves
are in the TE01-mode. The cavity however is a standing wave structure using a different
mode (the TM010-mode). To change the mode of the waves, an RF-coupler is placed
between the waveguides and the cavity. This coupler uses the same design as the one used
for a previous cavity [3] and can be seen in Fig. 4.5. It consists of two parts: the first
part is a so-called ’doorknob transformer’ which couples the TE01-mode of the waveguide
to the TEM -mode of a coaxial line. The second part is the coaxial line antenna which
transforms this TEM -mode into the TM010-mode of the cavity. Both parts are rotationally
symmetrical and positioned on-axis with respect to the cavity to maximize transmission
efficiency and minimize the creation of unwanted modes in the cavity. The length of the
coaxial line/antenna was calculated numerically using SUPERFISH [7] during the design of
the cavity, but experience with the previous cavity [3] has shown that this length may not
always be correct. The coupler has therefore been designed such that the length of the line
can be adjusted for better coupling characteristics (as will be done in Section 4.4.1.1). The
antenna partially protrudes into the cavity itself, and thus will change the characteristics
of the cavity. The design calculations for the cavity therefore include the coupler to take
this effect into account. The center of the coupler is hollow to allow the passage of the
UV-laser used to extract the electrons from the cathode and the accelerated electrons going
into the beamline.
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4.3.3 Cavity

The cavity is a 2.6-cell accelerating structure in which the electric fields generated by the
klystron are collected and stored in a mode suitable for the acceleration of electron. The
back plate of the cavity also serves as the cathode from which the electrons are extracted.

4.3.3.1 Design

The design of the cavity is based on a previous 2.6-cell cavity [3]. The cavity and coupler
were designed using SUPERFISH with dimensions tuned to the micron level. The cavity,
together with the RF-coupler can be seen in Fig. 4.5.

24 3

Vacuum
pump

Beamline

Vacuum
pump

1

6

5

RF

77
8

8

Figure 4.5: Design drawing of the cavity showing the three different parts containing the cavity
cells (1-3), the cathode (4), the RF-coupler with the doorknob transformer (5) and antenna (6),
the two cooling coils (7) and the Viton O-ring (8).
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Compared to the original design, there have been some changes to the form of the irises
that separate the cells. After the commissioning and operation of the previous cavity, it
was found that a large number of the breakdowns that occurred, took place at one of the
irises on those spots where the field was the highest. This caused damage to the irises. In
order to decrease this damage, a new design for the irises was used, based on the design
of the Alpha-X RF-photogun [8, 9]. In this design, the circular, or BNL-, irises have been
replaced by elliptical irises. This reduces the fields on the irises as can be seen in Fig. 4.6.
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Figure 4.6: Relative electric field distribution at the iris for the new elliptical iris (a) and the
previous BNL iris (b).

The new design also moves the point with the highest electric fields (and thus the most
likely point for breakdown) from the irises to the cathode as can be seen in Fig. 4.7. Since
the cathode can be removed for cleaning/re-machining, this allows us to remove the part
of the damage done by breakdowns to the cavity in order to achieve higher electric fields.
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Figure 4.7: Relative electric field distribution in the entire cavity with the new elliptical irises
and the largest field on the cathode.

When operated with an input power of 10 MW, the cavity has a maximum electric
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Parameter Value
Electron energy 6.7 MeV
Bunch charge 10 pC
Normalized RMS emittance 2 µm
Radius of electron bunches at plasma channel 30 µm
Length of electron bunches 100 µm

Table 4.1: Design parameters for the RF-photogun as specified in Chapter 3, Table 3.1.

field of ∼ 100 MV/m and is designed to produce electron bunches with the characteristics
shown in Table 4.1:

4.3.3.2 Manufacturing techniques

The cavity consists of three parts forming the cells and a cathode end-plate as can be seen
in Fig. 4.5. All four parts are made from oxygen free copper and finished using single
diamond turning. With a specialized lathe and milling machine it is possible to produces
optically flat (average surface roughness 0, 005−0, 01 µm) surfaces and to create structures
with dimensions accurate down to below 1 µm. With both design and manufacture of the
structure down to the single-micron level, further adjustments to the cavity dimensions,
as is normally done in less accurately designed or machined cavities to achieve the desired
resonance frequency and fields balance, should not be needed. This means that the cavity
parts can be machined from solid blocks of copper enhancing the structural integrity and
improving the performance of the cavity.

The different parts of the cavity are clamped together with screws. The advantage of
this method over the brazing applied to the previous cavity is twofold: First, the process
does not use any brazing material that might end up either protruding into the cavity or
causing small slits at the cavity walls due to lack of brazing material. Secondly, it is still
possible to make adjustments to the cavity after assembly if the alignment is off or one of
the parts has to be replaced. With brazing, all parts are set in place and the entire cavity
needs to be replaced.

4.3.3.3 Vacuum

The cavity itself is connected to the surrounding vacuum system and the RF-coupler using
spring loaded screws which allow a good electrical conductivity to the coupler. Vacuum
sealing is provided by a Viton O-ring seal between the cavity and the Coupler (part 8 in
Fig. 4.5). Finally, the volume around the cavity and behind the cathode is also pumped to
reduce any leakage past the viton O-ring seal and provide better thermal isolation of the
cavity. The cavity volume is connected to the vacuum system at three points as can be
seen in Fig. 4.5. In addition to the auxiliary vacuum outside the cavity, a pump is placed
just below the coupler, providing the main vacuum for the cavity. The cavity and coupler
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are also connected to the beamline which is has its own vacuum pumps.

4.3.3.4 Cooling

During nominal operation, the average power dissipated in the cavity will be about 120 W
(10 MW × 4 µs/pulse × 3 pulses/sec). This means that without cooling, the cavity will
start to heat up and expand radially. This causes a shift in the resonant frequency of the
cavity. This shift can be found by differentiating the frequency f (Eq. 4.6) with respect to
the temperature T :

∂f

∂T
=
∂f

∂R

∂R

∂T
=

−p01

2π
√
µrR2

kTR =
−p01kT

2π
√
µrR

≈ −48.5
kHz

K
. (4.13)

Here kT is the thermal expansion coefficient of copper (16.9× 10−6 K−1).
To prevent the cavity frequency from changing, a cooling system has been incorporated

in the setup. Two thermocouples measure the temperature of the cavity. This temperature
is read by a PI-controller. If the temperature differs from the desired value, the controller
activates a set of five 70 W peltier elements which can exchange heat between the water
reservoir of the system and external cooling water system (175 W of cooling or 525 W of
heating power). The water from the reservoir is continually being pumped through two
cooling coils located at both sides of the cavity (see Fig. 4.5). Test have shown that the
system can provide a temperature stability of better than 0.05 K [10].

4.3.4 Laser setup

The laser system used for extracting the electrons from the cathode consists of two main
parts: A 800 nm Ti:sapphire system with a mode-locked oscillator and amplifier and a
third harmonic generation system where the 800 nm pulses are converted into 266 nm UV
pulses that are transported to the cavity.

4.3.4.1 Laser system

The laser pulses are generated in a Ti:sapphire oscillator [11]. The oscillator operates in
mode-lock, generating pulses with a central wavelength of 800 nm and a FWHM duration
of 15 fs at a repetition rate of 75 MHz. These pulses have an energy of about 5 nJ. A
photodiode is placed behind one of the mirrors in the system to measure the frequency
of the oscillator for the synchronization of the RF-frequency (see Section 4.3.2.2). By
adjusting the length of the mode-lock cavity, the repetition rate of the laser pulses can be
altered to adjust the RF-frequency to the value prescribed by the cavity.. The pulses are
then amplified using Chirped Pulse Amplification [12] to 1 mJ with a FWHM pulse length
of 30 fs. A Pockels cell slicer, synchronized to the 75 MHz oscillator, is used to adjust the
repetition rate of the amplified laser pulses. For the current experiments, a final repetition
rate of 3 Hz was used.
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In order to convert the 800 nm laser pulse to 266 nm we use third harmonic generation
using a process known as sum frequency mixing [13]. This process is schematically shown
in Fig. 4.8. In this process, a nonlinear optical medium (in our case beta Barium Borate
Oxide (BBO)) is used to first convert part of the 800 nm laser pulse to 400 nm (second
harmonic generation). At maximum efficiency, this 400 nm pulse has a polarization that is
perpendicular to the original 800 nm pulse. To get a 266 nm pulse, both these pulses must
be mixed again in a second BBO crystal. However, for mixing to take place, the two pulses
must overlap in both space and time inside the crystal and have the same polarization
direction. First, the two pulses are separated from each other using a dichroic mirror
which reflects the 400 nm pulse and is transparent for the 800 nm pulse. Then the 800 nm
pulse passes through a λ/2-plate which rotates the polarization by 90◦ so that it matches
that of the 400 nm pulse. The 800 nm pulse is then reflected onto the second BBO crystal.
The 400 nm pulse first passes through a delay stage, this stage can be used to change the
optical path length of the pulse to ensure temporal overlap at the second BBO crystal.
The 400 nm pulse is then also reflected to the second BBO crystal. In the second BBO
crystal, the two pulses generate a third pulse of 266 nm (the third harmonic of the original
800 nm pulse). After this second BBO crystal, a series of dichroic mirrors separates the
three pulses based on wavelength. At the settings optimized for third harmonic generation,
about 40% of the primary pulse is converted into the second harmonic, this leads to a total
conversion to the third harmonic after the second crystal of about 10%. Taking into account
the energy losses during transport to the THG setup, this means that the energy of the
266 nm pulses is up to 80 µJ at a repetition rate of 1 kHz (used for alignment) or 60 µJ
when operating at 3 Hz (due to the lower energy in the primary pulse at this setting).

4.3.5 Coupling the UV into the cavity

After generating the 266 nm pulses in the THG-setup, they are transported to the cathode.
First, the pulses are reflected by two additional dichroic mirrors to filter any remaining
800 nm and 400 nm pulses out of the beam. Then six UV-mirrors transport the UV pulses
to the fused silica vacuum windows of the beamline. During this transport, losses occur,
mainly at the mirrors resulting in a total transport efficiency of 85%. For this reason, the
THG-setup was placed as close as possible to the beamline. The vacuum window itself
reflects an additional 8% of the laser pulse and inside the beamline, an aluminium mirror
(M1 in Fig. 4.3) reflects 88% of the pulse onto the cathode. In total, about 69% of the UV
pulse that is generated in the THG-setup reaches the cathode. A second aluminium mirror
(M2 in Fig. 4.3) inside the beamline picks up the UV that is reflected from the cathode
and transports it through the vacuum window again. This reflection of the cathode is
imaged on a CCD camera and used for both alignment and viewing of the cathode surface.
The system also has a so-called virtual cathode: A mirror can be inserted just before the
vacuum window, this mirror reflects the UV-pulse to a CCD camera that is positioned
at the same distance from the mirror as the cathode. Using this camera, it is possible
to directly image the laser pulse as it will be when it hits the cathode. This is done for
diagnostics on the size and profile of the UV pulses.
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Figure 4.8: Setup for the generation of UV (266 nm) pulses from (800 nm) pulses using third
harmonic generation. At each stage, the polarization of the different beams is given as either
horizontal (↔) or vertical (l)

4.3.6 Effect of (UV) pulse lengthening

Ultra-short laser pulses have the tendency to increase in length. This is mainly due to
dispersive effects of optics (especially vacuum windows and lenses), but also by transport
through the air. This causes the different frequency components of the pulse to move at
different speeds leading to a lengthening of the pulse.

The electron bunches injected into the plasma wave need to be as short as possible to
ensure a high peak current. Since the initial length of the electron bunch is determined
by the length of the UV pulse extracting these electrons from the cathode, longer UV
pulses will lead to longer electron bunches. However, as the initial bunch grows longer,
the charge-density of the bunch becomes lower. This lower charge-density means that
the space-charge induced bunch lengthening is reduced, leading to a smaller increase in
bunch-length between the cathode and the focus at the plasma channel entrance

To see the net influence of the longer UV pulses on the length of the final electron
bunch, we have conducted a series of GPT simulations of the entire final beamline up to
the entrance of the plasma channel. The results of these simulations can be seen in Fig. 4.9.

As can be seen from Fig. 4.9, there is indeed an increase in the length of the final
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Figure 4.9: Simulated length of the 10 pC final electron bunch as a function of the length of
the UV-pulse used to extract the electrons from the cathode.

electron bunch when the initial UV pulse becomes longer, but this increase is only small
(240 fs → 290 fs) when increasing the length of the UV-pulse from 10 fs to 150 fs. This
means that the effect of UV-pulse lengthening from the initial 50 fs to an estimated 75−
100 fs will only slightly increase the final bunch length of the electrons.

4.3.7 Electron optics

Electron optics are used to manipulate electron beams. The beamline contains several
components that use electro-magnetic fields to act as the equivalent of lenses and mirrors
for the electrons as can be seen in Fig. 4.10.
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Figure 4.10: Overview of the electron optics element used for beam focusing and steering in
beamline used to test the photo-injector.

4.3.7.1 Cavity Solenoid

The solenoid located around the cavity acts on the electrons as a lens and serves two
purposes; to confine the accelerated bunch in the radial direction and to focus the bunch
and compensate for the exit-kick received after exiting the cavity. Keeping the bunch
confined in the radial direction is essential to keep both the bunch length and emittance
of the bunch low. As discussed in Chapter 3, electrons in cavity fields further away from
the center of the cavity experience slightly different electric fields in the longitudinal and
transverse direction, leading to an increased emittance and a larger energy spread which
leads to longer bunches. Also, electrons accelerated further away from the axis take a curved
path which is longer than those accelerated on-axis, an effect know as beam-scalloping [9],
this also leads to longer bunches and an increased emittance. The solenoid can also be
used to create a focus for the electron bunch which can be used to diagnose the quality of
the electron bunches such as the emittance (see Section 4.5.3). The solenoid has a total
of 198 windings divided into 9 sections of 22 windings each. The windings are made from
square 6 × 6 mm2 wire with a hollow core of 3.5 mm diameter. Through this core, water
is pumped to cool the solenoid.

4.3.7.2 Bucking coil

While the field of the cavity solenoid decreases emittance growth of the bunch during
acceleration, the presence of a magnetic field at the cathode during the extraction of the
electrons results in a larger initial emittance. The bucking coil creates a magnetic field
at the cathode that is exactly opposite to the field created by the cavity solenoid. This
results in an extraction of the electrons at zero magnetic field with only thermal initial
emittance. Since the bucking coil is much smaller and weaker than the cavity solenoid,
its effects quickly diminish outside of the region at the center of the cathode where the
electrons are extracted. This means that during the acceleration, the bunch length and
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emittance growth of the bunch are still suppressed by the field of the cavity solenoid. The
bucking coil is water cooled to prevent it from heating up the cavity.

4.3.7.3 Steering coils

Downstream of the cavity, there are two sets of steering coils. These coils allow steering of
the electron bunches to allow the adjustment of the final position and/or angle of the beam
as it travels to the diagnostics. The coils consist of two sets of two electro magnets of 263
windings each creating a homogeneous magnetic field in the transverse plane to control the
direction of the bunch. The current for the coils comes from computer controlled current
sources which allow for the automated or remote steering of the beam if desired.

4.3.8 Diagnostics

In order to determine the properties of the electron bunches created, the setup has several
diagnostics as can be seen in Fig. 4.11. With these diagnostics, it is possible to determine
the energy (spread), charge, profile and emittance of the bunches.
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Figure 4.11: Overview of the diagnostics used in the beamline used to test the photo-injector.

4.3.8.1 Spectrometer

A spectrometer is used to determine the energy and energy spread of the electron bunch.
The spectrometer is the same one as used in previous experiments [14] with the diode array
mounted at an angle of 50◦ with respect to the beam line. It can detect electrons in an
energy range of 0 − 10 MeV with a current requirement of 2.1 A/MeV. The diode array
consists of a line of 128 photo diodes (Hamamatsu S8865-128). The diodes are spaced
0.1 mm apart and are 0.3 mm wide with a height of 0.6 mm. Because of a 10 × 30 mm2

aperture between the array and the magnet, only 75 of the photo diodes can be reached
by the electrons. The spectrometer has a theoretical energy accuracy of 0.1% though this
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accuracy is lower in practice due to the finite width and divergence of the electron bunch
itself.

4.3.8.2 Phosphor screen

In order to determine the transverse profile of the electron bunches, a phosphor screen can
be inserted into the beam line using a stage located in a four way cross. The phosphor
screen holder is shown in Fig. 4.12. The phosphor screen itself is placed perpendicular
to the beamline axis so that the image of the bunch is not deformed as is the case with
screens placed at an angle. A mirror at 45◦ is located behind the screen to image it on
a CCD camera using two lenses. The lenses are both achromatic doublet lenses with an
effective focal length of 25 mm. One is mounted in the holder with the screen and mirror
and placed such that the phosphor screen is in its focus. The other is placed with its focus
on the CCD camera. Thus when moving the screen in and out of the beamline the position
of the lenses does not have to be adjusted. The phosphor screen is a 25 mm diameter
pyrex disk with a thickness of 1.5 mm. On this disk, a 15 µm layer of the phosphorous
material type P20 (ZnCdS:Ag) has been deposited. This material has a high efficiency in
converting electrons to light, has a small grain size for high resolution and emits in the
visible spectrum (470 − 670 nm with a peak around 560 nm (yellow/green)). To prevent
charging of the screen, a thin layer of aluminium (25− 50 nm) has been deposited on the
phosphorous material. This layer contacts the grounded mount of the phosphor screen,
mirror and lens allowing any charge to flow away towards ground.

4.3.8.3 Faraday cup

The faraday cup is used to measure the bunch charge. The Faraday cup consist of an inner
cup used to collect the electrons that is suspended in a grounded outer shell by insulating
pins. Both the inner cup and the outer shell are connected to a BNC-connector. The whole
acts like a capacitor; when the electrons hit the cup, the capacitor is charged by the bunch
charge. To ensure that the charge collected by the Faraday cup corresponds to the charge
in the bunch, the inner cup has to be thick enough to stop the incoming electrons and
large enough to catch any secondary electrons that are freed from the cup material when
it is hit by an electron. The Faraday cup used is suited for energies exceeding 10 MeV,
so all electrons are collected. The capacitance of the Faraday cup is 300 pF, which when
connected to a 50 Ω load, leads to a typical discharge time (RC) of ∼ 15 ns with an
amplitude proportional to the collected charge. The total charge can be calculated by
integrating the current (I (t)) coming from the Faraday cup:

Q =

∫
I (t) dt =

1

R

∫
V (t) dt, (4.14)

with R the resistance of the load and V (t) the measured voltage.
Alternatively, the Faraday cup can be connected directly to a charge sensitive ampli-

fier which gives a signal proportional to the charge collected while suppressing most high
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MPR

L

Figure 4.12: Phosphor screen holder used during the experiments. Highlighted are the phosp-
hor screen (P), the mirror (M), the lens (L) and the ring used to provide grounding for the
phosphor screen (R).

frequency noise produced by the modulator and klystron.

4.4 Testing of the RF-cavity

Before the RF-cavity can be used as the core of the RF-photogun to make electron bun-
ches, it first has to be tested, adjusted for maximum efficiency and prepared for high-field
operation.

