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Abstract

This thesis presents results from three strands of experimental work aimed towards estab-
lishing more reproducible, higher energy, and more accurately measured electron beams
generated by a laser-driven plasma accelerator. The first experiment calibrated two types
of detector frequently used to measure the bunch charge in laser wakefield accelerator ex-
periments, namely scintillating screens and image plates. The experiments undertaken at
the DAFNE beam test facility in Frascati, Italy, confirmed that the fluorescence signal from
Kodak Lanex Regular screens varies linearly with the charge density for a nanosecond elec-
tron bunch for charge densities in the range between ρ = 2×10−7 C/m2 to ρ = 10−5 C/m2. A
sensitivity measurement of FUJIFILM BAS-IP MS image plates resulted in a sensitivity of
SMS = (0.0487 ±0.0028)PSL, which is 2.4 times higher than had been assumed prior to this
work.

The second strand aimed at improving the operation of the capillary discharge waveg-
uide by re-designing the discharge circuit and the waveguide housing. The experiment
showed that combining a glow discharge circuit with the pulsed discharge circuit of the cap-
illary discharge waveguide reduced electrical noise, the timing jitter between the trigger
pulse and the discharge, and the voltage required to initially break down the capillary gas
for pressures below 10 mbar and above 150 mbar. The size of the housing of the capillary
discharge waveguide was reduced in all three dimensions by an average of 60 %, enabling
the device to be used in future staging experiments, and an open design of the housing elim-
inated the possibility of unwanted discharges. The new capillary design performed without
flaw in the Astra-Gemini experiment and no disadvantages compared with the old housing
were found.

The third strand of work describes an experiment undertaken with the Astra-Gemini
laser at the Central Laser Facility of the Rutherford Appleton Laboratory, United Kingdom.
The improved capillary discharge waveguide was used to generate GeV-scale electron beams
with good reproducibility. Beams of electrons with energies above 900 MeV, and with root-
mean-square divergence of 3.5 mrad, were observed for a plasma density of 2.2×1018 cm−3

and a peak input laser power of 55 TW. The variation of the maximum electron energy with
the plasma density was measured and found to agree well with simple models. The energy
spectra of the generated electron beams exhibited good shot-to-shot reproducibility, with the
observed variations attributable to the measured shot-to-shot jitter of the laser parameters.
Two methods for correcting the effect of beam pointing variations on the measured energy
spectrum were tested and it was found that using a thin Lanex screen in front of the electron
spectrometer was easy to implement and did not degrade the recorded energy spectrum.
The first observation of temporal compression of a laser pulse within a plasma channel with
simultaneous electron acceleration to energies higher than 500 MeV is also presented. This
measurement suggests that the pulse compresses linearly from the back as predicted by
theory.
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Chapter 1

Overview

The Large Hadron Collider (LHC) situated on the border of Switzerland and France provides
an extraordinary tool with which to discover new science. While the LHC might have been
the most visible accelerator in recent years, other accelerators that are smaller and more
numerously available, provide a diverse community of medical, biological, chemical and
physical scientists with the tools to probe materials and study life. Such accelerators allow
scientists to advance knowledge, probe theories and engineer new devices. Synchrotrons in
which electrons are accelerated, stored in large circular rings, and their radiation harnessed
to irradiate matter are one example of such accelerators. Free-electron lasers, a more recent
invention, are another example in which radiation is generated via undulating electrons at
the end of linear accelerators.

All currently available accelerators within user facilities are based on conventional radio-
frequency acceleration, meaning that charged particles are accelerated in the electric fields
established between conducting electrodes or excited in an electromagnetic cavity. Fig. 1.1
(a) shows the SLAC Linear Accelerator Laboratory which operates a two miles long lin-
ear conventional accelerator. Conventional accelerators are built of materials which can
sustain fields of order 50 MV/m before electrical break down occurs and, therefore, conven-
tional accelerators have to be long to create high energy particle beams. In contrast, plasma
accelerators use fields within a plasma to accelerate particles. Since in a plasma the atoms
or molecules are already ionised, these accelerators are not subject to electrical breakdown
limits that affect conventional accelerators. As we will see in detail in chapter 2, the acceler-
ating field developed in a plasma accelerator can be three or even four orders of magnitude
larger than in a radio-frequency accelerator, and as a consequence, kilometre scale ma-
chines can, in principle, be reduced to the metre scale. Therefore, plasma based accelerators
present a great step forward in creating new, cheaper and much shorter accelerators for
science.

1.1 Outline of the thesis

This thesis describes work aimed at improving the operation of the Oxford capillary dis-
charge waveguide. Its primary aim is to establish a more reproducible, higher energy elec-
tron beam and to characterise the electron and laser beam parameters. It also describes

1
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(a) (b)

Figure 1.1: (a) Photograph of the SLAC National Accelerator Laboratory which operates
a two-mile linear conventional accelerator, the housing of which can be identified by its
linear, white roof. Photo courtesy of SLAC Linear Accelerator Laboratory. (b) Photograph
of the Rutherford Appleton Laboratory (RAL) at which the Central Laser Facility (CLF) is
situated. The Diamond Light Source, a synchrotron science facility, can be identified as a
circular structure with a circumference of about 550m. Photo courtesy of Central Laser
Facility.

experiments aimed at providing a reliable calibration of the image plates which are fre-
quently used to measure the charge of laser-accelerated electron bunches. The thesis is
organized as follows.

Chapter 2 The introduction chapter provides a brief review of laser plasma accelerators
and examples of waveguides used in the field. The chapter starts with the intro-
duction of the ponderomotive force responsible for creating plasma waves along with
non-linear effects and limitations to energy gain of the accelerated electrons. It also
presents scaling laws for linear and non-linear regimes. The chapter closes with a
discussion of techniques of controlling injection and guiding intense laser pulses.

Chapter 3 describes experiments to calibrate the image plates (IP) used to measure the
charge of laser-accelerated electron bunches. Prior to this work the calibration used
was based on x-ray experiments and simulations. In the experiments described here,
two kinds of detectors — scintillating screens and image plates — were exposed to a
505 MeV beam from a conventional accelerator. It was found that the response of the
scintillating screen was linear with charge density. The sensitivity of the IP was found
to be higher than had been assumed prior to this work, in agreement with later work
by another group.

Chapter 4 describes work aimed at improving the operation of gas-filled capillary dis-
charge waveguides. The chapter starts with a brief discussion of electrical discharges
and their properties before a combined glow and pulsed discharge is introduced. The
redeveloped discharge proved to reduce noise, main discharge jitter and breakdown
voltage. However, it was not used during the experiment described in chapter 6 due to
the small operable pressure range. The miniaturising and improvement over previous
designs of the housing of the capillary discharge waveguide are described at the end
of the chapter.
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Chapter 5 The methods used to analyse data from an experiment using the hydrogen-
filled capillary discharge waveguide are presented. First, the experimental setup at
the Astra-Gemini facility is presented. This includes the laser facility, the optical di-
agnostics to record the transmitted laser radiation, and the electron diagnostics. Two
methods for correcting the effect of electron beam pointing variations on the measured
energy spectrum are described, and suggests that using a thin scintillating screen in
front of the electron spectrometer is beneficial. The analysis of the laser and electron
data is presented last.

Chapter 6 Results from a LWFA experiment using the hydrogen-filled capillary waveg-
uide are presented. In these experiments, electrons were accelerated up to energies of
1 GeV. The reproducibility of the acceleration, within the capillary discharge waveg-
uide, is demonstrated by the result of 36 consecutive electron spectra at energies close
to 1 GeV. The reproducibility at this high energy level is the highest of any experiment
up to today. The shot-to-shot variations was found to be attributable in large part
to fluctuations in the pointing and energy of the driving laser pulses. The variation
of the maximum electron beam energy with the plasma density was found to be in
agreement with simple analytic models. Injection and acceleration of electrons was
also observed at the lowest plasma density published at the time of the experiment.
The first observation of temporal pulse compression within a plasma channel, with si-
multaneous electron acceleration to energies higher than 500 MeV, is presented. The
pulse duration is found to decrease linearly with increasing plasma density, in rea-
sonable agreement with a simple model of the pulse compression. The experimental
results of the pulse compression are compared to simulations.

Chapter 7 A summary of results, together with an overview of future work is presented.

1.2 Role of the author

The data presented in chapter 3 were recorded during an experiment undertaken in Fras-
cati, Italy. The author shared beam time at the facility with a group from the John Adams
Institute in Oxford, which was led by Dr. Nicolas Delerue. All equipment used during the
charge calibration experiment were designed, built, and tested by the author. At the exper-
imental site, the author was assisted in data collection by Dr. Nicolas Bourgeois. The data
were analysed by a code written by the author for this purpose.

The data presented in chapter 4 were collected and analysed by the author in Oxford
during 12 months of redevelopment of the capillary discharge waveguide and its housing.
All prototypes, and final designs were built by the author.

The data presented in chapter 6 were collected during an experimental campaign at the
Astra-Gemini laser facility at the Central Laser Facility of the Rutherford Appleton Labo-
ratory in Didcot, United Kingdom (Fig. 1.1 (b)). The experiment campaign was led by the
author. The experiment was performed by the author and other members of Professor Simon
M. Hooker’s research group, together with four members of Professor Florian Grüner’s and
Professor Stefan Karsch’s group, both from the Max-Planck Institute for Quantum Optics in
Garching. All participating members made sizable contributions to the experiments and the
experiment would have not been a success without them. The experiment was setup in col-
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laboration with members from Dr. Stuart P. D. Mangles’ and Professor Zulfikar Najmudin’s
research groups from Imperial College London, for which we are very thankful. The waveg-
uide and its housing, required to create electron beams, and the novel electron spectrometer,
to record the energy of the electron beams, was designed and built by the author prior to the
experiment. Data acquisition for the diagnostics was carried out by an automated system
coded by Dr. Nicolas Bourgeois. All data analysis was carried out by the author, using code
written by the author for this purpose.

The author also participated in a number of experiments that are not presented in this
thesis. These included: an LWFA campaign at the Astra-Gemini laser in June/July 2008
[1, 2]; an experiment to use radio-frequency discharges for capillary pre-ionisation with Dr.
Anthony Dyson in 2009; an experiment with the Max-Planck Institute for Quantum Optics
to use electrical pre-pulses to ionise the capillary gas in 2009; an experiment to measure
the emittance of electron beams in a single shot using pepper-pots and transition radiation
detectors with Dr. Nicolas Delerue in 2009 [3]; and interferometric measurements of the
electron density inside the capillary undertaken with Dr. Thomas Ibbotson in 2009 [4].

All figures are the author’s own work, unless credited otherwise.



Chapter 2

Introduction

In this chapter, a historical introduction of plasma based acceleration using a laser pulse
is given and the theory of laser-driven plasma accelerators is introduced. Techniques and
experiments used in the field to place electrons in accelerating fields and to guide intense
laser pulses conclude this chapter.

Section 2.1 begins with the historical review of key LWFA experiments. The force re-
sponsible for the creation of plasma waves is introduced in §2.2.1 and §2.2.2, and typical
plasma parameters and electric field strength are discussed in §2.2.3. In §2.3, non-linear
effects such as self-focusing (§2.3.2), self-guiding (§2.3.3) and pulse compression (§2.3.4) are
discussed. Pulse compression is accompanied by shifts in the spectrum of the laser radia-
tion and this will be addressed in §2.3.5. Limits on the maximum energy electrons can gain
due to diffraction (§2.4.1), dephasing (§2.4.2), depletion of the laser pulse (§2.4.3), and beam
loading (§2.4.4) are discussed in §2.4. The section will close with a discussion on energy
scaling laws in the linear and non-linear regimes in §2.4.5.

Section 2.5 gives an overview of how electrons are placed in the accelerating fields of
the plasma wave, with a review of techniques and experiments that use these techniques,
such as self-injection (§2.5.1), optical injection (§2.5.2), density transition injection (§2.5.3)
and injection via ionisation potentials (§2.5.4). Step refractive index guiding as well as
gradient index guiding techniques are discussed in §2.6.1 and §2.6.2. The waveguide used
in experiments described in chapters 5 and 6 is introduced in §2.6.3 with a discussion on
plasma channel formation.

2.1 Laser-driven acceleration of electrons in plasma

The great potential of plasma waves for particle acceleration was first recognized by Tajima
and Dawson in 1979 [5]. The longitudinal plasma waves excited by intense laser pulses are
well suited for accelerating charged particles to relativistic energies, because they also prop-
agate with speed near c and can stay in phase with such high-energy particles. Laser-driven
plasma accelerators operate in several regimes, depending on the intensity of the driving
laser pulse, the density of the plasma, and the duration of the laser pulse relative to the
plasma period. A historic review of key experiments from the laser wakefield acceleration
scheme (LWFA) in which the pulse length τ is of order of the plasma frequency is discussed.

5
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Figure 2.1: Electron spectrum from one of the three "dream-beam" experiments from 2004.
The electron beam was accelerated within a laser plasma accelerator using a gas-jet. This
figure was taken from [14].

Other laser plasma acceleration schemes, in operation prior to the advent of laser pulses
with such short pulses — for example self-modulated laser wakefield acceleration [6,7] and
plasma beat wave acceleration [5, 8] — are not described. A comprehensive review of the
physics of these regimes has recently been provided by Esarey et al. [9].

At the time Tajima and Dawson [5] proposed using lasers to accelerate particles the
technology for ultra-short high-intensity laser pulses did not exist. However laser technol-
ogy developed rapidly, most notably through the development of chirped pulse amplification
(CPA) in 1985 [10]. CPA involves stretching the laser pulse in time before amplifying it in
a gain medium. Because the pulse is stretched, previous limits on intensity, which were im-
posed by the damage threshold of the gain medium, are eliminated. After re-compression,
the laser pulse can have a peak power of many terawatts and a pulse duration of below 50 fs.

The advent of CPA has enabled developments in LWFA to be fast. Early work on laser-
driven plasma accelerators [11–13] drove electron energy to greater than 100 MeV but the
generated electron beams had very broad energy spectra. The field took a big step forward
when three groups in 2004 [14–16] reported for the first time quasi-monoenergetic energy
spectra in the 100-200 MeV range with a small energy spread of a few percent. In that work,
the target plasma was formed by ionisation of a gas jet by the driving laser [14, 15], or a
plasma channel formed by additional laser pulses [16]. Fig. 2.1 shows an electron spectrum
from the gas-jet experiment at the Astra laser facility [14].

In 2006, the energy of laser-accelerated electron beams was increased to 1 GeV by guid-
ing the driving laser pulse in the plasma channel formed in a capillary discharge waveg-
uide [17,18]. Fig. 2.2 shows energy spectra for electron beams with energies of 0.5 GeV (bot-
tom) and 1 GeV (top). In the five years that followed, electron beams with 100s of MeV have
been produced by several groups in either capillary discharges or capillary tubes [1,2,19–21]
and in gas jets or gas cells [22–25]. During this period, techniques for controlling LWFA ex-
periments became more commonplace [25–27]. For example, in 2006 counter-propagating
beams were used to control the energy of the accelerated electrons [26]. In 2008, the waveg-
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Figure 2.2: Energy spectra for electron beams with energies of 0.5 GeV (bottom) and 1 GeV
(top) accelerated in a laser plasma accelerator. These single shot electron energy spectra
were recorded in 2006 and taken from [18].

uide used in 2006 to accelerate electrons to 1 GeV, was used without the discharge, which
generated beams that were more stable although they had less energy [28]. Techniques and
experiments which give more control of the accelerated beam are discussed in more detail
in §2.5.

Improving the quality of the accelerated electrons involves not only knowing plasma and
electron beam parameters, but also measuring the properties of the laser pulse transmitted
through the plasma. In 2005, laser pulse shortening of an initially 38 fs short pulse down to
≈ 12fs was observed [29]. The broadened optical spectrum — indicative of pulse compression
— is shown in Fig. 2.3. The amplitude of plasma waves was measured in 2009 by measuring
the wavelength shift [30] and in 2010, asymmetric pulse compression was measured in an
experiment [31], in which the authors scanned the plasma length as well as the plasma
density. The experiments in 2005 and 2010 both measured the pulse duration of the laser
pulse, but neither experiment accelerated electrons simultaneously.

This brings us to the year 2012, in which the current electron beam energy record of
> 2GeV [32] has recently been reported, which is a promising outlook for the future of laser-
driven acceleration of electrons in plasmas.

2.2 Introduction to laser plasma interaction

Tajima and Dawson [5] realized the great potential of laser pulses to accelerate particles in
plasmas in 1979. The concept of how these plasma waves are created is introduced in this
section. The force responsible, the ponderomotive force, is introduced in §2.2.1, the waves in
the non-relativistic regime are discussed in §2.2.2 and the section closes with a discussion
of laser wakefield accelerator parameters in §2.2.3.
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Figure 2.3: Transmitted laser spectra measured for different plasma densities from an ex-
periment performed in 2005. The figure was taken from [29].

2.2.1 Ponderomotive force

The interactions between plasmas and intense laser pulses are often represented in terms
of the normalized electromagnetic vector potential of the laser, a= eA/γmc, and the normal-
ized electrostatic potential, φ= eΦ/γmc2, with A and Φ being the non-normalized potentials
in the Coulomb gauge. The constants e, m, and c are the elementary unit of charge, the
electron mass, and the speed of light in vacuum, respectively and γ is the relativistic factor.
The frequency of the laser will be denoted ω0 in this introduction.

Within the plasmas of interest to LWFA, the number of negatively charged particles
is equal to that of the positively charged. Because electrons are 1836 times lighter than
protons, they move quickly when an electric field is applied. To a very good approximation,
we can treat the ions as being stationary, and consider all of the response of the plasma to be
due to the electrons. The ponderomotive force [33] can be derived by looking at the electron
fluid momentum equation in this approximation:

dp/dt =−e[E+ (v×B)] (2.1)

where p and v are the momentum and velocity. The electric and magnetic fields can be
written as E =−∂A/∂ct and B =∇×A and we will consider the vector potential of the laser
being polarised linearly, e.g. A= A0e⊥cos(k0z−ω0t), where A0 = |Apeak| is the magnitude of
the peak value of A, e⊥ = (1,0,0) is the unit vector in the transverse direction, and k0 = 2π/λ0
is the wave vector of the laser pulse radiation of wavelength λ0 and angular frequency
ω0. Considering the linear limit with a0 = eA0/γmc2 ¿ 1, the second order motion of (2.1)
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Figure 2.4: A plasma is shown schematically in which a section of electrons has been dis-
placed to the right giving rise to electric fields. The figure was adapted from [35].

becomes

dp/dt =−1
4

e2

γmω2
0
∇a2

0 ≡Fp (2.2)

which is the ponderomotive force. The most intuitive derivation of the ponderomotive force
can be found in Dr. Christopher D. Murphy’s thesis [34]. Simply put, the force pushes the
electrons away from regions of high gradients of the intensity; this force is responsible for
driving the plasma waves used to accelerate particles in a laser-plasma accelerator.

2.2.2 Plasma waves

To derive the plasma wave frequency, we will consider a plasma which is overall neutral
with a laser pulse propagating along the x-axis. The ponderomotive force of the laser pulse
pushes the electrons forward in the direction of the laser. When the laser pulse overtakes
an electron, the electron is pulled back by the electrostatic attraction of the ions left behind.
The electrons accelerate towards the ions — the ions will move slightly towards the electrons
but, as we said, we will ignore this — until the electrons overlap with the ions and the force
is zero. Because of their momentum, however, the electrons overshoot their original position
and an oscillatory motion of the electrons around the ions is set up. The frequency of the
oscillation is known as the plasma frequency ωp.

Fig. 2.4 shows schematically a plasma in which electrons have been displaced by a dis-
tance x, for example by a laser pulse. As described in [35] we will consider the number of
ne electrons in the volume of length y and z which is displaced by a distance x. The field by
which they are attracted towards the ni ions can be calculated using Gauss law. At position
x, it is

E · y · z = ne · e · x · y · z
ε0

, (2.3)

where ε0 = 8,8542×10−12 AsV−1m−1 is the electrical field constant. Using Newton’s second
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law of motion we find that

F = γmd2x/dt2 =−eE =−nee2

ε0
x. (2.4)

We find the motion to be harmonic with the angular frequency

ωp =
√

e2ne

γmε0
(2.5)

and ωp is the previously introduced plasma frequency. Electron plasma waves are longi-
tudinal electrostatic waves and, as seen in Eq. (2.5), only depend on the density ne of the
plasma. This is an oversimplification, due to the fact that, we considered the non-relativistic
case in the cold plasma limit and that collisions are neglected. This is warranted, as the time
τei between collisions of electrons and ions is large compared to the oscillation motion i.e.
ωpτei À 1.

2.2.3 Laser plasma accelerator

The plasma density wave set up by the laser pulse is known as a “plasma wakefield". This
wakefield trails the laser pulse as it travels through the plasma with the group velocity

vg ≈ c

(
1−

ω2
p

ω2
0

)1/2

(2.6)

where ω0 is the laser frequency. The phase difference between a region in which the wave
starts at t = t1 and a region where it starts at t = t2 is given by ∆Φ= vg

λp
(t2− t1) and the laser

drives a plasma wave at relativistic phase velocity vph = vg with a plasma wavelength of

λp =
2πvg

ωp
. (2.7)

In order to estimate the electric field of the plasma wave E, we will consider a square
pulse and limit the discussion to the linear limit — in which the vector potential of the
laser field a0 = eA0/γmc ¿ 1. The leading edge of the laser pulse will perturb the plasma
over roughly a time ∆t =∆x/c, while propagating the distance ∆x. In that time, the vector
potential of the laser field rises from zero to a0 and the ponderomotive force multiplied by
the time gives us the momentum of the electrons:

px = F∆t ≈−1
4

e2

γmω2
0

a2
0

∆x
∆t ≈−1

4
e2

γmω2
0c

a2
0 (2.8)

As described in §2.2.2 this leads to a longitudinal oscillatory motion of the electrons with
frequency ωp and hence a longitudinal oscillation of the amplitude of the electric field. The
momentum of the plasma electrons in the wave becomes

px(t)= F∆t×cos(ωpt)=−1
4

e2

γmω2
0c

a2
0 cos(ωpt). (2.9)
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This momentum is caused by the ponderomotive force of the laser pulse and the electric field
the electrons experience due to the plasma wave can be written as

Ex =−1
e

dpx

dt
= 1

4
e

γmω2
0c

a2
0ωp cos(ωpt). (2.10)

The peak accelerating field is given by

E0 = 1
4

e
γmω2

0c
a2

0ωp (2.11)

and hence proportional to ωp. These electric fields within the plasma wave can reach magni-
tudes three orders of magnitude higher than the limit on conventional accelerators. In 1959,
Dawson [36] introduced an equation to calculate the peak electric field before the plasma
wave “breaks",

EWB
0 ≈ 96

p
ne. (2.12)

which is referred to as the “cold non-relativistic wave-breaking" field with the plasma den-
sity ne in units of cm−3. Wavebreaking occurs when the electron fluid velocity of the plasma
approaches the velocity of the plasma wave. For typical plasma densities present in LWFA
experiments of the order of ne ≈ 1×1018 cm−3, the electric fields become EWB

0 ≈ 100GV/m.

2.3 Non-linear effects

The interaction between the laser pulse and the plasma during the propagation in the
plasma not only affects the plasma, vice versa the laser pulse is influenced by the plasma.
The non-linear effects relevant to this thesis are discussed in this section, which encom-
passes non-linear plasma waves (§2.3.1), self-focusing (§2.3.2), self-guiding (§2.3.3), tempo-
ral pulse compression (§2.3.4) and the effect on the laser spectrum (§2.3.5).

High intensity laser pulses can experience strong evolution as they traverse through the
plasma. This evolution is mainly governed by the variations of the index of refraction of the
plasma, η, which is given by

η=
√√√√1− ω2

p

ω2
0
≈ 1− nee2

2γmε0ω
2
0

(2.13)

where the approximation holds if ω0 À ωp. The following paragraphs describe some of the
phenomena and are explained most easily with Eq. (2.13).

2.3.1 Non-linear plasma waves

As seen in §2.2.3, plasma waves in the linear regime are sinusoidal. If the laser pulse driving
the plasma waves has sufficiently high intensity the plasma waves become non-linear. For
high laser intensities, such that a0 > 1, the electrons’ velocity — also called quiver velocity
— becomes relativistic and the electric field loses its sinusoidal form and steepens. This is
shown in Fig. 2.5 where the electric field and the density perturbation are shown for the
case of a0 = 2. The electric fields are now sawtooth shaped and the plasma wave can sustain
larger electric fields.
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2.3.2 Self-focusing

In the absence of non-linear effects (a0 < 1), a laser pulse focused into a uniform plasma will
diffract. At higher intensities the laser forces electrons to relativistic energies, which has
the effect of increasing their mass due to the γ factor; this, in turn, affects the refractive
index experienced by the laser, as seen in Eq.(2.13). For a laser pulse with a radial profile
a(r)= a0e−r2/2σ2

, Eq. (2.13) can be written as [38]

η=
√√√√1− ω2

p

ω2
0

√
1+a(r)2/2

(2.14)

and η is peaked on axis. The phase velocity vph = c/η of the pulse traversing the plasma can
then be approximated by

vph = c
η
≈ c

[
1+

ω2
p

2ω2
0

(
1− a(r)2

4

)]
. (2.15)

One can see that the phase front at the peak intensity, i.e. at the centre of the beam trav-
els at a speed that is less than on its sides. This will cause the laser pulse to focus. A
laser pulse with sufficient power can therefore experience relativistic self-focusing which
cancels diffraction and the pulse can be guided over many Rayleigh lengths without a guid-
ing structure such as a waveguide. The power requirement for self-focusing [39] to balance
diffraction requires the power of the laser to be greater than the critical laser power Pc and
can be expressed [40] as

P0 > Pc = 17.4
ω2

0

ω2
p

[GW]. (2.16)

This condition is necessary for self-focusing but not sufficient for the laser pulse to be so-
called self-guided.

