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Abstract

This thesis is dedicated to the investigation of laser-plasma
particle acceleration concepts. Some of the work was focused
on improving electron and proton acceleration for future ap-
plications, in terms of maximizing the particle energy and min-
imizing the divergence of the X-ray beams.

In laser wakefield acceleration, a very intense laser pulse
(> 1018 W/cm2) is focused in a gas. The leading edge of the
pulse is intense enough to ionize the gas, and the main part
of the pulse interacts with a plasma. Under the action of the
ponderomotive force, the intense laser pulse can expel plasma
electrons and form a wake in the plasma that trails the laser
pulse. This charge separation leads to the formation of an
ion cavity that results in electromagnetic fields several orders
of magnitude stronger than those in conventional accelerators,
up to TV/m. Some electrons can be accelerated to several
hundred MeV over distances of less than a cm by injecting
them into the plasma wake.

There are also focusing forces inside the plasma wake, and
the injected electrons will oscillate transversely about the op-
tical axis, producing multi-keV betatron X-ray radiation. This
radiation is directed along the optical axis with a low diver-
gence of a few tens of mrad.

One application investigated in this work was the possibil-
ity of using laser-wakefield-accelerated electrons for very high-
energy electron (VHEE) radiotherapy. High-energy electrons
can reach deep tumours with limited scattering, and have a
more suitable dose-depth profile than photon beams. In this
work, a VHEE beam was focused inside a phantom using elec-
tromagnetic quadrupoles to mimic stereotactic radiotherapy.

The X-ray beam generated by LWFA was used to measure
the equivalent path length and 3D liquid mass distribution
in commercial fuel injectors by tomographic reconstruction. It
was shown that the sensitivity (in terms of the detectable liquid

v



mass) was comparable to that possible with large synchrotron
facilities.

Furthermore, the LWFA X-ray source is suitable for phase
contrast imaging (PCI), a technique very sensitive to changes
in the refractive index. In-line PCI was used to perform a
high-resolution tomography of a small lacewing.
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Populärvetenskaplig

sammanfattning

Denna avhandling beskriver förbättringen och användningen
av en ny typ av partikelaccelerator, baserad p̊a interaktionen
mellan en kraftfull laser och ett plasma. Dessa acceleratorer
kan uppn̊a samma partikelenergier som konventionella acceler-
atorer, men över avst̊and 10 000 g̊anger kortare.

Konventionella partikelacceleratorer är baserade p̊a
elektriska fält i en metallisk struktur, och starkare fält
kommer att resultera i en större acceleration, men om fältet
är för starkt kan strukturen förstöras. Istället måste accel-
erationssträckan ökas för att f̊a partiklar med högre energi.
Det elektriska fältet är i det här fallet som en motor i en
bil, en kraftfullare motor (ett starkare fält) gör att bilen kan
accelerera till sin toppfart p̊a kortare sträcka. I en laser-
plasma-accelerator kan de elektriska fälten bli mycket starka
eftersom det inte finns n̊agon struktur som kan förstöras, och
accelerationssträckan kan vara s̊a kort som n̊agra millimeter
istället för flera hundra meter som i en konventionell acceler-
ator. Detta gör laser-plasma-acceleratorer mer utrymme- och
kostnadseffektiva än konventionella acceleratorer. Tillg̊angen
p̊a partikelacceleratorer är för närvarande mycket begränsad
och utvecklingen av laser-plasma-acceleratorer kan lösa detta
problem, vilket gynnar b̊ade forskarvärlden och allmänheten.

Ett av användningsomr̊adena för partikelacceleratorer är
att accelerera elektroner och sedan använda dessa för att
producera röntgenstr̊alning. I konventionella acceleratorer
görs detta genom att skicka elektronerna genom magnetfält.
Fördelen med en laser-plasma-accelerator är att röntgen-
produktionen sker naturligt inuti plasmat, och det finns inget
behov av externa magneter.

Huvudfokus för det arbete som beskrivs i denna avhandling
ligger p̊a tre viktiga tillämpningar av laser-plasma-acceleration.

vii
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Figur 1. Antal
str̊albehandlingsapparater per
miljon inv̊anare, tillsammans
med antalet radioterapimaskiner
för länder av olika inkomstniv̊a.
Data fr̊an IAEA (DIRAC).