4.4.1 Low power RF-testing

The first step in the commissioning of the RF-cavity is a series of low power tests to see
if the cavity meets the design specifications and to adjust the RF-coupler for maximum
efficiency. All these low power tests have been carried out using a Hewlett-Packard (HP)
8753C network analyzer combined with a HP85071A S-parameter test set. This setup sends
a calibrated RF-signal into the system and measures the system response (absorption and
reflection) as a function of the input frequency.
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4.4.1.1 Optimizing the RF-coupling

Before the cavity can be characterized, the antenna length of the RF-coupler (see Sec-
tion 4.3.2.3) has to be optimized. While the optimum length was determined using SU-
PERFISH [7, 15] simulations, experience with previous cavities [3, 10] has shown that the
optimum length that is experimentally found usually differs from the calculated length.
The design for the coupler therefore allows the antenna length to be changed to ensure
optimum coupling of RF power into the cavity.

The absorption spectrum for the cavity with the antenna at the calculated position can
be seen in Fig. 4.13.

f (MHz)

A
bs

o
rp

ti
on

data
peak fits
sum of fits

Figure 4.13: Absorption spectrum of cavity with the antenna at the calculated position.

Fig. 4.13 clearly shows the three different modes of the cavity at 2991 MHz, 2995 MHz
and 2998 MHz. These peaks correspond to the 0 -, π

2
- and π - mode respectively. From the

absorption spectrum, the main characteristics (central frequency, absorption and loaded
Q-factor) can be found using Eqs. 4.4 and 4.3. Both the measured and calculated values
of these characteristics for the three modes can be found in Table 4.2.
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Mode Parameter Design Measured
ω0 [MHz] 2990.96 2990.93

0 - mode QL [−] 9686.79 8545
A [−] 0.40 0.41

ω0 [MHz] 2995.21 2995.15
π
2

- mode QL [−] 5377.2 5976
A [−] 0.92 0.97

ω0 [MHz] 2998.01 2997.95
π - mode QL [−] 6278.89 6562

A [−] 1.00 0.92

Table 4.2: Design from SUPERFISH and measured values of the central frequency (ω0), loaded
Q-factor (QL) and absorption (A) for the three modes of the RF-cavity with the antenna at
the designed length.

As can be seen from Table 4.2, the measured central frequencies of the modes correspond
very well to their calculated values with maximum deviation of 60 kHz, corresponding to
a relative deviation of 2× 10−5. The measured Q-factor for the 0-mode differs significantly
from the calculated value. This difference is caused by a mismatch of the impedance
between the generator (50 Ω) and the cavity resonating in this mode as indicated by the
maximum absorption (0.41) which is well below the ideal value of 1 in the case of perfect
matching. The maximum absorption of the other two modes is much closer to 1 indicating
a better matching of the impedances.

The maximum absorption for the π - mode which will be used for acceleration (0.92)
is however still below 1, indicating an impedance mismatch between the cavity+coupler
and the generator and waveguide system (50Ω). By adjusting the length of the antenna
(see Fig.4.5), the impedance of the cavity can be changed to get a better absorption. The
absorption spectrum for the antenna length with maximum absorption can be seen in
Fig. 4.14. This spectrum was obtained by increasing the antenna length by 3.45 mm.

The characteristics for the three modes when optimized for maximum absorption in the
π - mode can be found in Table 4.3

As can be seen from Table 4.3, the simulated values for the frequency shift correspond
well to those measured. There is also good correspondence for the Q-factor of the 0- and
π-mode. The measured Q-factor for the π/2-mode differs from the simulations by about
20%. The reason for this deviation is unclear.

In Fig. 4.15, the overview of the effect of the antenna length on both the absorption (A)
and unloaded Q-factor (QUL) (See Section 4.2.3) is shown. We use the unloaded Q-factor
since we are interested in the cavity itself and not the total system. Since the field strength
in the cavity depends on the amount of power going into the cavity (∼ A) and the decay
time of the power (∼ QUL), the product of QUL × A is also shown in Fig. 4.15. While
the finite duration of the RF-pulse can limit the maximum amount of energy stored in the
cavity, this quantity still gives a good indication of the total amount of stored energy in
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Figure 4.14: Absorption spectrum of cavity with the antenna at the maximum absorption.

the cavity. For optimum operation, this quantity should be optimized.
The unloaded Q-factor can be calculated from the measured absorption P and the

maximum absorption Pmax (See Appendix 4.A for derivation):

QUL =
QL

(
2 + 2

√
1− P

Pmax

)
2− P

Pmax
+ 2
√

1− P
Pmax

. (4.15)

The error in the unloaded-factor is equal to:

σQUL =

∣∣∣∣ 2+2
√

1− P
Pmax

2− P
Pmax

+2
√
− P
Pmax

+1

∣∣∣∣σQL + (4.16)∣∣∣∣ QL√
1− P

Pmax

(
2− P

Pmax
+2
√

1− P
Pmax

)
∣∣∣∣σ P

Pmax
.
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Mode Parameter Calculated Measured
ω0 [MHz] 2990.83 2990.80

0-mode QL [−] 6347.92 6712
A [−] 0.96 0.87

ω0 [MHz] 2994.61 2994.61
π/2-mode QL [−] 2620.41 3262

A [−] 0.44 0.87
ω0 [MHz] 2997.65 2997.60

π-mode QL [−] 4831.58 5158
A [−] 0.79 0.99

Table 4.3: Measured values and calculations from SUPERFISH of the central frequency (ω0),
loaded Q-factor (QL) and absorption (A) for the three modes of the RF-cavity with the antenna
at the antenna length with maximum absorption.
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Figure 4.15: Influence of the antenna length on the absorption (A) and unloaded Q-factor
(QUL) of the cavity under atmospheric pressure. The product QUL × A is also shown. The
antenna length is taken relative to the design length calculated by SUPERFISH

As can be seen in Fig 4.15, the optimum length of the antenna is approximately 0.75 mm
longer than the length calculated by SUPERFISH due to the better coupling/absorption
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at that length. When the antenna is longer, the unloaded Q-factor decreases. This is to be
expected since as more of the antenna protrudes into the cavity, the copper surface of the
antenna with which the RF-field in the cavity interacts increases. Since this surface has
a finite resistance, the amount of power dissipated by the cavity wall including antenna
surface also increases, leading to a lower Q-factor.

Due to an error in the initial processing of the measurement data, the initial series of
experiments as described in this Chapter (Section 4.5) have been carried out at an antenna
length of +3.45 mm, where the absorption is maximum (instead of the optimal +0.75 mm).

4.4.1.2 Discussion on the antenna length

When looking at both the absorption characteristics of the cavity, it can be seen that the
measured properties of the cavity differ from those predicted by the design simulations.
The fact that the antenna length needed for optimum coupling differs from the designed
antenna length has also been observed in both the previous 2.6 cell cavity [3] and 1.5 cell
cavity [10] which were all designed using the same methodology and programs. Specifically,
the method used in SUPERFISH to simulate energy coupling has been found to be sensitive
to errors. The field in the cavity is introduced by a so-called ”drive point”. This point serves
as the source point for the calculation of the electro-magnetic field. This means that instead
of an incoming EM-wave, there is a point source and from that the steady-state solution is
calculated. Since the simulation does not include the RF-generator, the simulation includes
a dielectric that is artificially placed in the coupler. The properties of the dielectric have
been chosen to simulate the characteristics of the klystron such that at optimal coupling,
the power dissipated in the cavity and in the coupler should be equal. An alternative
method would be calculating the steady-state field in the time-domain using a incoming
EM-wave, but that method would be much more computationally intensive and would
require a time-domain EM-field solver.

4.4.2 Measurement of the on-axis profile of the electric field

Another important characteristic of the cavity, next to the resonant frequency, maximum
absorption and Q-factor is the on-axis electric field profile. Since the maximum fields in the
cavity are limited by breakdown (see Section 4.2.4), it is desirable to have a good balance
between the fields in all three cells (all cells have the same maximum field). This way, the
total amount of energy gained by the electrons is maximized for a given maximum local
field in the cavity.

To measure the local on-axis electric field, we make use of the fact that small per-
turbations of the cavity volume change the resonant frequency of the RF-field. These
perturbations can be small deformations of the cavity wall, or the insertion of a small
amount of material with a relative permittivity different from vacuum/air. The Slater
perturbation theorem [16] can be used to find the shift in the resonant frequency (∆ω) due
to the removal of a small volume (∆V ) from the cavity:
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∆ω

ω
=

∫
∆V

(µB2 − εE2) dV∫
V

(µB2 + εE2) dV
. (4.17)

Here ω is the original resonant frequency, V the total volume of the cavity, and B and
E, the local magnetic and electric field strengths.

This effect is used in the so-called bead-ball method [17]. In this method, a small bead
is suspended on a very thin line. As the bead is moved through the cavity, the frequency
shift of the mode is recorded. For a spherical bead with volume ∆V , relative permittivity
εr and magnetic permeability µr, the frequency shift is given by:

∆ω

ω
= −3∆V

4W

(
εr − 1

εr + 2
ε0E

2 +
µr − 1

µr + 2
µ0B

2

)
, (4.18)

with W the total amount of stored energy in the cavity and E the local unperturbed
electric field.

For the measurement of the electric field, we use a small bead of ∼ 3 mm suspended
on a nylon fishing line of 150 µ thickness. The bead has a large relative permittivity, but
a magnetic permeability almost equal to air/vacuum. This reduces Eq. 4.18 to:

∆ω

ω
= −3∆V

4W

(
εr − 1

εr + 2
ε0E

2

)
or

∆ω

ω
∼ E2. (4.19)

The results of the measurements of the electric field, as well as fields predicted by
SUPERFISH, for the antenna at the calculated position can be seen in Fig. 4.16.

As can be seen in Fig. 4.16, the measured fields correspond very well to those predicted
by the simulations except for the fields in the first half-cell. The fields in this cell, next to
the cathode are significantly lower than those predicted by the simulations. The measured
field balance of the three cells is 80% − 100% − 97%.

The measured field balance for the antenna positioned for maximum absorption, as
used in the initial testing of the cavity, can be seen in Fig. 4.17.

In this situation, the measured fields in the second and third cell also correspond very
well to those from SUPERFISH simulations. The fields in the first cell however, are again
significantly lower than those predicted by simulations. In the third cell, there is a small
irregularity in the measured fields which was caused by a deformation in the nylon fishing
line used to move the bead, causing the bead to remain at almost the same position while
the line stretched only to get un-stuck a little later. The measured field balance of the
three cells with the antenna positioned for maximum absorption is 85% − 100% − 72%.

4.4.2.1 Explanations for the field balance deviations

As was seen in the previous section, at both antenna lengths, the measured field in the first
cell of the cavity was significantly lower than predicted by simulations. One explanation
for this deviation is that there was an error during the machining of the cavity cell.
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Figure 4.16: Measured absolute field profiles and the fields as calculated by SUPERFISH for
the antenna at the calculated position.

Since the cavity parts have already been assembled, it is both impractical and extremely
challenging to measure the cell dimensions with the required micrometer accuracy. It is
however possible to simulate the effect of possible machining errors on the field profile using
SUPERFISH.

First we will look at the influence of errors in the radius of the first cell on the field
profile and compare these to the measured profile. The results can be seen in Fig. 4.18.

As can be seen from Fig. 4.18, the field profile measured is best approximated by the
field of a cavity of which the first cell is ∼ 10 µm too large. This gives a predicted field
balance of 79% − 93% − 100% compared to the measured balance of 80% − 100% − 97%.

Alternatively, there could be an error in the length of the first cavity cell. The effect of
such an error can be seen in Fig. 4.19

From Fig. 4.19 it can be seen that to account for the decrease in measured fields in the
first cell, this cell would have to be ∼ 70 µm too long. This gives a predicted field balance
of 80% − 93% − 100% compared to the measured balance of 80% − 100% − 97%.

Since the manufacture of the cavity cells is supposed to be accurate within one to a
few micron (see Section 4.3.3), both possible deviations are clearly outside the expected
machining accuracy. It is also possible that there is machining error in the iris connecting
the first and second cell, leading to a reduced coupling to the first cell or that there is a
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Figure 4.17: Measured absolute field profiles and the fields as calculated by SUPERFISH for
the antenna at the position of maximum absorption.

combination of several smaller errors. A final option would be an error in the design of the
cavity itself due to the sensitivity of SUPERFISH to the method of representing coupling
of the RF-field into the cavity as has been noted with the design of a previous 2.6-cell
photogun [3].

A different kind of contribution to the difference between the measured profile and the
predicted field profile could be the construction method used (Section 4.3.3.2). The different
parts of the previous 2.6 cell cavity had been connected using brazing. The current cavity
uses clamping to keep the parts together. This was done to reduce several disadvantages
of the brazing, including possible deformation, protrusions or extrusions in the cavity wall
cause by an excess or lack of brazing material and to allow for the replacement of cavity
parts if needed.

The clamping method does however bring several problems of its own: if the clamping
is not done very carefully and with enough force, the parts will not be clamped together
strongly enough resulting in a bad electrical/thermal contact and small slits between the
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Figure 4.18: Influence of a change in the radius of the first 0.6 cell of the cavity on the final
field balance.

parts. This is also the case if there are any imperfections or protrusions on the contact
surfaces between two parts. The effect of this decrease in electrical contact is increased by
the choice for the placement of the places where the different parts of the cavity are joined;
To prevent any breakdowns from occurring at these connections, they were placed where
the electric field is minimum. However, at these very same spots, there is also a maximum
in the magnetic fields and associated wall currents. This means that in these areas, the
wall conductivity should be as good as possible. It is therefore recommended that for
new cavities using the clamping method, the separations are placed in the intermediate
areas that have neither a maximum in electric field nor in magnetic field. During the
initial testing, the clamping of the cavity was insufficient and exhibited a low maximum
absorption and Q indicating both reflection and absorption at the interfaces between the
different parts of the cavity. By increasing the clamping force, to the maximum allowed
by the current design, the absorption and Q were increased to their approximate design
values. However, initial SUPERFISH simulations indicate that when slight slits in the
cavity wall are present, the fields in that cell are decreased even though the absorption and
Q-factor are only slightly effected. It must however be noted that the meshing conditions
required to simulate such small slits in the much larger cavity structure fall well outside
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Figure 4.19: Influence of a change in the length of the first 0.6 cell of the cavity on the final
field balance.

those normally used in SUPERFISH and therefore have to be carefully evaluated. Also,
SUPERFISH simulations only allow for cylindrically symmetrical slits. Still, the lower
fields in the first cell of the cavity seem more likely to be caused by possible small slits
between different parts of the cavity than by the before mentioned machining errors, which
are far outside the expected machining accuracy.

4.4.3 High power RF-testing

After the initial low power-tests, the cavity has been installed in the beamline and the
RF-coupler has been adjusted for optimal power transfer. The pressure during operation
was just over 10−7 mbar.

4.4.3.1 RF-diagnostics

The RF waves going into the cavity have three main characteristics: frequency, phase and
power. The frequency of the RF is determined by the external cavity lenght/mode-lock
frequency of the laser. As described in Section 4.3.2.2, the RF frequency divided by 8 is
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matched to the 5th harmonic of this signal. The phase of the RF-signal can also be changed
in the synchronization setup by supplying an off-set to the phase-lock loop. The RF power
after amplification by the klystron is measured at two places during the RF-transport
(Section 4.3.2.3): just after the klystron and just in front of the cavity using directional
couplers. These directional couplers use two parasitic cavities to individually measure
both the incoming and the reflected RF power. The coupler just after the klystron has a
coupling efficiency of −50 dB and the one in front of the cavity has a coupling efficiency of
−70 dB. Both couplers have additional attenuators to get a total attenuation of −90 dB
(1 MW → 1 mW). After attenuation, the power levels are measured using calibrated
RF-diodes which convert the measured power to a voltage signal.

4.4.3.2 Cavity training

As mentioned in Section 4.2.4, breakdown limits the maximum field strength achievable in
the cavity and surface imperfections can drastically lower the fields at which breakdown
occurs. This is the case even with the low surface roughness of the cavity (average 0, 005−
0, 01 µm) since the fields will be limited by a single sharp feature in a region with high
fields. In order to increase the maximum attainable fields inside the cavity, the cavity has
to undergo training where a combination of enhanced field emission and small breakdowns
will reduce imperfections on the cavity surfaces allowing higher fields to be applied until
breakdown occurs at another imperfection. This is attained by slowly increasing the power
that is coupled into the cavity until a breakdown occurs. When one does occur, the power
has to be turned off quickly to prevent the material that has been melted/evaporated by
the breakdown from triggering another series of breakdowns leading to an ever increasing
damage of the cavity wall. To prevent this, a breakdown controller is used. This controller
monitors the reflected RF power coming from the cavity. If a breakdown occurs, there
is a sudden increase in the reflected power from the cavity and a corresponding sharp
increase in the derivative of the reflected power. The controller compares the derivative of
the reflected power to an adjustable value. Should the derivative go above the specified
value, the system cuts off the RF trigger. This means that both the input signal and the
power supplied from the modulator to the klystron are stopped, leading to an exponential
decrease of the RF power coming from the klystron within the same pulse in which the
breakdown occurred as can be seen in Fig. 4.20(b). The system keeps suppressing the
trigger signal until it is reset.

To facilitate the process of training the cavity, a second controller is used. This training
controller can be used to set both the begin and end value of the modulator voltage and
the speed at which this voltage is increased during training. The controller is connected
to the breakdown safety controller. If a breakdown occurs, the training controller waits
about 20 seconds to allow the evaporated/melted cavity material to either solidify again
or be pumped away by the vacuum system. After those 20 seconds, the controller resets
the breakdown controller and slowly increase the modulator voltage again to the previous
value over the course of about 90 seconds. After the previous value is reached again, the
increase in modulator voltage is again resumed until the desired value is reached. Using
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Figure 4.20: Forward (FWD) and reflected (REFL) power measured at the cavity for normal
operation (a) and during a breakdown (b). Because the modulator voltage takes some time to
achieve it’s maximum value, the frequency of the Klystron changes during the pulse leading to
a delayed onset of absorption (and a corresponding decrease in absorption at the end of the
pulse) since the change in frequency is larger than the bandwidth of the cavity.

the combination of these two controllers, the process of training the cavity can be largely
automated.

As can be seen in Fig. 4.20, even when the RF-power generated by the Klystron is at the
resonant frequency of the cavity (the minimum in the reflection), not all energy is absorbed
by the cavity. This is due to reflections from the RF-coupler (and vacuum window). The
maximum transmitted RF-power at the resonant frequency for the RF-coupler is shown in
Fig. 4.21.

The maximum transmission of the coupler is 88% which is almost equal to the maxi-
mum amount of power absorbed by the combined cavity, coupler and vacuum window
indicating that the reflections from the vacuum window and cavity are almost negligible at
the resonant frequency as expected. The reason why the transmission of the RF-coupler is
not almost 100% as was the case with the previous coupler of the same design and mate-
rials [3] is unclear. The lower transmission was measured in both the coupler used in this
experiment as another one constructed at the same time for another experiment [18].