Figure 2.5: Density variations (dashed line) and electric field (solid line) in the non-linear
regime. This figure was adapted from [37] where the laser pulsed traversed from the left to
the right.
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2.3.3 Self-guiding

Eq. (2.16) is valid for long laser pulses, but in many laser-plasma experiments τ<λp, and in
such cases, the behaviour is more complicated. For short laser pulses, the effect on η of the
increase in electron density at the front of the laser pulse — due to the ponderomotive force
— are canceled out by the effect on η of the relativistic mass increase of the electrons. This
can be seen by taking Eq. (2.13) from which we know that the refractive index is dependent
on the intensity of the laser pulse — described by either γ or a0 — and the electron density
ne. Mori [41] shows this dependence in a very useful way by rewriting Eq. (2.13) into the
change in refractive index, δη, with density and intensity and find that

δη∝|a2
0|/4−δn (2.17)

where δn is the density change normalized to the ambient plasma. Sprangle et al. [42] use
this to find that, for a0 < 1, the first term cancels the second and so the change in refractive
index produced by the density increase is annihilated by the intensity increase meaning
that, in the absence of external guiding, the head of the laser pulse diffracts essentially
freely.

To limit the effect of a diffracting head of a laser pulse, Lu et al. [43] estimate the laser
power required. They show that a laser pulse self-focuses to a spot size of wsf = 2c

p
a0/ωp

and that such a pulse of power P has a normalized vector potential of a0 = 2(P/Pc)1/3. Al-
though the front of a short laser pulse propagating through a plasma diffracts more or less
freely, the pulse can be said to be "self-guided" if the rate of erosion of the leading edge of
the pulse by diffraction is slower than that caused by the transfer of the laser energy to the
plasma wave. Lu et al [43] found that self-guiding requires that a0 > (ω0/ωp)2/5 which leads
to a requirement of a minimum peak power of

P & Pdiff
c = 1

8

(
ω0

ωp

)6/5
Pc (2.18)

Since ω0 > ωp for the pulse to traverse the plasma, Pc < Pdiff
c , meaning that in the absence

of a waveguide relativistic self-guiding requires a laser power above Pc.

2.3.4 Pulse compression

Gordon et al. [44] point out that Eq.(2.17) equates to zero only at the front of the pulse:
because the density at the back is lower — the ponderomotive force which increases the
density at the front will ensure that fewer electrons are present at the back and centre — η

at the back is increased compared to η at the front. Because the group velocity vg = cη, the
back of the pulse moves faster than the front and the pulse compresses from the back.

A simple model to analytically describe the rate of compression of a short pulse (τc <λp)
can be derived by taking two points within a laser pulse separated by τ, one at the front and
one at the back. Schreiber et al. [31] argue that the refractive index change over one plasma
period is constant i.e. δη/δx ≈ (ηmin −ηmax)/cτ. Having propagated over a distance L with
different group velocities vF

g and vB
g , the separation between the two points changes with

c∆τ/L = (vF
g − vB

g )/c = (ηF −ηB) ≈ cτδη
δx . For n0 ¿ nc where nc is the critical plasma density
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Figure 2.6: The figures shows the laser pulse (black solid line) traveling from left to right,
causing the plasma density change (grey fill) and refractive index (green line). The re-
fractive index gradient is shown in a colour scale varying from red (decelerating gradi-
ent) to blue (accelerating gradient) through white (zero gradient). The figure was adapted
from [45].

nc = ω2meε0
e2 above which the plasma cannot sustain waves of frequency ω, the refractive

index can be written as η ≈ 1− 1
2 (ne/γnc). For a0 > 1, ηmax ≈ 1 and ηmin ≈ 1− ne0

2nc
and the

temporal pulse length evolution can be estimated as

τ= τ0 − ne0x
2cnc

, (2.19)

where ne0 is the initial plasma density.

For laser pulses that are longer than the plasma wavelength (τc >λp), the electron den-
sity perturbations caused by the laser pulse will diffract, focus, and compress the laser
pulse at different points along the axis of the laser pulse. Where the density is high, η is
low and vice versa. This so-called “self-modulation" of long laser pulses at a period of λp
leads to pulse break up longitudinally and each pulse-let compresses and intensifies in its
respective plasma bucket.

2.3.5 Spectral shifts

The change in refractive index which causes the temporal pulse compression also distorts
the laser spectrum. This is necessary, because both are related via Fourier transform, and
a compressed pulse must have a broader optical spectrum than the original, uncompressed
pulse. As was done in [45]1, the change in the spectrum can be derived by observing two
phase fronts separated by 2π, which are separated by the laser wavelength λ propagating
though the plasma. The change in wavelength is given by

dλ
dt

=−λc
η

dη
dz

(2.20)

and the change in frequency is given by

dω
dt

=−ω
η

dη
dt

. (2.21)

Eq.(2.20) and Eq.(2.21) illustrate that a temporal change in η will lead to a frequency shift
while a spatial change in η will lead to a change in the wavelength.

1In addition to this derivation from [45], the thesis of Christopher D. Murphy [34] has an excellent qualita-
tive explanation of spectral shifts — called photon acceleration in his thesis — in section 5.2.2.
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In LWFA experiments, the typical pulse length is shorter than the plasma wavelength
(cτ < λp). This scenario is shown in Fig. 2.6 (a), in which the change in refractive index is
negative (dη

dz < 0), which causes the front of the pulse to be red-shifted (dλ> 0). Fig. 2.6 (b)
depicts a pulse with cτ ≈ λp, which causes the back of the pulse, where dη

dz > 0, to be blue-
shifted (dλ < 0). In this case, red-shifting can still be observed, which originates from the
photons at the front of the pulse. Fig. 2.6 (c) shows the case in which ionisation of un-ionised
species causes the pulse to be blue shifted (dλ < 0), because the refractive index change —
this time at the front — is positive (dη

dz > 0).

2.4 Limitations and energy scaling

While one could think that acceleration and energy gain is limited by the length of the
plasma and the strength of the electric field alone, there are more limitations on the maxi-
mum electron energy. Diffraction, electron de-phasing with the accelerating fields and the
depletion of the energy in the laser beam are discussed in §2.4.1 to §2.4.3; beam loading
which limits the charge and accelerating fields is introduced in §2.4.4. The effect these lim-
itations have on the maximum energy electrons can gain is discussed in a section on energy
scaling in §2.4.5.

2.4.1 Diffraction

Laser pulses for LWFA experiments are focused down to spot sizes, so that the intensity of
the laser is maximized. The propagation of the laser pulse with a Gaussian radial intensity
profile

I(r, z)= I(0, z)e−2r2/W(z)2 (2.22)

moving along the z-direction is given by

W(z)=W0

(
1+

(
z

ZR

)2)1/2

. (2.23)

Here, ZR = πW(0)2/λ is the Rayleigh length, and W0 is the spot size. The spot size is most
commonly defined as W0 =

p
2σ, where σ is the radius of the laser beam at which the inten-

sity in the laser pulse has dropped to 1/e of its peak value.

The laser pulse diffracts and its peak intensity, given by

I(0, z)= I(0,0)
1+ (z/ZR)2 , (2.24)

drops with propagation distance and thus an unguided laser pulse will drive a wakefield for
only the length of the order of the Rayleigh range ZR.

2.4.2 De-phasing

In a uniform plasma the phase velocity of a laser-driven plasma wave is close to, but slightly
less, than c since the laser pulse propagates with a group velocity vg = ηc < c. The small
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difference in the velocity of the accelerated electrons, which for relativistic energies is very
close to c, and the velocity of the plasma wave causes the accelerated electron bunch to
outrun the plasma wave. The electron bunch moves from an accelerating phase to a decel-
erating one after the dephasing length Ld which will be derived in the following paragraph.

The difference in the velocity of the electron and the laser pulse can be written as

∆v = c− c
√

1− (
ω2

p/ω2
0
)≈ cω2

p

2ω2
0

. (2.25)

In linear theory, the accelerating part of the fields are λp/2 long and the time electrons
remain in the accelerating part before slipping in decelerating parts is given by

td =
λp/2
∆v

, (2.26)

and hence one can derive an expression for the linear “dephasing length" Ld which is

Ld = ctd = c
λp/2
∆v

=
λ3

p

λ2
0

. (2.27)

For non-linear plasma waves, i.e. wakefields driven by laser pulses with a normalized
vector potential a0 > 1, the dephasing length can be written [43] as

Lnl
d = 2

p
a0

3π

λ3
p

λ2
0
= 2

p
a0

3π
Ld (2.28)

2.4.3 Depletion

The energy to create the plasma wave is of course provided by the driving laser pulse and,
because of energy conservation, the pulse loses energy while traveling through the plasma.
Gordon et al. [44] expressed the length for the laser to lose all its energy in terms of the
linear dephasing length:

Lpd =
Ld

2a2
0

, (2.29)

where “pd" stand for “pump depletion", and for a0 ¿ 1, Lpd > Ld.

In the non-linear case, the cavity behind the laser pulse enables the laser pulse to only
engage the plasma at the front because the back sits basically in vacuum. This means that
the depletion of the laser pulse happens at the front — the so-called “etching" of the pulse
front [46] — from which photons are strongly decelerated and the pump depletion length for
the non-linear case can be written as

Lnl
pd ≈

λ2
p

λ2
0

cτ=
(

3π
2
p

a0

cτ
λp

)
Lnl

d . (2.30)



CHAPTER 2. INTRODUCTION 17

2.4.4 Beam loading

The electric fields inside the plasma wave are weakened by the fields of trapped electrons.
This process is called “beam loading" and puts a limit on the number of accelerated electrons
and the quality of the accelerated beams. The maximum number of electrons that can be
“loaded" into a bucket was estimated by Katsouleas et al. [47] for the linear regime to be

Nmax ≈ 5×105 Emax

E0
A
p

ne (2.31)

where A is the cross sectional area of the electron bunch in cm2, Emax = a2
0/2γ [9], and ne is

given in cm−3. Non-linear beam loading was more recently derived by Tzoufras et al. [48,49].

2.4.5 Energy scaling

The maximum energy electron gain, while being accelerated, before slipping into decelerat-
ing fields within the wakefield, can be calculated using the definition of work

W =
∫

F(x)dx =−e
∫

E(x)dx. (2.32)

From eq. (2.11) we know that the peak accelerating field is proportional to ωp and we will
find the maximum energy gain over one dephasing length in the linear regime to scale with
1/ω2

p or the inverse of the plasma density 1/ne.

Assuming electrons are trapped at x = 0, we estimate the energy gain over one dephasing
length in the linear regime, which can be calculated with

∆Wmax =−e
∫ Ld

0
E(x)dx =−e|Ex|Ld ∝

a2
0

ne
. (2.33)

Eq.(2.33) shows that lower plasma densities enable higher energy gain within a dephasing
length because ∆Wmax ∝ 1/ne. This is beneficial and, hence, much work is put into using
plasma waves at low plasma densities to accelerate electrons.

When the intensity of the laser is increased, the ponderomotive force can expel electrons
from the centre of the laser propagation axis. For high enough intensities, all electrons
are expelled, forming a cavity — in which only ions remain — which trails the laser pulse.
This so-called “bubble" regime — often called blow-out regime — was described in 2002 by
Pukhov et al. [50] and, in 2007, Lu et al. derived scaling empirically from simulations done
for values of a0 > 2 [43]. They considered a laser whose spot has self-focused to wsf and
found that it is approximately equal to the blowout radius Rb ≈ p

a0λp/π. For the energy
gain over one dephasing length they find that

∆Wnl
max =

2
3

mc2

e
a0
λ2

p

λ2
0

, (2.34)

which depends on the plasma density as well as the laser power.
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Figure 2.7: Phase-space trajectories of test electrons with different initial energies and their
behavior within the fields of the plasma wave. The x-axis can be re-written as the phase in
units of π, (k0x−ω0t)/π. The figure was taken from [52].

2.5 Trapping and injection control

So far we have discussed the idea of accelerating electrons in a plasma wave, however we
have not discussed the process of how electrons find themselves in the accelerating part
of the wave, so-called “trapping". In the linear regime, electrons from the plasma cannot
be trapped; however, at higher intensities of the laser pulse, electrons can be injected and
accelerated. Early results of quasi mono-energetic beams [14–16], GeV-scale electron beams
[17, 18] and the most recently reported electron beams with energies > 2GeV [51] used an
injection mechanism called “self-injection". It cannot be easily controlled and spread in
energy can be large. Energy spread and the stability of absolute energy and charge can
be improved by using methods which control the injection. The idea behind controlled or
triggered injection is to decouple the injection mechanism from the acceleration part and
control the phase space in which electrons are injected and the amount of charge injected,
which usually leads to higher quality beams. In this section, we introduce the mechanism
of trapping electrons via a method used for this thesis (§2.5.1), namely self-injection, and
several other methods employed by other experiments which have decoupled the injection
process from the acceleration process.

2.5.1 Electron trapping and self-injection

The process of electrons remaining in accelerating fields for long enough to be accelerated
is called “trapping". It is best described by using the phase-space picture of a plasma wave
as shown in Fig. 2.7. It shows the phase-space trajectories of test electrons — which have
different initial energies — and their behavior within the fields of the plasma wave. Elec-
trons with an initial velocity smaller than the velocity of the wave (black trajectories) slip
back with respect to the plasma wave. Electrons with energies much higher than the wave
velocity will overtake the wave. The electrons which propagate with the same phase veloc-
ity as the wave are propagating on the so-called separatrix (dotted red line), an orbit which
separates untrapped and trapped electrons. Electrons with slightly higher phase velocities
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will become trapped and orbit in the phase space (white trajectories). In 2006, Schroeder
et al. [53] found that the minimum trapping velocity is dependent on the plasma density
and the laser intensity, because the electric field in the wakefield depends on these quanti-
ties. For higher laser intensities and higher plasma densities, electrons with lower velocity
become trapped: the density dependence can be understood by realizing that for higher
plasma density the wave velocity is reduced, and, for higher intensities, the separatrix be-
comes larger and allows slower electron to become trapped.

For linear plasma waves, electrons in the background plasma cannot become trapped
because their initial momentum is too low. However when the plasma wave breaks — a
process introduced in §2.2.3 — electrons from the background plasma can gain velocities
that exceed the wakefield phase velocity and stay within one plasma bucket. This process
cannot be controlled easily, but does allow experiments without a dedicated mechanism for
injection to accelerate electrons. The mechanism of injecting electrons via wave-breaking is
called self-injection.

2.5.2 Optical injection

Separation of the injection and the acceleration phase can be achieved by using not one
but two laser pulses. This second laser pulse — called the injector pulse — is counter-
propagating the laser pulse, which creates the plasma wakefield — here called the pump
pulse. The injection pulse energy is much less than the pump laser, but when they overlap
they form a beat wave with a slow phase velocity. Electrons from the background plasma
are accelerated by the force of the beat wave and can reach the injection threshold. When
the pump laser intensity is chosen so that wave breaking does not occur, electrons are solely
injected at the overlap of the two lasers. By scanning the overlapping point along the pump
laser axis the energy can be scanned easily given a certain plasma length. By scanning the
length and intensity of the injection pulse, the charge of the beam can be controlled.

In 2006 Faure et al. [26] first demonstrated this approach within a 2 mm short gas jet by
accelerating electron beams to energies of 125 MeV with an energy spread of 9 % (Fig. 2.8).
Electron beams with energy spread of only 1 % were obtained by the same group in 2009
by Rechatin et al. [54]. A drawback of this counter-propagating method is that the counter
propagating injector pulse can propagate through the pump pulse laser system and destroy
parts of it.

2.5.3 Density transitions

In 1998, Bulanov et al. [55] suggested using plasma density gradients with density decreas-
ing in the laser direction to control injection, so-called density “down ramps". The decreasing
density of the plasma will increase the plasma wavelength along the laser propagation di-
rection and the wake front trailing the laser will slow down. The decreasing phase velocity
of the wake front lowers the minimum velocity the electrons need to reach before they can
be trapped.

The first mono-energetic beams achieved with this technique were presented by Geddes
et al. [56] in 2008. In this paper, the authors presented electrons of energies < 1MeV.
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Figure 2.8: A quasi mono-energetic electron spectrum obtained by colliding pulse injection.
The peak energy is 125 MeV and the energy spread is 9 %. This figure was taken from [26].

To realize the density ramp, the laser was focused at the decreasing density edge of the
gas jet rather then at the middle part in which a constant density is present. Because
the acceleration length was small, and hence the energy gained by the electrons was low,
the authors suggested using the technique in combination with a secondary plasma stage
for acceleration. The injection mechanism was therefore decoupled from the acceleration
part. Coupling a density down-ramp to an accelerating stage was realized by the same
group in 2011 by Gonsalves et al. [57]. The authors positioned the gas jet inside and at
the beginning of the capillary discharge waveguide previously used in the 2006 experiments
which achieved an 1 GeV beam with 2.5 % energy spread [17]. Gonsalves et al. used a 40 TW
laser system to accelerate electron consistently to 400 MeV with only a few percent energy
spread. By adjusting the density or the position of laser focus they could scan the energy of
the electrons between 100 and 400 MeV.

In 2010 Schmid et al. [58] used a sharp density transition produced by a shock front
inside a gas jet to inject and accelerate electrons to energies between 15 to 25 MeV with
charges of 3.3 pC. The authors show that the energy spread and divergence is slightly re-
duced when using the shock front.

2.5.4 Ionisation-induced injection

Another idea to inject electrons, only recently employed by experiments, was proposed by
Umstadter et al. [12] in 1996. So-called ionisation-induced injection uses the difference in
ionisation potential within an atom/molecule or between different species of atoms/molecules
to ionise electrons at the right phase within the wakefield. To understand the method, we
consider a short and intense laser pulse propagating through a gas. The gas is comprised
of a low-Z gas e.g. hydrogen and a small amount of high-Z gas e.g. nitrogen. The front part
of the laser pulse will fully ionise the hydrogen molecules and the outer shell electrons of
the nitrogen. These electrons form the wakefield. For well-chosen parameters of plasma
density and laser intensity, electrons will not be injected. However, electrons still bound by
the nitrogen core can be ionised at the peak of the laser pulse, and are placed within the
accelerating field of the wake. These electrons are ionised at rest — i.e. "born" — and come
from the inner shells of the nitrogen molecule. The theory of ionisation-induced injection
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Figure 2.9: Electron spectra from ionisation induced injection experiment. (a) Electron
beam spectra from injector-only gas cell (top) and two-stage cell (bottom). (b) Electron spec-
tra from two-stage injector-accelerator cell (blue curve) and the injector-only cell (red curve).
This figure was taken from [25].

was recently summarized and modeled in [59].

First experimental evidence of this process in LWFA was published by Rowlands-Rees
et al. [60] in 2008. In 2010, Pak et al. [27] and McGuffey et al. [61] used this technique
specifically to accelerate electrons. However the energy spread was large in these early
experiments due to the fact that electrons born on-axis experience a greater change in the
wake potential than those born off-axis and also due to the continuous injection of electrons
while the laser propagates through the gas mix. Clayton et al. [62] used this method in late
2010 to achieve a maximum energy of 1.45 GeV; however, as in the previous experiments,
the energy spread was large.

To avoid the continuous process of injection, two groups employed accelerators with two
stages; the first stage works as an injector and within the second stage, the electrons are
accelerated. In 2011, Pollock et al. [25] used a gas cell filled with helium gas and an impurity
of high-Z gas to inject electrons (Fig. 2.9). Once injected, the electrons traversed into a
second plasma without impurities and accelerated to ≈ 500MeV with 5 % energy spread.
A similar set-up was used by Liu et al. [24] to accelerate electrons to 800 MeV with 25 %
energy spread.

2.6 Guiding intense laser pulses with waveguides

The need for guiding laser pulses was illustrated in §2.4.1, where Rayleigh diffraction was
introduced. In Fig. 2.10 the laser spot size as a function of propagation distance is shown
and it can be seen that without guiding the laser spot increases rapidly. While self-focusing
can achieve guiding over many Rayleigh lengths, the power requirements for the driving
laser pulse are higher than when using external guiding structures as explained in §2.3.3.
In addition, channels enable guiding for low to moderate values of a0, where self-guiding
is not possible, as described by Tzoufras et al. [63]. For such values of a0 the efficiency of
the accelerator is much higher, and therefore, channel guiding has been employed by many
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Figure 2.10: Simulations for a laser spot size as a function of propagation distance cτ for (a)
vacuum diffraction, (b) a pulse with cτ= λp/4, and (c) a pulse with cτ= λp. The simulation
assumes the laser power being equal to the critical power P = Pc, and a0 = 0.9, with λp =
0.3×10−3 m. (d) The laser pulse from (c) is shown guided in a preformed, parabolic plasma
density channel. The figure was taken from [40].

groups.

This section will introduce several techniques to guide laser pulses — a detailed overview
of waveguides can be found in [64] — before introducing the capillary discharge waveguide
in §2.6.3, which was first used for LWFA experiments by Professor Simon Hooker and Dr.
Anthony Gonsalves in 2006 [17]. Improvements to this original design are discussed in
chapter 4.

2.6.1 Step refractive index guiding

A cylindrical waveguide, in which the core material has a refractive index ηcore larger than
the index of refraction of the wall ηwall , can guide laser pulses over many Rayleigh lengths.
Guiding happens via total internal reflection at the walls. However, in LWFA experiments
the core must comprise gas or plasma, for which η ≈ 1. Suitable materials with η < 1 do
not exist to form a guiding structure, although guiding can be achieved in hollow-core cap-
illaries, as first discussed in 1999 by Dorchies et al. [65]. The laser pulse ionises the gas
and the refractive index of the plasma becomes ηplasma < 1. For the capillary tubes usually
used in LWFA, total internal reflection is not possible under these circumstances. However,
choosing to minimize the angle of reflection, guiding can be achieved via grazing incidence
guiding.

Benefits of these capillary tubes are, that they can guide very small laser spot sizes
over many Rayleigh lengths, and that the guiding structure is independent of the plasma
present since guiding structure and plasma formation are uncoupled. However, since the
hollow core tubes guide by reflection from the capillary walls a drawback is that damage to
the wall can occur by the interaction of the wings of the laser pulse. For laser pulses used
in LWFA, the intensity is peaked on axis and decreases towards the wall, which minimizes
this damage.
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In the paper by Dorchies et al. [65], laser pulses with intensities of 1016 W/cm2 were
guided in capillary tubes of 100 mm length. A subsequent publication in 2002 by Cros et
al. [66] calculated the Eigenmodes of capillary tubes. The amplitude of the plasma waves
driven in hollow capillaries was measured by the same group in 2009 by Wojda et al. [30]
by measuring the wavelength shift and comparing it to theoretical calculation by Andreev
et al. [67]. This experiment achieved laser transmission of up to 90 % over 80 mm with laser
pulses of 1018 W/cm2.

In 2011, the capillary tubes were used [20,68] to accelerate electron beams with energies
of 170 MeV. The waveguides used had diameters between 150 and 250µm and lengths of
6-20 mm. In this paper, the authors also employed betatron radiation, from the electron
beams, as diagnostic of electron injection.

2.6.2 Gradient index guiding

An electron density profile with minimum on axis can counteract diffraction and guide laser
pulses. This is utilized in a plasma channel, where the radial profile of the plasma channel is
of parabolic form and the laser beam stays Gaussian during propagation. The phase velocity
will increase with distance from the axis, causing the wavefronts to bend towards the axis.
The difference in plasma density between the bottom of the channel and at position rch can
be expressed as [69]

∆ne = 1
πrer2

ch

(2.35)

where re is the classical electron radius. If the laser spot w0 is equal to the matched spot of
the channel, given by [40]

WM =
(

r2
ch

πre∆ne

) 1
4

, (2.36)

the laser propagates through the channel without oscillations. If w0 6= WM a oscillatory
motion can be found [64], in which the size of the spot oscillates according to
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However, an unmatched laser spot can still be guided through the plasma channel. Plasma
channels of this type have been generated by several methods, some of which are discussed
below.

Laser produced plasma channels

Early methods of laser produced plasma channels were suggested by Durfee et al. [70] in
1995 and Volfbeyn et al. [71] in 1999. The ignitor-heater technique from [71] was used in
2004 by Geddes et al. [16] to create quasi-mono-energetic energy beams (Fig. 2.11). The
technique works on the principle of using more than one laser pulse to decouple the process
of plasma formation and plasma heating which forms the channel. A short intense laser
pulse is used to ionise the gas, while the heating pulse is much longer and lower in inten-
sity but higher in energy. The plasma heats through the process of inverse bremsstrahlung
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Figure 2.11: Single-shot electron beam spectrum and divergence. The electrons were accel-
erated to 86 MeV with a divergence of 3 mrad. The figure was taken from [16].

absorption. This causes a fast hydrodynamic expansion of the plasma into the surrounding
and unheated and hence cold region, which in turn drives a shock wave. After an appro-
priate delay, typically a few nanoseconds, the electron density is minimal on axis and forms
the ideal waveguide profile for the third laser pulse which drives the wakefield and enables
acceleration.