Figur 2. Tomografi av en spray
fr̊an en bränsleinjektor.

0.5 mm

Figur 3. Faskontrastbild av
huvudet p̊a ett bi.

Str̊albehandling - Tillg̊angen av str̊albehandling,
som är en mycket viktig del av cancerbehandlingen,
bestäms till stor del av ett lands ekonomiska status,
som visas i Figur 1 med hjälp av data fr̊an IAEA
(DIRAC). Framtida behandlingsanläggningar baserade
p̊a laser-plasma-acceleratorer skulle kunna öka tillgäng-
ligheten för denna typ av behandling. Dessutom kan
str̊albehandling med högenergielektroner vara en bättre
behandlingsmetod än röntgen, som idag används för
att behandla tumörer djupt inne i kroppen. Elektron-
energierna i nuvarande terapimaskiner måste dock ökas
med minst 400 % för att göra detta möjligt. Arbetet
som presenteras i denna avhandling visar att en laser-
plasma-accelerator har potential att användas för denna
applikation, särskilt för att behandla små tumörer nära
känsliga organ.

Röntgenbild - Cirka 90 % av bilarna p̊a vägarna idag
drivs av förbränningsmotorer. För att förbättra deras ef-
fektivitet och minska mängden föroreningar som produ-
ceras av motorererna måste vi kunna mäta hur bränslet
fördelar sig när det sprutas in i cylindern. Studier som
ing̊ar i denna avhandling visar möjligheten att utföra
högupplösta 3D-mätningar av bränslefördelningen med
hjälp av en laser-plasma-accelerator. Figur 2 visar ett
exempel p̊a en bränsleinsprutningstomografi fr̊an detta
arbete.

Faskontrastavbildning - Röntgenstr̊alar används ofta
för att avbilda täta material omgivna av lättare ma-
terial, s̊asom ben omgivet av vävnad. Om källan till
röntgenstr̊alningen är tillräckligt liten och mycket in-
tensiv, kan en teknik som kallas faskontrastavbildning
användas för att avbilda material som har liknande dens-
itet, s̊asom tumörer och frisk vävnad. I det arbete som
beskrivs i denna avhandling visas det att en laser-plasma-
accelerator är lämplig för denna uppgift d̊a röntgenkällan
är mycket liten, vanligtvis mindre än en mänsklig blodk-
ropp. Ett exempel p̊a en faskontrastbild, som visar huvu-
det p̊a ett bi, visas i Figur 3.

viii



Popular scientific summary

This thesis describes the improvement and use of a new type of
particle accelerator based on the interaction between a power-
ful laser and a plasma. These accelerators can achieve the
same particle energies as conventional accelerators, but over
distances that are 10,000 times shorter.

Conventional particle accelerators are based on electric
fields in a metallic structure, and stronger fields will result in
greater acceleration, but if the field is too strong, the structure
may be destroyed. Instead, the acceleration distance must be
increased to obtain particles of higher energy. The electric field
in this case is like the engine of a car, a more powerful engine
(a stronger field) means that the car can accelerate to its top
speed in a shorter distance. In a laser-plasma accelerator, on
the other hand, the electric fields can become much stronger
since there is no structure that can be destroyed, and the accel-
eration distance can be as short as a few millimetres instead of
several hundreds of metres. This makes laser-plasma accelerat-
ors more space and cost efficient than conventional accelerators
which may cost tens of millions of Euros. The availability of
particle accelerators is currently very limited and the devel-
opment of laser-plasma accelerators may solve this problem,
benefitting both the research community and the general pub-
lic.

One of the uses of particle accelerators is to accelerate elec-
trons and then use these to produce bright X-rays. In con-
ventional accelerators, this is done by sending the electrons
through magnetic fields. The advantage of a laser-plasma ac-
celerator is that X-ray production takes place naturally inside
the plasma, and there is no need for external magnets.

The main focus of the work described in this thesis was on
three important applications of a laser-plasma accelerator, as
outlined below.
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Figure 1. Number of
radiotherapy machines per
million citizens, together with
the number of machines in
countries with different income
level.

Figure 2. Rendition of a
tomographic reconstruction of a
fuel injector spray.