4.5 Bunch measurements

In this section, the first characterizations of the bunches produced by the RF-photogun are
presented and compared to the characteristics needed for injection into a laser wakefield
accelerator. All measurements presented here have been conducted at 2.5 MW absorbed
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Figure 4.21: RF transmission of the RF-coupler at the resonant frequency as a function of
the tuner position.

peak power. The measurements presented have been carried out with a laser pulse energy
of 10− 14 µJ at the cathode. The setup used is similar to the one depicted in Fig. 4.3, but
the spectrometer has been removed for all measurements other than the bunch energy.

4.5.1 Radial profile of bunch

The radial profile of the UV-laser pulse used to extract the electrons from the cathode is
measured on the virtual cathode and can be seen in Fig. 4.22.

As can be seen from Fig. 4.22, the UV spot is elliptic with a long axis of 1.0 mm and
a short axis of 0.5 mm with a shot to shot variation of ∼ 2%. There is a clear structure
within the spot. This structure is reproducible and originates in the laser pulse compressor
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Figure 4.22: UV-spot (ten shot averaged) on the virtual cathode with projected intensity
profiles.

after the laser amplifier. The prisms used to compress the laser pulse from 4 ps back
to 30 fs have a height which is comparable to the laser beam diameter. This causes some
clipping of the beam. The beam is then transported to the third harmonic setup over about
10 m. During this transport, far-field diffraction causes a deformation of the radial profile
of the pulse to an elliptic shape with some internal structure. This ellipticity and internal
structure are enhanced during the third harmonic generation since this process scales with
the third power of the (local) intensity of the 800 nm beam resulting in a UV profile as seen
in Fig. 4.22. The general pointing stability of the laser pulse (10 shot averaged standard
deviation) is about 25 µm in both the horizontal and vertical plane, on the same order of
magnitude as the size variations and significantly smaller than the pulse size.

The profile of the resulting electron bunch was measured on the phosphor screen (see
Section 4.3.8.2). The screen was placed at 85 cm from the cathode. The measured bunch
profile can be seen in Fig. 4.23.

When comparing the profile of the electron bunch (Fig. 4.23) to that of the laser spot
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Figure 4.23: Image from electron bunch on phosphor screen with projected intensity profiles
and Gaussian fits.

(Fig. 4.22), it can be seen that the electron bunch maintains the elipticity of the laser spot,
but the internal structure of the laser spot is mostly absent in the electron bunch. This loss
of internal detail is most likely due to space-charge: Areas with a higher initial electron
density have higher local space-charge fields leading to a faster expansion and resulting in
a diffusion of the features. The net result is a redistribution of electrons from high density
areas to low density areas, resulting in a more or less Gaussian distribution.

The profile can also be used to optimize the RF-phase for maximum acceleration. To
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find the phase with maximum electron energy, the bunch is first focused onto the phosphor
screen using the solenoid which has a focal distance that decreases with increasing current
and increases with larger electron energy. The solenoid current is then slightly increased to
place the focus in front of the screen. If the RF-phase can be adjusted to place the focus
back on the screen, the electrons must have a higher energy at that phase. The procedure
is then repeated until the phase with the largest electron energy is found.

4.5.2 Bunch charge

In order to measure the charge in the bunch, the phosphor screen is removed and the
electrons are focused into the Faraday cup (Section 4.3.8.3). The faraday cup captures the
bunch charge and is terminated by a 50 Ω load. A typical Faraday cup signal can be seen
in Fig. 4.24. The laser pulse used had an energy of 12 µJ just before the vacuum window,
which corresponds to 10 µJ on the cathode.

Figure 4.24: Signal form the Faraday cup of a bunch created by a 10 µJ laser pulse with
exponential fit indicating a measured charge of 65 pC.

The Faraday cup signal in Fig. 4.24 shows the expected exponential decay for a Faraday
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cup connected to a load. The RC time of the signal is 17 ns which is close to the expected
value of ∼ 15 ns (50 Ω× 300 pF). The modulation present on the signal has two causes.
The first is an impedance mismatch between the Faraday cup and the 50 Ω coaxial line and
oscilloscope used to read the signal. This leads to partial reflection and interference of the
output signal. The second source of noise is the modulator powering the klystron. Due to
imperfect shielding, the modulator induces small alternating currents in the surrounding
electrical equipment and measuring devices. Both contributions do however cancel out in
integration as does the total modulation on the Faraday cup signal. Using Eq. 4.14, the
total amount of charge collected in the measurement of Fig. 4.24 is found to be 65 pC.
A series of measurements at the same laser power yielded an average charge generated
of 73 pC with a standard deviation of 8 pC. The 10% fluctuation in collected charge
corresponds to the shot-to-shot fluctuation in UV pulse energy. Using the data from the
charge measurements, it is possible to calculate the External Quantum Efficiency (EQE)
of the cathode. This is the number of electrons (ne) generated divided by the number of
photons hitting the cathode (nph):

EQE =
ne
nph

=
hc

eλ

Q

Epulse
= 4.6× 10−6 Q [pC]

Epulse [µJ ]
, (4.20)

with h Planks constant, c the speed of light, e the fundamental charge, λ the wavelength
of the laser pulse and Epulse the energy in the laser pulse.

The measured 73 pC/10 µJ gives an EQE of (3.3± 0.7) × 10−5 which is in agreement
with both the two other photoguns produced [3, 10] and other photoguns using a similar
cathode [19–21] as well as theoretical models [22].

4.5.3 Emittance

4.5.3.1 Introduction to emittance

The emittance, the main quality indicator of a bunch, is generally defined as the area in 6D-
phase-space occupied by the electrons of the bunch [1]. Most of the time, the emittance is
split in a longitudinal (εz) and a transverse (εr or εx, εy) part. The longitudinal emittance
describes the energy spread and bunch size (area in [z, z′]-space) while the transverse
emittance is an indication of the bunch size and divergence (area in [x, x′]- and [y, y′]-space).
In ideal optics, (normalized) emittance is conserved and when non-ideal, non-linear fields
are present, the emittance is either conserved or increased.

The emittance of a bunch is defined as the area/volume of the smallest ellipse in the
relevant phase-space encompassing all particles of the bunch. Often the more practical
RMS emittance (εxRMS

) is used, this quantity is defined as:

εxRMS
= σxσx′ , (4.21)

with σx the RMS size in the x direction and σx′ the RMS in x′ = dx
dz

. Note however that
emittance as defined in Eq. 4.21 is not conserved during acceleration (in the z-direction) as
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x′ gets smaller for larger velocities and thus larger dz. We will therefore use the normalized
emittance

(
εnxRMS

)
, which is invariant to acceleration of the bunch and defined as:

εnxRMS
=

1

m0c
σxσpx = γβεxRMS

. (4.22)

Here m0 the rest mass of an electron and σpx the spread in the electron momentum in
the x-direction, γ is the Lorentz factor of the bunch and β = v

c
.

Since the electron bunch has to be focused down to a very small spot at the entrance of
the plasma channel (∼ 50 µm), a small emittance (< 2 µm (75 µm× 30 mrad)) is desired.

4.5.3.2 Determining the emittance of the bunch

There are various methods to determine the emittance of a bunch. One of the best known
methods is the so-called pepperpot diagnostic. This method uses a plate with one or
more apertures which is placed in the beam path. At a certain distance from the plate, a
detector is placed to determine the transverse size of the part of the bunch passing through
the aperture. The aperture size sets the initial spatial size/distribution while the growth
in transverse size between the plate and the detector can be used to calculate the angular
spread since the distance between plate and detector is known. A second method uses the
size of the bunch when it is focused down to the smallest possible spot: The size of the
bunch at the focus gives the spread in position; given the known bunch size before focusing
and the distance between the detector and lens, the angular spread can be calculated.
A slightly more advanced version of this diagnostics uses the change in the bunch size
as the focal strength of the lens is changed to determine the emittance. The bunch size
(σx) as a function of the focus length (fx), without taking into consideration the effects of
space-charge, is then described by [23]:

σx =

√
(l1l2 − (l1 + l2) fx)

2 ε2
x

σ2
vf

2
x

+ (fx − l2)2 σ2
v

f 2
x

. (4.23)

Here l1 is the distance from lens to the ’virtual’ source point where the bunch is created
(point of non-skewered phase-space), σv is the RMS size of the bunch at the virtual source
point and l2 is the distance between the detector and the lens. However, when using the
cavity solenoid as a lens, the lens is very thick, located both in front of and behind the
cathode. Additionally, the electrons are being accelerated at the same time as they are
being focused, making the effective focal length hard to calculate. One way around these
problems is to only look at the far-field part of the focusing, around the focus itself. At
this point, the spot size can be developed [10] as a power series around the smallest spot
size σ0:

σx = σ0 +
ε2
xl

4
2

2σ3
0f

2
0

((
∆fx
f0

)2

− 2

(
∆fx
f0

)3
)
, (4.24)
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with f0 the focal length at the smallest focus and ∆f the change in focal length
(∆fx = fx − f0). The relative change in focal length can be determined by the relative
change in the current running through the cavity solenoid and the focal length with the
smallest spot can be set to coincide with the position of the detector.

Since the magnetic fields of the solenoid do not only focus, but also tilt the bunch, a
Matlab routine was written by Van Hemmen [24] to automatically determine the short axis
(dubbed X) and the long axis (dubbed Y) of the ellipsoidal bunch profile. The program
first determines the two orthogonal axes and then fits a Gaussian profile to the both of
them to determine their RMS size.

The measurements of the size of the short axis and the fit using Eq. 4.24 can be seen
in Fig. 4.25 and those for the long axis can be seen in Fig. 4.26.
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m
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]
x
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fit

Figure 4.25: Size in the X-direction of the electron bunch of the phosphor screen as a function
of the focal distance of the cavity solenoid. The fit uses Eq. 4.24.

As can be seen from Figs. 4.25 and 4.25, most measurements more or less follow the
predicted behavior, except the measurement at f = 900 mm. In both cases, the measured
value seems to fit better with a focal length of f ' 975 mm. This might have been the result
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Figure 4.26: Size in the Y-direction of the electron bunch of the phosphor screen as a function
of the focal distance of the cavity solenoid. The fit uses Eq. 4.24.

of mistake in setting the correct solenoid current, a wrong labeling of the measurement or
another measurement error.

It was not possible to correctly determine the emittance from the measurements presen-
ted in Figs. 4.25 and 4.26. The fitted value for εx (more than 15 times the expected value
for the Y-direction), would indicate that the size of the bunch in that direction would have
been more than 40 mm at the exit of the cavity (excluding additional emittance growth
after the cavity). The most likely cause of this higher apparent emittance value are the
correction coils used to steer the bunches; Some time after the measurements, it was dis-
covered that these had not been properly connected: The fields of the two coils needed to
steer the bunch in a direction were oriented anti-parallel instead of parallel. This means
that instead of steering the bunch, the coils are mostly expanding the bunch (though there
is still some steering if the bunch is off-center). Since the expansion of the bunch becomes
larger as the bunch itself is larger when it passes through the correction coils, this leads to
an increase in both the actual and fitted emittance. This suspicion is reinforced by the fact
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that the additional emittance growth in the measurement compared to the simulations was
much larger for the long axis (Y) than for the short axis (X). New emittance measurements
that been performed after a new realignment of the setup and with the correctly connected
steering coils do indeed show an emittance that is similar to the expected values as will be
discussed in [25]).

For the present situation it is possible to give and estimate of the several factor which
might contribute to a higher emittance: The energy of the bunch is only about half of the
designed energy, this means that the space-charge induced emittance growth is larger since
the space-charge forces are less suppressed due to relativistic effects. The charge of the
bunch is much larger than in the design resulting in larger space-charge forces and resulting
emittance growth. The increased space-charge also results in a larger diameter of the bunch
and the resulting increased beam scalloping causes some extra emittance growth. Lastly,
the UV-laser profile does not have a Gaussian shape, resulting in a non-Gaussian initial
distribution of the electrons and corresponding larger RMS emittance. When all of these
effects, lower energy, higher charge and non-Gaussian initial distribution are taken into
account in the GPT simulations, they predict a maximum normalized RMS emittance of
4− 5 µm compared to the emittance of 2 µm predicted by the original design simulations.

4.5.4 Energy

The spectrometer was used to determine the energy of the electron bunch. The spectrome-
ter measurements of the energy [24] yielded a bunch energy of 3.4 MeV. It was impossible
to determine the energy spread of the bunch since a large part of the bunch hit the wall
of the beamline instead of the diode array. The impacting electrons produced secondary
electrons and various forms of radiation which were picked up by the diode array and in-
terpreted as the electrons from the bunch resulting in a seemingly large measured energy
spread. Later measurements with the correctly aligned spectrometer did indeed yield much
lower energy spread, but these measurement are described in later work [25].

4.5.4.1 Energy absorption by the Cavity

An alternative method of estimating the energy of the electrons produced by the photogun
is using the energy stored in the cavity. If we compare this energy to total energy stored
at the design setting (as predicted by the SUPERFISH simulations), we can then get an
estimate for the electric field strength at the experimental settings. With these fields we
can calculate the final energy of the electrons in the experiments as a second measurement,
complementary to the spectrometer measurements. The total energy in the cavity can be
calculated using Eq. 4.10. The power that the cavity absorbs can be found by subtracting
the reflected power from the cavity from the power flowing towards the cavity (forward
power). The absorbed power is then fitted with a Gaussian for easier integration as can
be seen in Fig. 4.27. With the quality factor determined in Section 4.4.1.1 and the fitted
absorbed power, we can then calculate the energy in the cavity as a function of time as
depicted in Fig. 4.27.
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Figure 4.27: Absorption characteristics of the cavity during the RF pulse: forward power,
reflected power, absorbed power, energy in the cavity and the Gaussian fit of the absorbed
power used to calculate the stored energy.

As can be seen in Fig. 4.27, the maximum amount of energy stored in the cavity is
achieved 0.5 µs after the maximum in absorbed power, due to the integrating effect of the
cavity, and is equal to 1.43 J. According to the SUPERFISH simulations, the total energy
inside the cavity at design fields (97 MV/m) is 6.68 J. Since the stored energy scales as
U ∝ E2

0 , the measured stored energy of 1.43 J corresponds to an electric field strength of
45 MV/m. These fields should lead to a final electron energy of 3.1± 0.1 MeV (γ = 7).

4.5.5 Discussion of the injector measurements

While the characterization of the cavity and electron bunches are still incomplete and
not up to the desired specifications, we can draw some conclusions on the measurements
currently done. Of the design specifications, summarized in Table 4.1, currently only the
amount of charge needed is met with certainty. Since the cavity has not yet been trained to
the full 10 MW RF input power required for the desired bunch energy, the energy is still too
low as can be seen from the stored energy calculations and inferred from the spectrometer
measurements. The bunch length has not been measured, but since the length increases
with lower bunch energy and higher bunch charge, the current bunch length is expected
to be larger than the desired 100 µm. Since the final focusing magnet was not included in
the beamline, the bunches could not be focused down to their final size.
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4.6 Outlook

There are still several tasks that need to be completed before the photogun can be used
to inject electrons into the plasma wave. First of all, the cavity has to be trained to
accommodate higher fields. Since the absorption and field profile differ slightly from their
design values, this might mean that slightly more than 10 MW is needed. The klystron
is however able to produce more (up to 12 − 14 MW), so that should not be a problem.
Secondly, the UV laser profile can be improved by using beam shaping/filtering. The
optics for implementing this filtering are already available, but had not been installed
yet. Thirdly, the bunches need to be characterized again, but now using the correctly
connected correction coils and spectrometer. The radial profile of the bunch measured on
the phosphor screen can then also be used to better align the cavity solenoid, reducing or
eliminating the use of the correction coils. Lastly, the electrons have to be focused down to
their final size using the focusing solenoid. These steps are currently being taken in order
to make the injection beamline ready for use.

4.A Calculating the unloaded Q-factor

Using lumped-element theory [3], the amount of power transferred from a generator to ta
cavity can be described by:

P = Pmax
4Qext
QUL(

1 + Qext
QUL

)2

+ δ2

. (4.25)

Here, P is the amount of power transferred, Pmax is the maximum amount of power that
can be transferred under ideal circumstances, Qext is the Q-factor of the external system
(generator and transport system), QUL is the unloaded Q-factor of the cavity and δ the
de-tuning given by:

δ = Qext

(
ω

ω0

− ω0

ω

)
, (4.26)

with ω the frequency of transmission and ω0 the resonant frequency of the cavity.
When the cavity is at resonance (δ = 0), Eq. 4.7 is reduced to:

P = Pmax
4Qext
QUL(

1 + Qext
QUL

)2 . (4.27)

From this equation, we can calculate the external Q-factor relative to the Q of the
cavity:

Qext

QUL

=
2− P

Pmax
+ 2
√

1− P
Pmax

P
Pmax

. (4.28)
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The relation between, Q-factor of the cavity (QUL), the generator (Qext) and the mea-
sured Q-factor of the entire system or loaded Q (QL) is given by:

1

QL

=
1

QUL

+
1

Qext

. (4.29)

From this equation, we can get an expression for QUL of the cavity:

QUL =

(
1 + Qext

Q

)
Qext
Q

. (4.30)

Substituting the expression for Qext
Q

from Eq. 4.28 in Eq. 4.30 gives the unloaded Q

(QUL) as a function of the measured maximum absorption
(

P
Pmax

)
and loaded Q (QL):

QUL =
QL

(
2 + 2

√
1− P

Pmax

)
2− P

Pmax
+ 2
√

1− P
Pmax

. (4.31)

The error in the unloaded Q (σQUL) is equal to:

σQUL =

∣∣∣∣∂QUL

∂QL

∣∣∣∣σQL +

∣∣∣∣∣∂QUL

∂ P
Pmax

∣∣∣∣∣σ P
Pmax

, (4.32)

with σQL the error in the loaded Q and σ P
Pmax

the error in the maximum power absorbed

by the cavity. Substituting the expression for QUL (Eq. 4.31) results in:

σQUL =

∣∣∣∣ 2+2
√

1− P
Pmax

2− P
Pmax

+2
√
− P
Pmax

+1

∣∣∣∣σQL + (4.33)∣∣∣∣ QL√
1− P

Pmax

(
2− P

Pmax
+2
√

1− P
Pmax

)
∣∣∣∣σ P

Pmax
.
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5

Effects of timing and stability on laser wakefield
acceleration using external injection

Abstract.
The effects of experimental variations in the synchronization, laser power and

plasma density on the final beam parameters of externally injected electrons accelerated
in a plasma wave are studied using a hybrid model. This model combines a relativistic
fluid description of the plasma wave generated by the laser pulse with particle-tracking
of the accelerated electrons. For cases in which the effects of beam loading and laser
depletion can be neglected, the two parts can be separated, allowing a significant
reduction in computational power needed compared to particle-in-cell codes. Two
different approaches to externally injecting electrons into plasma waves are studied: In
the first case, the electrons are injected behind a laser pulse with normalized vector
potential (a0) of 0.32. In the second case, electrons are injected in front of the laser
pulse in three different laser regimes a0 = 0.32, a0 = 0.56 and a0 = 1.02: ranging
from linear to non-linear. For these four cases, the effects of expected experimental
variations in synchronization (±500 fs), laser power (±10%) and plasma density
(±30%) are studied. From these simulations, it becomes clear that in some cases, even
a small variation in one of these parameters can create a large change in the final
energy, energy spread and trapped charge. For lower laser intensities, the method of
injecting behind the laser pulse is the least sensitive to fluctuations while injection in
front of the laser pulse becomes less sensitive at higher intensities.