The gas-based guiding ensures destruction free guiding because every shot a new waveg-
uide is being created by the plasma. While the technique works well in gas-jets with densi-
ties of 1019 cm−3, the heater pulse does not transfer enough energy to the plasma at densities
of 1018 cm−3 in a time short compared to the plasma expansion. The channel is also not only
limited by the length of the gas jet, but also by the expansion of the higher density region
away from the axis which forms the walls of the channel; while they are expanding with
time, and hence provide a time dependent matched spot size of the channel, they are also of
finite density and radiation leaks through them. Available laser power to heat the plasma
also limits the channel length.

Discharge ablated capillaries

The method using the discharge ablated capillary, pulses a current of roughly 200 A and
500 ns through a capillary via an electrical discharge. The plasma source is material from
the walls of the capillary, which slowly erodes. Heat flows to the capillary wall, leading
to a temperature profile which is peaked on axis. Since pressure differences are minimal
transversely, the density profile has a minimum on axis, and this capillary can be used to
guide laser pulses. The advantages are that the set-up is relatively simple for no gas needs
to be supplied as plasma source. However usually a capillary lasts for roughly 103 shots
before having to be replaced. Another problem is that the plasma is partially ionised — an
intense laser pulse then leads to further ionisation and hence defocusing [72]. In 2002 Zigler
et al. [73] showed guiding of laser pulses using this technique. But it was an experiment
by Kameshima et al. [74] in 2008 which demonstrated electron acceleration in an ablated
discharge capillary for the first time. Here a laser pulse of 4 J with a pulse length of 26 fs
was used to accelerate electrons to above 0.5 GeV with charges of about 10 fC.
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Fast discharge gas cell

A new approach to guiding a laser pulse via a channel was introduced by Bendoyro et al. in
2008 [75]. Their structured gas cell produced the plasma via an electric discharge between
two hollow conic electrodes. The plasma channel was kept straight by introducing dielec-
tric plates along the discharge path. The ionised plasma cylinder created then expands
almost freely and creates a radial parabolic density profile. This again creates the density
profile with minimum on axis for high intensity laser guiding. The “fast" in the name of
the technique refers to the fact that the current pulse is short compared to the plasma ex-
pansion time, and hence it is related to the hydrodynamic expansion channel introduced in
1995 [70]. Initial results show that this device can guide a low intensity laser pulse over al-
most 17 mm with nearly 100 % energy transmission. The possibility of creating longitudinal
variation of plasma density is one of the advantages of the device. These are implemented
by changing the fill pressure of individual cells. The device has recently been used at the
Astra-Gemini laser facility. The group lead by N. Lopez presented electron beams with en-
ergies of 400-700 MeV from a 40 mm gas cell and evidence of energy gains up to 2 GeV were
observed [51].

2.6.3 Capillary discharge waveguide

The capillary discharge waveguide used in experiments described in chapters 5 and 6 is
introduced. It belongs to the waveguides which use gradient index guiding. Here, previous
work is reviewed and the process by which it produces the plasma channel is described. In
chapter 4 improvement to its electrical circuit and housing are described in detail.

Previous work

The hydrogen-filled capillary discharge waveguide was originally developed by Professor Si-
mon Hooker, Dr. David Spence [76] and Dr. Arthur Butler [77]. With the Astra laser of the
Rutherford Appleton Laboratory (RAL), Butler et al. proved the viability of the capillary to
guide fs-short high-intensity laser pulses with high energy transmission [78]. Later work, in
collaboration with Professor Wim Leemans’ group at Lawrence Berkeley National Labora-
tory (LBNL), used this waveguide to extend the acceleration length of a laser-driven plasma
accelerator and thereby generated an 1 GeV electron beam for the first time [17, 18]. This
experiment was performed using a laser pulse of 1.4 J energy and a 33 mm short waveguide.
In 2007, Gonsalves et al. [79] furthered the understanding of the plasma channel by pub-
lishing scaling laws of the axial plasma electron density and the matched spot size of the
plasma channel deduced from interferometric measurements of the channel.

In 2008, Rowlands-Rees et al. [60] performed an acceleration experiment at RAL with
laser pulses of 0.6 J which demonstrated that the injection of electrons is very sensitive to
the delay between the onset of the discharge and the arrival of the laser pulse. Using inter-
ferometric measurements, this publication suggested that injection of electrons is helped by
laser-ionisation of unionised molecules in the plasma. Another experiment was performed
using the newly built Astra-Gemini laser at RAL in 2010 and Fig. 2.12 (b) and Fig. 2.12
(f) show the result of an electron beam with an energy above 500 MeV. Ibbotson et al. [1, 2]
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Figure 2.12: Raw electron energy spectra (left column) and the spectra in units of charge
per relative energy spread (right column). The figure was taken from [1].

showed that injection depends strongly on the quality of the laser focal spot. By improving
the quality of the laser focal spot, the authors found that the threshold for laser energy
required to produce electron beams can be reduced.

Plasma channel formation

The process of plasma channel formation was discussed in 1996 by Zigler et al. [80]. They
argue that during the discharge the pressure is constant across the capillary since the time
taken for an acoustic wave to cross the capillary is short compared to the time over which the
current changes. The discharge increases the temperature of the plasma by ohmic heating
but heat is lost to the capillary walls. This establishes a temperature profile inside the
capillary which is peaked on axis. Because the pressure is constant across the capillary the
density profile has a minimum on axis and forms an ideal profile to guide laser pulses.

In 2001, Bobrova et al. [81] simulated the hydrogen-filled capillary discharge waveguide
which confirmed Zigler’s model. The simulations show that the discharge progresses in
several steps: (i) initially the 300 A, 200 ns short discharge ionises the hydrogen molecules,
which raises the plasma density uniformly across the capillary and lasts for 30 ns; (ii) the
ions are cooled by the wall of the capillary; (iii) the cooled ions reduce the temperature
of the electrons around the walls and the temperature and thus plasma density profile is
formed over roughly the next 30 - 60 ns. They further found that because the ionisation
level of the plasma is lower close to the walls, the conductivity of the capillary is higher
on axis. This leads to a higher current level in the centre of the capillary – and to higher
temperatures on the axis — which in turn deepens the parabolic plasma density profile
needed for guiding. Later simulations by Broks et al. [82] confirmed the main features
of this model, and were also used to reproduce interferometrically measured transverse
electron density profiles [79].



Chapter 3

Charge calibration experiment

From the middle until the end of March 2009, an experiment was conducted at the DAFNE
beam test facility (BTF) in Frascati, Italy. The aim of this experiment was to calibrate two
kind of detectors, image plates and scintillating screens, which are often used in LWFA
experiments. In §3.1, a motivation for why these calibrations were needed is given with a
discussion of the previously accepted calibration and a calculation of the energy deposition
for the image plate. The facility infrastructure and detectors are presented in §3.2, and in
§3.3 the methods used to analyse both image plate data and scintillating screen data are
presented and results and discussion are documented in §3.4. The conclusion are given in
§3.5.

3.1 Motivation

Beam charge is one key parameter of any accelerated and charged beam. Charge measure-
ment can be done with various techniques, e.g. using an integrating current transformer
(ICT), a previously calibrated light source, or an image plate (IP). ICTs have been used from
the beginning of LWFA experiments. However, the uncertainty connected with their ability
to measure femtosecond short electron bunches remained and several groups have tried to
move towards other techniques.

One way to avoid ICTs is the combination of two detectors: image plates with scintillat-
ing screens. While image plates are frequently used to measure the charge of electron beams
at low energy, with energies below 1 MeV, their calibration for higher energetic beams, with
energies of above 1 MeV, is not well studied, and simulations are used to predict their be-
haviour. This is further discussed in §3.1.1. Scintillating screens are inexpensive, flexible
screens and their response is known and linear for low bunch charge. However, prior to the
experimental work reported in this chapter, it was only assumed that the response remained
linear at high bunch charges present in LWFA experiments.

Given the importance of knowing the bunch charge, and the three uncertainties in de-
termining this quantity at the time — (i) ICT might not work for femtosecond bunches,
(ii) IP charge calibration for electrons is simulated, and (iii) the linearity of scintillating
screens is only assumed — it was decided to undertake a direct calibration of the response
of scintillating screens and IPs by comparing their responses to bunches of known charge

27
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except helium, where the result is about 5% low.
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July 24, 2008 18:04Figure 3.1: Plot of X0 dE/dx as a function of electron energy, where X0 is radiation length,
which is defined as the mean distance over which a high-energy electron loses all but 1/e of
its energy by bremsstrahlung, and dE is the energy loss over a distance dx. This graph was
taken from [85].

from a radio-frequency accelerator. The experiment that is the subject of this chapter is the
first experimental calibration for image plates that are exposed to electrons with energies
in the order of 500 MeV. It yields a value for the number of electrons per photo-stimulated
luminescence (PSL1), recorded by a calibrated image plate reader. The image plates studied
here are BAS-MS image plates from FUJIFILM which are reasonably cheap, flexible, and
readily available. Scintillating screens are sometimes called phosphor screens and often
just “Lanex" screens, after an early brand name. The results presented in this chapter com-
prise the first experimental study reported of the response of Lanex Regular screens from
Kodak for a typical range of charge densities presently achieved in LWFA experiments with
a single electron beam with energy of 500 MeV.

In work published shortly after our experiment, Buck et al. [83] and Zeil et al. [84]
confirmed the results and introduced a clever way of calibrating the optical set-up using
a calibrated radio-active source2. Work by K. Nakamura [18] from LBNL confirmed the
linearity of another scintillating screen, Lanex Fine screens, up to a certain saturation point.
The studies of Buck et al. and Zeil et al. will be discussed in detail in the conclusion section
of the chapter.

3.1.1 Discussion of previously accepted calibration value

In the following paragraphs, we discuss the value accepted for image plate calibrations prior
to the experimental work presented in this chapter. It discusses the way that Mangles [86]
used the information from an x-ray experiment performed by Gales et al. [87] to simulate
the response of electrons to image plates.

1PSL is not only the name of the physical process but also the unit in which the image plate reader records
data. A detailed discussion of the process can be found in §3.3.

2Such a source was used during the Astra-Gemini experiment. However, it broke and leaked radiation,
which unfortunately lead to the shut-down of the experiment for several months.
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From Gales et al. [87] and Mangles [86] we know that an IP measurement of 0.02PSL
corresponds to an energy deposition of 50keV inside the image plate. This energy deposition
was recorded in a BaF(Br,I) Europium doped image plate. For these experiments, Gales
et al. used x-rays and the BAS IP-IIIS image plate. The read-out was produced by an
image plate scanner of model FUJI BAS 2500 with 50µm resolution. While the BAS IP-IIIS
image plate as well as the BAS IP-MS (used in our experiments and in Stuart Mangles’
experiment) are made of BaFBr0.85I0.15, the phosphor density in BAS IP-IIIS is 4.1% lower.
In addition to this first discrepancy between the two image plates, the active layer of BAS
IP-IIIS is 20.8% thicker. The manufacturer’s information shows that the BAS IP-MS can
have a 5−10% increased sensitivity to x-rays at low energy compared to BAS IP-IIIS. The
relative response to electrons of the IP has never been tested experimentally..

Mangles [86] used the information from Gales et al. [87] and the Monte-Carlo method
[88] code MCNP, which considers the loss and deposition of energy into the material caused
by collisions and radiative processes [86], to simulate the response of the BAS IP-MS image
plate to electrons. He found that one electron passing through the image plate with energies
between 1MeV and 100MeV deposits 50keV independent of its energy. The equal energy de-
position, independent of the electrons energy, was surprising to the author at first, because
it is well known [85] that the energy loss of electrons in material is strongly dependent on
energy in this energy range. This can be seen in Fig. 3.1 where the energy loss of electrons
passing through material is shown. A brief discussion of why the simulation shows a flat
energy loss distribution is given in the next paragraph.

The following argument may help to explain why this occurred: electrons with energies
more than 20MeV predominantly lose energy by bremsstrahlung. The so-called radiation
length X0 is the mean distance over which a high-energy electron loses all but 1/e of its energy
by bremsstrahlung. Radiation length distances are several centimetres in length whereas
image plates are only hundreds of micrometres thick. In passing through an IP, an electron
loses only a small fraction of its energy. In addition, bremsstrahlung photons can escape
from the image plate without depositing a significant fraction of their energy in the IP. The
bremsstrahlung photons that do deposit their energy are the photons created in the first
layers of the image plate. These are created in equal amounts by low and high energetic
electrons and hence the energy deposited in the image plate by low and high energetic
electrons is the same.

The reasons for the independence of the energy deposited in the IP on the incident elec-
tron energy found in Mangles’ simulations can therefore be understood. The simulations
performed by Mangles were done for electrons with energies ranging from 1MeV to 100MeV.
Following the argument just presented, it can be assumed that the same energy (50keV) is
deposited inside the image plate by electrons with energies of above 100 MeV.

In summary, Gales et al. [87] showed that 50 keV of deposited x-ray energy leads to a
value of 0.02 PSL and Mangles [86] assumed that this was true for electrons. This led to the
previously accepted calibration value of 0.02 PSL per electron. However, two statements
from Mangles work have not been tested: first, do electrons above 1MeV really deposit
50keV of their energy while passing through the image plate and, secondly, is the assump-
tion correct that an electron losing 50keV create a PSL value of 0.02PSL just as 50keV
energy loss of x-rays create a value of 0.02PSL. The uncertainty on the previously accepted
calibration value simulated by Mangles is one of the reasons why the experiment discussed
in this chapter was performed.
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Figure 3.2: Stopping power of electrons in Europium as a function of electron energy. The
radiative stopping power is indicated by a dashed, green line, the collisional stopping power
by a dashed, red line, and the total stopping power by a solid, black line. This figure was
produced using ESTAR provided by the National Institute for Standards in Technology [89].

3.1.2 Calculation of energy deposition

The energy amount lost by an electron passing a detector is dependent on the initial energy
of the electron and the material of the detector. Since the company FUJI does not provide
details of the exact composition of the image plate, the energy deposition calculation as a
function of electron beam energy presented here can only make an upper estimate of the
true value. The only statement from the company regarding the amount of Europium inside
the image plate was, that it was below 5%. For simplicity purposes, we will only consider
the active material of the image plate, Europium, in which most energy is lost, and neglect
the support material.

To calculate the energy lost by one electron as a function of its energy, data from ESTAR,
provided by the National Institute for Standards in Technology [89], is used. In Fig. 3.2, the
stopping power, defined as the average rate of energy loss per unit path length, is shown for
an electron passing through the active material Europium. It can be seen that, for electrons
above 100 MeV, the total stopping power is basically equal to the radiative stopping power.
Using the data from ESTAR — with the energy loss per unit length in Europium for an
electron with an energy of 500 MeV being dE

dx = 67MeVcm2/g×32g/cm2 = 2.14 ·103 MeV [89]
— the energy loss ∆E can be estimated to be

∆E = dE
dx

×Lscreen × pFU JI
IP

= 2.14 ·103 MeV×500µm× pFU JI
IP

= 1.07MeV× pFU JI
IP , (3.1)

where Lscreen = 500µm is the thickness of the image plate, and pFU JI
IP is the unknown factor

to correct for the fact, that the image plate does not consist of 100 % Europium atoms. Since
the company FUJI does not provide details of the exact composition of the image plate,
the energy deposition can only be estimated to be below the value calculated in (3.1) and
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(a) (b)

Figure 3.3: The DAFNE linear accelerator (a) and an aerial view over the two storage rings
and BTF (b) [90]. The paths of electrons and positrons are illustrated by red and blue lines
respectively.

becomes

∆E = 1.07MeV× pFU JI
IP

< 1.07MeV×0.05
< 53.6keV, (3.2)

in which the estimate, given to us by the company of 5 %, was used. While the value for the
energy deposition of 53.6 keV is very close to the value of 50 keV, used in Gales et al. [87] and
Mangles [86], it is not satisfactory for the calibration of charge in electron experiments to
know only the upper limit and hence several groups — among them ours — have performed
calibration experiments to eliminate this uncertainty. This chapter discusses the calibration
experiment performed by our group.

3.2 Experimental set-up and detectors

3.2.1 DAFNE and BTF facilities

The DAFNE 3 accelerator facility is an electron-positron collider mainly dedicated to the
study of Charge Parity (CP) violation and K-Meson properties [90]. It creates φ(1020)
mesons by annihilating electrons and positrons in a storage ring at their resonance of m
= 1.02 GeV. Electrons and positrons are accelerated in a linear accelerator (Fig. 3.3 (a)) and
steered into the smaller of two storage rings (Fig. 3.3 (b)). After being stored and acceler-
ated further, the particles are fed into the collider ring where they collide head on for about
twenty minutes. During these twenty minutes, in which the storage ring is not filled, the
accelerator can steer the electrons into a beam test facility (BTF). The BTF is an electron
beam transfer line which leads into an experimental hall. Its primary purpose is to per-
form detector calibrations. Fig. 3.4 shows the BTF transfer line and a schematic view of the
experimental hall (left top).

3DAFNE is often spelled DAφNE in literature to hint that the experiment produces φ mesons.
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Figure 3.4: The figure shows the BTF transfer line and a schematic view of the experimental
hall (left top) [90].

3.2.2 Electron beam properties

The properties of the electron beam used in the BTF are summarized in Table 3.1. Chang-
ing the energy of the beam was not possible during the duration of the entire experiment,
because it would have required changing the magnet settings in the whole accelerator and
would have disrupted the main DAFNE experiment. The magnet settings determine the
cross-section of the electron beam and, since only marginal changes were performed on the
magnet settings, the area of the beam did not change significantly during the entire experi-
ment.

The bunch charge was changed by the operator at the main DAFNE accelerator by
changing the current flowing through the tungsten wire at the start of the accelerator. At
the end of the BTF transfer line an integrating current transformer coil was placed around
the vacuum pipe to measure the charge of the beam arriving in the BTF. The ICT is de-
scribed in §3.2.4 and was the only method used to measure the charge of the electron beam.

Electron Beam Properties
energy (505±5)MeV
charge (10−1000)pC
beam cross-section area 50×10−6 m2

beam radius 4×10−3 m
pulse length 10ns
shot repetition rate 30s (IP), 5s (Lanex)

Table 3.1: Properties of the electron beam during the experiment. The electron beam was
provided by the DAFNE facility and properties other then the charge and the repetition rate
could not be changed.
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Figure 3.5: Schematic layout of the experiment.

3.2.3 Experimental layout

Fig. 3.5 shows the arrangement of the experiment. The BTF transfer line was connected to
a 2.5 m long beam pipe, the Diamond beam pipe4. At the end of the Diamond beam pipe
the electrons exited the 10 mbar vacuum through a 500µm thick Mylar window. The image
plate was placed 202 mm behind the Mylar window. The Lanex screen was positioned 3 mm
beyond the image plate with the photon emitting side facing the camera. The image plate
and Lanex screen were both attached to a magnetic stainless steel holder by magnetic strips.
The holder was designed to allow for flexible and quick removal and attachment of exposed
and new image plates and Lanex screens. Since each region of the image plate could only
be exposed once, the holder was designed to be attached to a slide which moved the image
plate (and Lanex screen) by 70 mm after each shot so that an unexposed area of the image
plate was facing the next beam. A CCD camera was placed 675 mm away from the Lanex
screen with an angle of 10◦ to the electron beam trajectory.

3.2.4 Integrating current transformer

The electron charge was measured with an integrating current transformer (ICT) made by
Bergoz [91]. ICTs have a magnetic core which is made from thin ribbons of cobalt and molyb-
denum alloy interleaved with nickel and iron crystalline alloy. Electrons passing through
the ICT induce a current in the magnetic core and the current is proportional to the charge
passing through the ICT. By integrating the trace I(t) and dividing it by the calibration
factor F, the charge of the electron bunch can be calculated

Q = 1
F

∫
I(t)dt. (3.3)

3.2.5 Image plate and image plate reader

Image plates are two dimensional detectors widely used for x-ray detection and charge de-
termination of low energy electrons. They consist of several layers: the supporting layer

4The beam pipe, which was made for and was used at the Diamond synchrotron facility after this experi-
ment, is a vacuum pipe which had the ability to insert pepper pots and transition radiation detectors. During
the IP and Lanex detector runs all other detectors inside the Diamond beam pipe were removed and the
electrons traversed it undisturbed.



CHAPTER 3. CHARGE CALIBRATION EXPERIMENT 34

(500µm), the active layer (100µm) and a protective layer (10µm). The active layer is made
of photostimulable phosphor. In this experiment, the image plates used were BAS IP-MS
from FUJI [92], which uses barium fluoro-halogenite bromine doped with europium ions
(BaFBr : Eu2+).

When electrons pass through the active layer, they ionise Eu2+ to Eu3+. The electrons,
created by ionisation, are trapped in lattice defects created by the absence of the halogen
Br. When the trapped electrons fall into a lower lying state, photons are emitted and it is
this photon signal which is detected. In the absence of saturation, the phosphorescence is
proportional to the number of electrons passing the image plate.

These lattice defects are called F centres or colour centres.5 Due to quantum mechanical
exclusion rules these excited states can not decay into lower states and can live for days.
However, 30−50% of these so-called metastable states decay within hours due to thermally
induced, spontaneous recombination of the trapped electrons with the Eu3+ ions. This pro-
cess is referred to as “fading". It is therefore important to know the decay characteristic of
the fading process and to correct for it. The rate of fading depends on and increases with
temperature and this parameter was monitored during the data taking. The average tem-
perature of the experimental hall was 19.3◦C and the average temperature in the room of
the reader was 18.3◦C. The degree of fading does not, however, depend on the exposure level
and corrections can be made independently of the energy and number of electrons deposited
in the image plate.

Reading out the image plate is performed by placing it inside an image plate reader.
Within this a laser is scanned over the whole image plate which photo-excites the trapped
electrons into the conduction band and allows de-excitation under emission of a 390 nm
photon. This process is called photo stimulated luminescence and the blue photons are
detected with a photo multiplier.

The image plate reader used during the experiment was a Fuji BAS 5000. Since the IP
scanner digitizes the plate readout using a logarithmic amplifier, the measured pixel data
have to be converted between the output of the image plate reader (in units of quantum
level, QL) to a linear PSL scale. This process is described in §3.3.2. The readout process
removes 60-90 % of the excited states. The residual signal on the image plate was then
erased by placing the image plate below a white light source for at least ten minutes. De-
exciting all remaining excited states allows the image plate to be reused.

After exposure to the electron beam, the plates were transported from the experimental
hall to the image plate reader. In order to shield the image plates from room and sunlight,
the image plates were wrapped in 11µm thin aluminum foil. Before placing the plate inside
the image plate reader the aluminum foil was removed in a dark environment.

3.2.6 Lanex screen and CCD camera

Lanex screens produced by Kodak (and after the bankruptcy of Eastman Kodak now pro-
vided by a company called Henry Schein) are fluorescent screens used mainly for x-ray imag-

5Colour centres are regions of normally transparent material that became damaged on the atomic level, so
that negative ion places are filled by electrons. These sites then absorb light, appearing coloured instead of
transparent. [93]



CHAPTER 3. CHARGE CALIBRATION EXPERIMENT 35

ing applications and commercially available from dentist suppliers. Like the image plates,
they consist of three layers: a supporting layer, an active layer and a protective layer. The
active layer in the Lanex screen used in this experiment (Lanex Regular) is made of scin-
tillating phosphor (Gd2O2S : Tb). Electrons passing through this layer excite electrons in
the phosphor to states with lifetimes of less than a microsecond, which radiate photons of
545 nm wavelength. The number of photons emitted is proportional to the energy deposited
in the active layer of the screen. The photons are detected by a CCD camera and stored
as an image file on a personal compueter. The camera used was a monochrome Flea2 CCD
camera produced by GREYPOINT (FL2-20S4C-C) and no gain was needed. Fluorescence
from the Lanex screen was reflected by a plane mirror and imaged by a manually operated
zoom lens system onto the CCD camera. A trigger from the main DAFNE linear accelerator,
indicating the arrival of an electron beam, was used to trigger the camera via a program
written in LABVIEW. This program labeled and saved the data in TIFF images.

During the experiment all room lights were switched off and the windows were black-
ened. Light from blinking electronic equipment inside the experimental hall was shielded
by four layers of black plastic sheets. Background shots had an average pixel count of 3.7
whereas beams with the lowest charge produced peak pixel counts of above 230.

3.3 Methods of analysis

This section describes the methods of analysis and is divided in three sections. The anal-
ysis methods for the integrating current transformer data are presented in §3.3.1. §3.3.2
presents the methods used to analyse the image plate data as well as the decay constant
result, and the methods used to analyse the scintillating screen data are discussed in §3.3.3
which includes a detailed account of the screens absolute calibration.

3.3.1 ICT data

The oscilloscope integrated the current trace and presented a result for the integral. After
the experiment, however, it was found that this integral was not reliable, because it inte-
grated over noise and background, and hence the value output by the oscilloscope for the
integrated current was not used. Unfortunately the raw data from the oscilloscope were not
recorded during the experiment; only colour images of the oscilloscope screen of each shot
were saved. In order to gain information about the charge and replace the dependence on
the oscilloscope result, a MATLAB routine was written to analyse the images. The following
paragraphs describe this routine.