0.5 mm

Figure 3. Phase-contrast image
of the head of a bee.

Radiation therapy - The availability of radiation ther-
apy, which is a very important part of cancer treatment,
is largely determined by a country’s economic status, as
shown in Figure 1 using data from IAEA (DIRAC). Fu-
ture treatment facilities based on laser-plasma acceler-
ators could increase the availability of this kind of treat-
ment. Furthermore, radiotherapy using high-energy elec-
trons could be a better method of treatment than X-rays,
which is today used to treat tumours deep in the body.
However, the electron energies in current therapy ma-
chines must be increased by at least a factor of 4 to
make this possible. The work presented in this thesis
shows that a laser-plasma accelerator has the potential
to be used for this application, especially to treat small
tumours near sensitive organs.

X-ray imaging - About 90 % of the cars on the roads
today are driven by combustion engines. In order to im-
prove their efficiency and reduce the amount of pollution
produced by these engines, we need to be able to meas-
ure how the fuel is distributed when it is injected into
the cylinder. Studies included in this thesis demonstrate
the possibility of performing high-resolution 3D measure-
ments of the fuel distribution using a laser-plasma accel-
erator. Figure 2 shows an example of a fuel injection
tomography from this work.

Phase-contrast imaging - X-rays are often used to
image dense materials surrounded by lighter materials,
such as bone surrounded by tissue. If the source of the X-
rays is small enough and very bright, a technique known
as phase-contrast imaging can be used to image materials
that are similar in density, such as tumours and healthy
tissue. In the work described in this thesis, it was shown
that a laser-plasma accelerator is suitable for this task
as the X-ray source is very small, usually smaller than a
human blood cell. An example of a phase-contrast image,
showing the head of a bee, is shown in Figure 3.

x
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Chapter 1

Introduction

1.1 Applications of accelerated particles

There are more than 30,000 particle accelerators worldwide
(IAEA) and several important discoveries have been made pos-
sible thanks to these machines. The most well-known discovery
in recent times is probably that of the Higgs Boson. However,
59 new particles have been discovered at the Large Hadron Col-
lider (LHC) alone, over the past 13 years, which has helped us
confirm the Standard Model, the best theory of the universe to
date. Particle accelerators have also made synchrotron facilit-
ies available. These generate very bright X-ray beams, and are
used in several fields of research such as the life sciences and
materials science. Despite their importance, accelerators ded-
icated to research constitute only about 3 % of the total num-
ber of accelerators; the other 97 % are being used in industry
and hospitals. Accelerators are used to produce radioactive
isotopes for medical applications such as PET scanning, and
in cancer treatment in the form of radiotherapy. In the mater-
ials industry, accelerators are used to cross-link polymers, in
order to change their material properties, for example, to in-
crease their heat resistance, tensile strength or insulation prop-
erties. Examples of this are the manufacture of shrink-wrap,
hardening of car tyre rubber, and the insulation of wire tubing.
Electron beams produced by accelerators are used in electron
beam welding, ion-implantation in semi-conductors, for ster-
ilizing equipment and in food preservation. Accelerators are
also used to produce X-rays that are used in medical facilities,
security screening at airports and other sensitive facilities.

1



1.2 A history of particle acceleration

Ce
nt

re
-o

f-m
as

s e
ne

rg
y

1930 1940 1950 1960 1970 1980

Cyclotron

Betratron
Electrosta c 
generators

Sector-focused 
cyclotron

proton linear 
accelerator

Synchro-cyclotron
Electron linac

SLED

FNAL, SPS
Proton synchrotron:
Weak focusing, 
Strong focusing

ISR

Electron 
synchrotron,

Storage 
rings

SPS collider

FNAL collider

Year

Rec er generator

1 TeV

100 GeV

10 GeV

1 GeV

100 MeV

10 MeV

Figure 1.1. Livingston chart
showing the collision energy
achieved during the early years
of particle accelerator
development.

1.2 A history of particle acceleration

One of the first reasons for accelerating particles was to “split
the atom”, following the experiments performed by Ruther-
ford in 1917, in which he performed the first nuclear reaction
with natural alpha particles. One of the first accelerators was
constructed a few years later in 1932, the Cockcroft-Walton
generator, which could accelerate protons to 400 keV allowing
the lithium atom to be split for the first time. The Van der
Graaff electrostatic generator was developed in parallel. This
concept was later developed into the tandem accelerator, which
could generate potentials up to 10 MV.