This chapter is based on the article published as: Effects of timing and stability on
laser wakefield acceleration using external injection, W. van Dijk, J.M. Corstens, S.B.
van der Geer, M.J. van der Wiel and G.J.H. Brussaard, Phys. Rev. ST Accel. Beams
5, 051304 (2009)
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5.1 Introduction

Laser wakefield acceleration [1] allows the acceleration of electrons in electric fields orders
of magnitude larger than those achieved in conventional accelerators. Already experiments
have shown the ability to create electron bunches by laser wakefields with energies of
100 MeV [2–4] and even up to 1 GeV [5] with low energy-spread.

Currently one of the major areas of interest is the reproducibility of the beams created
in these acceleration experiments. Since these experiments rely on highly nonlinear plasma
waves to trap electrons from the plasma (wave breaking) and accelerate them, they are
sensitive to variations in laser power and plasma density. To improve reproducibility, one
needs to improve control of the injection by using for example optical injection [6], plasma
density gradients [7] or an external source of electrons [8–11].

In this thesis, we focus on the use of external injection. In order to evaluate the
reproducibility of this scheme, we will use a numerical model to investigate the effect of
variations in the laser power and plasma density. Since the use of external injection also
requires synchronization between the electron source and the laser pulse used to excite the
plasmas wave, we will also look at the effect of variations in this synchronization.

5.2 Model

5.2.1 Framework

In laser wakefield acceleration simulations, Particle In Cell (PIC) codes [12–14] are com-
monly used to calculate the time evolution of both electron bunch and plasma. However,
when long plasmas are used, the computational power needed for these simulations increa-
ses very rapidly. This becomes problematic when multiple simulation runs are desired. In
our previous work [11, 15], a combination of the particle tracking program GPT [16] and
an analytical description of linear wakefields using simple harmonics was used to greatly
reduce the computation time needed. This allowed the evaluation of a large number of
different parameter settings and the use of long plasma channels. However this approach
is no longer valid when the laser creating the plasma wave becomes powerful enough to
generate nonlinear waves or when including the effect of radial plasma gradients. These
radial plasma gradients are used for guiding the laser through the plasma to prevent it
from defocusing and thus to retain the high intensity of the focused laser pulse [17–20].

To accommodate these effects, we now employ a relativistic fluid model (described in
Section 5.2.2) to describe the plasma and the plasma wave. The fields calculated with this
fluid model are then implemented in the particle tracking code in order to obtain their
effect on the electron bunch.

5.2.2 Fluid model

In order to describe the plasma wave, we use a system of relativistic hydrodynamic equa-
tions of motion for the plasma electrons, the Maxwell equations and a beam envelope
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description of the laser pulse in an approach analogous to [21, 22]. This approach results
in the following set of equations for the plasma evolution:

∂n

∂t
+ ~∇ · (n~v) = 0, (5.1)

∂~p

∂t
= −e ~E −m0c

2~∇γ, (5.2)

ε0
∂ ~E

∂t
= −en~v − 1

µ0e
~∇×

(
~∇× ~p

)
, (5.3)

γ =

√
1 +

|~p|2
m2

0c
2

+
|~a|2
2
, (5.4)

~v =
~p

m0γ
. (5.5)

Here e is the charge of an electron, m0 the electron rest mass, c the speed of light, µ0

the permeability of vacuum and ε0 the vacuum permittivity. The plasma electrons are
described by their density n, momentum ~p, velocity ~v and Lorentz factor γ. The electric
field strength is denoted by ~E and the normalized vector potential of the laser by ~a:

~a =
e ~A

m0c
, (5.6)

with ~A the vector potential of the laser pulse.

5.2.3 Moving fields

The equations given in Section 5.2.2 can describe the wakefields generated by a laser pulse
for any given position and time as long as the amplitude of the plasma wave stays (well)
below the limit of wave-breaking. Incorporating them directly into a particle tracking code
will however mean that the evolution of the plasma has to be evaluated for the entire
plasma during each time step. This again requires a large amount of computer power for
larger plasmas.

To reduce the amount of computational power needed, we have made a few assump-
tion about the different interactions: If the total charge (density) in the injected electron
bunch is low enough, the effect of the electron bunch on the plasma can be neglected (see
Appendix 5.A for detailed analysis) which allows the decoupling of the plasma and the
electron bunch evolution. If we further assume the presence of a parabolic plasma profile
matched to the laser pulse for guiding, laser beam divergence is absent. Lastly, we will
assume the effect of the plasma on the laser pulse (laser frequency/envelope evolution and
laser depletion) can be neglected. With these assumptions, the plasma evolution becomes
time-independent in the frame of the laser pulse. This also means that only the plasma in
the region of interest i.e. close to the laser pulse has to be evaluated and the rest of the
plasma can be ignored in the plasma evolution. Thus the amount of calculations is only
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dependent on the size of the region of interest and not on the total length of the plasma
the laser pulse is traveling through.

To calculate the plasma wave in a moving frame, we evaluate the equations in the
coordinates moving at the same velocity as the laser pulse, ξ:

ξ = z − vgt. (5.7)

The group velocity vg of the laser pulse is described by:

vg = c

√
1− np

ncr
, (5.8)

with ncr the critical plasma density
(
ncr = ε0m0

e2
ω2
l

)
for angular frequency ωl of the laser

that is used to generate the wakefield. In this moving frame, the normalized laser vector
potential ~a is described by:

~a(ξ, r) = a0 exp(−(
ξ − ξ0

σt
)2 − (

r

σr
)2)êz, (5.9)

with a0 the potential maximum (calculated from the laser parameters), σt the temporal
and σr the radial extension of the laser pulse. The potential maximum a0 can be calculated
from the laser wavelength λl and laser peak intensity Ipeak by:

a0 ' 0.85× 10−10λl [nm]

√
Ipeak

[
W

m−2

]
. (5.10)

These equations and those of the plasma evolution (Eqs. 5.1-5.5), are used to nume-
rically calculate the electric and magnetic fields of the plasma wave in the moving frame.
These fields are then inserted in the GPT particle tracking code to calculate their effect on
electron bunches injected from an external source. A typical example of the electric fields
calculated by this model is shown in Fig. 5.1.

X
 [
µ

m
]

x [µm]

a
35

-35

0

E [GV/m]
60
40

-40
-60

20
0

-20

-140 -120 -100 -80 -60 -40 -20 0 20

X
 [
µ

m
]

b
5.5

-5.5

0

E [GV/m]
60
40

-40
-60

20
0

-20

x [µm]
-140 -120 -100 -80 -60 -40 -20 0 20

Figure 5.1: Electric fields in the longitudinal (a) and radial (b) direction of a plasma wave in
a plasma with ne = 1.0 × 1024 m−3 generated with laser pulse of a0 = 1.02 (100 TW during
50 fs matched to the matched spot size of 51.6 µm). The magnetic fields are not shown.

If the electric and magnetic fields expel an electron beyond the physical radial bounda-
ries of the plasma (the wall), the electrons are removed from the simulation.
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5.3 Basic parameters

5.3.1 Electron bunch parameters

The properties of the electron bunches injected into the plasma will be kept the same as
much as possible in the different cases studied. Only the injection energy of the electrons
will be changed for the different regimes to maximize the amount of trapped charge and
final energy while minimizing the energy spread. Since the effect of bunch charge on
the plasma is neglected, we assume a relatively low initial bunch charge of 10 pC. Also
the bunches should be both focused and short to improve trapping. The electron bunch
properties have been summarized in Table 5.1.

Charge [pC] 10
Radial size (FWHM) [µm] 30
Length (FWHM) [fs] 150

Table 5.1: General parameters of injected electron bunches.

5.3.2 Plasma parameters

The model for the plasma is based on a slow capillary discharge plasma [23] with a on-axis
density of 1.0×1024 m−3 and a radius of 150 µm. In order to get the matched spot size [24]
for such a channel, we use the numerical formula given in [25], which leads to a matched
spot size of 51.6 µm. The length of the plasma in the model is optimized for the different
injection schemes to obtain a maximum final energy and minimum energy spread.

5.4 Results

5.4.1 Injection approach

For externally injecting electrons there are two different approaches: electrons can be
injected behind the laser pulse [11] or in front of the laser pulse [9]. For the present
purpose, we will first look at the effects of timing jitter and variations in the laser energy
and plasma density when injecting behind the laser pulse (Section 5.4.2) and then compare
those to the effects for injection in front of the laser pulse (Section 5.4.3).

5.4.2 Injection behind the laser pulse

External injection of electrons behind the laser pulse offers several advantages compared
to self-injection or ’internal injection’: It only requires the use of ’modest’ power laser
systems [11] and can be used in combination with lower density plasmas [15] while still
producing electron beams with low energy spread [8].
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For the current study, we will assume a system that injects an electron bunch 300 fs after
the laser pulse into the plasma channel. The injection moment is chosen as a compromise
between the effects of plasma dampening and possible electron bunch jitter: In order to
prevent dampening of the plasma wave, it is best to inject as close as possible after the laser
pulse. Injection in front of the laser pulse due to synchronization jitter can be minimized by
injecting further behind the laser pulse. The laser wavelength is assumed to be 800 nm, with
a 10 TW pulse of 50 fs FWHM temporal duration. This yields a normalized laser vector
potential a0 of 0.32. We still have two remaining free parameters: injection energy and
plasma length. To determine these, we first optimize the injection energy while striving for
maximum energy, minimum energy spread and maximum trapping: If the injection energy
is too low, few or no electrons get trapped by the plasma wave. Too high an injection
energy leads to a high energy spread and lower final energy. The optimum is thus found
just above the trapping limit for most of the electrons. This yields an injection energy of
4.09 MeV. The plasma length is chosen equal to the position in the plasma where this
optimum is achieved, which in this case is 30.0 mm. The settings have been summarized
in Table 5.2.

Laser wavelength [nm] 800
Laser power @50 fs [TW] 10
Laser vector potential (a0) [−] 0.32
Moment of injection for electrons [fs] +300
Electron kinetic energy [MeV] 4.09
Plasma length [mm] 30.0

Table 5.2: Initial Parameters of electron bunches injected behind the laser pulse.

The resulting energy spectrum of the accelerated electrons is shown in Fig. 5.2. When
evaluating the effect of fluctuations in timing, laser energy and plasma density, we will look
at the relative changes of three main beam characteristics of the accelerated beam: energy,
energy spread and the number of trapped electrons relative to the number of injected
electrons. As a reference, the values of these characteristics are given in Table 5.3. Note
that these are all single bunch characteristics, the effects of multiple bunches is discussed
in 5.5.1.

Laser vector potential (a0) [−] 0.32
Average electron energy [MeV] 100
Electron energy spread [MeV] 3
Electron fraction trapped [%] 19

Table 5.3: Final properties of the electron bunch injected 300 fs behind the laser pulse.
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Figure 5.2: Energy spectrum of the accelerated bunch at design settings (Table 5.2) for
a0 = 0.32 with injection 300 fs behind the laser pulse.

5.4.2.1 Bunch evolution for injection behind the laser pulse

Before looking at the effect of the parameter fluctuations on the final bunch properties, we
will first look at the normal evolution of the electron bunch at its design settings. This
will help to better understand the underlying mechanisms as well as act as a framework
for understanding the changes due to fluctuations.

The typical evolution for an optimized electron bunch injected after the laser pulse [8,
11] is shown in Fig. 5.3.

At t = 0, the electron bunch with Gaussian radial and temporal profiles and a uniform
energy is just in front of the plasma. At t = 8 ps, the electron bunch has entered the plasma
and starts interacting with the plasma wave created by the laser pulse that entered the
plasma 300 fs before the electrons. Since the electron bunch is several plasma wavelengths
long, they are injected over all the phases of the plasma wave. Depending on the local
phase of the plasma wave (see Fig. 5.1), the electrons are accelerated or decelerated and
focused or expelled. At t = 15 ps, those electrons in the defocusing phase of the plasma
wave are starting to get expelled. Electrons in the focusing and accelerating phase continue
to gain energy. At t = 60 ps, most electrons in the defocusing phases have been radially
expelled and removed from the simulation while those that have been trapped, continue
to gain energy. The alternating focusing and defocusing fields in the plasma have now
split the initial electron bunch into several sub-bunches all separated by one plasma wave
period. At t = 105 ps, the electron bunch has just exited the plasma. As mentioned
before, the length of the plasma channel has been chosen such that most of the electrons
are dephased, i.e. they are between the accelerating and decelerating phase of the plasma
wave at the end of the plasma. This results in a maximum average energy and minimum
energy spread.
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Figure 5.3: Density plot of the time evolution for the radial profile (left) and energy (right)
of an electron bunch injected into a plasma wave from a laser pulse with a0 = 0.32. For each
snapshot, the time (t), energy (E), energy spread (σE) and charge (Q) are given on the right.

5.4.2.2 Timing

First we will look at the effect of fluctuations in the timing between the laser pulse and
the electrons. Since the plasma is typically fully ionized and guiding for tens or hundreds
of nanoseconds [23, 26] and the duration of the electron bunch and laser pulse are on the
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order of tens to a few hundred femtoseconds, the timing with respect to the plasma is less
of a concern. The main concern therefore is the effect of timing fluctuations between the
laser pulse and the electron bunch. Synchronization on the (tens of) femtosecond scale is
experimentally quite challenging. The fluctuations of the electron bunch with respect to
the laser can be as low as 100 fs [27], but are typically larger. For the present purpose, we
will therefore assume a maximum fluctuation in timing or jitter of 500 fs from the design
point (300 fs behind the laser pulse). This means that the electrons can also be injected
in front of the laser pulse. The simulated effects of the timing variation (δt) can be seen
in Fig. 5.4.
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Figure 5.4: Effect of ±500 fs fluctuations in the timing between laser and electrons (δt > 0
means that the electrons are injected further in front of the laser pulse) on the final beam
parameters (energy (E), energy spread (σE) and trapped fraction (Q))for injection 300 fs behind
the laser pulse with a0 = 0.32.

As can be seen in Fig. 5.4, the final energy of the electrons seems almost insensitive
to laser-electron synchronization jitter. This is to be expected since the strength of the
accelerating fields for the trapped electrons remains almost constant and the acceleration
length is the same for all electrons injected behind the laser pulse (those injected in front
of the laser pulse do not get trapped). The trapped charge increases as the electrons
are injected later into the plasma. In this simulation, where only the timing changes,
the number of electrons trapped from a bunch injected behind the laser pulse is largely
determined by the overlap within the plasma wave of the longitudinal accelerating and
radial focusing fields. This overlap of the accelerating and focusing phase of the plasma
wave changes as one moves further behind the laser pulse due to the radial plasma profile
present in the plasma channel: Since the local wave velocity is dependent on the local
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plasma density (see Eq. 5.8), there is also a radial gradient in the wave velocity of the
plasma wave. This gradient changes the radial curvature of the plasma wave, increasing
the overlap between the accelerating and focusing phases in the plasma wave in time as
can be seen on the left side of Fig. 5.1. This increased overlap means larger parts of
the plasma wave are both accelerating and focusing leading to more trapping. Since the
accelerating fields in these extra parts are (slightly) different from those that are trapping
and accelerating close to the laser pulse, this also leads to an increase in energy spread.
When the electrons are injected closer to the laser pulse (δt > 0), part of the electron
bunch will start to overlap with the laser pulse and even enter the plasma before the laser.
Since the energy of the electrons is too low to be trapped when injected in front of the
laser pulse (see Section 5.4.3), those electrons are expelled and fewer electrons get trapped.
This continues until the entire electron bunch is radially expelled at δt = +500 fs. Between
δt = 200 fs and δt = 400 fs, some of these expelled electrons have not reached the point
where they are removed when exiting the plasma. This increases the calculated energy
spread.

5.4.2.3 Laser energy variations

Secondly, we will look at the effects of laser pulse energy. High power pulsed laser systems
generally suffer from larger fluctuations in laser (pulse) energy compared to lower power
systems. These fluctuations in laser power vary from system to system. We will consider
fluctuations up to 10% from the nominal energy and look at the effects of these fluctuations.
A laser pulse with a lower intensity will generate a plasma wave with lower amplitude which
is expected to lead to lower final energy. Since a smaller part of the plasma wave is capable
of trapping the electrons one expects a lower trapped charge and lower energy spread. The
reverse would hold for laser pulses with a higher intensity. The simulation results for laser
energy fluctuations are shown in Fig. 5.5.

In Fig. 5.5 we recognize the expected trends. The final energy scales almost linearly
with the laser energy though only weakly as expected from linear theory [15, 28]. The
increase and decrease of the trapped charge and energy spread depend more strongly on
the laser energy. A more powerful laser pulse will generate a plasma wave with a larger
amplitude which will trap electrons over a larger phase and thus a greater variety of final
energies.

5.4.2.4 Density

Thirdly, we will look at the effect of plasma density fluctuations. The plasma density will
depend on the initial gas pressure in the channel and the amount of energy deposited into
the plasma during the discharge. Both these values can be hard to control in an experiment,
especially when operating at a discharge frequencies of 1 − 10 Hz. Measurements on the
plasma density in a capillary discharge plasma performed by Gonsalves et al. [29] show an
estimated measurement error / fluctuation in the plasma density of 20% with a maximum
of about 30%. We will therefore assume a maximum variation in the plasma density of

104



Effects of timing and stability on laser wakefield acceleration using external injection

E [J]

R
e

la
tiv

e
 v

a
lu

e

E
sE

Q

Figure 5.5: Effect of ±10% fluctuations in the laser energy on the final beam parameters
(energy (E), energy spread (σE) and trapped fraction (Q)) for a laser of a0 = 0.32 with injection
300 fs behind the laser pulse.

30%.
The effects of variations in the plasma density are harder to predict since there are

two distinct effects that will influence the final bunch properties: First, a higher plasma
density will lead to stronger fields in the plasma wave for a given laser energy. This will
lead to higher energy, higher energy spread and more trapped electrons. Secondly, an
increased plasma density will shorten the plasma wavelength and dephasing length of the
electrons. First of all, this means that the time that the electrons are in the accelerating
phase is shorter, leading to a lower final energy. Secondly, the electrons will travel beyond
the dephasing length before they leave the plasma channel entering the decelerating phase,
this leads to a lower final energy and a higher energy spread. Thirdly, since the electrons
spend less time in the accelerating phase, they also slip into the defocusing phase faster
since they are accelerated to a lower energy, this decreases the amount of trapped charge.