A typical oscilloscope image is shown in Fig. 3.6. Three ICT signal traces and one trigger
trace can be seen. The blue trace is the current trace from the ICT positioned closest to the
experiment and was the one we used to determine the charge of the electron beams. The
MATLAB routine written for this purpose analysed each pixel and all pixels with the colour
code 15, representing the blue colour of the ICT signal, were saved into a new TIFF file.
All pixels with other colours were ignored. A subroutine, written by Dr. Nicolas Bourgeois,
determined the scale of the axes. Fig. 3.6 (right, top and bottom) shows an isolated single
ICT trace for a low and high charge beam.
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Figure 3.6: (Left, top and bottom) ICT oscilloscope images for a low charge beam (top) and
a high charged beam (bottom). The trace recording our beam is shown in blue. (Right, top
and bottom) Retrieved oscilloscope traces of the low charge beam (top) and high charge beam
(bottom) which where multiplied with −1. Red circles indicate data points belonging to the
background region and a solid red line depicts a 4th order polynomial, which was fitted to
the background points (excluding the green data points). Arrows indicate t0, t1, t2 and t3.

In order to integrate the curve and calculate the charge of the beam, the background
noise needed to be subtracted. This was done by defining a time period before (t0 − t1)
and a time period after (t2 − t3) the electron beam passed through the ICT. Both of these
regions contain only background noise. All data points from these two regions were fitted
with one 4th order polynomial. The integral of the polynomial from t0− t3 was taken as the
background sum and was subtracted from the integral over all data points. The subtraction
yields the current I(t) from Eq. (3.3) and dividing by the calibration factor F = 5, yields the
charge. The calibration factor was provided by Bergoz [91].

To determine t0, t1, t2 and t3 automatically for the >1000 shots, the following method was
used: t0 was the first data point of the trace. t1 was determined using the peak of the trace:
for every trace, the onset of the electron signal trace starts at a fixed time interval ∆t before
the peak, that is determined by the electronics of the ICT. The value of t2 was determined
by examining 50 random scope traces with varying charges and finding a value ∆t after the
peak, that fits all charges. These values (t1 = 20.0ns, t2 = 99.6ns) were chosen to be as close
as possible to the signal but also deep enough in the background. The point t3 was the last
point of the data.

3.3.2 Image plate data

To convert the raw TIFF images saved by the image plate reader into PSL values, the pro-
grams imageJ and MATLAB were used. The individual steps of the programs are outlined
below.
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Figure 3.7: Image plate pictures recorded by the image plate reader. The raw data image
with all shots of one run is pictured on the left. A single shot is selected (centre, bottom),
from which a background region is defined (centre, top). White dashed squares indicate the
regions. The white dashed circle indicates the beam pipe. The images on the left and in the
centre are in units of quantum level. The images shown on the right are the same data after
translating it into PSL.

The image plates used were 400 mm by 100 mm and were exposed to 4 or 5 shots each. An
example image plate analysis is shown in Fig. 3.7. In order to analyse the shots separately,
a region around the peak of each signal was defined. This area had dimensions of 50 mm
× 50 mm and contained all of the exposed area of each shot (Fig. 3.7, centre). Within this
50 mm × 50 mm area a smaller region was defined in which only background signal was
present. The smaller region will be referred to as the background image and is shown in
Fig. 3.7 (centre, top) and the 50 mm × 50 mm region (Fig. 3.7, centre, bottom) will be referred
to as the raw data image.

Overexposed images are excluded from this analysis. As mentioned before, the IP reader
uses a logarithmic scale to digitize the image. The background image and the raw data
image were converted pixel by pixel from the unit of the reader (quantum level, QL) to a
linear scale with units of PSL. The formula used for the conversion stems from FUJI [92]
and can be written as

PSL(Pixel)=
(

R
100

)2 (
4000

S

)
10L( QL(Pixel)

G − 1
2 ) (3.4)

where R = 100 is the scanning resolution in µm, S = 5000 and L = 5 are settings on the
image plate reader called the sensitivity and latitude and G = 65535 is the bit depth for 16
bit images. The resulting PSL value is a floating-point number.

The average background pixel values were determined and multiplied by the number of
raw image data pixels. The result was subtracted from the sum over all pixels of the raw
data image.

Since the metastable states decay exponentially with time, the resulting PSL value has
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Figure 3.8: Measured decay characteristic of the image plate Fuji BAS IP-MS with an expo-
nential fit (blue).

to be corrected to account for the interval between the time of exposure and the time of
readout. To determine the decay characteristic of the image plate, a detailed study was per-
formed, which is described below. Given (i) the measured decay constant, (ii) the knowledge
of the time of exposure to the electron beam, and (iii) the time of readout, the original PSL
value at time of exposure could be determined. This corrected PSL value was then used to
determine the number of electrons per PSL.

Decay constant

Fig. 3.8 shows the fading characteristic of the Fuji BAS IP-MS image plate. The data points
come from five runs taken within 6 hours. The image plate in each run was exposed to
similar beam charges, but the charge did vary slightly. This was corrected for by dividing
the PSL values by the charge of each beam, which was measured by the ICT shown in
Fig. 3.5. Image plates were read out after 600, 1000, 2200, 3900 and 5200 seconds. An
exponential decay was fitted to the data points and the decay constant k was determined to
be

1/k = (4783±717)s. (3.5)

The result lies within the error range of the published value of 1/k = (6420±1143) s [94]. The
measured value of our study was used to correct all other PSL values of the analysis.

Stability of the PSL value against small changes of the parameters

During the experiment, much care went into ensuring that the IP was not exposed to extra
light before readout. Such premature exposure of the image plate to light from sun or the
room diminished the image plate reading. Several tests were performed to test if extra light
exposed the image plate before readout. These tests are described below.

As mentioned above, the image plate was wrapped in aluminum until it was unpacked in
a dark environment created by a black, optical cloth covering the image plate reader. Direct
sunlight exposure during the transport or unpacking, however, can lead to significantly
reduced signals. A test was performed to see how quickly direct sunlight would erase some
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of the metastable states on the image plate: two image plates were both exposed to four
electrons shots each with the same charge in each shot. One of the plates was exposed to 5
seconds of direct sunlight. Analysis showed a 39 % reduced PSL value in the image, which
was exposed to direct sunlight. Reproducible direct sunlight exposure can be excluded,
because the image plates were kept inside the aluminium and underneath the cloth at all
times, and accidental exposure to a few plates can be excluded because all image plate data
show similar ranges. Indirect exposure to the plates, however, underneath the cloth, must
be considered. According to the manufacturer of the IP reader, the effect of indirect light
passing through the cloth can be of an order of magnitude lower than direct sunlight. This
means if there was exposure of all image plates to indirect sunlight, it would be of the
order of 4%. Data taken on day two of the image plate sensitivity experiment was all taken
during the night and hence sunlight would have not been a factor. The result from that
night, however, shows a higher sensitivity, than data taken on day one6. It was concluded
that accidental exposure to sunlight was not present at the experiment.

In order to understand the effect of errors in the decay constant, the effect on the deduced
PSL value of varying the decay constant was investigated. The effect was found to be small
due to the very slow exponential decay of the image plates: given f = exp(−t · k) and ∆ f =
−t exp(t · k) ∆k, errors can be estimated using ∆ f

f = ∆k · t. Given t = 1000s and using the
published value of k = 1/6400 s, the resulting error is 5.2 %. Similar arguments can be made
about the readout time after exposure; all images were read out between 700 s to 1000 s
after exposure. Errors in the readout time of 200 s, much larger than the estimated error,
change the PSL value by less than 5 %.

In a third test, the size of the background image and the raw data image were changed.
The background PSL value is two orders of magnitude lower than the raw data image PSL
value. Changing the size or shifting the background region to other locations within the
raw data image did not change the PSL result significantly. Similarly, the size of the signal
region did not greatly effect the result as long as the electron beam and the beam pipe are
contained within the image. On most quantum level IP images, the outline of the beam pipe
can be seen. Sometimes the beam seems significantly clipped by the beam pipe. However,
owing to the logarithmic scaling, after conversion of the QL IP images into PSL values, the
outline of the beam pipe is not visible any longer and the beam looks unclipped. The reason,
that the QL IP images looks like they show cut beams, is that the QL scale is logarithmic —
and that the image plate is very sensitive to even small numbers of electrons — allowing the
image plate reader to detect two orders of magnitude lower signal than the peak electron
signal.

After performing these tests, it was concluded that it is unlikely that the PSL value was
diminished by sun or room light, errors in the decay constant, errors in the readout time, or
size of the raw data image.

3.3.3 Scintillating screen data

The CCD images were analysed by a MATLAB program. After removing x-rays hits by ex-
cluding isolated maximum-value pixels, overexposed images were excluded. A background

6Therefore accidental exposure to sunlight does not explain the discrepancy presented in the result section
of this section.
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Figure 3.9: CCD image of an electron beam passing a Lanex screen. The background region
is shown as a white dotted square.

region was defined in the upper right hand corner of the image indicated by the white,
dashed line in Fig. 3.9. The background image was resized to the size of the whole image
and a background subtraction was performed by subtracting each pixel by its correspond-
ing background image pixel. The background level remaining was two orders of magnitude
lower than the signal values. Since the beam is non-circular, it was fitted to the function

L(x, y)= Lmax × e

[
x
σ2

x
+ y
σ2

y

]
/2

. (3.6)

This yields Lmax and σ = p
σxσy, which are the maximum and width of the distribution7.

Given the beam area A = πσ2 and the charge Q, determined from the ICT signal (§3.3.1),
the charge density ρ = Q/A can be calculated. Plotting Lmax as a function of the charge
density ρ reveals, that the signal from the Lanex screen increases linearly with increasing
charge density.

The Lanex screen was located 3 mm behind the image plate. In order to check that the
presence of the image plate did not affect the Lanex screen, some runs were performed
without the image plate in front of the Lanex screen. Differences in the CCD signal with
image plate in front and without were found to be less than 1 %.

Absolute calibration

An absolute charge calibration was performed for the KODAK Lanex Regular Screen by
calculating the number of electrons expected theoretically per measured CCD count. This
charge calculation was then compared to the ICT charge measurement. The layout of the
experiment was the same as shown in Fig. 3.5 and the variables used are described below
in detail.

The charge of the beam (Qcal
b ) can be calculated by multiplying five factors which are

described in detail in the following paragraphs: (i) the number of CCD counts (Ndet
γ ) — cor-

rected for the camera efficiency to detect all arriving photons; (ii) a factor that corrects that
the optical set-up only covers a certain angle in space (koptic); (iii) the reciprocal of the num-
ber of photons created inside the Lanex screen per electron (Ne−

γ ); (iv) a factor accounting

7Even though the beam did have a non-circular shape, σx and σy only differed by a maximum factor of 1.4.
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for the fact that not all created photons reach the surface from within the Lanex screen
(1/ζtrans); and (v) the charge of one electron (e). Hence, the calculated charge is related to
the CCD count by Eq. (3.7) and the individual factors are detailed below:

Qcal
b =Ndet

γ ·koptic ·
1

Ne−
γ

· 1
ζtrans

· e

= CCD count
εQE

1
NCCD

e−

· 1
dΩ
π

cos(θCCD)
· 1
Ne−
γ

· 1
ζtrans

· e (3.7)

Number of photons created per electron passing Lanex screen, Ne−
γ : Using the method

described by Glinec et al. [95], the number of photons created inside the Lanex screen by
one electron is:

Ne−
γ = ε dE/dx

Eγ
d = 1.8MeV/cm

2.27eV
87.4 ·10−4 cm= 6.1 ·104, (3.8)

where ε dE/dx is the yield of kinetic energy of an electron passing the scintillating screen
transformed into visible light, Eγ is the energy of the photon of the central wavelength of
the emitted light from the screen, and d is the screen’s thickness.

Fraction of generated fluorescence photons leaving Lanex screen, ζtrans: T. Radcliffe et
al. [96] estimate that 22% of the photons created inside the Lanex screen exit the screen:

ζLanex
transmission = 0.22.

Fraction of photons reaching the first lens: The lens in front of the camera had a diameter
of 52.4 mm, but only photons entering inside a 7 mm radius from the centre of the lens
reached the CCD chip. This result was determined by measuring the light intensity hitting
the CCD camera chip, while closing an iris placed in from of the lens system. From this
measurement, the solid angle collected by the CCD camera was found to be,

dΩ =
∫ θ0

0
sinθdθdφ = 2π [−cos(θ)]θ0

0 = 2π [1−cos(θ0)]

= 2π
[
1−cos

(
tan−1

(
0.014/2
0.455

))]
= 0.74 ·10−3 (3.9)

and with θCCD = 10◦

cos(θCCD)= 0.985. (3.10)

Quantum Efficiency: Quantum efficiency (QE) is defined as the reciprocal of the num-
ber of photons per CCD pixel required to generate one electron in the CCD circuit. The
manufacturer of the camera measure the QE to be 50 %.

εQE = 0.5 (3.11)

Number of electrons per CCD count: The conversion between the number of electrons and
CCD counts (analog to digital) was measured by the manufacturer to be 0.195784 electrons
per ADU (Analog to Digital Unit). They used the FL2-20S4M camera with Firmware 1.2.2.0
and the mode in operation was MONO16 pixel format with maximal bandwidth at 1624 ×



CHAPTER 3. CHARGE CALIBRATION EXPERIMENT 42

1224 resolution. The author used the same settings. Since the camera is a 12 bit model, this
results in a factor of 3.13 electrons to increase the CCD count by one.

Nper ADU
e− (=NCCD

e− )
levels

= NCCD,x bit
e−

2x = 0.195784
1

216

= NCCD,12 bit
e−

1
212

(3.12)

NCCD,12 bit
e− = 0.195784 · 216

215 = 3.1325 (3.13)

Using the information of the previous paragraphs and Eq. (3.7) results in the absolute
calibration of the calculated beam charge of:

Qcal
b = CCD count

0.5 1
3.1325

· 1
0.74·10−3

π
0.985

· 1
6.1 ·104 · 1.6 10−19 C

0.22
= (3.14)

Qcal
b = 3.2 ·10−19 C×CCD count. (3.15)

3.4 Results

The results of the DAFNE experiment are presented in this section. First, the sensitivity
result for the image plate is discussed in §3.4.1 and in §3.4.2 the results for the Lanex
screen are presented. Results are compared to other work published after the experiment
was performed.

3.4.1 Sensitivity of FUJIFILM BAS-IP MS image plates

The results for the sensitivity of FUJIFILM BAS-IP MS image plate scanned with a BAS
5000 reader from FUJI with 100µm resolution are presented. Data was taken on two sep-
arate days and, unfortunately, the two data sets do not agree: data taken on 19th March
2009 yield a ten times lower value of PSL per electron than data taken on 22nd March 2009.
Both results are shown in Fig. 3.10 accompanied by the previously accepted calibration [86],
shown in black. The mean value of the sensitivity of IP-MS image plates for the day 1 is

Sday1
MS = PSL/ne = (0.0053±0.0002)PSL, (3.16)

which corresponds to (189±8) electrons per measured PSL. For day two the result is

Sday2
MS = PSL/ne = (0.0487±0.0028)PSL, (3.17)

which corresponds to (20.5±1.2) electrons per measured PSL.

Both data sets were analysed with the same software and, therefore, the difference must
lie in the raw data. That the ratio of the two sensitivity measurements is close to a factor of
ten, hints at the possibility, that a simple resistor in the ICT set-up or a switch on the image
plate reader was set incorrectly. Both possibilities were extensively investigated, but none
were confirmed. Between the two experimental days, however, a DAFNE scientist optimized
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Figure 3.10: Experimental result for the IP sensitivity. Data points from day one (square)
and from day two (circle) are shown, with different runs indicated by a different colour.
Clearly visible is the divide between day one and day two. The average values are indicated
by blue and red lines, the previously accepted calibration value is shown as a black line [86].
The result from the publication [84] is shown as a green line.

the ICT set-up. While we were assured that the ICT (which was beyond our control) had
been set up identically on both days, the most likely source of error was a faulty ICT reading
on day one.

Shortly after our experiments were concluded, Zeil et al. [84] published a similar study
on the sensitivity of image plates. Our sensitivity result from day two (SMS = 0.0487PSL) is
in good agreement with the experimental result published by Zeil et al. of SMS = 0.0534PSL.
Zeil’s et al.’s experiment operated with a beam energy of 20 MeV and beam charges of up
to 60 pC. The measurement from Zeil et al. of the same quantity makes it even more likely
that some instrument during day one of our experiment was set-up incorrectly, and that
the measurement of SMS = 0.0487PSL represent a correct, and independent measurement
of the image plate sensitivity. Zeil’s et al.’s and our value deviate significantly from the
previously accepted value of 0.02 PSL — for which reasons were discussed in the motivation
— and show the importance of experimental confirmation.

3.4.2 Charge density response of Kodak Lanex regular screens

Fig. 3.11 shows the signal from a Kodak Lanex Regular screen as a function of charge den-
sity ρ between ρ = 2×10−7 Cm−2 and ρ = 10−5 Cm−2. The charge density scan was predomi-
nantly a charge scan and charges were changed from 10pC to just over 1000pC. This result
shows clearly, that the Lanex signal varies linearly with charge density up to charge densi-
ties of at least ρ = 10−5 Cm−2 with no saturation effect observable. It is worth emphasizing
that, in current laser wakefield experiments, the charge density of the bunches detected lies
within the linear range tested.

These results are in good agreement with a publication by Buck et al. [83], which were
performed at the same time as the experiment of Zeil et al. [84], and published a short time
after our experiment was concluded. In these experiments, Buck et al. [83] used a 40 MeV
beam with charge densities ranging from ρ = 10−9 Cm−2 to ρ = 10−5 Cm−1 to calibrate eight
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Figure 3.11: Fluorescence signal from Kodak Lanex Regular screen for different charge
densities.

different scintillating screens. While the experiment calibrated more screens, and intro-
duces a very interesting technique to calibrate the optical set-up with a radioactive source,
the larger range of charges densities were achieved in multi-bunch mode: each 50 pC bunch
was separated by its predecessor by 154 ns resulting in 3 to 300 µs short bunch trains. Thus,
the nanosecond short, single bunch experiment, described in this chapter, gives a stronger
indication, that saturation in Lanex screens is not present up to ρ = 10−5 Cm−2. How scin-
tillating screens reacts to femtosecond bunches — present in LWFA experiments — is a
different question and cannot be answered by either experiment. An experimental run at
a facility like SparX or a different femtosecond short electron accelerator facility would be
beneficial in this regard.

The ratio between the absolute calibration of the Lanex screen and the charge measured
by the ICT was ≈ 2. Given the many uncertainties on which the calculated value is depen-
dent, the agreement is reasonably good.

3.5 Conclusions

The response of FUJIFILM BAS-IP MS image plates and Kodak Lanex Regular screens, to
electron beams with energies of 505 MeV, has been studied.

The studies confirmed that fluorescence signal from Kodak Lanex Regular screens varies
linearly with the charge density of nanosecond electron bunches for charge densities in the
range between ρ = 2×10−7 C/m2 to ρ = 10−5 C/m2. This result is in agreement with measure-
ments by Buck et al. [83]. The charge densities typically encountered in laser wakefield
experiments lie in this range. The only remaining uncertainty, in assuming that the Lanex
response is linear, is, that the electron bunches from LWFAs are in the femtosecond regime,
whereas our measurements were done with nanosecond bunches. Further work is required
to eliminate this uncertainty.

The sensitivity measurement of FUJIFILM BAS-IP MS image plates resulted in a value
of SMS = (0.0487 ±0.0028)PSL or (20.5±1.2) electrons per PSL. This value is significantly
larger than that simulated by Mangles [86], but it is in close agreement with measurements
by Zeil et al. [84].



Chapter 4

Discharge and waveguide
development

This chapter discusses the discharge and waveguide development of the capillary discharge
waveguide.

The chapter is divided into two parts: in the first, electronic development of the capillary
discharge waveguide is discussed, and in the second, the miniaturising of its housing is
summarised. Electrical discharges in general are introduced in §4.1.2 and the capillary
discharge of our waveguide is discussed in §4.1.3. Experiments performed to improve the
electrical discharge design are investigated in §4.1.4 and conclusions are drawn in §4.1.5. In
the second part of this chapter, the motivation for, the benefits of, and the implementation
of miniaturising the housing of the waveguide are discussed in §4.2.1, §4.2.2, and §4.2.3,
respectively.

4.1 Electrical discharge development

4.1.1 Motivation

Laser wakefield experiments usually employ gas-jets or a waveguide filled with gas to ac-
celerate electrons. Our group uses the capillary discharge waveguides [72]. While gas-jet
experiments do not ionise the gas — the laser pulse itself does — the electrical discharge in
our waveguide is used to ionise the gas, which then forms the guiding structure. Because
the electrical noise created by the initial breakdown of the gas can interfere with sensi-
tive electronic equipment — either that controlling the laser system, or associated with the
diagnostics — it was decided to investigate ways by which this might be reduced.

This section starts with a brief introduction to electrical discharges in §4.1.2. The elec-
trical circuit of the capillary discharge waveguide is introduced in §4.1.3 and attempts to
improve on the existing discharge design with a glow discharge circuit are described in sec-
tions §4.1.4. Section §4.1.5 explains the conclusions of these studies.

45
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4.1.2 Introduction to gases discharges

The phenomenon of conduction of electricity through gas is discussed at length in many
books and articles [97–100]. This chapter follows the approach of F.M. Penning [101]. In this
introduction, no attempt will be made to review all discharge types, but it will be confined
to the discharges present in the experiments described in this chapter.

The conduction of electricity through a metal wire is governed by Ohm’s law V = I R,
where V is the voltage, I the current, and R the resistance of the wire. In the wire, the
electrons can flow via the conduction band when a potential difference is applied to its two
ends. The simple picture of moving electrons in a wire is quite different to the conduction of
electricity in a gas: firstly, the electrons are initially bound to each molecule and enormous
forces need to be applied to ionise them. Hence a gas usually acts as an isolator until bro-
ken down. Secondly, once ionised species are present, the current consist of two flows: one of
electrons towards the positive electrode and another made of ions flowing towards the nega-
tive polarity. The velocity acquired by the ions, however, is much slower than their electron
counterparts due to their heavier mass. The ions remain inside the volume of ionised gas
much longer and — if there are equal numbers of electrons and ions — create a space charge
effect. The electrons and ions can move freely around the volume and, as a consequence,
they can collide, excite and further ionise. Heat is created in gaseous discharges and can
either heat the gas or leave the plasma in the form of radiation. In the next few paragraphs,
arc and glow discharges are introduced.

A gas, placed between two metal electrodes, is the simplest discharge set-up. When the
voltage between the electrodes is low, the gas remains an insulator. Upon increasing the
voltage further, the gas at some point reaches the breakdown voltage Vb at which point the
gas becomes conductive. The transformation of the gas from an insulator into a conductor
may take the form of sustained or un-sustained discharges. The latter is called an arc
discharge or more often a spark discharge and constitutes a current of high intensity and
very short duration, which drops the initially high resistance of the gas to a few Ohm. In
this regime, the number of electrons in the current is proportional to eηVb , where η is the
number of ionisations created by a single electron per volt of potential difference. When
eηVb becomes large, the spark commences and the electrons drive a heavy current through
a very narrow conductive channel. Because the channel over which the electrons conduct
is narrow and fully ionised, the current dies out fast for there are no more replenishing
molecules to be ionised. Hence the current is strong, but short lived. During the time of
the spark, the ions do not move significantly and, therefore, do not contribute to the current
flow. As an extreme example, a spark discharge might have a peak current of more than
1 kA, at voltages exceeding 100 V. However, because the current only flows for a short time,
the charge transferred might only be 1 C, corresponding to an energy dissipation of 100 J.

The second type of discharge discussed here, is the called a glow discharge. While the
current for spark discharges is high, and the current is short lived, the current present in
glow discharges is of the order of milliamperes, but is sustained over a long period. The
breakdown voltages Vb vary between 100s of volt and several 10s of kV. The simplest glow
discharge is the direct current (DC) glow discharge, which starts to conduct current through
the gas when an initial molecule is ionised randomly, for example, by a cosmic ray or thermal
collision within the plasma. Electrons and ions are forced through the gas to their respective
opposite polarity electrode, ionising more molecules on their way. For the time the voltage
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Figure 4.1: The high voltage circuit used to drive the current pulse through the capillary.
The capacitor is charged via the 1MΩ resistor, and when the thyratron switches, current
flows through the capillary as shown by the blue shaded path. The circuit diagram was
taken from [64].

on the electrodes is supplied, the population of electrons and ions remains high enough
to sustain a constant current. Molecules of the gas are not the only part that contribute
to the current flow: ions and molecules hitting the cathode eject molecules of the cathode
material which can then become ionised and drift towards the respective electrodes. When
ions recombine with electrons, a photon is released and it is this radiation, which constituted
the word “glow" of the glow discharge. An example of a glow discharge in every day life is
the plasma TV screen.

This concludes the introduction and in the following, the pulsed discharge used by our
group, is introduced.

4.1.3 Pulsed discharge

The electrical circuit of the capillary discharge waveguide, which was introduced in §2.6.3
and used in the experiments described in chapters 5 and 6, is introduced.