The limitations of static fields were discovered early on,
and a different approach was suggested by the Swedish scient-
ist Gustav Ising in 1924. His design used alternating electro-
magnetic fields instead of static fields, and is the technique on
which linear particle accelerators are based today. The longit-
udinal fields in each cavity oscillate between positive and neg-
ative electric fields. As the velocity of the particles increases,
the distance between each cavity must be increased to keep the
particles in phase with the accelerating field, or more conveni-
ently, the frequency of the electromagnetic field is increased.
Ising’s original design had no enclosed cavities (simply exposed
cylindrical electrodes), and this design element was a later ad-
dition to minimize the losses that result from increasing the
frequency of the electromagnetic field.

Seven years later, in 1931, the first cyclotron is demon-
strated by accelerating protons to 80 keV. The cyclotron ac-
celerates particles using alternating electric fields in a spiral
path inside a static magnetic field. Just a few weeks after the
first atom was split using the Cockcroft-Walton generator, Ern-
est O. Lawrence uses the cyclotron to also split the atom. In
the cyclotron, the radio waves were maintained at the same fre-
quency, which limited the energy gain as the particles become
out of phase with the field. This problem was solved with the
introduction of the synchrocyclotron in which the radio wave
frequency is varied to account for relativistic effects and the
first synchrocyclotron was inaugurated in 1945.

In both cyclotrons and synchrocyclotrons, the force exer-
ted by the radio waves also defocuses the beam transversely.
In order to reach higher energies the beam must thus be fo-
cused. The first attempt to do this was made using a weak
radial gradient and heralded the birth of the synchrotron. This
was followed by alternating gradient focusing, which could be
much stronger and led to the matrix formulation of magnetic
elements that is still used today.
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Introduction

As early as 1923, Rolf Widerøe sketched a design in his
notebook. This consisted of two magnetic poles such that the
particle is accelerated in a circle via a varying magnetic field
and is now known as the betatron accelerator. Widerøe built a
prototype in 1927 but it did not work and he never published
his idea. Several years later, Donald William Kerst had the
same idea as Widerøe and in 1940 he built the first working
betatron accelerator. In 1950 he was able to accelerate elec-
trons to an energy of 300 MeV. These accelerators were not
further developed but they demonstrated that electrons per-
forming oscillatory motion generated radiation. This is why it
is today called betatron radiation and is the foundation of the
radiation generated at modern synchrotron facilities.

Figure 1.1 shows a Livingston chart of the different acceler-
ator technologies and the centre-of-mass energy achieved dur-
ing the early years [1]. It should be noted that in the case of
colliders where two particle beams are present, the centre-of-
mass energy is the sum of the beam energies. This illustrates
in a clear way how different technologies have been developed
and then stagnated over time, only to be replaced by more
modern solutions.

1.3 Plasma-based accelerators

One of the problems associated with the radio-frequency-based
accelerators described in the previous section is that they are
limited by the field strength that can be sustained in the accel-
erating structure. If the fields are too high (typically 50− 100
MV/m) this will result in electrical arcing which can damage
the structure. In 1956, Budker and Veksler suggested using
a plasma to accelerate the particles which could, theoretic-
ally, support much stronger accelerating fields. The theory of
plasma wakefield acceleration was later developed in 1979 by
Tajima and Dawson [2], who suggested using a laser to produce
a plasma wave. The plasma wave was intended to act as an
accelerator cavity, with field strengths reaching several GV/m.
However, the lasers available at that time were not powerful
enough to prove this theory. In 1985, Strickland and Mourou
demonstrated chirped pulse amplification (CPA) [3], for which
they were awarded the Nobel prize in 2018. This made it pos-
sible to achieve the power required for laser-driven wakefield
acceleration.