For lower plasma densities, the plasma wavelength and dephasing length will increase.
This means that the electrons will not have reached dephasing yet and are still being
accelerated when reaching the end of the plasma channel leading to a higher final energy,
higher energy spread. Also the amount of trapped electrons is expected to increase since the
accelerating phase of the plasma wave is longer. This means that they can be accelerated
over a larger before entering the defocusing phase of the plasma wave and are more likely to
reach the energy needed to be trapped. The expected effects are summarized in Table 5.4.
Since the relative effects of the two processes are not know in advance, it is hard to make
predictions on the net effect of density variations. The only exception seems to be the
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energy spread for higher plasma densities, which is expected to increase both due to the
shorter dephasing length and the stronger wakefields.

∆Ne < 0 ∆Ne > 0
E σE Qtrapped E σE Qtrapped

∆ ~E - - - + + +
∆λdeph + + + - + -
Total + - + - + - + - + + + -

Table 5.4: Expected effect of the variations in plasma density due to both the changing plasma

wave field strength
(

∆ ~E
)

and the changed dephasing length (∆λdeph) on the energy (E), energy

spread (σE) and trapped charge (Qtrapped).

The simulated effects of the density variations are shown in Fig. 5.6.
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Figure 5.6: Effect of fluctuations in the plasma density on the final beam parameters (energy
(E), energy spread (σE) and trapped fraction (Q)) for a laser of a0 = 0.32 (c) with injection
300 fs behind the laser pulse.

As can be seen in Fig. 5.6, the variations in the plasma density have almost no influence
on the final energy or the trapped electron fraction. The average energy decreases slightly at
both higher and lower densities, but the effect of changed dephasing length and accelerating
fields compensate each other quite well. The energy spread does indeed strongly increase
for increased density as predicted. For lower densities, the lower trapping fields lead to
trapping over a smaller portion of the plasma wave which apparently decreases the effect of
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the changed dephasing length on the energy spread. This leads to a lower energy spread for
lower densities. The amount of trapped electrons is mainly determined by the amplitude
of the plasma wave: increasing with a higher amplitude. For lower densities, the lower
trapping fields are apparently partially compensated by the longer dephasing length which
allows the electrons to be accelerated over a longer length before entering the defocusing
phase of the plasma wave.

5.4.3 Injection in front of the laser pulse

A second approach to injecting electrons was proposed by Khachatryan [9, 30, 31] where
the electrons are injected in front of the laser pulse. This scheme generally requires a
higher laser power than used for injection behind the laser. However, it has the advantage
of compressing the initial bunch into a single final bunch, even if the initial bunch is
several plasma wavelengths long. Since this approach behaves differently for various laser
intensities, we will evaluate the effect of experimental variations in three different regimes
of laser power: 10 TW, 30 TW and 100 TW. This corresponds to an a0 of 0.32, 0.56 and
1.02 respectively.

The electrons enter the plasma 300 fs in front of the laser pulse in all three cases. This
time has been chosen in order to reduce injecting part of the bunch after the laser pulse
when considering timing variations of up to 500 fs (Section 5.4.3.2). Injecting the electrons
further in front of the laser pulse will increase the time the laser needs to catch up to the
electrons (Section 5.4.3.1). Since both the laser pulse and electrons are traveling through
the plasma with almost the speed of light in vacuum, this quickly leads to much longer
required plasma lengths.

Again we first optimize the injection energy for maximum final energy, maximum trap-
ped charge and minimum energy spread and fix the plasma length at the point were these
values are attained. The results of these optimizations are given in Table 5.5. The injection
energies found are in good agreement with those found in [9] with the correction for the
larger initial electron bunch radius.

Laser vector potential (a0) [−] 0.32 0.56 1.02
Laser power @50 fs [TW] 10 30 100
Plasma length [mm] 112.0 60.0 46.0
Electron kinetic energy [MeV] 8.15 4.60 1.79

Table 5.5: Optimized electron and plasma parameters for the various laser regimes when
injecting electron bunches 300 fs in front of the laser pulse.

The resulting energy spectra of the accelerated electrons are shown in Fig. 5.7. When
evaluating the effect of fluctuations in the various parameters we will again look at the
relative changes of the three main characteristics of the accelerated bunches: energy, energy
spread and the number of trapped electrons relative to the number of injected electrons. As
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a reference, the values of these characteristics for single bunches at the optimized setting
(Table 5.5) are given in Table 5.6.
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Figure 5.7: Energy spectra of the accelerated bunches at their design settings (Table 5.5) for
the different laser regimes: a0 = 0.32 (a), a0 = 0.56 (b) and a0 = 1.02 (c) with injection 300 fs
in front of the laser pulse.

5.4.3.1 Bunch evolution for injection before the laser pulse

As a reference frame when looking at the effect of the different parameter fluctuations on
the final beam properties and to illustrate the differences in approach with injection after
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Laser vector potential (a0) [−] 0.32 0.56 1.02
Average electron energy [MeV] 117 318 940
Electron energy spread [MeV] 12 4 13
Electron fraction trapped [%] 82 89 95

Table 5.6: Parameters of accelerated electron bunches in the various laser regimes when
injecting 300 fs in front of the laser pulse.

the laser pulse (Section 5.4.2.1), we will first look at the normal bunch evolution of an
electron bunch injected in front of the laser pulse (see [9, 30] for a more mathematical
description). The typical evolution for an optimized electron bunch injected before the
laser pulse is shown in Fig. 5.8.

At t = 0, we again see the bunch before entering the plasma with all particles having the
same energy and a Gaussian distribution in both time and radial direction. At t = 40 ps,
the laser pulse is starting to catch up with the electrons which have been injected into
the plasma 300 fs before the laser: First the electrons are slightly decelerated and then
accelerated as they travel further back in the faster moving plasma wave (see also Fig. 5.1).
At t = 86 ps, the laser pulse has almost completely moved past the electron bunch and
the majority of the electrons is being accelerated. A small fraction is being expelled in the
radial direction because they have moved into the radially defocusing phase of the plasma
wave. However, most of the electrons stay in the phase of the plasma wave that is both
accelerating and focusing. At t = 118 ps, almost all the electrons that did not gain enough
energy to stay out of the defocusing phase of the plasma wave have been radially expelled
and removed from the simulation. Also some of the electrons are leaving the accelerating
phase of the plasma wave and are no longer gaining energy, but are still in the focusing
phase. At t = 204 ps, the electron bunch has just exited the plasma channel. At the
exit, the bulk of the electrons were between the accelerating and decelerating phase of the
plasma in the region of low longitudinal fields. The electrons in the front of the bunch were
experiencing a slightly decelerating fields while those in the back were still experiencing
accelerating fields.

5.4.3.2 Effects of timing variations

As with injection behind the laser pulse (see Section 5.4.2.2), we will first look at the effect
of fluctuations in the timing between the laser pulse and the electrons. The maximum
fluctuation in timing or jitter is again set at 500 fs from the design point (which is 300 fs
in front of the laser pulse).

In general we would expect the following trends: Timing jitter will cause the electron
beam either not reach the dephasing phase (due to being injected too late) or to overshoot
the dephasing phase and to enter the decelerating phase of the plasma wave. This leads to
a decrease in average energy, an increase in energy spread while retaining the same trapped
charge. The simulated effects of the timing variation on electrons injected 300 fs in front
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Figure 5.8: Density plot of the time evolution for the radial profile (left) and energy (right) of
an electron bunch injected 300 fs in front of a plasma wave from a laser pulse with a0 = 0.56.
For each snapshot, the time (t), energy (E), energy spread (σE) and charge (Q) are given on
the right.

of the laser pulse can be seen in Fig. 5.9.

For a wave plasma wave of a0 = 1.02 (Fig. 5.9(c)), we see the expected trends except for
timing variations of δt < −150 fs. At these timings, part of the electron bunch is injected
after the laser pulse, which leads to a much larger energy spread, a lower average energy and
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Figure 5.9: Effect of ±500 fs fluctuations in the timing between laser and electrons (δt > 0
means that the electrons are injected further in front of the laser pulse) on the final beam
parameters (energy (E), energy spread (σE) and trapped fraction (Q))for the different injection
regimes: a0 = 0.32 (a), a0 = 0.56 (b) and a0 = 1.02 (c) with injection 300 fs in front of the
laser pulse.

lower trapped charge. The radial profile of the beam at δt = −300 fs just after entering the
plasma can be seen in Fig. 5.10. By comparing the radial profile with those from optimized
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injection before (Fig. 5.8) and behind (Fig. 5.3) the laser pulse, it can be seen that both
processes are taking place at the same time while the electron injection energy and plasma
length have only been optimized for injection before the laser pulse. The fact that the
electron energy and plasma length have not been optimized for injection behind the laser
pulse, leads to a lower final energy and higher energy spread. Also, part of the electrons
injected behind the laser pulse will be in the defocusing phase of the plasma wave and
will be radially ejected, leading to a lower trapped charge. The part of the electron bunch
that does get injected before the laser pulse will also interact with the plasma wave over
a longer distance compared to those injected at the nominal time, leading to dephasing
which causes an additional lowering of the final energy and increase of the energy spread.
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Figure 5.10: Density plot of the radial profile for the electron beam just after entering the
plasma with a plasma wave generated by a laser of a0 = 1.02 and a timing variation of δt =
−300 fs.

When comparing the effects on timing variations on injection of electrons in front of
plasma waves of a0 = 0.32 and a0 = 0.56 (Fig. 5.9(a) and Fig. 5.9(b)), we see a similar be-
havior. In these regimes, the sensitivity to timing variations seems much greater when com-
pared to the high intensity regime (Fig. 5.9(c)) or injection after the laser pulse (Fig. 5.4).
To explain the relevant effects, we will look closer at the situation of Fig. 5.9(a) (a0 = 0.32):

When the electron bunch is injected far in front of the laser pulse (δt > 400 fs or
more than 700 fs in front of the laser), the electrons exit the plasma before the laser pulse
has had a chance to catch up with them, they retain their original energy(spread) and no
charge is radially expelled. For electrons injected slightly early (0 fs < δt < 400 fs),
the total interaction time between the plasma wave and the electrons is shorter and the
electrons have not reached the dephasing phase yet leading to a lower energy and large
energy spread. Also not all electrons that are radially expelled have reached the wall yet,
leading to a higher (apparent) charge.
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Electrons injected slightly too late (−150 fs < δt < 0 fs) will spend a longer time
in the plasma wave, which means that they are already entering the decelerating phase of
the plasma wave before the plasma ends. This again leads to a lower energy and higher
energy spread. As soon as part of the electron bunch is injected behind the laser pulse
(−500 fs < δt < −150 fs), we see a decrease in the trapped charge as those electrons
injected in the defocusing phase of the plasma wave are radially expelled. Since about
half of the total phase of the plasma wave is defocusing, the trapped fraction also drops to
about half of the electrons. There is also an increase in energy spread and lowering of the
average energy as the electrons injected both before and behind the laser pulse reach the
decelerating phase of the plasma wave and are slowed down. Part of the electrons injected
behind the laser pulse are even slowed down enough to move back to the accelerating phase
(since they are now no longer moving faster than the plasma wave) and get re-accelerated

In the case with a laser with ao = 0.56 (Fig. 5.9(b)) we see the same effects as in
the case of a laser with ao = 0.32 (Fig. 5.9(a)) discussed above. Since the electrons in
this case have a lower injection energy, the laser pulse catches up to them faster, thus the
timing variation needed for the electron bunch to keep ahead of the laser pulse is larger.
Also, the energy spread can be more than 20 times the nominal value (outside the scale
of Fig. 5.9(b)). This larger increase in energy spread compared to the case of ao = 0.32
(Fig. 5.9(a)) is due to two reasons: First, the relative energy spread at the nominal settings
is lower (see Table 5.6) which means that the same energy spread leads to a larger value
relative to the nominal value. Secondly, the maximum energy in this case is larger which
means that the difference between electrons that are accelerated to the maximum energy
and those that have been decelerated is larger as well.

5.4.3.3 Effects of laser energy variations

In the wave-breaking regime [2–6] where electrons are injected from the plasma itself in
the same regime of laser power as considered here (10− 100 TW), fluctuation in the laser
pulse energy is one of the major contributions to the lower reproducibility of the electron
bunches produced. The laser power has to be accurately tuned to just above or just below
wave breaking in order to produce beams with desired properties. We will again consider
fluctuations up to 10% from the nominal energy and look at the effects of these fluctuations
on externally injected electron bunches. As mentioned before (Section 5.4.2.3), a laser pulse
with a lower energy/intensity will lead to a plasma wave with lower amplitude. This is
again expected to lead to lower final energy, lower trapped charge and lower energy spread
(since a smaller part of the plasma wave is capable of trapping the electrons); the reverse
would hold for laser pulses with a higher intensity. The simulation results for laser power
variations in the different power regimes is shown in Fig. 5.11.

In Fig. 5.11(b) and Fig. 5.11(c) we see the behavior generally expected. From linear
theory [8, 28, 32–34] it follows that the wave amplitude scales with the square root of the
laser pulse energy. This means that a 10% variation in pulse energy should result in a 5%
variation in final energy. This is the case for the laser pulse with a0 = 0.56, but for the
more non-linear case of a0 = 1.02, we see a slightly larger variation of the final energy of
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Figure 5.11: Effect of ±10% fluctuations in the laser energy on the final beam parameters
(energy (E), energy spread (σE) and trapped fraction (Q)) for the different injection regimes:
a0 = 0.32 (a), a0 = 0.56 (b) and a0 = 1.02 (c) with injection 300 fs in front of the laser pulse.

7.5%. In the case of a plasma wave of a0 = 1.02 (Fig. 5.11(c)), it is seen that lower intensity
of the laser pulses also results in a decrease of the amount of trapped charge. Even for a
laser energy variation of −10%, the trapped charge for a laser pulse with a nominal a0 of
0.56 remains the same. In the case of a nominal a0 of 1.02, the same −10% variation of
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laser pulse energy results in a clear decrease in trapped charge as the accelerating fields
are no longer strong enough to trap the same number of electrons trapped in the nominal
case.

In Fig. 5.11(a), we see a different kind of behavior, mainly due to the fact that the
strength of the plasma wave is very close to the limit needed to trap electrons. At lower
laser power, a large part of the electron bunch, those further from the optical axis, are
no longer trapped and focused to the optical axis. This is due to the radially decreasing
strength of the plasma wave. These particles are either radially expelled to the channel
wall or will travel at a large radius on the outside the plasma wave. The former leads to a
lower trapped fraction while the latter results in a higher energy spread and lower average
energy. The effect of this process is illustrated in Fig. 5.12.
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Figure 5.12: Density plot of the radial distribution vs energy for electron bunches injected
300 fs in front of the laser pulse in the bunch after exiting the plasma channel with a plasma
wave of a0 = 0.32 for various laser energy variations given in Fig. 5.11.

From the radial distribution in fig. 5.12, it can be seen that fluctuations in the laser pulse
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energy can have significant effects on the amount of radial focusing of the final bunches.
If the laser pulse energy is below the design setting (E = 0.45 J, E = 0.4875 J), there is
a significant halo of low energy electrons around the main bunch leading to the increased
energy spread. At the design setting (E = 0.50 J), the radial fields are strong enough to
expel most of these electrons far enough from the plasma wave to be removed. For higher
laser pulse energy (E = 0.5175 J, E = 0.55 J), the plasma wave is strong enough to trap
electrons at a larger radius, but these electrons experience a lower accelerating field than
those at the optical axis, thus resulting in an increased energy spread.

5.4.3.4 Effects of density variations

For the case of injection before the laser pulse, the expected results for variations of the
plasma density will be the same as for the case of injection behind the laser pulse (see
Table 5.4). This means that it is again hard to predict from simple principles what the
effects of density variations will be on the final bunch parameters. The simulated effects
of the density variations for electrons injected in front of the laser pulse can be seen in
Fig. 5.13.

In all three laser power regimes, the effect of density fluctuations on the final energy is
dominated by the changing dephasing length. For lower than nominal densities, the longer
time spent in the accelerating phase more than compensates the lower accelerating fields.
Since the length of the plasma is optimized for the nominal density however, the electrons
do not reach their maximum attainable energy for these densities and laser powers. In the
case of higher than nominal densities, the electrons have already entered the decelerating
phase of the plasma wave before reaching the end of the plasma and will thus have a lower
final energy, despite the higher fields in the plasma wave.

In the higher laser power regime (a0 = 1.02, Fig. 5.13(c)), the energy spread for densities
below the nominal value is increased due to the fact that the electrons have not reached
dephasing yet. For higher than nominal densities, the lower final energy due to the shorter
dephasing length also limits the energy spread. For a density of 1.3× 1024 m−3, the energy
spread is increased again because the increased radial fields cause electrons further from
the optical axis to get trapped as well, leading to lower final energies. The behavior of
the amount of trapped charge is determined by the change in the radial focusing fields
and the change in trapping time: For lower than nominal densities, the trapping fields
are lower, but due to the increased dephasing length, the time electrons can be accelerated
before reaching the defocusing phase is increased. For higher than nominal densities, higher
trapping fields can work over a shorter time-span. The result of these two opposite effects
can be seen in Fig. 5.13(c).

In Fig. 5.13(a) and Fig. 5.13(b), we see a very strong sensitivity to fluctuations of the
plasma density. The energy spread for densities below the nominal value is increased due
to the electrons not having reached the dephasing point yet. However, for densities below
0.9×1024 m−3, the fields of the plasma wave are no longer strong enough to trap more than
a few electrons from the injected bunch. This also means that the effect on the average
energy of the outlier-electrons that have not been radially ejected far enough can have a
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Figure 5.13: Effect of ±30% fluctuations in the plasma density on the final beam parameters
(energy (E), energy spread (σE) and trapped fraction (Q)) for the different injection regimes:
a0 = 0.32 (a), a0 = 0.56 (b) and a0 = 1.02 (c) with injection 300 fs in front of the laser pulse.

significant impact on the energy spread as well as the final energy. In the case of a laser
intensity of a0 = 0.32 and a density below 0.8 × 1024 m−3, all the electrons are radially
ejected resulting in no final trapped electrons.

For higher than nominal densities, there is an oscillatory behavior of both the trapped
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charge and the energy spread as a function of the density: First the trapped charge decrea-
ses at 1.1 × 1024 m−3 and the energy spread increases, then the trapped charge increases
again until 1.2 × 1024 m−3 while the energy spread decreases. From 1.2 × 1024 m−3 to
1.3× 1024 m−3, the trapped charge decreases again. This same behavior is visible for both
a0 = 0.32 and a0 = 0.56. The reason for this strange behavior becomes more clear when
we look at the particle trajectories for identical particles from a bunch for different plasma
densities as is shown in Fig. 5.14. Here it is seen that the radial betatron oscillations due
to the radial electric fields and the azimuthal magnetic field of the plasma wave are much
larger for densities of 1.1× 1024 m−3 and 1.3× 1024 m−3 while they seem suppressed for a
density of 1.2×1024 m−3. These oscillations enhance the radial expulsion of electrons since
the electrons are on average further away from the optical axis where the accelerating fields
are the largest (see Fig. 5.1). This results in a lower energy and in the electrons slipping
into the defocusing phase of the plasma wave.

5.5 Conclusions

We have described a method of combining a relativistic fluid model for the plasma wave with
particle tracking for the electron bunch to simulate laser wakefield acceleration of externally
injected electrons. Using this model, we investigated the effects of fluctuations in several
key parameters as they may occur in practice during the acceleration of electrons from
an externally injected electron bunch both behind and in front of a laser pulse generating
a plasma wave: Laser - electron synchronization, laser pulse energy and plasma density.
These effects were studied in three different regimes ranging from linear to non-linear
plasma waves.