Discharge circuit

Fig. 4.1 shows the discharge circuit diagram of the capillary discharge waveguide. A power
supply of 30 kV was used to charge the 1.7 nF capacitor initially via a 1MΩ resistor. An
inductor can be included in the circuit which, in combination with the inductance of the high
voltage (HV) cable, lengthens the discharge pulse. The capacitor is discharged — and the
plasma channels forms — when the trigger is activated and the Thyratron switch completes
the discharging circuit, shown here in blue. The discharge circuit can be synchronised with a
laser system trigger via a digital delay generator and, hence, the time between the discharge
and the laser pulse arrival at the capillary can be varied. A bleed resistor is implemented
to allow the capacitor to discharge when the power supply is turned off.

Fig. 4.2 shows the temporal variation of the discharge current measured by a Rogowski
coil. The measurement uses the induced current in a Rogowski coil connected to an os-
cilloscope. The length of the HV cable was kept as short as possible, but the distance be-
tween the capacitor and capillary was ≈ 2m. Clearly visible are modulations in the current
pulse, which are due to impedance mismatch between the discharge and the electrical ca-
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Figure 4.2: Temporal variation of the discharge currents. The green and blue traces are the
input and output current at the capillary, the red trace displays the current variation close
to the capacitor and the black line indicates the arrival of the laser pulse.

bles connecting it to the capacitor. Different profiles were measured depending on where
the Rogowski coil was placed, which are indicated by different colours.

The waveguide

Fig. 4.3 (a) shows a photograph of the waveguide and its housing used by Ibbotson et al. [1]1

The waveguide used by the author is built on the same principle as described by Gonsalves’
thesis [64] and is described briefly here. The waveguide is built by two sapphire blocks
— a 2-D plot of one sapphire block with gas-slots is shown in Fig. 4.5 — which each have
a semi-circular groove laser-machined along their length [102]. The two sapphire blocks
are then placed into the perspex holder and a cylindrical capillary is formed by aligning

1The housing used by the author in experiments described in chapters 5 and 6 differs from the one shown
in Fig. 4.3 and is described in detail in §4.2 of this chapter.

(a) (b)

Figure 4.3: The hydrogen-filled capillary discharge waveguide within the old housing. (a)
Photograph of the waveguide and its housing on top of a 5-axis stage in the Astra-Gemini
vacuum chamber. This photograph was taken by the author during the experiments by
Ibbotson et al. [1,2] (b) Schematic of the waveguide taken from [64].
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Figure 4.4: Difference between the fill and capillary pressure in % as a function of capillary
pressure for different gas slot diameters. The red (blue, black, yellow) data points were
taken with a gas slot diameter of 75µm (312µm,400µm,650µm) and pulsed gas supply. The
green data points were taken with a gas slot diameter of 400µm and the gas was free-flowed
into the capillary. All data was accumulated with a capillary with a diameter of 200µm.
The experimental equipment to take the data was prepared by Dr. Anthony Gonsalves and
details of the set-up can be found in [64].

the two semi-circular grooves with metal screws. In addition to the semi-circular groove,
one of the sapphire blocks has two 650µm diameter groves cut into it perpendicular to and
overlapping with the capillary groove. These two so-called gas-slots let hydrogen gas flow
into the capillary and are situated 4 mm away from either end of the capillary. A gas tube
connected to the housing fills the housing, the gas slots, and the capillary with gas. A
pressure regulator regulates the gas pressure which can be either pulsed into the capillary
for 2 s via a solenoid switch, or free-flowed by leaving the valve open. Earlier work by
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(a) (b) (c)

Figure 4.6: Schematic diagrams of (a) pulsed, (b) simmer, and (c) combined circuit also
referred to as circuit 1, circuit 2, and circuit 3, respectively. The capillary is displayed in
orange colour with the simmer current suggested as red line.

members of the group showed that if the diameter of the gas slots was larger than that of
the capillary by a small factor, then the pressure inside the capillary is equal to that of the
pressure inside the gas supply line. Experiments performed by the author, of which the
results are presented in Fig. 4.4, confirmed that 650µm diameter gas-slots are sufficient to
create a pressure difference between the fill pressure (or gas supply line pressure) and the
capillary pressure of less than 5 %. The red (blue, black, yellow) data points in Fig. 4.4 were
taken with a gas slot diameter of 75µm (312µm,400µm,650µm) and pulsed gas supply. The
green data points were taken with a gas slot diameter of 400µm and the gas was free-flowed
into the capillary. One can see that the free-flow method does reduce the requirement for
large gas-slots, however it has the disadvantage of filling the chamber with more gas than is
needed. After the gas is flowed into the capillary, the discharge is activated and the plasma
channels forms.

4.1.4 Glow discharge

Combining a glow discharge with the pulsed discharge circuit of §4.1.3 has potential benefits
in comparison to the pulsed discharge on its own. That is because: (i) the voltage required
to drive the main discharge current could be reduced, since the simmer current creates a
constant low impedance current flow through the capillary; (ii) the main discharge pulse
would generate less electrical noise because of the lowered voltage; (iii) the main discharge
pulse would rise faster; and (iv) the jitter of the main discharge pulse would drop. For these
reasons, a glow discharge circuit was built and tested by the author.

Experimental setup

Fig. 4.6 shows schematic diagrams of the electrical circuits of the simplified pulsed discharge
[64] (a), the glow discharge (b), and the combined circuit (c). The capillary with its gas is
indicated in orange and the simmer current is portrayed as a red line. In Fig. 4.6 (b) the
HV power supply supplies the break down voltage Vbr and in simmer mode the current Is.
The capillary — set in the housing used by Dr. Anthony Gonsalves [64] — was placed in the
interferometry vacuum chamber in Oxford. Because the pressure p close to the exits of the
capillary was p ≈ 0.1mbar, and a better vacuum pump was not available, the high voltage
applied to the HV electrode discharged to the grounded vacuum chamber frequently. To
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Figure 4.7: Voltage measured for the initial spark discharge. The voltage was measured at
the HV side of the capacitor.

study the characteristics of the simmer circuit, it was therefore necessary, to shield the HV
electrode by a perspex block and epoxy glue. This eliminated the discharges onto the vacuum
chamber and enabled the study of the glow discharge. The gas used in all experiments was
helium gas. For simplicity, the pulsed, simmer, and combined circuit will be called circuit 1,
circuit 2, and circuit 3, respectively, all displayed in Fig. 4.6.

The glow discharge was tested in three steps: (i) a glow discharge was established with
circuit 2, with the HV electrode isolated from the grounded vacuum chamber; (ii) the glow
discharge was combined with the pulsed discharge to form circuit 3, and improvements
of the combined setup were investigated; and (iii) with the isolation of the HV electrode
removed the glow discharge was tested without the pulsed discharge (circuit 2). While
improvements were good, the small range of operable pressures for the glow discharge found
in (iii), forced us to abandon the design change at this point. Results of these three steps
are presented below.

Glow discharge with isolated HV electrode

A stable glow discharge was achieved in a 15 mm short, 300µm diameter, sapphire capillary
with helium pressures varied between 2 mbar to above 200 mbar. The gas supply was free
flowed into the capillary. DC currents of the order of milliampere were observed with an
operating voltage ≥ 10kV. Details of the investigation are given below.

For voltages of −5kV≥V ≥−10kV, the discharge was found to be unstable: an ampere-
sized current pulse was observed, followed by a period of 10s of microseconds in which no
current flow was recorded within the capillary. This behaviour is characteristic for spark
discharges: the capillary with its two electrodes form a capacitor, which breaks down in a
spark, when the breakdown voltage of the pressure-capillary length system is reached. The
jitter in time between the trigger pulse and discharge is large. In Fig. 4.7 one can recognize
the discharging curve of the capacitor.
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(a) (b)

Figure 4.8: (a) Voltage trace measured close to the capillary for a 15 mm capillary while
entering the stable simmer current state. (b) Stable glow discharge inside a 50 mm capillary.

For voltages of −10kV ≥ V ≥ −18kV, the initial spark evolves into a stable glow dis-
charge which can be seen in Fig. 4.8: sparks occur initially — several times the capacitor
discharges through the capillary within 1 ms followed by its charging over a time of 10 ms
— but after the initial discharges, the charge density is sufficiently large for the voltage and
current to stabilise at a few kV and few mAs. A stable glow discharge has formed and can
be maintained indefinitely. In Fig. 4.8 (a), the voltage trace is shown over a period of 200 ms:
the power supply voltage is turned on at t ≈ −50ms and breakdown happens at t = 0s, fol-
lowed by several spark discharges before the simmer current is stable. After operating at
voltages between −10kV ≥ V ≥ −18kV for several minutes, the discharge can be initiated
and maintained as a simmer discharge with voltages V ≥ −10kV. The data shown in Fig.
4.8 were taken after five minutes of operation.

Note that it was found that using a coaxial cable to connect the capacitor and electrodes
meant that a stable glow discharge could not be obtained: spark discharges were created
with or without coax cable for voltages of V ≥ −10kV. With the coax cable, however, these
sparks did not disappear when operating at voltage of −10kV ≥ V ≥−18kV, because of the
charging and discharging of the intrinsic capacitance of the coax cable. The stable glow
discharge was only observed using separate, isolated wires for either electrode.

Glow and pulsed discharge combined

After the initial test of the glow discharge, circuit 1 and circuit 2 were combined as shown
in Fig. 4.6 (c). To simulate long capillaries — which need higher breakdown voltages than
were available — a 15 mm short, 300µm inner diameter capillary was used, but operated at
low voltage. Fig. 4.9 shows the results obtained with circuit 1 (black) and circuit 3 (green),
which indicate the great advantages the combined circuit (circuit 3) has over the pulsed
discharge (circuit 1) alone.

Operating the combined circuit with Vsimmer =−20kV and Vpulsed =+7kV, the peak cur-
rent of the main pulse is 22 % higher and its standard deviation is an order of magnitude
lower than operating with circuit 1. The simmer current also reduces the jitter between the
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Figure 4.9: (a) Peak current, (b) standard deviation, and (c) jitter for a 15 mm, 300µm cap-
illary using 50 mbar of Helium pressure for the combined circuit (circuit 3, green crosses)
and the pulsed discharge alone (circuit 1, black crosses). Red circles indicate unstable dis-
charges.

trigger pulse and main discharge pulse to less than 1 ns.

When reducing the pulsed voltage Vpulsed to ≤ 5kV— to simulate very long capillaries
at higher voltages — the simmer current of circuit 3 enables the main pulse to discharge
through the capillary every time, while the pulsed discharge of circuit 1 becomes unstable
— indicated by the red circle — and often does not discharge through the capillary. The
jitter of both circuits increases but it stays around several nanoseconds for circuit 3. For
Vpulsed ≤ 1.5kV circuit 3 does also not discharge through the capillary reproducibly any
longer.

When Vpulsed is raised to 10 , 20 , or even 25 kV, the picture is similar to the case of
Vpulsed = 7kV: for circuit 3, the peak current is higher and the standard deviation lower,
while the time jitter becomes comparable in both circuits. A short experiment was per-
formed with a 50 mm long capillary; however, within hours of operation, the housing melted
due to the heat produced by the glow discharge.

Simmer discharge with no HV electrode isolation

In order to use the glow discharge for laser wakefield experiment, the capillary exit at the
HV electrode needed to be unblocked. Two major problems needed to be addressed, however,
in order for the glow discharges to be used: (i) the heat, created by the glow discharge,
melted the housing, requiring a new design for the housing; and (ii) discharges from the HV
electrode to the grounded chamber wall — mentioned earlier, and the reason why the HV
side was blocked off — made it impossible to establish a glow discharge. In addition, these
unwanted discharges pose a risk to all electronic equipment inside the vacuum chamber —
for example motorized stages — and risked damaging them. The steps taken to remove both
problems are outlined in the next two paragraphs.

Heat melts perspex housing. While the sapphire capillaries exhibited no damage, the per-
spex housing melted and unusable after several hours of use. This problem was addressed
by using a different material for the body of the housing which could sustain temperatures
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Figure 4.10: The prototype housing for the 15 mm capillary: (a) before epoxy was applied,
(b) with epoxy applied, and (c) in operation in simmer mode inside the vacuum chamber.

of T > 100◦C. The new housing prototype could both (i) deal with the heat by using an epoxy
which did not melt and (ii) make it impossible for the discharge to strike through the hous-
ing by eliminating the gas load around the sapphire blocks. The latter was performed by
connecting the gas slots directly with the gas supply, rather then having the housing filled
with gas.

Discharge to grounded vacuum chamber. Two approaches were taken. (a) First the
glow discharge voltage type was switched from negative to positive voltage. The reason for
switching the polarity is that discharges of positive polarity are less aggressive and pro-
longed than discharges of negative polarity; that is because positive voltage requires an
electron being created — for example by cosmic rays — between the HV electrode and the
vacuum chamber, for an initial discharge to occur, and after this initial discharge no addi-
tional electrons are supplied, until a new seed electron is created randomly. Operating at
negative voltage supplies the initial discharge with a constant reservoir of electrons and the
discharge continues for longer and with higher currents. (b) The second approach was that
a Faraday cage was used to shield the HV electrode. With the Faraday cage properly enclos-
ing the HV electrode, only a single discharge over a period of several days of experiments
was observed at a voltage of 12.4 kV. This discharge however did not leave the Faraday cage
and, hence, electrical equipment in the vacuum chamber will not be affected.

After the two problems were eliminated, prototype housings were built. Fig. 4.10 shows
the 15 mm prototype. In order to study the behaviour the simmer circuit was connected
and tested in (i) pulsed gas supply mode and (ii) free-flow gas supply and the results are
presented below.

Pulsed gas supply: only spark discharges were produced for simmer voltages of 6 ,
10 and 12 kV for capillaries length of 15 , 50 and 100 mm, respectively. The pressure was
varied between 50 mbar and 200 mbar but no stable glow discharge could be established.

Free-flow gas supply: stable glow discharges were established for pressures above
150 mbar and below 10 mbar. In the high pressure range, the glow discharges were initiated
with DC voltages above 10 kV and a simmer current was established at 7 mA. Fig. 4.10
(c) shows the simmer mode in the 15 mm capillary in operation. Simmer currents below
10 mbar were of order ≈ 1mA. These results are in agreement with the data presented for
the glow discharge with an isolated HV electrode. For DC voltages below 10 kV, only spark
discharges were observed. For pressures above 10 mbar and below 150 mbar, only spark
discharges could be measured for any voltage applied.
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Summary

In summary, a stable DC glow discharge was established in a 300µm capillary with helium
pressures below 10mbar and above 150 mbar. The gas was free-flowed into the capillary via
650µm diameter gas-slots and the glow discharge was started by voltages V ≥ 10kV and
simmer currents of 7 mA were recorded for the high pressure range, and 1 mA for the pres-
sures below 10 mbar. The HV electrodes were shielded by a Faraday cage, which protected
electrical equipment in the vacuum chamber from potential discharges. A pulsed gas supply
did not establish a stable glow discharge. Heat created by the simmer current is significant
and material, used for the housing, needs to sustains temperatures of T > 100◦C.

The glow discharge — with the HV side blocked from the vacuum chamber — was com-
bined with the pulsed circuit of the capillary discharge waveguide. In comparison to the
pulsed discharge on its own, the combined circuit had several benefits: (i) the voltage of the
pulsed discharge could be lowered; (ii) the main discharge pulse rose faster; (iii) the jitter of
the main discharge pulse was reduced; (iv) the main pulse created less electrical noise; and
(v) the repetition rates of consecutive main discharge pulses was raised.

The results described above are in agreement with publications. Glow discharges are
used in capillaries for HHG experiments at a low pressure of 2-4 mbar Xenon gas by a
group in Colorado [100,103] at a few milliamperes. For higher pressures glow discharges in
capillaries of 300µm have not been reported to date.

4.1.5 Conclusions

In conclusion, the pulsed discharge was introduced and an investigation for improving the
existing electrical discharge design was presented. The glow discharge in combination with
the pulsed discharge improved the discharge design for pressures below 10 mbar and above
150 mbar.

Although it was found, that the use of a simmer current brought some significant ad-
vantages in terms of reduced timing jitter and lower voltage required for the main current
pulse, the range of pressures over which it could be used, did not match those required for
plasma accelerator experiments. Recent experiments of the group accelerated electrons in
the range of 200 MeV - 600 MeV [1, 60] with pressures above 80 mbar and usually below
200 mbar. When these two ranges — (i) glow discharge improving current discharge design
and (ii) electron beam production — are compared, there is little overlap between them. The
remaining pressure overlap between 150 mbar and 200 mbar was deemed to small to give
the upcoming Gemini experiment enough flexibility to scan the pressure parameter.

For pressures below 10 mbar, the goal of the Gemini experiment of GeV scale electron the
capillary would only have been possible with capillaries of length ≥ 100mm. The glow dis-
charge employed was longitudinal and hence the distance between the electrodes grows lin-
early; this increases the initial voltage requirement to greater than 50 kV and was deemed
too large. A transverse glow discharge — employed along the short axis of the capillary
— could be investigated in the future. To complicate matters further, at pressures below
10 mbar, mechanisms for injection other than self-injection are required.

It is quite possible that future plasma accelerator experiments will indeed operate in this
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low pressure regime, but at the time this work was undertaken, the immediate concern was
the preparation for the up-coming experiment with the Astra-Gemini laser — the topic of
chapters 5 and 6. It was decided that it was too risky to attempt acceleration in 100 mm long
channels, using an entirely new design. Rather, it was decided to use the pulsed discharge
design and improve some of its flaws via a redevelopment of its housing. This is the topic of
§4.2.

4.2 Miniaturising of the existing waveguide housing

After an initial motivation, in this section, the individual improvements to the waveguide
housing are outlined in §4.2.2 and photographs are displayed in §4.2.3.

4.2.1 Motivation

After it was clear that the pulsed discharge without the glow discharge would be used for
the upcoming Gemini experiment, efforts were turned towards miniaturising the housing of
the waveguide. The previously used housing was developed by Dr. Anthony Gonsalves for
experiments at the Astra laser facility in 2007. The waveguide housing was designed to be
part of the vacuum chamber, i.e. rather then being placed inside a large vacuum chamber,
the housing formed part of the vacuum system, with vacuum bellows sealed to either end.
It could be used in combination with the Astra target chamber at the Rutherford-Appleton
Laboratory and the interferometry setup at Oxford University. Thomas Rowlands-Rees and
Thomas Ibbotson used the design within a vacuum chamber, but essentially unchanged for
their thesis experiments at the Astra and Astra-Gemini facility, respectively. The outer body
of the housing was designed to accommodate capillaries of 15 -70 mm length. The housing
was, therefore, always 120 mm long even when the actual capillary size was only 15 mm in
length. The diameter of the housing was 90 mm to match the vacuum chamber diameter at
the Astra target chamber.

Another reason to redesign the housing was that it accumulated a volume of gas inside
the housing — along the transverse laser beam path and around the sapphire blocks —
every time the capillary inside the sapphire blocks was filled with gas. This gas volume had
to be pumped out through the capillary exits after each shot before another shot could be
fired and slowed down the shot rate to 1 pulse every 10 s or less. This volume also created
a path for the discharge to misfire around the capillary rather then through it. Glue and a
steady hand were needed every time a new capillary was used to seal the o-rings adjacent
to the electrodes to eliminate this discharge path.

The purpose of the development of the housing was to maintain the benefits of the previ-
ous housing — the ability to be used in the interferometry set-up and in LWFA experiments
— while designing it small enough, so that two waveguides could be placed in series, allow-
ing the potential for staged acceleration, and removing the disadvantages outlined above.
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4.2.2 Development of the waveguide housing

Early development

For the first time, a 3-D printer was available to us during the development process. This
was helpful in the very early stages of this development because (i) holding a real object and
realizing the disadvantages missed on a computer screen is helpful; (ii) the lead time for a
3-D print is about one day compared to 1-2 weeks for a machined job; and (iii) the cost of the
3-D print is about 10 % compared to a machined job.

Removing gas around the capillary

As mentioned in the motivation section, having a volume of gas around the capillary cre-
ates the possibility of misfired discharges, that needed to be eliminated. The problem was
avoided by designing the new housing differently in two ways: (i) the design was open, i.e.
the sapphire blocks were open to the vacuum which removed any cavities in the housing
where gas might have accumulated; (ii) using o-rings at the intersection between gas-slot
and gas line. The o-rings were extra soft in order to allow them to seal well, but were also
heat resistant, so they could sustain the heat endured by prolonged operation. Because of
the two pronged approach to the problem, the waveguide was safe from misfiring: even if an
o-ring leaked — an eventuality which never happened in our experiments — because of the
open design, the escaping gas expanded into the vacuum and not in a confined space inside
the housing. The possibility of misfiring the discharge was therefore completely removed.
Because the o-rings were different from previously used ones, no glue was necessary.

Miniaturisation

An example 3-D view of the capillary housing, designed with the software AutoCAD, is given
in Fig.4.11, where the assembled 33 mm short capillary holder with all its components is
shown.

The holder is flanked by the electrodes — shown in copper colour — and the electrode
holder, with the high voltage pin, is touching the electrodes. The electrode holder dimension
along the laser axis was 15 mm. The total length of the housing along the laser axis was
33mm+2×15mm = 63mm, approximately half the size of the design used between 2007
and 20102.

Fig. 4.12 shows outlines of both housings in a view along the laser axis (left) as well
as from the top (right). In the plane perpendicular to the laser axis, the electrode holder
extended 55 mm over the capillary entrance point. While this is 10 mm longer than in the
old design — which had a circular design and a diameter of 90 mm — the extension only
intruded on one side, while two3 of the sides had an overhang of only 15 mm. This was

2Another design constructed in this effort reduced the length of the assembled holder to only 43 mm along
the laser axis, which is an even greater reduction in that dimension. However since no plasma mirror or
second waveguide was used in the experiment it was decided to increase the electrode holder by 10 mm to
ensure its durability during the experiment.

3The forth direction away from the capillary entrance was blocked completely by the 5-axis stage which
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Figure 4.11: A 3-D view of the assembled 33 mm long capillary holder with all its compo-
nents. The image was produced using the program AutoCAD.

a reduction of 67 %. This was one of the crucial points of the design, since it offered the
possibility of introducing a plasma mirror close to the capillary entrance. This was further
helped by the fact that — along the laser axis — the capillary entrance came 15 mm after
the housing started. This distance was much longer (35 mm) in the older design.

The open design with o-rings around the gas line had another benefit: in previous de-
signs, the first gas slot pointed upwards while the second gas slot pointed downwards (or
vice versa). This mirrored design around the middle point of the capillary had to be done,
in order to avoid discharges across the top of the sapphire blocks. Because there was no
gas around the sapphire blocks in the new design, the gas slots could now be placed on one
side of the capillary. This ensured that the gas lines, to both gas slots, could both be placed
on the side of the electrode holder and hence intruding in an already blocked space. This
left the opposite side completely free of gas lines, making it easy, for example, to translate
the capillary housing out of the line of the laser beam. It is important to note, that the two
individual gas lines, feeding into the two individual gas-slots, need to be at least ≥ 100mm
long, before linking up into a joint gas supply line connected to the gas bottle. This is to
ensure, that no discharge occurs from (i) the HV electrode, (ii) through the closest gas slot,
(iii) into the gas line, (iv) into the second gas line and gas slot, and finally onto the other
electrode.

The new capillary holder was designed around the sapphire block space requirements.
The sapphire blocks, making up the capillary, sit on a base, which has the same length as
the sapphire blocks along the laser axis, and is custom made to each capillary length. All
other parts of the housing are common and can be used for all capillaries, reducing the cost
and time taken to manufacture the components. In the previous design, all but three parts
were designed for a special length capillary.

Several small improvements were performed. (i) The HV pins were designed with springs
which could be placed between the electrode holder and the HV pin. This was to ensure that
the contact between the HV pin and the electrode was not lost due to small movement of
the screws holding the HV pin holder in place. (ii) The connection between the HV pin

moved the capillary in the correct position.
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Figure 4.12: (Left) A view of the outlines of the old and new housing along the laser axis.
(Right) The two housing outlines as seen from top.

and the cable delivering the current was not any longer soldered, but connected with a
bolt and nut. This was done, because the old design would occasionally fail during experi-
ments. (iii) Small items like gas connectors, converters, and o-rings where purchased from
suppliers rather then self-designed in order to ensure quick and cheaper replacement in
case of breakage. While that meant that the remaining self-made items had to be designed
around already existing parts — a minor disadvantage — it also ensured, that the bought
parts were already tested by the supplier. (iv) The metal screws were all replaced by ny-
lon screws to eliminate any possibility of the discharging jumping across the housing. For
higher temperature operation such as a glow discharge addition, the author recommends
ceramic screws. (vi) The sapphire blocks were aligned to be capillaries weeks before the ex-
periment and bound together by "Permabond superglue". This avoided screws, which used
to both align the capillary and hold it in place.

4.2.3 Photographs and performance

Fig. 4.13 displays photographs of the new housing. These figures show the housing of a
33 mm capillary. The items made of perspex were ordered from a plastic design specialist
while the copper items — and the sapphire capillary itself — were machined by the author.

The new housing performed very well during the Astra-Gemini experiment described in
chapters 5 and 6. No disadvantages compared with the old housing were found, and many
advantages were noted. These include the smaller mount — the housing is now very easy to
move out of the laser beam — and it looks a bit “cooler". But more importantly, the changes
set out to improve the housing and remove flaws — described in §4.2.2 — were all realised
successfully.
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Figure 4.13: Photographs of the new housing on top of a Thorlab kinematic magnetic base.