Investigations of the possibility of using a particle beam as
a driver instead of a laser pulse started at the beginning of the
1990s. Figure 1.2 shows an updated Livingston plot, including
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the Large Hadron Collider and some major wakefield experi-
ments [4–8], both particle beam driven and laser driven. The
maximum collision energy achieved with plasma acceleration
has increased rapidly in recent years, while the energy reached
in colliders has tended to stagnate. The increase in maximum
beam energy for laser wakefield acceleration (LWFA) has been
smaller. However, some claim that the advantage of such sys-
tems lies in the relatively small scale of these accelerators, and
they could improve or replace currently employed accelerators
in many of the applications mentioned in Section 1.1.

For example, a 45 TW laser can fit on a 2 × 4 m2 table
and accelerate electrons to more than 200 MeV over a dis-
tance of a few millimetres. To achieve the same energy with a
radio-frequency-based linear accelerator would require a tun-
nel tens of metres long, and several metres wide to house all
the equipment. For example, at the NSLS2 accelerator at the
Brookhaven National Laboratory in the USA, a 60 m long and
4 m wide tunnel is used to host the linear accelerator that can
accelerate electrons to 200 MeV.

1.4 Thesis outline

Chapter 2 describes the equipment and set-ups used in the
experiments presented in this thesis. The laser system is also
described, together with radiation safety at the Lund multi-
terawatt laser facility (MTLF).

Chapter 3 describes the acceleration mechanisms in laser
wakefield acceleration. It also introduces the concepts of plas-
mas and ionization, ending with a section on electron beam
focusing and the application of very high energy electron radi-
ation therapy.

Chapter 4 describes the generation of betatron X-rays in
a wakefield accelerator along with methods for characterising
the X-ray source size and spectrum. It ends by describing some
applications of laser-plasma generated betatron X-rays, such as
radiography, phase-contrast imaging and X-ray tomography.

The principle of target-normal sheath acceleration (TNSA)
for ion acceleration is discussed in Chapter 5, together with
a discussion on the use of ions for radiotherapy and possible
ways of improving the ion source to achieve this goal.

The thesis ends with a discussion and outlook in Chapter
6 on the applications covered here.
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Figure 2.1. Illustration of mode
locking, showing the
constructive interference
between 50 modes (black) along
with the first 5 modes (green
and blue) with normalised
amplitudes.

Chapter 2

The Lund Multi-Terawatt

Laser Facility

2.1 High-power lasers

The power of a laser is defined by the amount of energy it de-
livers per unit of time P = E/τ , where τ is the pulse duration.
Two different categories of high-power lasers can be distin-
guished. The first includes lasers with high average power, i.e.
the energy content is very high over a long time. The second
type is lasers with high peak power, which were used in the
work described in this thesis. In a high-peak-power laser, the
aim is to significantly reduce the pulse duration, so that all the
energy is concentrated in time. This allows the generation of
laser pulses with a very high peak intensity, as the intensity
is I = 2P/πw2, where w is the beam waist. These are the
intensities needed for laser wakefield acceleration.

Mode locking is crucial to achieve ultra-short laser pulses.
An optical cavity can support a large number of different lon-
gitudinal modes, which will oscillate independently of each
other. Mode locking makes these independent modes oscillate
in phase, such that they interfere constructively, producing
a single, short high-amplitude pulse, as illustrated in Figure
2.1. The more modes that can be combined, the narrower the
pulse will be in the time domain. For a beam with a Gaus-
sian temporal profile the pulse duration is τ = 0.44

NΔω , where N
is the number of modes, and Δω is the frequency separation
between each mode. It is therefore desirable to find a gain
medium with a very large gain bandwidth that can support
many modes. For example, a crystal of sapphire doped with
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Initial pulse

Stretched pulse

Amplified pulse

Compressed pulse

Figure 2.2. Working principle of
chirped pulse amplification. An
initial short pulse is stretched in
time to a longer duration, i.e.
different frequencies, ω, arrive
at different times. The stretched
pulse (which now has a reduced
intensity) is amplified and then
compressed into a short,
high-intensity pulse.

Mirror

Short pulse

Long
pulse

Figure 2.3. An initially short
pulse enters from the left
through a beam splitter. As the
grating diffracts frequencies at
different angles, lower
frequencies (red) will travel a
longer path length than the
higher frequencies (blue),
introducing a linear chirp.

titanium ions (Ti : Al2O3), commonly called Ti:sapphire, can
support tens of thousands of modes. Achieving mode locking
in practice means only allowing modes that are in phase with
each other to survive, while all other modes are suppressed.
Various methods can be used to do this, categorized as act-
ive, passive or hybrid mode locking. The shortest pulses are
produced by passive mode locking, and this is also the most
common method.