Predicting the effects of the variations using qualitative theoretical trends can become
especially difficult when, e.g. in the case of a variation in the plasma density, several effects
are interacting simultaneously. The combined effects of dephasing, plasma wave amplitude
changes and (enhanced) betatron oscillations are hard, if not impossible to predict from
qualitative trends since they can both enhance and frustrate each others separate effects.

Injection after the laser pulse gives lower final energy and trapped fraction but a smaller
energy spread and is much more robust against variations of the different parameters for
low laser intensities. This is especially true with regards to the timing stability, where
injection in front of the laser pulse, even with the best synchronization thus far reported
(∼ 100 fs, see Ref. [27]) can still lead to more than a doubling of the energy spread and
a 20% decrease in average energy. For all the variations studied, the final energy of the
electrons varies only slightly. The energy spread generally increases with fluctuations unless
the amount of electrons trapped is also reduced. The amount of trapped electrons increases
with stronger wave fields (higher density or more energy per laser pulse) and when injecting
later into the plasma wave. For densities and laser pulse energy that are lower than the
nominal settings, there is a decrease in trapped charge as the plasma wave can no longer
trap all the electrons it trapped at the nominal settings.

For injection in front of the laser pulse, we see that injection in the high intensity
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Figure 5.14: Particle trajectories in the co-moving coordinate ξ (see Eq. 5.7) for two different
test particles for densities of 1.0− 1.3× 1024 m−3 illustrating the difference in betatron oscilla-
tions. Fluctuations in density can lead to both increased betatron oscillations (a) and can even
lead to additional loss of electrons as the betatron oscillations expel them beyond the radius
where they are still trapped (b).

regime (a0 = 1.02) is less influenced by variations in synchronization and plasma density
than those of more linear plasma waves. If synchronization jitter causes the injection of
part of the electron bunch behind the laser pulse however, a sharp increase of the energy
spread is the result.

The electrons accelerated by a laser pulse with a0 = 0.32 are very sensitive to fluctua-
tions in any of the three parameters studied and even small variations can lead to a rapid
increase of the energy spread and decrease of the amount of trapped electrons.

For the case of a laser pulse with a0 = 0.56, we see only small effects due to variations
in the laser pulse power, but both variations in the density and the synchronization cause
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a large increase in the energy spread of more than twenty times the optimized value.
Regarding the injection energy of the electrons, it also becomes clear that choosing

the electron energy just above the trapping limit of the plasma wave, which leads to a
low energy spread at the design specs, can lead to a great sensitivity to changes of that
trapping limit due to variations in the plasma density or laser energy.

Overall, it appears that in the lower intensity regime, injection behind the laser pulse
is the least sensitive to fluctuations in synchronization, laser pulse energy and density.
Injection of electrons in front of the laser pulse becomes less sensitive to fluctuations at
intensities above a0 = 1. Injecting in front of the laser at intensities below a0 = 1 can
yield electron bunches with high energy, low energy spread and high trapping efficiency,
but even small fluctuations in experimental parameters can cause the energy spread to
increase drastically and the amount of trapped electrons to decrease.

5.5.1 Multi-bunch characteristics

For most practical purposes, it is not single shot-to-shot variations that matter, but the
combined effects of fluctuations on a multi-shot experiment or application. We will the-
refore lastly consider the effect of multiple fluctuations. The fluctuations are assumed to
follow a Gaussian distribution during a multi-shot experiment. As a starting point, we will
take the case of injection of a electron bunch 300 fs in front of a laser pulse with a0 = 1.02
since on average, this case seems to be the least sensitive to variations in timing, laser pulse
energy and plasma density. In Fig. 5.15 we see the energy spectra of the same multi-shot
experiment assuming no fluctuations (Fig. 5.15(a)), a timing jitter with a standard deviati-
ons of 150 fs (Fig. 5.15(b)), a variation in the laser pulse energy with a standard deviation
of 5% (Fig. 5.15(c)) and a variation in the plasma density with a standard deviation of 5%
(Fig. 5.15(d)) and 10% (Fig. 5.15(e)).

As can be seen from the energy spectra in Fig 5.15, a timing jitter of 150 fs (Fig. 5.15(b))
still produces a energy spectrum quite similar to the one at the design settings (Fig. 5.15(a)),
but a variation in the laser pulse energy of 5% (Fig. 5.15(c)) or the same 5% variation in
the plasma density (Fig. 5.15(d)) lead to a energy spectrum that is at least twice as broad.
A density variation of 10% (Fig. 5.15(e)), leads to an energy spectrum with broad features
and a multi-bunch energy spread that is over four times that predicted by single bunch
simulations at the design settings. It is therefore necessary to improve the measurement
and control over the plasma density in order to reduce the density variations from the
reported level of 20% down to < 5% in order to maintain the low energy spread of the
single bunch experiments in a multi-bunch experiment.

5.6 Outlook

The method presented in this Chapter can be used to predict the effects of unavoidable
fluctuation in the parameters of current experiments on externally injected laser wakefield
acceleration. The method can also be used to determine the maximum allowed variations
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Figure 5.15: Energy spectra of the accelerated bunch for a multi-shot experiment for a0 = 1.02
with injection 300 fs in front of the laser pulse under the following conditions: (a) design settings
(Table 5.5), (b) timing variation with σt = 150 fs, (c) Laser pulse energy with σlaser = 5%, (d)
plasma density variations with σne = 5% and (e) plasma density variations with σne = 10%.

of the specific parameters of these experiments in order to ensure a desired reproducibility.
Moreover, it allows optimization of the design in order to minimize the effects of variati-
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ons. The method allows these studies to be performed in a modest amount of time and
enables the incorporation of the entire injection beamline. Furthermore, the method al-
lows the inclusion of laser wakefield acceleration as a ’module’ into conventional accelerator
design/codes.

Finally, the separate plasma wave module allows the implementation of other, more
advanced, plasma wave models to take into account effects such as laser depletion and
laser pulse evolution while keeping the rest of the method intact.

5.A Calculating the effective bunch density

As mentioned in Section 5.2.3, one of the assumption that allows the decoupling of the
evolutions of the plasma wave and the electron bunch is the fact that effect of the electron
bunch on the plasma can be neglected. This is the case when the effective density of the
electron bunch is much smaller than the density of the plasma:

neffebunch
� neplasma . (5.11)

Since the radial electric fields of a relativistic electron bunch are Lorentz contracted,
we must take this effect into account when looking at a worst case scenario:

neffebunch
≤ nebunch ∗ γbunch. (5.12)

With the data from the injected electron bunches (Tables 5.1,5.2,5.5), we can now make
an estimate of the maximum effective bunch density:

neffebunch
=

Q

πR2L
γbunch =(

10×10−12

e

)
π (30× 10−6)2 (150× 10−15c)

17 =

8.3× 1021 � 1.0× 1024 m−3. (5.13)

So we can conclude that the effective density of the injected bunches is much smaller
than the plasma density and thus the effect of beam loading can be neglected for the
injected bunches.

However, the accelerated bunches can have much higher energy and a far shorter du-
ration. For the case of a laser intensity of ao = 1.02, the effective density can become
comparable or even greater than the plasma density. This means that for this regime beam
loading effects might not be negligible.

For an estimate of the 3D beam loading limit (Nbl), we can use the estimate given in [9]
(Eq. 19):

Nbl =
πR2npEz,max

(1−RK1 (R)) k3
p

. (5.14)
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Here R is the (normalized) bunch radius, np the plasma density, Ez,max the (nor-
malized) laser wake wave amplitude, K1 (R) the modified Bessel function and kp the
plasma wave number. For the bunch in the case of of a laser intensity of ao = 1.02
(R = 0.21 (7 µm) , np = 1.0× 1024 m−3, Ez,max = 0.36 (34.6 GVm−1)), Eq. 5.14 gives a beam
loading limit of 25 pC. This means that the charge chosen is still well below the beam
loading limit.

Since the GPT-code does allow for the inclusion of space-charge effects, it is possible
to study the effects of beam loading. The inclusion of space-charge effects does however
significantly increase the computational power needed. The beam loading effects of the
10 pC bunch charge for a a laser intensity of ao = 1.02 can be found in Table 5.7.

Parameter No space-charge space-charge
Average electron energy [MeV] 940 931
Electron energy spread [MeV] 13 17
Electron fraction trapped [%] 95 82

Table 5.7: Effect of space-charge on the parameters of accelerated electron bunches when
injecting 300 fs in front of the laser pulse with a0 = 1.02.

As can be seen from Table 5.7, inclusion of beam loading effects only causes a small
decrease of the final energy (< 1%). There is however an increase in the energy spread and
a decrease in the trapped charge (more electrons get radially expelled) due to the repulsive
forces within the electron bunch.
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6

Electron bunch compression using a laser-plasma
compressor

Abstract.
A new scheme for the compression of electron bunches is proposed. This scheme

uses a plasma wave generated by a high intensity laser pulse to compress an electron
bunch produced by a typical RF-photogun. In the scheme, the electron bunch is
injected into a plasma channel in front of the high intensity laser pulse. The laser
pulse generates a plasma wave which ’sweeps up’ the electron bunch resulting in both
compression and acceleration. The electron bunch will eventually overtake the laser
pulse so that afterwards, the electrons travel in front of the plasma wave. The scheme
differs from previous schemes using a plasma wave to accelerate and compress electron
bunches by sacrificing part of the acceleration to get a lower final energy spread and
decrease the sensitivity to jitter in the synchronization between laser and electrons.
Using a hybrid model, combining particle tracking for the electrons and a relativistic
fluid model for the plasma, the scheme is investigated. The model is used to study
the effects of the size of the injected bunches, the initial energy spread and jitter in
the laser-bunch synchronization. Also, one of the ways to vary the compression ratio
of the scheme is explored by varying the plasma density. From these simulations, it
can be concluded that the proposed scheme can compress bunches from an initial size
of picoseconds to below one hundred femtoseconds with a energy spread below 0.2%.
The scheme can also be adjusted to still produce these bunches in the presence of
synchronization jitter up to 1 ps (for the parameters chosen).

This chapter is based on the article published as: Electron bunch compression using
a laser-plasma compressor, W. van Dijk, M.J. van der Wiel G.J.H. and Brussaard, Phys.
Rev. ST Accel. Beams 12, 111302 (2009)
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6.1 Introduction

The generation of sub-100-fs electron bunches enables production of coherent THZ ra-
diation [1] and coherent X-ray radiation [2–4] as well as a variety of pump-probe type
experiments on these short time-scales. However, most sources of electron bunches pro-
duce bunches which are considerably longer than 100 fs which means that these bunches
either have to be compressed or chopped to create shorter (sub-)bunches. Since most ap-
plications also benefit from high peak currents, compression is often preferred. The most
common method of compression uses a magnetic bunch compression chicane [5–7]. The
off-axis displacement of the electrons needed for this compression scheme can however lead
to instabilities [8] and phase-space distortions [9]. Also, the length of the chicanes needed
for compression can be several tens of meters or longer.

Laser wakefield acceleration [10] uses the electric fields generated by an intense laser
pulse in a plasma to accelerate charged particles in fields that are orders of magnitude
higher than those encountered in conventional accelerators. Experiments have thus far
been able to generate bunches at energy of 100’s of MeV [11–13] and higher [14] (up to
1 GeV) with very short duration (5− 10 fs).

This Chapter will focus on the ability of laser wakefield accelerators to create short
electron bunches. Specifically, we will look at using a plasma wave to reduce the length
of a picosecond electron bunch, which can be produced in a conventional RF-accelerator
to the sub-10-fs level while keeping the energy spread low. Previous schemes for injecting
electrons both behind [15–18] and in front [19–21] of the laser pulse predict the generation
of sub-10-fs electron bunches. However, in these schemes timing jitter and the energy
spread present within these bunches can quickly lead to bunch lengthening. The scheme
presented in this Chapter, dubbed the ’plasma compressor’, uses a technique similar to
the acceleration scheme presented in [19, 20] but sacrifices a large part of the energy gain
to reduce the energy spread, decrease the sensitivity to timing variations [22] and achieve
strong compression for injected bunches that are longer than those described in [19, 20].

With this added reliability, the plasma compressor can be used as a module in an
otherwise conventional accelerator setup to create a beam-line producing ultra-short elec-
tron bunches.

6.2 Theory

6.2.1 Process description

The concept of the compression scheme is depicted in fig. 6.1. First a relatively long electron
bunch is injected in front of a laser generated plasma wave (fig. 6.1(a)) as proposed by
Khachatryan [19, 20, 23]. If the electron bunch energy and laser power are sufficient, the
plasma wave will first decelerate (fig. 6.1(b)) and then accelerate and trap the electrons.
During this trapping and acceleration, the electron bunch is compressed (fig. 6.1(c)). The
compressed bunch is then accelerated to a velocity greater than that of the plasma wave
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and starts outpacing the plasma wave (fig. 6.1(d)) until it reaches the decelerating phase
of the plasma wave (fig. 6.1(e)) (dephasing). At this point the electron bunch is short,
has a high energy and depending on the initial electron energy and bunch length a low to
moderate energy spread. This is where the plasma is terminated in the scheme proposed
by Khachatryan. In the scheme proposed in this Chapter, the electron bunch is allowed to
pass through the decelerating phase of the plasma wave and emerge in front of the plasma
wave (fig. 6.1(f)). This results in a short electron bunch with a lower energy, but with a
much lower energy spread.

Because all electrons of the injected bunch pass through the same phases of the plasma
wave (starting and ending before the laser pulse), they will all experience the same electric
fields and therefore retain their low energy spread. There is still a net acceleration in this
scheme since the decelerating field at the front of the plasma wave is less strong than the
accelerating field just behind it, where the electrons are initially trapped and accelerated
(as can be schematically seen in Fig. 6.1).

In order to estimate the amount of compression, we can use the 1-D theoretical approxi-
mation for the compressed bunch length Lc of a mono-energetic bunch by Khachatryan et
al. [19]:

Lc '
(
γ0

γg

)2

L0, (6.1)

with γ0 the Lorentz factor for the injected electrons γg the Lorentz factor for the plasma
wave and Lo the length of the original electron bunch. After the trapping and compression
(Fig. 6.1c), the bunch length is small compared to the variations in the electric fields (in the
frame of the electrons) which means that there is (almost) no net bunch lengthening by the
plasma wave once the bunch has left the plasma wave (Fig. 6.1f). There might however,
still be additional bunch lengthening due to initial energy-spread and space-charge in the
bunch, both of which will be looked at later.

6.3 Model

The model used is the same as previously used to study the effects of timing and stability
in injected laser wakefield acceleration in Chapter 5. It consists of a system of relativistic
hydrodynamic and Maxwell’s equations describing the plasma wave and a particle tracking
framework for the accelerated electrons. By assuming that the laser is guided [24–27] and
neglecting the effects of beam-loading and laser pulse evolution (which can be done for the
parameters considered (Table 6.1), we can use a local, co-moving description of the plasma
wave. This greatly reduces the amount of computation power needed and allows multiple
calculations involving long (several cm) plasma channels on a regular desktop computer
during a day.

In order to describe the plasma wave, we use a system of relativistic hydrodynamic
equations of motion for the plasma electrons, the Maxwell equations and a beam envelope
description of the laser pulse in an approach analogous to [28, 29]. This approach results
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Figure 6.1: Schematic representation of the plasma-compressor scheme in the calculated fields
(see model in Section 6.3) of the plasma wave: (a) The electron bunch just before the plasma
wave overtakes it. (b) The rear part of the electron bunch is decelerated by the front of the
plasma wave and gets compressed. (c) The electron bunch is compressed and gets accelerated.
(d) The electrons start outpacing the plasma wave while still being accelerated. (e) The electrons
get decelerated again by the plasma wave. (f) The compressed bunch leaves the plasma wave.

in the following set of equations for the plasma evolution:

∂n

∂t
+ ~∇ · (n~v) = 0, (6.2)

∂~p

∂t
= −e ~E −m0c

2~∇γ, (6.3)

ε0
∂ ~E

∂t
= −en~v − 1

µ0e
~∇×

(
~∇× ~p

)
, (6.4)
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γ =

√
1 +

|~p|2
m2

0c
2

+
|~a|2
2
, (6.5)

~v =
~p

m0γ
. (6.6)

Here e is the charge of an electron, m0 the electron rest mass and c the speed of light,
µ0 the permeability of vacuum and ε0 the vacuum permittivity. The plasma electrons are
described by their density n, momentum ~p, velocity ~v and Lorentz factor γ. The electric
field strength is denoted by ~E and the normalized vector potential of the laser by ~a:

~a =
e ~A

m0c
, (6.7)

with ~A the vector potential of the laser pulse.

These equations are evaluated in a frame that is co-moving with the laser pulse as
described in Section 5.2.3.

To study the effect of the plasma wave on the electron bunch, we use the General
Particle Tracker code (GPT [30]). The code allows the inclusion of custom elements such
as the plasma wave module and evaluations of (custom) electron bunch parameters.

The model used does not include the effects of beam-loading and space-charge on the
compression. As the electron bunch is compressed more and more, these two effects will
start to reduce the rate of compression. To properly study the results of these effects, it
is necessary to include the effects of the electron bunch on the plasma electrons and the
effect of the plasma on the interactions between the electrons in the bunch. These effects
are included in several particle-in-cell codes, but these codes need an unpractical amount
of computational power and time to simulate plasma channels such as the one used in
this Chapter. It is however possible to include the effects of space-charge at the cost of
increasing the necessary computational power; this will be discussed in Section 6.4.6.

6.3.1 Standard parameters

In order to study the compression scheme, we will first give the relevant base parameters of
the plasma, laser and uncompressed electron bunch used. These can be found in Table 6.1.
The plasma is assumed to be a slow capillary discharge plasma [31] and capable of guiding
a laser with matched spot size as calculated from [32]. The injected electron bunch energy
is the same as that which provides maximum energy and minimum energy spread when
using the plasma wave for acceleration.

As can be seen from Table 6.1, the plasma length and laser pulse delay are set at a large
value to allow the use of long injected bunches (Section 6.4.4) and to improve the stability
against timing jitter (Section 6.4.2). If the timing jitter and bunch length are smaller, both
the plasma length and laser pulse delay can be reduced.
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density [m−3] 1.0× 1024

radius [µm] 150
Plasma

length [mm] 326*
matched spot size (FWHM) [µm] 52
pulse energy [mJ] 1500
pulse duration (FWHM) [fs] 50

Laser
pulse ao [−] 0.56
pulse delay [fs] 1500
energy [MeV] 4.6
γ [−] 10

Bunch charge [pC] 10
radial size (FWHM) [µm] 30
length (FWHM) [fs] 500

Table 6.1: General parameters of plasma, laser and electron bunches. *Plasma length increased
by ∼ 40% to increase stability against timing fluctuations and allow for longer bunches. (needed
for increased laser pulse delay and extended plasma length beyond full dephasing length).