Chapter 5

Astra-Gemini experimental set-up and
analysis methods

5.1 Motivation

From the start of June 2011 to the beginning of November 2011, experiments were per-
formed using the Astra-Gemini laser facility at the Rutherford Appleton Laboratory. The
purpose of these experiments were to: (i) produce GeV scale electron beams; (ii) characterize
the produced electron beams and transmitted laser light; and (iii) use these beams to create
and detect radiation within the water window by passing them through an undulator. Com-
plications with the laser and radiation safety shrank the proposed four weeks of beam time
to a total of two usable days of data taking and, as a consequence, only the first two goals
were achieved.

This chapter discusses the experimental set-up in §5.2 and the methods of the analysis
in 5.3. The results from the experiment will be presented in chapter 6.

5.2 Experimental set-up

The Astra-Gemini laser is a dual laser beam Ti:sapphire laser system and has been de-
scribed in detail elsewhere [104]. The two beams, labeled North and South, are compressed
in separate compressors. Due to problems with the South compressor, which produced an
asymmetric focal spot, and because of the significantly higher energy in the South beam
compared to the North beam, the experiments were performed with the amplified South
beam being compressed in the North compressor. This required the uncompressed beam to
propagate through ≈ 1m of air which could not be fully shielded against air currents, and
this may have increased the shot-to-shot jitter in the on-target beam pointing. Pointing sta-
bilisation systems such as those described by Genoud et al. [105] could have reduced this
jitter. A stabilisation system is planned for the Astra-Gemini laser, but it was not ready
to be used during the experiment. The experimental layout after the laser compressor is
outlined in Fig. 5.1.

The description of the experimental set-up is divided in the following way: Astra-Gemini

61
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Figure 5.1: Schematic diagram of the experimental set-up employed in the experiments
undertaken with the Astra-Gemini laser.

laser (5.2.1), waveguide (5.2.2), transmitted laser light diagnostics (5.2.3), and electron di-
agnostics (5.2.4). The software to acquire data was written by Dr. Nicolas Bourgeois and
will not be discussed in this thesis.

5.2.1 The Astra-Gemini laser

For these experiments, the Astra-Gemini laser system delivered linearly-polarised pulses
with a FWHM duration of τ= (55.3±1)fs. An off-axis paraboloid of f= 3m focal length used
at f/20 focused the laser pulses of 150 mm diameter to the entrance plane of the capillary
waveguide. A soft aperture was placed in the beam, prior to the final laser amplifier to
improve the focal spot quality, which reduced the beam diameter to 75 mm. The aperture
increased the fraction of the energy contained within the half-peak-intensity contour of the
focal spot and a detailed analysis of the laser spot is described in §5.3.1.

5.2.2 The waveguide

For these experiments the capillary discharge waveguide employed 33 mm long, 300µm di-
ameter capillaries laser-machined into sapphire blocks [102]. An image of the capillary and
its support structure is shown in Fig. 5.2; a more detailed discussion of the housing was pre-
sented in chapter 4. The capillary was filled with hydrogen gas via two gas slots of 650µm
diameter located 4 mm from each end of the capillary. The plasma channel was formed by
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Figure 5.2: (a) Annotated photograph of the waveguide and its housing on top of a Thorlab
kinematic magnetic base. (b) Annotated photograph of the waveguide inside the target
vacuum chamber of the target area. The gas and current flow in the gas supply lines and
HV cables are indicated by arrows. The direction of laser and electron are also indicated.

a discharge pulse with a peak current of 500 A and 200 ns half period. The axial plasma
density ne at the centre of the capillary was determined from the scaling laws [79] deduced
from interferometric measurements undertaken by a previous member of the group, Dr.
Anthony Gonsalves, and was varied between 0.3×1018 cm−3 ≤ ne ≤ 3×1018 cm−3.

5.2.3 Transmitted laser diagnostics

As shown in Fig. 5.1, a 102.6 mm diameter wedge (W1), in which a 20 mm diameter hole
had been drilled at 45o to the normal, was placed approximately 1.6 m from the exit of the
capillary and oriented at 45o to the propagation axis of the laser. Laser light transmitted
through the capillary, was reflected from the front surface of the wedge onto a second wedge
(W2) of 254 mm diameter and then to a spherical mirror (SM1) of focal length 2540 mm,
arranged so as to retro-reflect and collimate the beam. The collimated beam passed through
W2 and out of the vacuum chamber, and was refocused using a combination of a wedge
and spherical mirror (SM2) equivalent to that used in the chamber to collimate the beam.
Several diagnostics measured the properties of the transmitted laser radiation: (i) a CCD
camera to image the transverse intensity profile of the laser in either the entrance or exit
plane of the capillary (the object plane being determined by the position of SM1); (ii) a photo-
diode to measure the transmitted laser energy; (iii) an optical spectrometer to measure the
spectrum of the transmitted laser light; and (iv) a GRENOUILLE to measure the temporal
profile of the pulse.

Because space was limited on the optical table, the GRENOUILLE was placed on a dif-
ferent level and its beam path is shown in Fig. 5.3. The beam path was as follows: laser light
reflected from W1 was intersected by a pick-off mirror (PM). A lens (L) made of fused silica
was positioned between the mirrors O1 and O2 and focused the diverging beam. Between
optics O2 and O3, the beam traversed upwards and a fused silica window (Wi) separated
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Figure 5.3: Schematic diagram of the experimental set-up. The insert shows in detail the
optical layout of the optical components used to pick-off part of the transmitted laser beam
and transport it to the GRENOUILLE. Note that the GRENOUILLE was located above the
optical spectrometer and the pick-off beam was deflected vertically between O2 and O3.
Some devices are removed in the insert in order to see the beam path of the GRENOUILLE
clearly.

vacuum from air and allowed the beam to exit the vacuum chamber. A beam spitter (B)
was also traversed by the beam before the beam entered the GRENOUILLE, which was
protected by a filter wheel (F).

5.2.4 Electron diagnostics

Electrons accelerated within the plasma channel passed through the hole in W1 and entered
the electron spectrometer, which comprised two permanent dipole magnets dispersing the
electron beam. Each dipole magnet produced an average field of 0.78 T in a region 0.4 m
(parallel to the laser axis) by 0.15 m (horizontal) by 0.04 m (vertical). The dipole magnets
were separated by 0.05 m in the direction parallel to the laser axis; the second dipole was
offset in the horizontal plane by 0.05 m to increase the path of high-energy electrons in the
magnetic field. A field map of the magnetic field of one of the magnets is shown in Fig. 5.4.
The field map was measured by a Hall effect probe in 2D within a 0.2m×0.075m wide area,
and the rest of the magnetic field was deduced from it. The deflected electron beams were
detected by a Lanex screen of 1 m length, the phosphorescence from which was imaged by
a pair of CCD cameras. These Greypoint Flea2 cameras were placed below the beam line
to avoid radiation damage. They were equipped with wide-angle objectives in order to be
placed close to the Lanex screen in order to maximize the light detection output, but also
to limit the number of cameras to 2. Laser light and ambient light from the target area
was prevented from entering the cameras objectives by bandpass interference filters with
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Figure 5.4: The magnetic field map of the first dipole magnet in units of mT. Only one section
— indicated by the white line — was measured by a Hall effect probe in Munich and the rest
of the magnetic field was deduced from it. Since the specification of the two magnets were
the same, the magnetic field of the second magnet was not measured in detail. During the
experimental set-up, several data points were taken within the second magnets field and
they were within 2 % of the equivalent data point taken for the first magnet.

a centre wavelength of 550 nm and a bandwidth of 50 nm. All Lanex screens used in this
experiment were Kodak Lanex Regular screens, which were introduced in chapter 3, where
their linearity to increasing charge density was discussed.

As illustrated in Fig. 5.5, two dual-screen systems were incorporated to overcome poten-
tial errors in the measurement of the electron energy arising from variations in the pointing
of the generated electron beams. In the first method, shown in Fig. 5.5 (a), W1 could be re-
placed by a thin Lanex screen (the “Pointing" Lanex). In Fig. 5.6, the set-up is shown includ-
ing the wedge with the hole (W1). The “Pointing" Lanex comprised a Lanex screen (Kodak,
Intensifying Screen Regular) oriented with its back facing the incident electron beam and
covered by a 11µm thick Al foil to block the laser light. Phosphorescence from the front of
the “Pointing" Lanex was imaged by a CCD camera. Since the electron bunch is known to
originate within a few µm of the centre of the exit plane of the capillary, the measurement
of the position of the electron bunch in the plane of the “Pointing" Lanex yields the position
and propagation vector of the beam as it enters the electron spectrometer. From this infor-
mation, and the field map of the dipole magnets, the energy calibration of the spectrometer
can be calculated for each laser shot.

Fig. 5.5 (b) shows the alternative arrangement for beam-pointing correction, in which
the electron bunch position and propagation vector at the entrance of the spectrometer is
deduced from the image of the dispersed electron beam recorded on two screens located
after the dipole magnets [106, 107]. This method also yields all the information needed
to deduce the position and propagation vector of the electron bunch as it enters the mag-
netic field, although different procedures are required for mono-energetic and broad-band
electron spectra. For a mono-energetic beam, reconstruction of the incident beam path pro-
ceeds as follows. In this case, the beam produces a distinct spot on each screen, and since
the beam trajectory in this field-free region is a straight line, the position and propagation
vector of the beam as it leaves the magnetic field may be deduced. From this information,
the trajectory through the magnetic field may be calculated for a given electron energy, and
hence the apparent position and propagation vector of the electron beam in the exit plane
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(a)

(b)

Figure 5.5: Sketch of the experimental set-ups of the electron spectrometer to correct for off-
axis electron beam propagation using: (a) “Pointing" Lanex method; (b) the method using
two screens behind the electron spectrometer.

of the capillary can be found. A retrieval algorithm then adjusts the energy of the electron
beam until the position of the electron beam in the exit plane of the capillary is closest to
the centre of the capillary; this yields the energy of the beam and the energy calibration of
the spectrometer for that shot.

This approach cannot be used with broad-band electron beams since, in general, the
energy spectra have no distinguishing features. To overcome this, lead bars were placed
between the two Lanex screens in order to imprint holes in the energy spectrum recorded
by the second Lanex screen [62] . The known locations of the lead bars and the measured
positions of the spectral holes could then be used to calibrate the spectrometer using the
same algorithm used for mono-energetic electron beams. Note that the (corrected) energy
spectrum recorded by Lanex Screen 1 is unaffected by the lead bars.
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(a) (b)

Figure 5.6: (a) The set-up of the “Pointing" Lanex seen from the top with electron beam
(green) and laser light (red) schematically shown. (b) The “Pointing" Lanex inside the Astra-
Gemini target chamber. The wedge with a hole (W1) is also visible in front of the “Pointing"
Lanex as well as an alignment card, which is illuminated by a green alignment laser.

5.3 Analysis methods

This section describes the methods of analysis and is divided in three sections: the analysis
methods for the laser data are discussed in §5.3.1 incorporating the analysis of the quality
of the focal spot and the laser beam pointing; §5.3.2 discusses the analysis methods for the
transmitted laser data, which comprise the transmitted laser energy, the optical spectrum
of the radiation and its temporal pulse length; finally, §5.3.3 discusses the analysis of the
electron beam data which comprises sections on electron beam pointing, electron energy
determination and correction and charge calibration.

5.3.1 Focal spot data

The transverse position and size of the Astra Gemini laser could be determined by an 8 bit
Stingray F033 CCD camera placed within the target chamber. The CCD camera was moved
into a position to image the focus of the laser beam when the waveguide was not in use.
The percentage of laser energy within the lowest-order Gaussian mode is worth knowing
because it is the energy within the FWHM of the focal spot that contributes to driving the
plasma wave [108]. It is, therefore, important to gain the highest possible percentage of
laser energy within the lowest-order Gaussian mode. The methods to determine the laser
spot size, its quality and position are described in the following paragraphs.

Focal spot quality

A lowest-order Gaussian beam profile contains 50 % of its energy within the half-peak-
intensity contour of the focal spot. The Astra-Gemini laser often exhibited a percentage of
laser energy smaller than 30 % within the half-peak-intensity contour owing to the fact that
the Astra-Gemini beam contained significant proportion of energy in higher-order trans-
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verse modes. To improve the laser spot quality, a soft aperture was placed in the beam path
in front of the final laser amplifier. This aperture reduced the laser energy by roughly one
half, but the improved laser spot quality made this procedure worthwhile. Fig. 5.7 shows
images of the focal spot with and without the aperture in place and shows that without the
aperture aberrations in the focal spot were worse. In this example, the fraction of energy
contained within the half-peak-intensity contour of the focal spot increased from 29 % with-
out the aperture to 38 % with the aperture. One can also see, as expected, that the reduced
diameter beam forms a larger focal spot.

To determine the percentage of laser energy within the half-peak-intensity contour, the
following steps were taken: (i) the background level was determined by averaging the border
pixel values of the original image and subtracting it from each pixel. Fig. 5.8 (a) shows the
raw image with the background region indicated by two white dashed lines. (ii) The position
and value of the peak pixel was determined. A square part of the image with borders of 50
pixel left, right, below and above the peak pixel was cut out for further analysis. Fig. 5.8 (b)
shows the background subtracted image with the square part indicated by a white dashed
line. (iii) Each pixel within the square image was analysed to be either above, or equal or
below the half-peak-intensity value. (iv) The sum of the intensity values above the half-
peak-intensity value was compared to the total intensity present in the square image and
determined the percentage of laser energy within the full width half maximum of the laser
spot.

Focal spot size

The FWHM focal spot size — defined as W0 = p
2σ, where σ is the radius of the laser

beam at which the intensity in the laser pulse has dropped to 1/e of its peak value (§2.4.1)

(a) (b)

(c) (d)

Figure 5.7: The laser spot recorded at focus without (a, c) and with (b, d) a soft aperture
placed in the beam prior to the final amplifier.
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(a) (b)

(c) (d)

Figure 5.8: (a) Raw image of the laser focus obtained with the apodizer in position. The
background region along the four edges of the image is indicated by white dashed lines. (b)
The same image with the background subtraction applied; the region used to determine the
percentage of signal above the half-peak-intensity is within the square region indicated by
a white dashed line. The horizontal (c) and vertical (d) 1-D line-out profiles for the image
shown in (b) are presented.

— was determined by taking horizontal and vertical 1-D line-outs across the background-
subtracted focal spot image. The half-peak-intensity widths were 41.5 pixel in the horizontal
direction and 42.1 pixel in vertical direction. Two calibrations were performed for the con-
version from pixel to micrometre.

First, the pixel size of the Stingray F033 camera is specified to be 9.9µm by 9.9µm and
the microscope objective was used under 10 fold magnification. This results in a spot size in
the horizontal direction of W0,H = 41.5/10×9.9µm = 41.1µm and W0,V = 42.1/10×9.9µm =
41.7µm in the vertical direction, which results in an averaged spot size of W0,1 = (41.4 ±
1.1)µm. Second, an airforce target [109] was used to calibrate the camera which resulted
in a spot size measurement of W0,2 = 15.625µm

16 × 41.5+42.1
2 = (40.8 ± 0.4)µm1. Considering

both results, this results in an averaged FWHM focal spot size of W0 = (W0,1 +W0,2)/2 =
(41.1 ±0.9)µm with the error determined from the statistical error of both sub-results.

Focal spot pointing and drift

A data set of the focal spot images at low power was taken over a period of ≈ 1 hour
several times during the experiment at a repetition rate of 0.05 Hz. The data set taken
closest to when the electron data was collected is shown in Fig. 5.9 (a). The figure shows

1The camera imaged the first element of group 6 onto 16 pixel. This element contains 64 line pairs per
millimetre which is equivalent to 15.625µm per line pair.
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(a) (b)

Figure 5.9: Shot-to-shot variation of the position of the laser focal spot. (a) Positions of the
peak intensity of each laser shot, superimposed over the transverse intensity profile of the
sum of all the shots. The intensity peak of each shot is indicated (black dots). The white
error bars indicate the standard deviation of the peak position. The focal spot of each image
was moved towards the centre of the image before the sum was applied. The Stingray F033
camera had a pixel size of 10µm and was used with a 10-fold magnification microscope
objective. (b) Variation of the horizontal (top) and vertical (bottom) positions of the intensity
peak as a function of shot number. Also shown are linear fits to the data, from which the
drift rate was deduced.

the sum of the laser spot images and laser focus position, its pointing and drift. The rms
variation of the shot-to-shot jitter in the transverse position of the input laser focus was
measured to be 60% of the laser spot size or ±24µm. The long term drift of the peak position
was 25µm over a period of one hour. While the drift was relatively small in comparison with
the laser spot size, the large shot-to-shot jitter ultimately forced us to use a capillary with a
diameter of 300µm, rather than a capillary with a diameter of 200µm, which was originally
planned.

5.3.2 Transmitted laser light

This section describes the methods used to determine the amount of transmitted laser en-
ergy via the photo-diode, its optical spectrum using the optical spectrometer, and its pulse
length using a GRENOUILLE.

Transmitted laser energy

The laser light transmitted through the capillary was focused onto a photo-diode —
called exit photo-diode—, which enabled the laser energy transmission of the plasma chan-
nel to be determined. The signal from the photo-diode was compared with a similar photo-
diode — called input photo-diode — which was inserted earlier in the laser system beam
path. The input laser energy on-target, calculated using the input photo-diode, was pro-
vided as part of the in-built diagnostics of the Astra-Gemini laser. An example trace of the
signal from the exit photo-diode is shown in Fig. 5.10 (a). The signal from the exit photo-
diode was captured by an oscilloscope and the value taken from the mean of the signal in
a 200µs window just after the measured peak was used. The energy transmission of the
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(a) (b)

Figure 5.10: (a) Example trace from the exit photo-diode that recorded the laser energy
transmitted through the capillary. (b) The corresponding calibration curve used to calculate
the transmission is shown.

capillary was calibrated as follows. First, with the waveguide removed, the signal recorded
by the input photo-diode and the signal of the exit photo-diode were recorded as the laser
pulse energy was adjusted by means of a half-wave plate. A calibration curve through these
data was then fitted, as shown in Fig. 5.10 (b). This curve allows the exit photo-diode signal
corresponding to 100 % transmission to be deduced for a given input photo-diode reading.
Hence — with the capillary in place — the energy transmission is given by the ratio of the
signal measured by the exit photo-diode to that corresponding to 100 % transmission. In
terms of equations, this can be expressed as:

Ecal
i ·K = Ecal

m , (5.1)

where Ecal
i is the initial energy from calibration, K is a constant accounting for a loss of

energy in the delivery system from laser room to interaction area, and Ecal
m is the measured

energy from calibration. The measured energy during experiments, Em, is then equal to the
input energy, Ei, times the factor K and the transmission factor T

Em = Ei ·K ·T, (5.2)

and T can be deduced from known quantities to be

T = Em

Ei ·K
. (5.3)

Optical spectrometer data

Laser light transmitted through the capillary was focused onto the slit of an optical
spectrometer. The spectrogram was recorded by a 16-bit Andor CCD camera from which
the background was subtracted. The calibration of the wavelength and the sensitivity of
the camera was performed before the experiment. It showed that the spectrometer was well
calibrated and only needed correcting of order one nanometer. This minimal correction was
thanks to another group using and calibrating the spectrometer just before the experiment
of our group commenced. The white light correction was done using a Bentham 605 white
light source and Fig. 5.11 shows the raw spectrum data for the white light calibration (a),
the calibration curve (b), an uncorrected (black) and corrected example spectrum (blue) of
the vacuum laser pulse (c).
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Figure 5.11: White light correction for optical spectrometer data. (a) The raw spectrum data
of the white light calibration (green) as well as the calibration curve (red) for the Bentham
lamp. (b) Calibration curve (yellow) and error estimate (blue). (c) The uncorrected (blue)
and corrected (black) spectrum for a vacuum laser pulse.

Temporal laser pulse characterization

Key properties of the laser pulse are its temporal envelope and phase, or their equiva-
lent in the spectral domain. To measure a period of time, a unit of time is required, which
is shorter than the period being measured. Previous techniques to measure the temporal
length of a laser pulse used an autocorrelation, which required splitting the pulse into two.
The two beams can then be focused into a second harmonic generation (SHG) crystal, to cre-
ate a non-linear signal, which is measured. This measurement is done with an array of time
delays between the two pulses and enables the temporal pulse shape to be measured. By
adding a spectral measurement to the time information, as was first suggested by Trebino
and Kane [110,111], the complete information, i.e. the pulse shape as well as the phase in-
formation as a function of time and frequency, can be measured. This measurement results
in a spectrogram, referred to as a FROG2 trace.

The complex optical set-up — due to the splitting and recombining of the laser pulses —
is much simplified by the set-up of the GRENOUILLE3 [112]. It replaces the beam splitters
and delay lines with a single piece of optics, a Fresnel biprism, which splits the laser pulse
into two beam-lets and crosses them at an angle [113] in a thick SHG crystal. The thick SHG
crystal replaces the spectrometer by emitting different frequencies under different angles,
which allows the detection along one of the axis of a CCD camera, e.g. the vertical axis. The
horizontal axis of the CCD chip is used for the temporal measurement. An example FROG
trace taken with the GRENOUILLE is shown in Fig. 5.12.

2The acronym FROG stands for Frequency Resolved Optical Gating.
3The acronym GRENOUILLE stands for GRating-Eliminated No-nonsense Observation of Ultrafast Inci-

dent Laser Light E-fields and is the French word for the English word frog.
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(a) (b)

Figure 5.12: (a) Original FROG data taken during the experiment. (b) FROG trace recon-
structed by FROG3 [114]. For both images, the horizontal axis is representative of time —
although at this time during the analysis it is unknown in which direction time is progress-
ing — and the vertical axis is representative of frequency.

To measure the temporal envelope and phase during the experiment presented here,
a GRENOUILLE [112] with a resolution of 20 fs was used. A similar instrument, with a
resolution of 10 fs, unfortunately broke during the experiment and its data could not be used.
The GRENOUILLE data were analysed with the FROG3 software [114]. The algorithm
grids the measured FROG trace and makes a first guess for amplitude and phase. It then
compares its guess to the experimental FROG trace. The values at each point of the grid are
varied until the error between the experimental and retrieved FROG trace are below 2 %,
with the error defined as the square root of the sum of the squared differences in each pixel.
Only data, for which a similar spectrum to the optical spectrum measured by the optical
spectrometer was reconstructed independently, were used for the analysis.

It is important to note, that laser light, which was analysed for its temporal shape, was
a small part of the whole laser beam profile, defined by the size of the pick-off mirror (Fig.
5.3), which reflected the light into the GRENOUILLE. Hence the temporal measurement
can only reveal information about the temporal shape and phase of the pulse in this small
part of the beam. Variation in the beam profile of frequency and pulse front tilt, cannot be
accounted for. However, the staff scientists at the Astra-Gemini laser facility reduced pulse
front tilt (PFT) before the experiment to below 3 fs, measured across the diameter of the
beam of 150 mm. This suggests, that the measurement in regard to PFT is valid. Future
experiment should rotate the position at which the pick-off mirror is inserted into the beam
profile to eliminate the uncertainty of other variations across the laser pulse profile.

In an ideal world, the laser pulse would not traverse any material before entering the
GRENOUILLE, because material dispersion would be incorporated into the GRENOUILLE
measurement. However, the experiment required that the beam passed through 4 fused
silica optics: (i) a lens (1.5 mm thick) to collimate the beam after it was picked-of by a small
mirror; (ii) a window (1.5 mm thick) separating the vacuum chamber from air; (iii) a beam
splitter (2.1 mm thick) used to divert some of the laser beam towards the 10 fs resolution
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GRENOUILLE; and (iv) ND filters (0.1 mm thick) used to avoid saturation, placed 1 mm off
the entrance of the GRENOUILLE.

The extra phase, introduced by these optics, needs to be corrected for. The Sellmeier
equation [115] allows us to calculate the refractive index of the material, nm(ω), for each
frequency and the phase shift introduced by an optic element can be written as

Φm(ω)= ω

c
nm(ω)× lm (5.4)

where lm is the length of the optic the beam traverses. The additional phase the laser pulse
picks up traversing the lens (L), window (Wi), beam splitter (B), filter (F) and 1 m of air is
the sum of the phase shifts and can be written as

Φopt(ω)=ΦL(ω)+ΦWi(ω)+ΦB(ω)+ΦF (ω)+ΦAir(ω). (5.5)

The phase the optics introduce is known to be positive. What is not known, however, is the
sign of the measured phase, Φmeasured(ω). Hence the true phase Φtrue(ω) is either:

Φ+
true(ω)=Φmeasured(ω)−Φopt(ω) (5.6)

or,

Φ−
true(ω)=−Φmeasured(ω)−Φopt(ω)

=−(Φmeasured(ω)+Φopt(ω)). (5.7)

An equivalent statement is that the sign of the spectral phase is not known and both possi-
bilities have to be accounted for in the analysis.

The complex amplitude of each frequency multiplied by the corrected phase, A(ω)×
e−iΦtrue(ω), multiplied by e−iω0t results in the electric field and can then be Fourier trans-
formed from frequency space into time

E(t)= κ
∫ ∞

−∞
A(ω)× e−iΦtrue(ω)e−2πiωtdω (5.8)

where κ is a constant. This reveals the corrected, temporal, complex amplitude A(t)×
e−iΦtrue(t) and hence the temporal intensity I(t)= (A(t)× e−iΦtrue(t))2 = A(t)2 can be deduced.