All methods of passive mode locking are based on the
concept that cavity losses are intensity dependent. At the start
of lasing, a large number of modes will be present, distributed
randomly in phase, producing a continuous beam. Some of
these modes will, by chance, be in phase, and thus have a
slightly higher intensity. As a higher intensity results in smal-
ler losses and, in particular, the gain is higher than the loss,
these modes will be amplified and survive. Modes that are out
of phase will experience losses that are greater than the gain,
and thus be suppressed.

One way of achieving an intensity-dependent cavity loss is
by the Kerr lens effect, known as Kerr lens mode locking. Kerr
lensing is a non-linear effect where the refractive index changes
depending on the laser intensity inside an optical medium. A
spatially Gaussian pulse will experience a Gaussian refractive
index and be focused. It is now only necessary to intentionally
suppress any unfocused parts of the beam. This can be done
by constructing the cavity in such a way that it only supports
a beam of a certain divergence, by adapting the curvature of
the end mirrors or by introducing an aperture. Another, more
common, method is to pump a concentrated part of the me-
dium. As the unfocused beam will have a smaller overlap with
the pumped medium, the gain will be less while the focused,
high-intensity beam will experience a high gain.

Pulses in the femtosecond regime can be obtained by mode
locking. However, since the peak power of the laser is drastic-
ally increased by mode locking, any optical equipment in the
beam that is not highly reflective might be damaged. For this
reason, CPA is necessary to achieve today’s high-power lasers.
The principle of CPA is illustrated in Figure 2.2. The first
step is to stretch the pulse in time. In high-power lasers, this
is done using optical gratings to introduce a chromatic disper-
sion. This results in a linear chirp, i.e. the frequency compon-
ents will be spread out in time (see Figure 2.3). A positive
chirp (also known as up-chirp), corresponds to the group velo-
city decreasing as the frequency increases, i.e. the low optical
frequencies will be at the leading edge of the pulse. The il-
lustration in Figure 2.3 shows a case that introduces negative
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Figure 2.4. The voltage V that
is sent to a Pockels cell (blue)
by the trigger pulse (green). A
feedback loop adjusts the
trigger signal delay so that the
Pockels cell voltage matches the
optical pulse in time.

chirp as the high frequencies (blue) have a shorter path length
and will afterwards be at the leading edge of the pulse.

After the pulse has been amplified, it must be compressed
to reduce the pulse duration. This corresponds to introducing
an equal amount of opposite chirp. If the pulse is stretched by
introducing a negative chirp, an equal amount of positive chirp
will have to be introduced to compress the pulse. A positive
chirp can be obtained by adding a telescope between the two
gratings in Figure 2.3.

2.2 The Lund multi-terawatt laser

All the experiments described in this thesis were carried
out at the Lund multi-terawatt laser facility (MTLF). This
Ti:sapphire laser has been continuously upgraded for over two
decades, and currently has a peak power of about 50 TW, with
a pulse duration of ∼ 30 fs and an energy of 1.5 J. The laser
is commonly operated at a slightly lower energy to spare the
optical equipment, and more typical operating conditions is a
pulse duration of 37 fs and a pulse energy of 1.3 J.

A mode locked oscillator generates a 5 nJ, 80 MHz pulse
train with a central wavelength of 800 nm and a bandwidth of
about 40 nm. A Pockels cell is used to extract pulses at 10 Hz,
which are further amplified in a pre-amplifier to 1 μJ, and then
stretched to about ∼ 400 ps using two gratings. The electro-
optical crystal in the Pockels cell requires a high voltage to be
applied in a very short time, which is stabilized by a trigger
from a feedback loop that corrects for any drift in the timing
(see Figure 2.4). Immediately before the stretcher, the spectral
phase of the pulse is optimized by an acousto-optic modulator,
together with compensation for gain narrowing.