6.4 Simulation results

6.4.1 Beam evolution

First we will look at the time evolution of a bunch injected in front of the laser pulse
in a plasma using the parameters given in Table 6.1 and compare it to the schematic
representation of Fig 6.1. The result is shown in Fig. 6.2.

As can be seen from Fig. 6.2, the simulations and the schematic representation roughly
agree, but in the simulations there is an overlap between the different phases of the scheme
because of the length of the injected bunch: In Fig. 6.2c part of the bunch is still in front
of the wakefield while another part is already trapped and being accelerated. A bit later
(Fig. 6.2d), one end of the bunch is just entering the accelerating phase of the plasma
wave, while the other is already leaving the decelerating phase. To better evaluate the
effect of the compression, we will look at the time evolution of the energy, energy spread,
the remaining bunch charge and the bunch length. These can be found in Fig.6.3.

In Fig. 6.3 we have denoted the moment of bunch extraction in the case of the original
accelerator scheme (A) and the compression scheme proposed here (C). As can be seen, the
trapped bunch charge and bunch length are the same, but in the case of the compression
scheme, the energy spread is significantly lower at the cost of the average energy. The
parameters of the electron bunch before injection and in the two schemes can be found in
Table 6.2.

The change in emittance in both the transverse and longitudinal direction of the bunch
during compression is shown in Fig. 6.4. During compression, different parts of the bunch
experience different forces in the transverse (focusing) and longitudinal (accelerating/de-
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Figure 6.2: Density plots of the simulation results for the energy and bunch length evolution
during compression of a 0.5 ps electron bunch. The insets are the equivalent situations from
Fig.6.1.

cellerating) direction, this leads to a non-uniform distortion of the phase-space and cor-
responding increase in emittance (though the actual local phase-space density remains
unchanged). During entire compression, the different parts of the bunch all experience
(almost) the same forces (just at different times) this means that after compression, the
emittance goes down again until both are below 1 µm[rad]. Since not all parts of the bunch
experience exactly the same forces, there is still a remaining distortion leading the increased
final emittance. The lowering of the emittance is enhanced by the removal of the radially
expelled electrons when they hit the radial plasma boundary. As outliers in phase-space,
these electrons have a strong influence on the emittance and as they are removed in time,
the total emittance decreases.
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Figure 6.3: Time-evolution of the energy (E), energy spread (σE), charge (Q) and bunch
length (σz). The first dotted line (A) denotes the end of the plasma in the accelerator scheme
while the second dotted line (C) indicates the end of the plasma in the new compression scheme.

Parameter Injected Accelerated Compressed
Energy [MeV] 4.6 290 88
Energy spread [MeV] 0 34 0.19
Charge [%] 100 89 88
Length (σz) [fs] 210 13 12

Table 6.2: Properties of the electron bunch before injection and when exiting the plasma in
the accelerator and compressor schemes.

6.4.2 Sensitivity to timing jitter

In the previous Chapter (Chapter 5), we looked at the sensitivity of the accelerator scheme
to jitter on the timing between the laser and the injected electrons. For the laser intensity
as chosen here, timing variations of order one hundred fs (lowest currently reported [33])
could result in a large increase in energy spread and a decrease of the average energy. In
order to show the ability of the compression scheme to compensate for timing jitter, the
parameters of the example (Table 6.1) have been chosen such as to accommodate a larger
timing jitter without serious degradation of the beam quality. The results of variations in
the timing between the laser and electron bunch can be seen in Fig. 6.5.

The results of Fig. 6.5 show that even large timing jitter of 1 ps has virtually no effect
on the final energy and energy spread of the compressed bunch. The trade-off for this
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Figure 6.5: Effect of fluctuations in the timing between laser and electron bunch on the energy
(a) and energy spread (b) for both the compressor and accelerator scheme.

insensitivity is, as mentioned before, the longer length of the plasma channel and the lower
final energy. If the expected jitter in the synchronization between laser and electrons is
lower, the plasma channel length can be reduced.
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6.4.3 Tuning the compression factor

If we want to change the compression factor of the plasma wave, there are two general
ways to achieve this as can be seen from Eq. 6.1: changing the plasma density to change
γg or change the energy of the injected electrons (γ0). Here we will look at the effect of
changing the plasma density of the compressor.

Changing the plasma density of the compressor also has several other effects: First,
the amplitude of the plasma wave changes which means that either the laser power or the
energy of the injected electrons has to be adjusted to ensure the electrons are still trapped.
Secondly, the matched spot size of the plasma channel will change which means adjusting
the laser spot size and power. Lastly, the dephasing length of the electrons in the plasma
wave changes which means that the total length of the plasma may need adjusting. To limit
the amount of simulations needed, we maintain the same wave amplitude and wavelength
for the plasma wave, thus is no need to adjust the laser and electron parameters to still
get (almost) the same amount of trapped electrons for different densities. Since according
to 1-D theory (Eq. 6.1) the compression factor depends on the propagation speed of the
plasma wave, we will adjust the speed of the plasma wave to that corresponding to the
plasma density chosen. In this way, we are able to study the predicted effect of the change in
plasma density/wave velocity without having to adjust the other electron, laser and plasma
parameters for each density. The result of varying the plasma density on the compressed
bunch length can be seen in Fig. 6.6.

s
 [

fs
]

z

24 -3
N  [10  m ]e

Simulation
1D-Theory

Figure 6.6: Final bunch length of a 500 fs injected electron bunch after compression as a
function of the density/propagation speed of the plasma wave. The solid line is the behavior
predicted by 1-D theory (Eq. 6.1).

As can be seen from Fig. 6.6, the bunch length after compression corresponds well to
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the value predicted from 1D-theory (Eq. 6.1). At lower densities, the dephasing length
increases, but the chosen plasma channel is still long enough for the electrons to leave the
plasma wave before exiting the plasma channel.

6.4.4 Effect of the bunch length of the injected electrons

When deriving the estimate for the compression factor of the scheme (Eq. 6.1 and [19]),
it was (implicitly) assumed that the time needed to trap the electrons is much smaller
than the time needed to accelerate them. When the injected electron bunches become
long or the initial energy of the electrons is large, this assumption is no longer true. These
conditions could therefore lead to less bunch compression. In Fig. 6.7 we see the final length
of the electron bunch as a function of the length of the injected electron bunch for both
the accelerator scheme and the compression scheme as well as the theoretical prediction.
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Figure 6.7: Bunch length after compression as a function of the bunch length before compres-
sion for both the accelerator scheme and the compressor scheme compared to the theoretical
compression of Eq. 6.1.

As can be seen from Fig. 6.7, for short injected bunches (Lbunch (FWHM) ≤ 500 fs),
the simulated results correspond very well to the theoretical prediction. However, for longer
bunches, the final length of the bunches in the accelerator scheme becomes much larger
than predicted. The cause of the lower compression can be seen in Fig. 6.8: the bunch
is exiting the plasma before the entire injected bunch has been trapped. The length of
the plasma is determined by the moment that the center of the original bunch leaves the
accelerating phase of the plasma and enters the decelerating phase (moment of highest
energy and lower energy spread). This effect can be partially compensated by using either
lower energy electron bunches (and increasing the laser power to still get trapping) or by
going to a lower plasma density, ensuring faster trapping/compression of the bunch. For
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the compression scheme the compression ratio remains as Eq. 6.1 predicts, except for very
long bunches where part of the electrons are injected behind the laser pulse and get trapped
there, separate from the main bunch, resulting in a longer apparent bunch length.
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Figure 6.8: Density plot of the position and energy of the electrons at the exit of the plasma
channel in the bunch center of mass system (as in Fig. 6.1) for a bunch with an initial bunch
length of 1250 fs in the accelerator scheme. The center of the original bunch has reached the
desired maximum energy at the exit of the plasma channel, but the front part of the bunch has
not been trapped and compressed by the plasma wave yet and still retains it original energy
and length.

As can be seen from Fig. 6.8, the partial trapping and dephasing of long bunches
in the accelerator scheme can lead to large energy spreads. Such a large energy spread
will cause additional bunch lengthening and will also make the bunch unsuitable for most
applications. An overview of the energy spread as a result of the length of the injected
electron bunch can be seen in Fig. 6.9.

Fig. 6.9 shows that the energy spread for the accelerator scheme rapidly rises for longer
bunches (up to 80%), while the final energy spread for the compression scheme remains
constant (at 0.17%).

6.4.5 Effect of the energy spread in the injected bunch

Thus far, all the injected electron bunches had a uniform energy. However, realistic electron
bunches will always have an energy spread. This energy spread could lead to an increase
in compressed bunch length and energy spread of the final beam since electrons with a
different energy are trapped at a different phase of the plasma wave. Also, electrons with
a lower energy might not get trapped by the plasma wave at all. To study the effect of
energy spread in the injected bunch, we will first look at the resulting change in the bunch
length after compression. These results can be seen in Fig. 6.10.

From the resulting compressed bunch lengths in Fig. 6.10, we can conclude the following:
A small amount of initial energy spread (σE < 0.05 MeV) in the injected electron bunch
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Figure 6.9: Energy spread after compression as a function of the length of the injected bunch
for both the compressor and accelerator scheme.
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Figure 6.10: Effect of the initial energy spread of injected electrons on the length of the
compressed bunch.

has little or no effect on the final bunch length. Energy spreads that are larger (> 1%)
result in a linearly increasing final bunch length. This is consistent with trapping occurring
in the linear part of the plasma wave as depicted in Fig. 6.1 as the trapping point varies
linearly with the electron energy.

The effect of an initial energy spread in the injected bunch on the energy spread of the
compressed bunch and the fraction of electrons trapped can be seen in Fig. 6.11.

As expected, a larger initial energy spread of the injected electrons leads an increase in
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Figure 6.11: Effect of the initial energy spread of injected electrons on the energy spread and
trapped charge of the compressed bunch.

the energy spread after compression. The relative energy spread of the compressed bunch
is however still smaller, than that of the injected bunch

(
σE
E

= 4.1%→ σE
E

= 2.1%
)
. The

amount of trapped charge remains constant for injected bunches with a low initial energy
spread (σE < 0.04 MeV), but for a larger initial energy spread, it quickly decreases until
the trapped fraction is less than half of the amount trapped at low energy spread.

6.4.6 The effect of space-charge on the plasma compressor scheme

As discussed in Section 6.3, it is possible to include the effect of the space-charge that
the electron bunch exerts onto itself in the simulations at the cost of computational power
needed. This has been done for compression using the standard parameters as given in
Table 6.1.

First we will look at the influence of space-charge on the final bunch length after com-
pression. The space-charge forces cause the electron bunch to expand. When the bunch
is compressed, the charge density increases, causing an increased expansion. However,
the electrons are also accelerated which causes a decrease in the effect of the longitudinal
space-charge forces. The combined effect of space-charge on the compression can be seen
in Fig. 6.12.

As can be seen from Fig. 6.12, space-charge causes a small decrease in compression of
the electron bunch. Without taking space-charge into account, the final compressed length
is 12 fs while with space-charge, the final length is 16 fs, both compared to the initial bunch
length of 210 fs.

Another possible influence of space-charge is a decrease of the final energy of the elec-
trons, since the space-charge forces counteract the accelerating fields of the plasma wave
working on the bunch. This effect can be seen in Fig. 6.13.

Fig. 6.13 shows that the space-charge forces do indeed decrease the acceleration of the
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Figure 6.12: Bunch length (σz) of a 10 pC injected electron bunch during compression with
and without taking space-charge into account.
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Figure 6.13: Average energy (E) of a 10 pC injected electron bunch during compression with
and without taking space-charge into account.

electron bunch resulting in a lower maximum energy. However, the same forces also reduce
the deceleration of the compressed electron bunch by the plasma wave resulting in the same
final energy in both the simulations with and without space-charge taken into account. The
effect of the space-charge on the energy spread of electron bunch during compression can
be seen in Fig. 6.14.
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Figure 6.14: The evolution of the relative energy spread (σE/E) of a 10 pC injected electron
bunch during compression with and without taking space-charge into account.

The energy spread during compression is increased by the space-charge as can be seen
in Fig. 6.14. The main contribution to his increased energy spread is the slower compres-
sion of the electron bunch and subsequent longer length of the bunch during most of the
compression. This means that front and end of the electron bunch are more out of phase
in the compressions cycle and thus have a larger energy difference. After the entire bunch
has left the plasma wave, the net result of the space-charge on the energy spread is an
increase from 0.16% to 0.20%.

There is also a decrease of the total amount of charge trapped when taking space-charge
effects into account. This decrease is due to the radial expansion of the electron bunch
caused by the space-charge forces. Because of this radial expansion, the radial size of the
electron bunch is larger when the plasma wave catches up with the electrons as can be
seen in Fig. 6.15. Since the fields in the plasma wave decrease in the radial direction, the
electrons experience a lower trapping field, leading to a lower trapping. This effect can be
(partially) canceled by increasing the radial overlap between laser and electron bunch by
adjusting the focusing of the electron bunch into the plasma or increasing the radius of the
laser (and adjusting the matched spot size of the plasma correspondingly). Alternatively,
the laser/electron energy can be increased to increase trapping.

The longitudinal emittance is only slightly increased by the effects of space-charge since
the bunch is already relativistic before trapping and the forces exerted by the plasma wave
are are much larger than those of the space-charge forces inside the bunch during most of
the compression cycle. The influence of space-charge on the longitudinal emittance can be
seen in Fig. 6.16. The additional increase in emittance is mainly due to the electrons that
have expanded in the radial direction before trapping due to space-charge induced radial
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Figure 6.15: Density plot of the radial profile of the bunch during trapping without (a) and
with space-charge (b).

expansion. These electrons will either be trapped in lower fields, leading to a lower energy
or will not be trapped by the plasma wave and continue their radial expansion until they
hit the plasma wall (and are removed). After the removal of the un-trapped electrons,
the longitudinal emittance with space-charge taking into account is almost equal to the
emittance without space-charge again.
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Figure 6.16: Time-evolution of the normalized RMS-emittance in the longitudinal direction(
εNZRMS

)
with and without taking the effects of space-charge into account.

The effect of space-charge on the transverse emittance is much more pronounced than
the effect on the longitudinal emittance as can be seen in Fig. 6.17. The reasons for the
increase in emittance are again the same as in the longitudinal case, but they have much
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more effect on the transverse emittance. The primary effect of space charge is the radial
expansion of the electron bunch, this increases the transverse size and energy spread of the
bunch both of which cause an increase in the transverse emittance. The secondary effect
is a decrease in trapping since the plasma wave at larger distances from the optical axis is
weaker. This means that electrons either continue to expand radially or get focused to the
optical axis, but then either overshoot or enter the defocusing phase of the plasma wave.
Both these processes result in an increased radial velocity and corresponding increase in
emittance. Once the electrons that have not been trapped have traveled far enough in
the radial direction to be removed and all other electrons are trapped in the same phase
of the plasma wave, the emittance decreases again. There is however still an increase in
transverse emittance, both due to the space-charge induced increase radial size of the bunch
and the increase beam divergence (both are about 1.5 times as large as in the case with no
space-charge).
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Figure 6.17: Time-evolution of the normalized RMS-emittance in the transverse direction(
εNRRMS

)
with and without taking the effects of space-charge into account. The inset is an

enlargement of the final part of the evolution.

6.4.7 The effect of initial bunch emittance on the plasma compressor scheme

In most of the previous results, the initial bunch was assumed to have zero emittance. We
will now briefly discuss the effect of the initial bunch emittance on compression. The effects
of a longitudinal emittance have already been discussed in Sections 6.4.4 and 6.4.5 where
the individual components (bunch length and energy spread) have been discussed. An
initial longitudinal emittance can thus lead to a lower compression, higher energy spread
and a reduction of the amount of trapped charge.
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The effect of the transverse emittance is highly dependent on the specific parameters of
the electron bunch, plasma and laser pulse: The scheme relies on the interaction between
the plasma wave and the electron bunch. This means that during the compression cycle,
there must be a good overlap between the plasma wave and the electron bunch. A bunch
with a large transverse emittance will have to be strongly focused in order to get it down
to a small radial size. However, this means that the bunch will also quickly defocus,
possibly before the bunch has been completely trapped by the plasma wave. This leads to
a decrease in trapped charge. Even at the focus, the larger radial velocity of the electron
means that the radial focusing of the plasma wave is less effective which again leads to lower
trapped charge. To increase amount of trapped charge from a bunch with larger transverse
emittance, there are two things that cane be done: increase the trapping of the plasma wave
and decrease the radial defocusing of the electron bunch during trapping. The trapping of
the plasma wave can be increased by either increasing the trapping potential (increasing the
laser power/plasma density) or increasing the electron energy (thus lowering the trapping
potential needed). The radial defocusing of the electron bunch can be decreased in three
ways: First, by increasing the radial size of the plasma wave by increasing the laser focus
and adjusting the matched spot size of the plasma channel (combined with increasing the
laser power to retain or increase the trapping potential), this increases the radial overlap.
Secondly, by decreasing the focusing angle of the electron bunch. This results in a slower
defocusing, but a larger focus, so it might have to be combined with an increase in plasma
wave radius. Thirdly, the trapping time can be decreased, allowing the bunch less time to
defocus. This can be done by making the bunch shorter, decreasing the plasma density
(and thus making the plasma wave faster), or by decreasing the electron energy (while
increasing the laser power/plasma density to maintain sufficient trapping).

6.5 Conclusions

We have presented a novel scheme for using a laser wakefield in a plasma to compress and
accelerate electron bunches. Compared to the acceleration scheme by Khachatryan [19,
20, 23], this scheme sacrifices part of the energy gain to minimize the resulting energy
spread, allow the compression of longer bunches and increase the stability with regards
to timing fluctuations. Most importantly, it allows the compression of electron bunches
typically produced in sources such as RF-photoguns with an energy of several MeV and
a bunch length of one or a few picoseconds to bunches with a length below 100 fs. The
resulting compressed electron bunches have several desirable properties: short duration, low
energy spread, high current density and an energy sufficiently high to reduce space-charge
induced bunch lengthening. Moreover, the scheme does not involve off-axis deflection of the
beam , conserving axial symmetry and preventing coherent synchrotron radiation induced
instabilities [8].

The compressor scheme as presented here is largely insensitive to jitter in the synchro-
nization between the laser and the electron bunch. By adjusting the plasma length and
laser pulse delay, the amount of jitter that can be present without degrading the beam
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quality, can be changed.
The predictions from 1-D theory [19] as given in Eq. 6.1 correspond well to the compres-

sion ratios found over a wide range of bunch lengths and plasma densities. It was shown
that the plasma density can be used to control the compression ratio of the compressor,
but changing the density will also require adjustments to the laser power, the spot size and
the plasma length.

The compression scheme also allows the efficient compression of relatively long bunches
while still resulting in a compressed bunch with a low energy spread. This allows the use of
electron sources which produce bunches with lengths exceeding 500 fs without the increase
in energy spread and decrease in compression encountered in the accelerator scheme [19].

We looked at the effect of energy spread in the injected electron bunches on the para-
meters of the compressed bunches. It was found that bunches with an energy spread below
0.04 MeV (∼ 1%) only give rise to a small increase in the final energy spread without affec-
ting the compression and trapping of the bunches. This requirement on the energy spread
is routinely met by most modern electron sources used in accelerators.