In Fig. 5.13, several steps in the process of correcting the phase are shown. In Fig. 5.13
(a), the retrieved spectral intensity (blue) and amplitude (cyan), and, in Fig. 5.13 (b), the
retrieved spectral phase (blue) are shown. In Fig. 5.13 (c), the retrieved spectral phase
is shown again (blue) with the additional phase pick-up from the lens, the window, and
the beam splitter shown in red (large correction). The phase correction resulting from the
pass through the filter and air is also shown in red (small correction). The corrected phase
Φ−

true(ω) due to these materials is shown in black. The other possible solution of the cor-
rected phase, Φ+

true(ω), is not shown. In Fig. 5.13 (d), the corrected (blue) and uncorrected
(green) temporal intensities are shown. After making these phase corrections, the FWHM
duration of the pulse intensity profile was found to be reduced from 75.3 fs determined by
the raw GRENOUILLE measurement, to (55.3±1)fs, where the error is the statistical error.
The corrected value is in good agreement with an independent measurement made in the
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Figure 5.13: The correction process of the temporal phase of a vacuum pulse is shown.
(a) The retrieved spectral intensity (blue) and amplitude (cyan). (b) The retrieved spectral
phase (blue). (c) The retrieved spectral phase is shown again (blue) with the phase correction
for the lens, the window, and the beam splitter shown in red (large correction). The phase
correction for the filter and air is also shown in red (small correction). The beam phase after
correcting for all the effect of these materials is shown in black. (d) The corrected (blue) and
uncorrected (green) temporal intensities are shown.

laser area by the CLF laser engineers of 53−55fs. The other possible solution of the cor-
rected pulse length — determined from Φ+

true(ω) — resulted in a much longer pulse length
measurement of τ> 85fs.

The ambiguity in the sign of the phase is easily removed in the case of the vacuum pulse
because the pulse was independently measured to be τ ≈ 53−55fs. Because it is indepen-
dently measured, and hence the “correct" result is known before starting the analysis, the
correct phase subtraction can be applied and hence the correct Wigner transform can be
plotted. However, for pulses which were exposed to plasma, it is not known if the phase
correction needs to be added or subtracted. This ambiguity was overcome using the idea
described by Schreiber et al. [31]: by having placed material of known dispersion into the
beam, the two possibilities could be distinguished by demanding that the Wigner transform
of the laser pulse did not change significantly when the parameters of the experiment were
changed slightly. For example, if the previous pulse exhibited positive chirp and changes
in density were small, the pulse should still exhibit a positive chirp and the shape of the
Wigner transform should not change drastically. The Wigner transform from the pulse ex-
posed to plasma — either analysed with a (a) negative or (b) positive phase shift — which
shows the smallest change compared to the vacuum pulse, is taken as the true result and
the direction of time is determined.
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5.3.3 Electron beam data

This section describes the methods used to analyse the electron beam data. First, the way
in which the electron beam pointing and divergence are calculated is described, followed
by a detailed description of the electron energy determination and correction, followed by a
description of the definition of peak and maximum energy. Lastly, the method of the charge
calibration is described.

Electron beam pointing

The “Pointing" Lanex screen was used to obtain information about electron beam point-
ing and divergence. As a reminder, either the "Pointing" Lanex or the wedge with a hole
(W1) were in the beam path and, hence, only information about either the electron beam
position or information about the transmitted laser light was possible, but not both simul-
taneously.

The white Lanex surface of the "Pointing" Lanex was marked with a black target cross
which was aligned to the laser beam axis. This cross was visible on the CCD images and was

(a) (b)

(c) (d)

Figure 5.14: (a) CCD images from the “Pointing" Lanex showing an electron beam close to
the design axis (indicated by a cross on the Lanex surface) with a close up shown in (b).
(c) An electron beam further away from the design axis with its close-up shown in (d). The
white arrows indicate the position of the cross which was positioned on the design axis of
the laser beam.
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Figure 5.15: The data points (solid) and the fit (line) of the calibration curve for Lanex
Screen 1 are shown.

used to determine the relative position of the electron beam intensity peak in the horizontal
and vertical dimensions. Fig. 5.14 shows images of electron beams imaged on the "Pointing"
Lanex. The top row shows an electron beam with a trajectory close to the design axis while
the bottom row of Fig. 5.14 shows an electron beam with much greater off-axis pointing. The
horizontal distance between the position of the cross and the position of the intensity peak
of the electron beam, named pH

peak, was translated into an absolute distance in unit of metre
by the linear transformation km/p ×pH

peak where km/p = 1.08×10−4 m/pixel is the conversion
factor from number of pixel to unit metre. The pointing result PH

mrad in mrad was calculated
using the following formula:

PH
mrad = arctan

(
km/p ×pH

peak

D

)
, (5.9)

where D= 1.559m is the distance between the exit of the capillary to the "Pointing" Lanex
screen. The vertical pointing results were determined by an analogous procedure.

Electron beam divergence

The full-width half-maximum (FWHM) divergence of each electron beam was found by
analyzing the shape of the electron beam intensity profile. The 2-D image was projected
onto the horizontal axis to create a 1-D line-out. The full-width at half-maximum (FWHM)
in pixels, ∆pH

FWHM, was converted into a divergence by:

ΘH
radians = 2×arctan

(
1
2

km/p ×∆pH
FWHM

D

)
. (5.10)

The divergence in the vertical plane was deduced by an analogous procedure.

Electron energy determination and correction

A typical calibration curve of Lanex Screen 1 is shown in Fig. 5.15. The calibration
curves were calculated with a MATLAB routine, taking into account the relative positions
of the end of the capillary, the “Pointing" Lanex, the two dipole magnets, and the Lanex
screen. The example calibration curve shown here, was produced for an electron beam of
500 MeV of energy and 3.1 mrad of beam pointing.



CHAPTER 5. ASTRA-GEMINI SET-UP AND ANALYSIS METHODS 78

g(x) f(E) 

E x 

Δx 

ΔE 

Figure 5.16: Schematic diagram of an arbitrary distribution showing how an electron dis-
tribution g(x) in space is distorted as a function of energy f (E).

This conversion from pixel value of the CCD camera to energy value of each pixel is
performed in three steps: (i) transformation of the pixel value into the position x along the
Lanex screen measured in metres, (ii) conversion of the distance x into electron energy using
a polynomial, and, finally, (iii) weighting of the signal level in each energy bin. These steps
are outlined below in detail.

The first and last pixel of the CCD camera along the horizontal axis, pmin and pmax,
correspond to values in units of metre on Lanex Screen 1, xL

min and xL
max. The field of view

(xL
FOV) is determined by subtracting the latter from the former. To translate each pixel value

(p) into an absolute position on the screen in units of metre (x), the following transformation
was performed:

x = p× xL
FOV

pmax − pmax
+ xL

min. (5.11)

A fourth-order polynomial of the form

E =
4∑

i=1
ci xi (5.12)

was fitted to the spectrometer calibration curve to allow conversion of position x to the
electron energy of that position.

After determining the absolute energy axis, the electron distribution measured in the
space domain g(x) must be re-weighted. This is required because the data recorded at
even intervals in the space domain on Lanex Screen 1 are not mapped to even intervals in
the energy domain. A distribution f (E) has to be calculated in such a way, that the total
electron count, integrated over the energy range ∆E corresponding to the interval in space
∆x, is conserved. This is shown figuratively in Fig. 5.16. This condition requires that the
sum over the spectrum in space equals the sum over the spectrum in energy∫ x1

x0

g(x)dx =
∫ E1

E0

f (E)dE, (5.13)

and, hence,

f (E)= g(x)
∣∣∣∣ dx
dE

∣∣∣∣ . (5.14)
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Using equation (5.12), dE/dx = 4c4 x3+3c3 x2+2c2 x+ c1, and applying the scaling factor to
each point of the spectrum yields the properly weighted electron distribution.

Fig. 5.17 shows an example using real data for the correction of the raw spectrum. In the
left column (a, c, e, g, i), the low-energy camera image is described and, in the right-hand
side (b, d, f, h, j), the high-energy camera image is described. For a good comparison of the
two sides, in this example figure the high-energy CCD image was replaced with the low-
energy CCD image to illustrate the different effect of the calibration curve on the low and
high-energy part of the spectrum. The raw image from the CCD camera is shown in the top
row (a, b), the intensity summed in the non-dispersed direction is shown in the second row
as a function of pixel number (c, d), and the same distribution against position x using Eq.
(5.11) is shown in the third row (e, f). The fourth row displays the spectrum as a function
of energy using Eq. (5.12) (blue) as well as the re-weighted spectrum using Eq. (5.14)
(green) (g, h). Note that the full-width at half-maximum value of the peak in the second
row, which is 176 pixel wide on both cameras (c, d), corresponds to a width of 72 MeV along
the low-energy screen (g), but an increased width of 132 MeV on the high-energy screen (h).
Visually, this is better emphasized in the fifth row, in which the energy axis has the same
limits for both screens (i, j). The reason is the non-linear behaviour of the polynomial (Fig.
5.15) in the low-energy region and the almost perfectly linear behaviour above 400 MeV.
This almost perfectly linear behaviour of the polynomial for higher energies is the reason
that the shape of the spectrum as a function of space (Fig. 5.17 (f)) is very similar to the
shape of the spectrum as a function of energy (Fig. 5.17, (h) and (j)).
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Figure 5.17: Conversion from pixel to energy for low (left column) and high (right column)
energy camera. (a, b) The raw CCD image is shown. (c, d) The intensity summed in the
non-dispersed direction as a function of pixel. (e, f) The same intensity distribution as a
function of distance. (g, h) The distribution is shown as a function of energy un-weighted
(blue) and re-weighted (green). (i, j) The same distribution as in row four with both column
having the same axis limits.
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Figure 5.18: Examples of electron energy spectra recorded before (dashed) and after (solid)
correction for off-axis propagation of the electron beam by the “Pointing" Lanex (black) and
two-screen (red) methods on two separate shots.

An example of the energy correction determined by the “Pointing" Lanex method is
shown in Fig. 5.18 (black lines). It can be seen that, in this case, correcting for the off-axis
propagation of the electron beam increases the energy of the peak in the electron spectrum
from 696 MeV to 765 MeV, an increase of 10 %. For other shots, the correction of the energy
spectrum reduced the electron energies: for those shots yielding a positive energy correc-
tion, the average increase was 6.4 %; for those shots with a negative correction, the average
decrease was 2.5 %. We note that this method was very easy to implement and, at least for
these highly relativistic electron beams, scattering of the electron beam by the “Pointing"
Lanex did not appreciably degrade the recorded energy spectrum on Lanex Screen 1.

Fig. 5.18 also shows an example of energy correction using the two-screen method (red
lines); in this case the correction increases the energy of the peak by 7 % to 266 MeV. It is
worth noting that for this method it was found that the total beam charge had to be above
20 pC in order for the spectrum recorded by Lanex Screen 2 to be measurable. Further, if
the electron beam propagated at large angles to the system axis, it missed the second Lanex
screen, preventing correction of the energy spectrum. We also point out that the two-screen
method requires significant additional space — in our case approximately 1×1m2 — behind
the dipole magnets, and hence overall this method is less convenient. On the other hand, for
on-axis photon detection the two-screen method is necessary since otherwise the “Pointing"
Lanex would block the radiation to be detected.

Treatment of background and X-ray hits

Background images for the low-energy camera and the high-energy camera were taken
every day before data was taken. The background image was subtracted from the data
image to produce the background subtracted image. Isolated maximum-value pixels — most
likely from X-ray hits or broken pixels — were excluded from the images.

Definition of peak and maximum energy

The peak energy value was taken from the maximum value of the 2-D line-out of the
Lanex spectrum. The maximum energy of the electron distribution was defined as the 2-D
line-out signal falling to 25 % of its peak value, which was always well above background
levels.
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Electron beam charge calibration

The beam charge was calibrated using BAS-IP MS image plates made by FUJIFILM.
The charge calibration was performed by exposing both Lanex Screen 1 as well as the image
plate simultaneously to one electron beam. After this single exposure, the image plate was
removed from the experimental area and analysed by an image plate reader. This procedure
was repeated twice on a separate day, to create three independent charge calibrations.

The signal from the Lanex screen (NL) was calibrated using the PSL reading from the
image plate analysis. The three calibrations were consistent with each other and resulted
in a charge reading of:

Q = NL ×6.4−8pC. (5.15)

A detailed description of how the image plates were calibrated is presented in chapter 3.



Chapter 6

Results from Astra-Gemini experiment

In this chapter, the results of the Astra-Gemini experiment are presented. The experimental
setup and methods of data analysis for this experiment were described in chapter 5. The
results presented here yielded two sets of data. The first was taken at a constant axial
plasma density, to study the reproducibility of typical electron beams, and record values
for beam pointing and divergence of the produced electron beams. In the second set of
data, taken on a later day, the plasma density was varied from the very lowest density
yet to produce accelerated electrons, up to the usual, higher plasma densities of previous
experiments. This was done, to study the behavior of electron beam energy as a function of
plasma density.

In §6.1, the parameters of the laser pulses and waveguide used for the results presented
are discussed, before the properties of the accelerated electron beams are presented in de-
tail in §6.2. The results for the temporal compression of the laser pulse due to plasma
interaction are discussed in §6.3. Results are compared with simulations in §6.4 before the
conclusions end the chapter.

6.1 Laser and waveguide parameters

The soft aperture, described in the previous chapter, was used for all the data presented in
this chapter. The laser pulse energies, peak powers and intensities stated are the estimated
on-target energy contained within the lowest-order Gaussian mode. With the aperture in
place, the laser energy measurement after the compressor for the first data set was 4.2 J.
Measurements of the laser spot quality recorded on that day showed, that only 38 % of that
energy was contained within the half-peak contour of the laser spot. Of the 4.2 J incident
on the target, therefore, only approximately (0.38/0.5)×4.2J= 3.2J can be estimated to be
contained within the lowest-order Gaussian mode. The transverse intensity profile of the
focal spot was measured to have a full-width at half maximum (FWHM) of 41µm at the
entrance of the capillary. The temporal profile of the incident laser pulse was characterized
with a GRENOUILLE [112] from which the full-width at half-maximum duration of the
pulses were determined to be τ = (55.3± 1)fs. Assuming an effective laser pulse energy
of 3.2 J, the maximum incident peak power and focal intensity were P = 55TW and I =
2.9×1018 Wcm−2, respectively. These laser pulse parameters, and the equivalent parameters

83
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Table 6.1: Summary of the laser and waveguide parameters for both data sets.

Data set 1 Data set 2
Laser beam parameters Derivation
Laser energy E / J energy within FWHM 3.2 3.6
Focal spot W0 / µm FWHM 41 41
Temporal pulse length τ / fs FWHM 55 55
Power P / TW 0.94 ·E/τ 55 62
Intensity I / 1018 Wcm−2 2 ·P/0.84 ·WFWHM

0 2.9 3.2
Capillary parameters
Length / mm 33 33
Diameter / µm 300 300
Axial plasma density (ne) / 1018 cm−3 scaling law [79] 2.2 0.3 - 3

for the second data set, are summarized in Table 6.1. The parameters of the capillary
waveguide and plasma densities are also presented in the bottom half of the table.

6.2 Electron beam generation

As mentioned earlier, the experiment yielded two sets of data. The first was taken at a con-
stant axial plasma density to produce typical electron beam spectra (§6.2.1), to record beam
pointing and divergence (§6.2.2), and to find out how reproducible the produced electron
beams were (§6.2.3). In the second set of data, the plasma density was varied over one order
of magnitude to present the maximum electron energy as a function of the axial plasma
density, and to compare it to theoretical models (§6.2.4, and §6.2.5). Finally, injections and
acceleration at the lowest recorded axial plasma density will be discussed in §6.2.6.

6.2.1 Typical electron beam spectra

Electron energy spectra were recorded for a wide range of values of the axial plasma density,
the laser energy, and the delay τD between the onset of the discharge and the arrival of the
laser. From this initial survey, the optimum conditions for electron beam generation were
found to be: an axial plasma density of 2.2×1018 cm−3 and the laser pulse timed to arrive
at the plasma channel within (10.1±2.8)ns of the peak of the discharge current. The laser
parameter for data presented in §6.2.1 - §6.2.3 are summarized under the data set 1 section
of Table 6.1.

Fig. 6.1 presents a typical electron energy spectrum recorded for these conditions, show-
ing two distinct peaks at 512 MeV and 826 MeV. Double-peaked spectra of this type were
observed on most shots. The mean peak energies and mean charges of these beams were
obtained by fitting a double Gaussian distribution to all measured spectra with two peaks,
and were found to be: for the lower-energy peaks, (511±77)MeV and (9.2±3.4)pC; for the
higher-energy peak, (768±56)MeV and (10.5±3.6)pC. Dual-peak spectra of this form could
arise either by trapping of electrons in two “buckets” of the plasma wave at different points
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Figure 6.1: A typical electron spectrum recorded on Lanex Screen 1 which recorded elec-
tron energies ≥ 300MeV. The uncorrected spectrum (dashed) is corrected (solid) for off-axis
electron beam pointing, but not for variations of the energy or pointing of the incident laser
pulse. For this shot, the axial plasma density was set to 2.2×1018 cm−3, the laser pulse
energy was 3.2 J, the maximum incident peak power and focal intensity were P = 55TW and
I = 2.9×1018 Wcm−2, respectively, and the laser was timed to arrive within (10.1±2.8)ns of
the peak of the discharge current.

along the length of the plasma channel, or, by hybrid acceleration of the type considered by
Hidding et al. [116], in which the first electron bunch drives its own wakefield, which can
then accelerate a trailing electron bunch to a higher energy than the first bunch. Particle-
in-cell simulations, which are more extensive than those presented in this thesis, should
shed light on which of these mechanisms was responsible.

6.2.2 Beam pointing and divergence

Fig. 6.2 (a) shows the shot-to-shot variation of the position of 36 consecutive electron beams1

indicated by black dots, as recorded by the “Pointing" Lanex. The positions are superim-
posed over the sum of the 36 CCD images, and the white error bars indicate the standard
deviation of the peak position in the horizontal and vertical dimension. Fig. 6.2 (b) shows
the drift of the peak position as a function of laser shot.

For the above mentioned laser and plasma conditions, the root-mean-square (RMS) vari-
ation of the beam pointing recorded by the “Pointing" Lanex was found to be 3.1 mrad; this
is similar to previous experiments employing capillary discharges [1], steady-state-flow gas
cells [28], and gas-jet targets [22], but large compared to the value of 0.57 mrad obtained
with an intra-waveguide gas jet to control the electron injection [57]. Table 6.2 summarises
some typical values that have been reported for the divergence and shot-to-shot pointing
jitter.

The divergence of the electron beams could be measured in both the vertical and hori-
zontal directions by the “Pointing" Lanex, and for the vertical direction by Lanex Screen 1
of the electron spectrometer. For the vertical direction, the two measurements were found

1These 36 shots are the same shots as described in §6.2.3.
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(a) (b)

Figure 6.2: Shot-to-shot variation of the position of the electron beam, as recorded by the
“Pointing" Lanex. (a) The positions of the peak intensity of each electron beam is shown
(black dots), superimposed over the transverse intensity profile of the sum of all the shots.
The white error bars indicate the standard deviation of the peak position. (b) The variation
of the horizontal (top) and vertical (bottom) positions of the intensity peak as a function of
shot number is shown.

to be in agreement. The divergences measured by the “Pointing" Lanex were σH = 3.6mrad
and σV = 3.4mrad for the horizontal and vertical planes, respectively, at a plasma density of
ne = 2.2×1018 cm−3. Note that the laser was polarized in the horizontal direction; previous
work has shown [117] that the divergence of the electron beam can be larger in the direction

Authors Method Energy FWHM divergence RMS pointing
MeV mrad mrad

This work } S 991 3.5 3.1
Leemans et al. [17] } S 1000 1.6 ∗ -
Kneip et al. [22] Y S 800 3.6 ? 4.0
Ibbotson et al. [1] } S 540 3.9 (h), 5.4 (v) ? 4.6 (h), 2.4 (v)
Gonsalves et al. [57] }Y D 341 2.5 0.6
Osterhoff et al. [28] � S 200 2.1 1.4
Pak et al. [27] Y S 92 6.0 (h), 12.6 (v) † -
Rechatin et al. [54] Y C 72 5.0 -
Schmid et al. [58] Y D 19 7.3 -

Key:
Y gas jet S self-injection
� gas cell C colliding-pulse injection
} discharge capillary waveguide D density-ramp injection

∗ rms result ? 1/e full-width result
† 1/

p
e full-width result

Table 6.2: Summary of LWFA divergence and beam pointing results for some selected pa-
pers. The referenced papers are displayed in order of decreasing electron energy. For single
shot results and where pointing results were not reported, a dash is displayed.
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Figure 6.3: Electron spectra recorded on Lanex Screen 1 for 36 consecutive shots are shown.
Consecutive shots are displayed from top to bottom with the left column displaying the first
shot. These images were corrected for variations of the electron beam pointing but not for
variations of the energy or pointing of the incident laser pulse. For these shots, the axial
plasma density was set to 2.2×1018 cm−3, the laser pulse energy was 3.2 J, the maximum in-
cident peak power and focal intensity were P = 55TW and I = 2.9×1018 Wcm−2 respectively,
and the laser was timed to arrive within 10.1±2.8ns of the peak of the discharge current.

of the electric field of the driving laser as a result of interaction of the accelerating bunch
with the tail of the laser pulse. For these conditions, the plasma wavelength λp is not large
compared to the length of the input laser pulse, cτ = c×55fs ≈ 17µm, and hence it might
be expected that the electron beams would have a larger divergence in the horizontal plane.
That this is not observed, suggests, that the laser pulse duration decreases during the long
laser-plasma interaction [31]; this conclusion is supported by the fact that, for this density,
the duration of the transmitted laser pulse was measured to be 24 fs. A detailed study of
temporal pulse compression is presented in §6.3.
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Figure 6.4: The maximum (black) and peak (red) electron energy as a function of the laser
energy within the FWHM of the laser spot. The solid lines are linear fits to the data points.
For 5 of the 36 laser shots, the laser control software reported an incorrect laser energy of
0 J; these data were excluded from the above figure.

6.2.3 Reproducibility

The reproducibility of the generated electron beams was studied by recording the electron
energy spectra for 36 consecutive shots with the same timing and initial gas pressure. Fig.
6.3 shows images of the Lanex Screen 1 for these shots, illustrating that high-energy elec-
tron beams were generated on every laser shot with similar electron energy spectra. The
spectra have been corrected for variations in the electron beam pointing using the “Point-
ing" Lanex method described in §5.2.4. However, the spectra have not been corrected for
shot-to-shot jitter in the transverse position of the input laser focus, the RMS variation of
which was measured to be 60 % of the laser spot size, or for the laser pulse energy, which
had a RMS variation of 7.3 %. Fig. 6.4 shows the variation of the maximum and peak elec-
tron beam energy as a function of laser pulse energy for these 36 shots showing that, as
expected, the electron beam energy increases with the laser pulse energy. A linear fit to the
maximum energy data points yields dEelectron/dElaser = (176±47)MeVJ−1, and, therefore,
from the measured standard deviation of the laser pulse energy, σElaser = 0.29J, the varia-
tions in the maximum electron energy arising from the jitter of the laser energy is expected
to be approximately σElaserdEelectron/dElaser = (50±14)MeV. This is comparable to the ob-
served standard deviation of the maximum electron energy σEelectron = 46MeV. For the data
shown in Fig. 6.3, the relative RMS of the total measured electron charge was σQ /〈Q〉 = 35%.
Variations in the pointing of the laser pulse will have caused additional variations in the
energy spectra and charge of the accelerated bunches. It therefore seems likely, that the
observed shot-to-shot variation of the properties of the electron bunches largely arises from
shot-to-shot jitter in the laser parameters.

While previous experiments have achieved higher energies, and some have achieved
higher reproducibility, it is worth noting, that the presented electron spectra of the 36 con-
secutive shots are the most reproducible assembly of electron beams at this high energy up
to date. The higher control of electron production and reproducibility was achieved, in part,
via a strong control over the laser, plasma and capillary parameters.
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6.2.4 Electron energy scaling

A second set of data was taken to record the electron energy as a function of axial plasma
density. This data set was taken on a different day than data presented previously in this
chapter. In comparison to data set 1, data set 2 had several differences: (i) the laser energy,
power, and intensity was 12.5%, 12.7%, and 10.3% higher, respectively; (ii) while the total
laser energy was higher, the percentage of laser energy within the FWHM was 25% lower;
(iii) the transmitted laser energy was 28% lower; and finally (iv) while the same capillary
for the previous data set was used, the capillary was, therefore, not new, although no visible
damage to the entrance and body of the capillary was observed prior to the start of the sec-
ond data set. The combination of these four factors explain why the electron energy spectra
are different for the two data sets, even though they had the same plasma conditions.