The selected pulses are amplified in a regenerative amplifier
and extracted at an energy of approximately 5 mJ. In order to
minimize the amplified spontaneous emission or any pre-pulses,
two Pockels cells are used as a polarization gate as these are
only open for a few ns. The pulse is further amplified in a multi-
pass amplifier, passing through the gain medium 5 times, after
which the pulse energy is about 400 mJ.

The pulse is focused through a spatial filter with a 450 μm
pinhole to obtain a clean and nearly Gaussian spatial profile.
At this stage, the pulse is split and directed to two different
experimental halls. The beam used in the work described in
this thesis is amplified one last time in a 6-pass amplifier. The
gain medium is a Ti:sapphire crystal cooled to -180 ◦C which
is optically pumped by five frequency-doubled Nd:YAG lasers.
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Figure 2.5. Second-harmonic
intensity profile from the
autocorrelator, multiplied by
the deconvolution factor,
resulting in a pulse duration of
32 fs full-width-half-maximum
(FWHM).

After this final amplification the pulse can reach an energy of
2.5 J.

The beam is then spatially expanded by a factor ∼ 6 to 65
mm in diameter, and compressed by two gratings to a pulse
duration of ∼ 30 fs. At this point the beam is too intense to
propagate in air and is kept in vacuum (10−6 mbar). A mirror
can be inserted to extract the attenuated beam for diagnostics,
such as pulse duration measurements using second- and third-
order autocorrelators. The second-order autocorrelator splits
the pulse, after which the two pulses are recombined at an angle
in a non-linear crystal to generate a second-order harmonic
signal. The width of the pulse corresponds to the product of
a deconvolution factor depending on the pulse shape, and the
harmonic signal (see Figure 2.5). A third-order autocorrelator
is used to measure the laser pulse contrast (see Figure 2.7).
The laser pulse contrast is discussed in the next section.

The beam wavefront is optimized by a deformable mirror to
minimize aberrations and to achieve an optimal focal spot in
the experimental chamber. Due to a number of mirrors in the
compressor and the transport beamline from the deformable
mirror to the target, the transmission from the final ampli-
fication to the target area is normally ∼ 60 %. The beam
can be sent to one of two interaction chambers. The first is
the chamber used for ion acceleration, which is preceded by a
double plasma mirror (DPM), while the second is the electron
acceleration chamber.

2.3 Double plasma mirror

The laser pulse contrast is an important parameter in laser
wakefield acceleration as a low contrast, i.e. a high ampli-
fied spontaneous emission (ASE) pedestal or pre-pulses, can
affect the electron beam pointing stability and energy sta-
bility. For electron acceleration, a contrast ratio of about
Imin/Imax = 10−8 is generally sufficient for a stable electron
beam [9] and can be achieved in most laser systems. However,
for a more efficient interaction with solid targets (ion accel-
eration), the laser contrast needs to be improved further as
a pre-pulse or ASE pedestal can significantly alter the initial
conditions by forming a pre-plasma, deforming the target, or
if strong enough, destroying the target before the main pulse
arrives. The target is usually a foil, the thickness of which is
generally limited to that which can withstand the ASE intens-
ity, typically a few μm. However, as discussed in Section 5.1,
thinner targets can accelerate particles to higher energies. This
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Figure 2.7. Comparison of the
laser pulse contrast with (green)
and without (blue) a DPM.
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Figure 2.6. A schematic view of the DPM. Top left: the incoming
pulse with an ASE pedestal. Under ideal conditions, the ASE will
be transmitted and discarded, while the DPM will activate at the
leading edge of the pulse to reflect as much as possible of the main
pulse.

motivates the improvement of the laser pulse contrast to allow
the use of even thinner targets.

A DPM is utilized to further improve the laser pulse con-
trast for ion acceleration at the Lund MTLF. The S-polarized
laser pulse is focused by an f/13 off-axis parabolic mirror
(OAP) between two anti-reflective-coated glass substrates, as
illustrated in Figure 2.6. The reflectivity of the glass sub-
strate is highly dependent on the incident laser intensity. At
low intensities the substrate is transparent, while at intensit-
ies > 1014 W/cm2 [10] the substrate rapidly ionizes and forms
an over-dense, reflective, plasma (see Section 3.2). The plasma
mirror is activated by the leading edge of the pulse and remains
active for a few ps but the reflectivity falls over a few hundred
fs [11, 12] as the plasma starts to expand. The main pulse is
thus reflected, while the preceding ASE pedestal and any pre-
pulses are transmitted through the substrate and discarded.
This process is repeated once more at the second substrate,
which improves the contrast even further. The pulse is then
collimated with an identical f/13 OAP and sent to the ion
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2.4 Electron acceleration chamber

1. 2. 3. 4. 5. 6.