Lastly, the effects of space-charge and initial emittance in the injected bunch on the
compression and energy spread were discussed as well as ways to prevent the decrease in
trapped charge due to bunch defocusing induced by higher space-charge or initial emittance.

Concluding, the plasma compressor scheme presented in this Chapter offers the possi-
bility of compressing low energy picosecond electron bunches to medium energy bunches
with a duration below 100 fs on a relatively short length scale and with only a small in-
crease in absolute energy spread while the relative energy spread is reduced. By changing
the plasma density and length and laser power, it is furthermore possible to adjust both
the compression factor and the sensitivity for synchronization jitter between the laser and
injected electron bunch.

6.6 Outlook

One of the more interesting applications of the compression scheme described in this Chap-
ter is the inclusion of the compressor in a conventional accelerator. In combination with
the injector, it forms a compact source able to produce sub-100-fs bunches, with low energy
spread and high current density, suitable for post-acceleration to the desired energies or
for direct usage.
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Summary

Simulations and Experiments on External Electron Injection for Laser

Wakefield Acceleration

Laser wakefield acceleration is a technique that can be used to accelerate electrons using
electric fields that are several orders of magnitude higher than those available in conven-
tional accelerators. With these higher fields, it is possible to drastically reduce the length
of accelerator needed to reach a desired energy. This technique also allows the generation
of (trains of) very short electron bunches with a duration of only a few femtoseconds. The
electric fields are created by focusing a high power (1012 − 1015 Watt) laser pulse into a
plasma. As the laser pulse moves through the plasma, it will push the plasma electrons
away from the ions, creating a charge separation and accompanying electric field. Once
the laser pulse is passed, the electrons will start oscillating around their original position,
leading to a moving density fluctuation or plasma wave behind the laser pulse. If electrons
are injected into this wave with enough speed/energy, they can ’surf’ on the plasma wave
like a surfer does on an ocean wave. While ’surfing’, the electrons will be accelerated un-
til they start surfing ahead of the wave and have reached their maximum speed. If the
electrons continue on, they will have to climb the next wave, loosing energy.

First we investigated the effects of the main experimental parameters (plasma density
and length, initial energy of the injected electrons and the intensity of the laser pulse)
on the acceleration of electrons. For this we used the General Particle Tracer-framework,
a simulation suite that can be used to study the effects of electro-magnetic fields on the
motion of charged particles. Within this framework, we introduced a simple plasma wave
model consisting of a harmonic wave with the period and amplitude based on the experi-
mental parameters. The plasma was assumed to have a parabolic profile such that it acts
akin to an optical fibre, preventing the focused laser pulse from defocusing. The resul-
ting accelerated bunches were evaluated based on their final energy, energy spread, charge
and emittance. The goals was to create electron bunches with a high energy and charge
and a low energy spread and emittance; such electron bunches will experience little bunch
lengthening and are easier to focus down to small spots.

From the results, the following has been concluded: A higher plasma density will ge-
nerally lead to a lower final energy and a higher energy spread, emittance and accelerated
charge. While a lower plasma density has the opposite effect. The total plasma length
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will affect the final energy, energy spread and emittance but has little to no effect on the
trapped charge. The lengths at which the energy is at its maximum and the emittance
and energy spread are minimal are very close to the optimal length predicted by 1-D linear
theory. This means that we do not have to optimize the plasma length while studying
the effects of the other parameters, but can use a simple analytical expression. When the
energy of the injected electrons is too low, they will not be trapped by the plasma wave
and will be expelled, leading to no accelerated electrons. Above the threshold for trapping,
increasing the initial electron energy leads to higher energy spread and a higher number
of accelerated electrons. The laser intensity shows a similar influence: too low and there
is no trapping by the plasma wave. A higher intensity will lead to a higher energy spread
and number of accelerated electrons. Additionally, a higher intensity gives rise to higher
electric fields and as a result a higher final energy.

With the results of this parameter study it was possible to create a design for an
experimental setup to study the effects of external injection in a laser wakefield accelerator
within the constrains of the available infrastructure. The setup consists of three main
components: A 2.6-cell photogun that serves as the source of the electrons that will be
injected into the plasma wave (the ’surfer’). A 70 mm long aluminiumoxide tube with
an inner radius of 100 µm, filled with hydrogen and two cathodes for the creation of the
plasma channel (the ’sea’). And a 2 TW, 50− fs pulsed laser system to provide the needed
laser power to generate the plasma wave (the ’tide’) and provide the UV pulses needed
to create electrons inside the photogun. The injection beamline has been optimized to
keep the created electron bunches as short as possible while having sufficient energy and
a small enough focal size to be efficiently trapped. The photogun and injection beamline
are designed to produce an injected electron bunch of 10 pC at an energy of 6.7 MeV with
a length of 100 µm and a radius of 30 µm. Acceleration by the plasma wave transforms
this bunch into a bunch train of three bunches with a duration of 10 fs, an average energy
of 90 MeV and a total charge of 1 pC.

A more detailed design of the photogun and accompanying infrastructure was presented
in Chapter 4 of this thesis. After the machining of the accelerating cavity of the photogun,
it was tested at low power to compare the characteristics with those of the design. There
were differences in both the length of the antenna needed for optimal coupling of the field
into the cavity and the generated electric field inside the cavity. The observed difference
in the needed antenna-length for optimum coupling is most likely due to the simulation
method used in the design as it has been known to give similar, though smaller deviations
in the past. The differences in the measured field profile are unlikely to be caused by any
machining errors, but might be due to small slits between the different parts of the cavity.

Though the photogun, has not yet been operated at the power levels set forth in the
design, some initial measurements have been done on the produced electron bunches. These
first measurements show that electron bunches can be produced with a charge of 73 pC
with a 10% deviation, corresponding to fluctuations in the UV-laser used to generate the
electrons. The average energy of the electrons was 3.4 MeV, due to the lower RF-power
used to accelerate the electrons.

In Chapter 5 of this thesis, we introduced a more advanced model to describe the plasma
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wave using relativistic hydrodynamic equations of motion for the plasma electrons and the
Maxwell equations. The laser pulse was modeled by its intensity profile, averaging over
the laser oscillations. This fluid model of the plasma was used to investigate the possible
effects of various fluctuations in the experimental parameters when injecting electrons into
a plasma wave: Synchronization between the laser and the electrons, plasma density and
laser pulse energy. This was done for two different methods of injecting electrons: either
behind the laser pulse into the plasma wave as is the case in the designed experiment or
in front of the plasma wave as has been suggested as an alternative method. For injection
in front of the laser, we studied three different regimes of laser power (10− 30− 100 TW).
Especially, the synchronization between the laser used to generate the plasma wave and the
injected electrons was identified as a critical parameter: Even the lowest timing jitter thus
far reported can lead to a large increase in energy spread and a decrease of the final energy.
For injection in front of the laser, it was shown that in the regime of the highest laser
intensity (a0 = 1.02), the scheme was least sensitive to fluctuations while in the regime of
lower laser power, it was more sensitive than injection behind the laser pulse.

Finally, we introduced a new application of a plasma wave, namely that of a bunch
compressor for electron bunches. This so-called plasma compressor uses the fact that when
injected in front of a laser pulse, the plasma does not only accelerate, but also compress
the injected electron bunch. By adjusting the original acceleration scheme, it is possible
to make this compression both far less sensitive to synchronization jitter and allow for
the compression of larger initial electron bunches. The compression factor of the plasma
compressor can be varied by adjusting the plasma density. The bunch compressor is also
cylindrically symmetrical, avoiding various sources of beam quality degradations due to
symmetry breaking in a conventional bunch compressor.

Concluding, we have looked at laser wakefield acceleration using an external electron
source as a method to create highly energetic, short electron bunches. We have looked
at the influence of the different parameters of the process in order to design a proof of
concept experiment. This experiment is currently partially implemented and tested. Also,
we have studied the effects on the acceleration of fluctuations in several of the experimental
parameters that can occur during the course of experiments. Finally, we have proposed
a new application of a laser wakefield accelerator; The plasma wave as an electron bunch
compressor.
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Samenvatting

Simulaties en Experimenten voor Externe Elektronen Injectie in Laser

Hekgolf Versnelling

Laser hekgolf versnelling is een methode die gebruikt kan worden om elektronen te versnel-
len met elektrische velden die enkele ordes sterker zijn dan de versnelvelden die gemaakt
kunnen worden in conventionele versnellers. Dankzij deze hogere velden is het mogelijk
om de lengte van een versneller voor een bepaalde energie drastisch te verkleinen. Deze
techniek kan ook gebruikt worden om (een reeks van) zeer korte elektronenpulsen te ma-
ken met ieder een duur van slechts enkele femtoseconden. De elektrische velden worden
opgewekt door het focusseren van een zeer krachtige (1012 − 1015 Watt) laserpuls in een
plasma. Terwijl de laserpuls zich door het plasma beweegt, zal deze de elektronen in het
plasma wegduwen van de ionen. Dit leidt tot een ladingsscheiding met een elektrisch veld
als gevolg. Als de laserpuls gepasseerd is, zullen de elektronen rondom hun originele positie
heen en weer beginnen te bewegen. Dit heeft een bewegende dichtheidsfluctuatie of hekgolf
tot gevolg in het zog van de laserpuls. Wanneer elektronen met voldoende snelheid/energie
deze golf ingeschoten worden, kunnen ze op deze golf ’surfen’, als een surfer op een golf in
de zee. Gedurende dit surfen, zullen de elektronen steeds sneller gaan totdat ze voor de
golf uit surfen en hun maximale snelheid hebben bereikt. Als de elektronen verder blijven
gaan, zullen ze de volgende golf op moeten waardoor ze weer energie zullen verliezen.

Als eerste hebben we gekeken naar de invloed van de belangrijkste experimentele pa-
rameters op de versnelling van de elektronen (plasmadichtheid en lengte, initiële energie
van de te versnellen elektronen en de intensiteit van de laserpuls). We gebruikten hiervoor
het General Particle Tracer programma, een simulatieprogramma dat gebruikt kan worden
om de effecten van elektromagnetische velden op banen van geladen deeltjes te bestude-
ren. Aan dit programma hebben we een eenvoudig model voor de plasmagolf toegevoegd.
Dit model bestaat uit een harmonische golf met een periode en amplitude die door de
experimentele parameters bepaald worden. Hierbij is aangenomen dat er sprake is van
een plasmakanaal; de plasmadichtheid heeft een parabolisch profiel zodat het zich als een
optisch fiber gedraagt en voorkomt dat de gefocusseerde laserpuls weer defocusseerd. Dit
zorgt er voor dat de laserintensiteit hoog blijft gedurende het opwekken van de plasmagolf.
De pulsen van versnelde elektronen werden geëvalueerd aan de hand van hun energie, ener-
giespreiding, lading en emittantie. Hierbij gold als criterium dat gestreefd werd naar een
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zo hoog mogelijke energie en versnelde lading en een zo laag mogelijk energiespreiding en
emittantie. Een elektronenpuls met deze eigenschappen zal niet snel langer worden en zal
beter te focusseren zijn. Aan de hand van deze resultaten zijn de volgende conclusies te
trekken: Een hogere plasmadichtheid leidt tot een kortere sterkere plasmagolf en elektronen
met een lagere energie en een hogere energiespreiding, emittantie en versnelde lading aan
het einde van het plasmakanaal. Een lagere dichtheid heeft het tegenovergestelde effect. De
totale lengte van het plasmakanaal heeft invloed op de uiteindelijke energie, energiesprei-
ding en emittantie, maar heeft weinig tot geen invloed op de hoeveelheid versnelde lading.
De lengtes waarbij de energie maximaal is en de energiespreiding en emittantie minimaal
ligt erg dicht bij de optimale lengte zoals voorspeld door 1-D lineaire theorie. Dit betekend
dat het bestuderen van de overige effecten, de optimale plasma lengte met een eenvoudige
formule kan worden bepaald en niet hoeft te worden gevarieerd. Wanneer de initiële energie
van de te versnellen elektronen te laag is, zullen deze niet door de plasmagolf ingevangen
worden maar naar buiten worden geduwd. Dit heeft tot gevolg dat er geen elektronen
worden versneld. Eenmaal boven de grenswaarde voor invanging, leidt een hogere initiële
energie tot een toename van de energiespreiding en versnelde lading. De laser intensiteit
heeft een soortgelijke invloed: Is deze te laag, dan zullen er geen elektronen worden ver-
sneld. Een hogere intensiteit zorgt voor een sterkere plasmagolf (met gelijke periode) en
elektronenpulsen met een hogere energiespreiding en meer versnelde elektronen. Bovendien
zorgen de sterkere elektrische velden voor een hogere energie van de versnelde elektronen.

Met de resultaten van deze parameterstudie was het mogelijk om een ontwerp te maken
voor een experimentele opzet om de effecten van laser hekgolf versnelling op elektronen uit
een externe bron te bestuderen voor zover de beschikbare infrastructuur dit toelaat. De
opstelling bestaat uit drie hoofdonderdelen: Een 2.6-cel fotokanon die de elektronenpulsen
levert die in de plasmagolf zullen worden geschoten (de ’surfer’). Een 70 mm lang alumi-
niumoxide buisje met een binnenstraal van 100 µm gevuld met waterstof gas en met twee
elektrodes dat dienst zal doen als plasma kanaal (de ’zee’). En als derde een 2 TW, 50− fs
gepulst laser systeem dat het noodzakelijke laservermogen moet leveren om de plasmagolf
op te wekken (de ’vloed’) en UV pulsjes om elektronen vrij te maken in het fotokanon. De
bundellijn voor de injectie van de elektronen is ontworpen om de vrijgemaakte elektronen-
pulsen zo kort mogelijk te houden en tegelijk voldoende energie en een klein genoeg focus
te hebben om efficiënt door de plasmagolf te kunnen worden ingevangen. Het fotokanon
en bundellijn zijn ontworpen om elektronenpulsen te maken met een lading van 10 pC, een
energie van 6.7 MeV met een lengte van 100 µm en een radius van 30 µm. Versnelling in
de plasmagolf leidt tot een serie van drie elektronenpulsen met ieder een lengte van 10 fs,
een gemiddelde energie van 90 MeV en een totale lading van 1 pC.

In hoofdstuk 4 van dit proefschrift wordt een uitgebreide beschrijving gegeven van het
fotokanon en de rest van de experimentele opstelling. Na de fabricage van de versneller
is deze getest bij een laag vermogen om de eigenschappen te vergelijken met die van het
ontwerp. Hierbij werden verschillen gevonden in zowel de benodigde lengte van de antenne
voor optimale inkoppeling van het RF-vermogen in de versneller als het opgewekte veld
in de versneller. De oorzaak van de afwijkende antennelengte voor optimale inkoppeling
is waarschijnlijk de simulatiemethode die gebruikt is bij het ontwerpen. Deze aanpak
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heeft namelijk in het verleden soortgelijke, maar weliswaar kleinere, afwijkingen vertoond.
Het is onwaarschijnlijk dat de gemeten verschillen in het veldprofiel veroorzaakt zijn door
maatfouten bij de fabricage, maar kunnen mogelijk wel het gevolg zijn van kleine spleetjes
tussen de verschillende delen van de versneller.

Ondanks het feit dat het fotokanon nog niet op het vermogen werkt dat in het ontwerp
is gespecificeerd, zijn reeds een aantal metingen aan de geproduceerde elektronenpulsen
gedaan. Uit deze eerste resultaten blijkt dat pulsen gemaakt kunnen worden met een lading
van 73 pC met een variatie van 10%, overeenkomstig met de variaties in het vermogen
van de UV-pulsen die de elektronen vrijmaken. Door het lagere RF-vermogen, was de
gemiddelde energie van de elektronen 3.4 MeV.

In hoofdstuk 5 van dit proefschrift is een meer geavanceerd model gëıntroduceerd om
de plasmagolf te beschrijven waarbij gebruik is gemaakt van de relativistische stromings-
vergelijkingen voor de plasma elektronen en de Maxwell vergelijkingen. De laserpuls wordt
beschreven aan de hand van de intensiteit, waarbij wordt gemiddeld over de golflengte van
het laserlicht. Dit vloeistofmodel van het plasma is gebruikt voor het bestuderen van het
effect van verscheidene kleine variaties in de experimentele parameter bij het invangen van
elektronen in de plasmagolf: De synchronisatie tussen de laser en de elektronen, de plas-
madichtheid en de energie in de laserpuls. Dit is gedaan voor twee verschillende methodes
om elektronen in de plasmagolf schieten. Achter de laserpuls, zoals in het voorziene expe-
riment, of vóór de laserpuls, voorgesteld als een alternatieve methode om elektronen in te
vangen. Bij injectie van elektronen vóór de laserpuls, zijn drie verschillende regimes van la-
ser intensiteit bestudeerd (10− 30− 100 TW). Vooral de synchronisatie tussen de laser en
de elektronen bleek een kritieke parameter; zelfs met het meest nauwkeurige gepubliceerde
synchronisatie schema kunnen de verwachte synchronisatie-fluctuaties nog steeds leiden tot
een grote toename van de energiespreiding en een lagere energie van de elektronen. Het
ontwerp waarbij elektronen vóór de laser in het plasma worden geschoten, is in het regime
van de hoogste laserintensiteit (a0 = 1.02) het minst gevoelig voor fluctuaties. Bij lagere
intensiteiten, was het gevoeliger voor fluctuaties dan het ontwerp waarbij de elektronen na
de laser in het plasma werden geschoten.

Tenslotte hebben we gekeken naar een nieuwe toepassing van een plasmagolf; de plas-
magolf as elektronenpuls-compressor. Deze zogenaamde plasmacompressor maakt gebruik
van het feit dat de elektronenpuls die vóór de laserpuls in het plasma worden geschoten,
niet alleen versneld worden, maar ook wordt gecomprimeerd. Bij de voorgestelde varia-
tie op de originele versnelmethode, wordt gevoeligheid van de compressie voor fluctuaties
in de synchronisatie sterk verminderd. Bovendien kunnen dankzij deze aanpassingen ook
langere elektronenpulsen worden gecomprimeerd. De compressieverhouding van de plasma-
compressor kan worden aangepast door de plasmadichtheid te variëren. De pulscompressor
is bovendien cilindersymmetrisch. Dit voorkomt een aantal processen die verantwoordelijk
zijn voor het verslechteren van de pulskwaliteit in conventionele elektronenpuls-compressors
en veroorzaakt worden door een minder goede symmetrie.

Samenvattend hebben we gekeken naar het toepassen van laser hekgolf versnelling met
een externe elektronenbron als een methode om energetische, korte elektronenpulsen te
maken. We hebben gekeken naar de invloed van de verschillende onderdelen van het proces
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om zo te komen tot een concept ontwerp. Dit ontwerp is op het moment deels gerealiseerd
en getest. Ook is er gekeken naar de gevoeligheid van de versnelmethode voor fluctuaties
die gedurende experimenten kunnen optreden. Afsluitend is er als een nieuwe toepassing
van laser hekgolf versnelling voorgesteld; de plasmagolf als elektronenpuls-compressor.
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