The maximum recorded energy (Wm
max) as a function of the axial plasma density ne is

shown in Fig. 6.5. For these shots, the laser pulse energy within the lowest-order mode
was 3.6 J, the maximum incident peak power and focal intensity were P = 62TW and I =
3.2× 1018 Wcm−2, respectively, and the laser was timed to arrive at the peak of the dis-
charge current. Acceleration is observed in three regimes [1,43] defined by the ratios of the
peak power P of the driving laser pulse to the critical power for relativistic self-focusing,
Pc = 17.4(ω0/ωp)2GW and the critical power for self-guiding, Pdiff

c = (1/8)(ω0/ωp)6/5Pc. These
regimes are: (i) at high plasma densities P > Pdiff

c , so the plasma channel plays little role
in guiding the laser pulses, (ii) a hybrid regime for which Pc < P < Pdiff

c , and lastly, (iii) a
low-density regime in which P < Pc and, hence, only the plasma channel can guide the laser
pulse.

The expected [43] electron energy after acceleration over one dephasing length, Wmax =
2/3 (mec2/e) a0 (ω0/ωp)2 is shown in Fig. 6.5 and assumes a value of a0 corresponding to:
(i) the initial input laser pulse energy (dotted, red curve) and (ii) relativistic focusing to the
matched spot size wsf = 2k−1

p
p

a0 (solid, red curve), corresponding to a0 = asf = 2(P/Pc)1/3. It
can be seen that for ne& 7×1017 cm−3, the measured maximum electron energy lies between
these two, red curves. The fact that the measured energies lie above those predicted for the
input a0 demonstrates that, in this regime self-focusing and pulse compression increase
the peak vector potential above the input value. That they lie below the energies expected
for a0 = asf is consistent with coupling losses into the plasma channel and a loss of laser
energy to the plasma wave. Also shown in Fig. 6.5 is the variation of Wmax after the laser
pulse energy is reduced by the measured energy transmission and allowing for relativistic
self-focusing (solid, black curve). It can be seen that this simple correction to the expected
maximum electron energy significantly improves the agreement with the measured data.

The variation of Wm
max in Fig. 6.5 exhibits a clear optimum plasma density, nopt

e ≈ 0.8×
1018 cm−3, at which electrons with energies up to 991+30

−67 MeV are observed. This optimum
plasma density may be understood as follows: for high plasma densities the length of the
plasma channel Lc is longer than the dephasing length, and, in this regime, Wm

max will be
attained by those electrons trapped in the plasma wave approximately one dephasing length
from the capillary exit. Decreasing the plasma density from high values will increase the
output electron energy (Eq.(2.33)), as observed, until the plasma density corresponds to Lc ≈
Ld. As shown in Fig. 6.5 (vertical red line), this condition occurs for plasma densities close
to nopt

e and the highest electron energies are obtained for slightly larger plasma densities,
which makes sense, if at these densities, electron injection occurs a short distance after the
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Figure 6.5: The maximum recorded electron energy (Wm
max) as a function of the axial plasma

density. The density for which the dephasing length equals the capillary length is shown
by the vertical red line (equation (2.28)). The three different regimes (P > Pdiff

c (equation
(2.18)), Pc < P < Pdiff

c , and P < Pc (equation (2.16))) are separated by vertical solid black
lines. The dashed red line (equation (2.34)) shows the expected electron energy after accel-
eration over one dephasing length, assuming a laser pulse with an energy of 3.6 J within
the lowest-order mode; the solid red line is the energy gain assuming the laser self-focuses
to the matched spot size in the bubble regime [43] (also (equation (2.34)). The solid black
line represents the energy gain when the transmission of laser energy through the capillary
is accounted for as well as self-focusing of the laser pulse (also equation (2.34)). For these
data, the laser pulse energy within the lowest-order mode was 3.6 J, the maximum incident
peak power and focal intensity were P = 62TW and I = 3.2×1018 Wcm−2, respectively, and
the laser was timed to arrive at the peak of the discharge current. The energy error bars re-
sult from the unknown pointing of the electron beam (the pointing-correction systems were
not in place when these data were taken), which was assumed to be ±3.1mrad, i.e. equal to
that earlier measured with the “Pointing" Lanex. The pressure error bars result from the
measurement error of the pressure which are of order millibar.

start of the plasma channel. As the plasma density decreases below the optimum value,
both the accelerating electric field and the ratio of the capillary length to Ld will decrease,
and as a result, the electron energy will decrease from that obtained when Lc ≈ Ld.

6.2.5 Energy scaling at different laser parameters

In Fig. 6.6, Wm
max as a function of the axial plasma density ne from data set 2 (blue) is

shown again, in addition to the data taken for data set 1 (black). There are only a few data
points available for data set 1 that are concentrated on an axial plasma density around
2.2×1018 cm−3. The same theory curves were calculated in this graph for data set 1 as were
shown in Fig. 6.5 for data set 2. Note that the lines are not identical to the theory lines
from Fig. 6.5 because of the differences in the laser parameters for the two data sets. The
variation of Wm

max in Fig. 6.6 for data set 1 (black data points) does not exhibit a maximum
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Figure 6.6: The maximum recorded electron energy as a function of the axial plasma density.
The graphs shows the data points already shown in Fig. 6.5 (blue) and data points and
theory lines for data set 1 (black data points and black and red theory lines). The density
for which the dephasing length equals the capillary length is shown by the vertical red line,
the density for which the dephasing length equals 5 mm is shown by the right most vertical
red dashed line. The dashed line to the left of the 5 mm line, indicated the dephasing length
equal to 10 mm, the left most dashed red line indicates the dephasing length of 20 mm. All
theory lines were calculated with the formulas referenced in Fig. 6.5. For the data from data
set 1, the laser pulse energy within the lowest-order mode was 3.2 J, the maximum incident
peak power and focal intensity were P = 55TW and I = 2.9×1018 Wcm−2, respectively, and
the laser was timed to arrive at the peak of the discharge current. The energy was corrected
for the electron beam pointing (the pointing-correction systems were in place when these
data were taken) and the energy error bars result from the systematic error of the energy
determination, which were small. The pressure error bars result from the measurement
error of the pressure which are of order millibar.

as seen for data set 2 (blue data points). This results from the fact that the data was taken
in a regime in which the capillary is much longer than the dephasing length, as discussed in
§6.2.4. The density for which the dephasing length equals the capillary length is shown by
the vertical red line and lies at much lower pressures than used during acquisition of data
set 1. The dephasing length for pressures used lies between 5 mm and 10 mm, as indicated
by the red dashed lines.

Fig. 6.6 also shows the maximum energy calculated for the cases of: no self-focusing (red,
dashed), self-focusing to ws f (red, solid), and a correction for the finite transmission of the
plasma channel (black, solid). Considering self-focusing improves the agreement of the data
with theory. Taking into account the finite transmission reduces the expected maximum
energy by 8.5 % and improves the agreement with the data further, just as it did for data set
1.
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6.2.6 Low density injection

Electron beams were generated for plasma densities as low as 3.25×1017cm−3, as can be
seen in Fig. 6.5, and the bunch charge measured at this plasma density was 5.1 pC. This is
the lowest density at which electron injection and acceleration have been observed with elec-
tron energies of above 500 MeV. Analysis of experimental results by Mangles et al. [118,119]
and theoretical calculations by Tsung et al. [120] and Lu et al. [43, 121] predict that the
threshold for self-injection is a0 ≥ 3. Given the relatively low value of the normalised vector
potential of the input pulse (a0,in = 1.1), it is apparent that self-injection could only occur
in our experiment if the laser pulse experiences substantial self-focusing and pulse com-
pression. However, at this low density, self-focusing only increases the normalized vector
potential to a0 ≈ 1.7 and laser pulse compression was measured to be of the order of 10 %.
An alternative analysis [108] of the threshold condition predicts that, for our conditions,
the input laser pulse energy would have to exceed 190 J for self-injection to occur. Given
this, it is clear that self-injection could not occur at the lowest plasma densities for which
electron beams were observed, and instead another mechanism, such as ionisation injec-
tion [27, 60, 61], must play a role. Simulations are needed to explain which mechanisms
is responsible for electron injection and the dynamics of acceleration over the long laser-
plasma interaction lengths achieved in these experiments. Initial simulation results are
presented in the next paragraph.

The mechanism for injection was investigated by using the simulation codes WAKE
[122] and OSIRIS [123]. The simulations lead to the initial estimate, that electron in-
jection is very likely due to ionisation injection, because: (i) at the simulated densities of
ne = 0.45×1018 cm−3 and ne = 1.2×1018 cm−3, self-injection is not observed; and (ii) impu-
rities in the gas supply line of either Nitrogen and Oxygen, or from Aluminium (from the
sapphire capillary made of Al2O3), are seen to be ionised and accelerated. The reason why
these impurities are only participially ionised, is, that the energy of the electrical discharge
is not high enough to fully ionise these molecules, and only the peak of the laser pulse is
high enough to ionise the inner shell electrons. Hence electrons born at the peak of the laser
pulse are injected into the wake at the right phase and are accelerated as discussed in §2.5.4.
These initial simulations have to be confirmed by more extensive, additional simulations.

It is worth noting, that, if, for the lowest density, the length of the plasma channel
were properly matched to the dephasing length of 80 mm, electrons would be accelerated to
energies significantly above 1 GeV.

6.3 Characterization of temporal laser pulse compres-
sion

During the taking of data set 2, the transmitted laser light was analysed by a GRENOUILLE.
Electrons accelerated during the measurement had an average energy of 655 MeV and
charges between 3-5 pC. Fig. 6.7 shows the transmission of the laser energy and the FWHM
of the retrieved intensity profiles of the transmitted laser pulses as a function of the on-axis
plasma density. It can be seen that the pulse duration decreases linearly with plasma den-
sity until it reaches the resolution of the GRENOUILLE. The linear decrease is in reason-
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(a)

(b)

Figure 6.7: (a) The transmission of the laser energy as a function of plasma density. (b)
The FWHM of the retrieved temporal intensity profiles of the transmitted laser pulses as a
function of the on-axis plasma density. The horizontal black dotted line shows the resolution
of the FROG; the model from [31], used in equation 2.19, is shown in for x = 25mm (blue,
short dash) — which is the distance between the gas slots inside the capillary — and x =
33mm (red, long dash) — which is the length of the capillary — as well as a linear fit to the
data (black, solid). The vertical error bars are the statistical error, and the pressure error
bars result from the measurement error of the pressure which are of order millibar as well
as the uncertainty of the on-axis density calculation.

able agreement with the simple model proposed by Schreiber et al. [31] (red and blue dashed
lines), which states that the rear of the pulse propagates at a different speed compared to
the front of the pulse (equation 2.19). The measured rate of compression is (23±5) fs/1018 cm−3

whereas the model predicts a compression rate of 32 fs/1018 cm−3.

Fig. 6.8 shows the temporal intensity profile for axial electron density ne = 0,0.45,0.78,
and 1.2×1018 cm−3.These show clearly the evolution from the quasi-linear to the highly non-
linear regime: at low densities the laser pulse exhibits compression at the rear of the pulse
(at positive times), and little change to the front; the photons at the rear are being accel-
erated and the pulse compresses asymmetrically from the back. At the highest densities,
significant steepening of the front of the pulse is observed; this is consistent with photon
deceleration at the front of the laser pulse: due to the more substantial plasma wave excita-
tion at higher densities, photons at the front loose significant energy and the pulse shortens
from the front.
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(a) (b)

(c) (d)

Figure 6.8: Retrieved temporal intensity profiles (white solid line) for the vacuum laser
pulse (a), and for axial electron densities ne = 0.45×1018 cm−3 (b), ne = 0.78×1018 cm−3 (c),
and ne = 1.2×1018 cm−3 (d). In each case the white, vertical lines indicate the plasma period
and a white dashed line shows the vacuum pulse measurement. The Wigner transform is
shown as the background.

For the conditions of these experiments there is little or no formation of pre- or post-
pulses. That this is the case for the highest density investigated might be considered sur-
prising since in that case the ratio of the input pulse length to the linear plasma wavelength,
λ0

p, is: cτ0/λ0
p = 0.8. However, for our conditions strong relativistic self-focusing and tempo-

ral compression substantially increase a0 from its input value ain
0 = 1.2, thereby extending

the nonlinear plasma wavelength λp = p
a0λ

0
p sufficiently for the laser pulse to fit within

half a plasma period.

The corresponding Wigner transforms of these pulses are shown in the background of
Fig. 6.8. These show clearly that the temporal compression of the pulse is associated with
an increase in the spectral width; as expected, this arises from significant red-shifting of
the front of the pulse (negative times) together with some blue-shifting of the rear (positive
times). At the highest density shown the spectral broadening remains large, but the fre-
quency chirp is small, corresponding to transform-limited pulse of 31.7±6.1fs duration. For
these conditions electron beams with a maximum energy of up to 991+30

−67 MeV and charges
between 3-5 pC were observed [124, 125]. Fig. 6.9 shows the exact electron beam spectra
from which the laser pulse has been analysed for Fig. 6.8 and Fig. 6.7 (b).

6.4 Simulations

To verify the pulse compression seen in the experiment, the simulation codes WAKE [122]
was used. The preliminary, simulated, temporal intensity profiles is shown in Fig. 6.10 for
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Figure 6.9: The actual electron beams from the pulse compression measurement. (a) The
space for the vacuum shot is left empty. (b-d) The electron beam for axial electron densi-
ties ne = 0.45(b),0.78(c)and1.2(d)×1018 cm−3, which correspond to Fig. 6.8 (b), (c), and (d),
respectively and the equivalent data points in Fig. 6.7 (b).

the vacuum pulse (a) and the pulse at an axial electron densities of ne = 0.45×1018 cm−3 (b).
The simulation results for ne > 0.45×1018 cm−3 were not finished at this time. Fig. 6.10 (a)
and (b) confirm in part the measured data from Fig. 6.8 (a) and (b) with the front of the pulse
seen to be red-shifted. However the blueshift at the back is not as pronounced in simulation
as during the experiment. This must be further investigated by additional simulations.

6.5 Summary

Results from an experiment at the Astra-Gemini laser facility of the Rutherford Appleton
Laboratory were presented. GeV-scale electron beams were generated in the gas-filled capil-
lary discharge waveguide with good reproducibility. Beams of electrons with energies above
900 MeV, and with root-mean-square divergence of 3.5 mrad were presented for a plasma
density of 2.2×1018 cm−3 and a peak input laser power of 55 TW. The variation of the max-
imum electron energy with the plasma density exhibited a clear maximum. The dephasing
length for this density was found to be close to but slightly less than the length of the
capillary. This is expected since the laser pulse intensifies before injecting electrons. The
maximum energy as a function of density exhibited good agreement with models from Lu
et al [43]. Electrons were accelerated in three different regimes corresponding to P > Pdiff

c ,
Pc < P < Pdiff

c , and P < Pc, which demonstrated that the waveguide works for plasma densi-
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(a) (b)

Figure 6.10: Simulated, temporal intensity profiles (white solid line) for the vacuum laser
pulse (a), and for axial electron densities ne = 0.45×1018 cm−3 (b). The white, vertical lines
indicate the plasma period and a white dashed line shows the vacuum pulse measurement.
The Wigner transform is shown as the background.

ties in which gas-jets can not operate.

The experiment recorded the first observation of temporal pulse compression within a
plasma channel with simultaneous electron acceleration to energies higher than 500 MeV.
This measurement suggests that the pulse compresses linearly from the back as predicted
by theory. In order to retrieve this information from the GRENOUILLE measurements, a
methods by Schreiber et al. [31] was used. This method assumes that the Wigner transform
does not change drastically when parameters of the experiments are changed slightly.

The energy spectra of 36 consecutive electron beams were found to be reasonably repro-
ducible, with the observed variations attributable to the measured shot-to-shot jitter of the
laser parameters. The laser energy within the first order Gaussian mode was only < 30%
and an apodizer was used to improve this percentage to 38%.

Two methods for correcting the effect of beam pointing variations on the measured en-
ergy spectrum were used. While both methods resulted in the same energy correction, the
“Pointing" Lanex was significantly easier to implement and the cost was an order of mag-
nitude lower. The time spent to analyse the data was also lower and the “Pointing" Lanex
did not degrade the recorded energy spectrum. The dual-peak spectra recorded with the
electron spectrometer could arise either from trapping of electrons in two “buckets” or from
a hybrid acceleration scheme in which the firstly injected electron bunch drives its own
wakefield, which can inject and accelerate a trailing electron bunch. Particle-in-cell simu-
lations are being undertaken to elucidate the details of the mechanisms responsible for the
dual-beam spectra.

The results show that waveguides are a good way forward towards achieving repro-
ducible, GeV-scale electron beams.



Chapter 7

Conclusion

This thesis discussed several experiments which aimed to improve the acceleration and
characterisation of laser wakefield accelerated electrons. The findings of this thesis as well
as suggested future work are summarized in this chapter.

7.1 Summary

In chapter 2, we introduced the principles behind laser plasma accelerators and their ca-
pabilities. The high accelerating gradients achievable in LWFA allow the electrons to be
accelerated to the target energy over a distance that is as much as three orders of mag-
nitude less than that required by a conventional accelerator. This has the potential to
dramatically decrease the size and cost of accelerators which, in turn, could make them
more available to scientists. Because of their smaller size, but also because they produce
intrinsically short duration electron bunches, plasma accelerators are projected to be used
in future light sources in which radiation is harnessed from the electrons. Radiation from
electrons accelerated via laser plasma accelerators has already been demonstrated [126],
but the quality of the electron bunches still needs to be improved.

In order to assess the quality of the accelerated electrons, detectors are used, which
record parameters such as energy, divergence and pointing stability. To record, to improve,
and to stabilise these parameters is crucial for their future use in applications such as light
sources. In chapter 3, two such detectors were introduced. Prior to the experiment pre-
sented, the calibration of these detectors was not well understood. A scintillating screen,
which emits photons when exposed to charged particles, was radiated with a convention-
ally accelerated electron beam of 505 MeV at the DAFNE beam test facility. The scintillat-
ing signal increased linearly with increasing charge density between ρ = 2×10−7 C/m2 and
ρ = 10−5 C/m2. Although expected — or at least hoped for — this linearity had not been
demonstrated previously.

In combination with an image plate (IP) — a detector whose calibration does not depend
on the individual optical set-up of the experiment — the charge of the electron beam can be
deduced. An absolute calibration of the FUJIFILM BAS-IP MS image plate was performed
at the DAFNE beam test facility. Prior to this calibration, no experimental results were
published and the calibration of the beam charge using this technique were dependent on
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simulations. The value used prior to our result, was produced by using the known response
[87] to x-rays (not electrons) of a given energy, and using this IP response to simulate the IP
response to 1-100 MeV electron beams. The IP sensitivity measurement of our experiment
resulted in a value of SMS = (0.0487 ±0.0028)PSL. This absolute calibration revealed that
the sensitivity of the IP was nearly 2.5 times higher than previously assumed.

The plasma accelerator used by our group since 2005 is the hydrogen-filled capillary dis-
charge waveguide. The redevelopment of its electrical circuit was presented in chapter 4,
in which the pulsed discharge circuit was combined with a glow discharge circuit. The com-
bined discharge showed several improvements over the pulsed discharge, among them that
the pulsed voltage as well as the electrical noise of the discharge was reduced. However, the
combined circuit showed these improvements only in a limited pressure range, i.e. below
10 mbar and above 150 mbar. Previous experiments with the capillary discharge waveguide
did not suffer from this limitation and it was, therefore, decided to keep operating the origi-
nal electrical circuit design for the Astra-Gemini experiment and concentrate on improving
the housing of the waveguide.

This housing had not been modified significantly since the capillary discharge waveguide
was originally conceived in 2005. The improvements, presented in this thesis, removed the
possibility of misfired discharges around the capillary, rather than inside it, by adapting
two novel ideas. First, the gas was supplied via two gas pipes, sealed by o-rings, rather than
using a reservoir inside the housing. The second idea was to adapt an open design housing,
which allowed escaping gas to dissipate into the vacuum, rather than accumulate around
the capillary. This eliminated misfired discharges completely. In addition, the housing was
miniaturised significantly to be usable for future experiments in which two such capillary
discharge waveguides might be employed in series.

The work undertaken to improve the capillary discharge waveguide was employed at
an experiment performed at the Astra-Gemini laser facility located at the Rutherford Ap-
pleton Laboratory. This was the topic of chapter 5 and chapter 6. The energy spectra of
the generated electron beams exhibited good shot-to-shot reproducibility, with the observed
variations attributable to the measured shot-to-shot jitter of the laser parameters. Beams
of electrons with a maximum energy of 991 MeV were observed. The root-mean-square di-
vergence of the beams was 3.5 mrad, comparable to other self-injection based acceleration
experiments. The electron beams were generated with an apodized laser beam with a peak
input laser power of 55 TW and at a plasma density of ne = 2.2×1018 cm−3. Most spectra
showed two beams being accelerated which could arise either from trapping of electrons in
two “buckets” or by a hybrid acceleration scheme in which an electron bunch injected first,
accelerates a second electron bunch in its wake. Particle-in-cell simulations are necessary
to determine the details of the mechanisms responsible.

The variation of the maximum electron energy with the plasma density showed a max-
imum at ne ≈ 0.8×1018 cm−3, with the dephasing length for this density being slightly less
than the capillary length of 33 mm. The reason for this difference is that the laser pulse
evolves within the first few millimeters of the capillary before electrons are injected and ac-
celerated. Electrons were accelerated in three different regimes corresponding to P > Pdiff

c ,
Pc < P < Pdiff

c , and P < Pc, which demonstrates that the waveguide works well even in lower
plasma densities than previously achieved. When the measured maximum energy was com-
pared to the theoretically achievable energy described by the model of Lu et al. [43], the
agreement was good only when the laser energy was reduced to the amount within the first
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order Gaussian mode. This adjustment of energy to get agreement with the model and the
laser pointing stability — and therefore electron pointing stability — being less than ideal,
illustrates the fact, that a powerful laser is not the only thing an experimentalist desires.
Rather than the power value alone, a clean focus, near Gaussian beams, and stable pointing
are desirable for efficient electron acceleration.

Since laser beam pointing was expected to be high, two methods for correcting the effect
of electron beam pointing variations on the measured energy spectrum were prepared. The
use of lead bars and two Lanex screens behind the electron spectrometer was found to be
useful and is suitable for experiments in which radiation is detected. This second method,
however, was much easier to implement and analyze, and employed a Lanex screen in front
of the electron spectrometer. This so-called “Pointing" Lanex did not degrade the recorded
energy spectrum.

The experiment presented here also recorded the first observation of temporal compres-
sion of a laser pulse within a plasma channel with simultaneous electron acceleration to
energies higher than 500 MeV. Because the direction of time of the temporal intensity mea-
sured with a GRENOUILLE is unknown, a suggestion by Schreiber et al. [31] was employed
to determine it. The results show, that the pulse compressed linearly from the back, as pre-
dicted by theory, and the rate of compression with density is 23 fs/1018 cm−3. The results were
in reasonably agreement with presented simulations.

The results presented in this thesis prove that the capillary discharge waveguide with
its new housing is well suited to achieve reproducible, GeV-scale electron beams. With
the re-development of the housing, future staging experiments can now use two of these
waveguides in series. Furthermore, the charge calibration of the image plates enables all
future experiments using this technique to report correct charge values.

7.2 Future work

This section gives an overview of the issues that, from the author’s point of view, still need
to be resolved.

The detector calibrations by the author were confirmed by other thesis work and pub-
lications [18, 83, 84]. However, all groups – including the author’s — employed electron
bunches of durations which are 3-6 orders of magnitude longer than the duration of elec-
tron bunches produced via LWFA, which is of order femtoseconds. It would, therefore, be
beneficial to calibrate the detectors at a facility such as SparX — which uses 70-200 fs short
electron bunches — to see if the saturation of the detectors affects the detection of charge.

The results in chapter 6 of the maximum electron energy as a function of plasma density
were compared with analytical models described by Lu et al. [43]. The agreement is good
when the energy of the laser is adjusted to represent only the fraction contained within the
first order Gaussian mode. While these models are widely used in LWFA experiments to
estimate the expected maximum energy, further particle-in-cell simulations are needed to
confirm in more detail the process responsible for the injection and the dual-peaked electron
spectra observed in our experiment.

The laser engineers at the Astra-Gemini laser facility work extremely hard to provide
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an intense, ultra-short laser pulse. Parameters outside their control, however, such as the
vibration produced by a nearby neutron source called ISIS, diminish their work on laser
pointing stability. The laser facility is used by many other experiments, among them gas-jet
based laser wakefield accelerators. While for other experiments pointing stability is not as
important (while still desired), a capillary with a diameter of 200−300µm requires that the
pointing stability of the laser pulse is high and that vibrations in the building are minimal.
During the campaign at Astra-Gemini, electrons were produced during the time ISIS was
on and off, but the highest energy electron beams with the best pointing stability were
measured during days when ISIS was shut off. This shows that a pointing stabilisation
system, such as the one employed at Lund [105], would be beneficial. A system similar to
the one at Lund has recently been introduced at the Astra-Gemini target area and it will be
crucial to future waveguide experiments.

Our experiment took place right after experiments by a group from Imperial College,
London, led by Dr. Stuart Mangles and Professor Zulfikar Najmudin. The experiments
operated a gas-jet to accelerate electrons with a laser beam, but most of the diagnostics were
shared and the set-up was done together. The collaboration between the groups decreases
time spent setting up equipment at the facility and encourages scientific discourse between
the different groups. For that, and the fruitful conversation with members of the Imperial
College group, the author is extremely thankful. This was not the first time a capillary
experiment was performed after a gas-jet experiment, and it should not be the last time.
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