7. 8. 9. 10. 11. 12.

Figure 2.8. Left: the peak intensity, Ip, normalized to the mean
intensity, Im, of the beam profile for each profile shown on the
right. The fluence on the substrate was increased for each pro-
file (numbered 1-12), and the beam profile was imaged after being
re-collimated by the second OAP. Higher fluence results in earlier
activation of the DPM which significantly reduces the quality of the
output beam.

acceleration chamber. It should be noted that, after the laser
pulse has been reflected by the substrates, the substrate sur-
face at the point of interaction is destroyed. To have a clean
surface for the next pulse the substrates have to be moved,
while maintaining the distance between the substrate surface
and focal plane to have the same fluence at the substrate.

One of the main challenges with a DPM is to optimize the
time of activation. This is done by controlling the fluence on
the substrate by varying the laser spot size at the substrates.
Ideally, the plasma mirror should be activated immediately
before the main pulse arrives, but if the fluence is too low it
will only reflect part of the main pulse. If the fluence is too
high, the plasma mirror will be activated too early, resulting
in a non-flat surface as the plasma has time to expand. This
can distort the laser pulse wavefront and degrade the beam
quality. This, in turn, will result in a non-optimal focal spot in
the interaction chamber along with the generation of intensity
hot spots in the transverse beam profile that can damage the
optics in the beamline (see Figure 2.8).

Under optimal conditions, the DPM will increase the con-
trast by 2 orders of magnitude (see Figure 2.7), with a reduc-
tion in laser pulse energy of ∼ 50 %. This allows for the use
of thinner foils, which increases the maximum ion energy, as
discussed in Section 5.1.

2.4 Electron acceleration chamber

The typical set-up for accelerating electrons (laser wakefield ac-
celeration) is depicted in Figure 2.9. As the laser beam enters
the chamber, a small leak is extracted through a dielectric mir-
ror to image the near-field and far-field of the beam (not shown
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Figure 2.9. Typical set-up in the electron acceleration chamber.

here). For experiments requiring highly accurate beam point-
ing, this can be monitored and corrected in a PID-regulated
feedback-loop using a piezo-controlled mirror positioned right
after the deformable mirror. The main beam is focused to a
spot size of 12 μm full-width-half-maximum (FWHM) with a

peak intensity of 5× 1018 W/cm
2
using an f/12 OAP. Figure

2.10 shows a typical focal spot.
A small pick-up mirror takes a small part from the edge

of the beam (∼ 8 mJ), which is used as a transverse probe to
image the plasma channel.

A silver mirror on a motorized flip-mount (flip-mirror) can
be inserted in the attenuated beam path after the OAP to im-
age the focal spot and the wavefront. The focal spot is imaged
using a 12-bit charge-coupled device (CCD) camera while the
wavefront is analysed using a wavefront sensor (Phasics SID4).
The wavefront is optimized in a feedback-loop using the wave-
front sensor and the deformable mirror.

2.4.1 Gas targets

Two types of gas targets were used in the studies presented
in this thesis. A 6 mm long windowless gas cell was used in
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Figure 2.10. Laser focal spot
with a focal spot size of 12 μm
(FWHM) inside the electron
acceleration chamber.
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Figure 2.11. Illustration of the
gas cell used in the experiment
described in Papers I, III. The
laser pulse enters from the right.
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Figure 2.12. Geometrical
illustration of the Abel
transform.

the studies described in Papers I and III, depicted in Figure
2.11. The size of the entrance and exit of a gas cell is generally
of importance, as a large entrance or exit opening will result
in a significant longitudinal density gradient due to the gas
leakage. As the laser pulse refracts in the gas it also tends
to ablate the edges of the exit opening significantly, widening
it. For this reason, the front and back surface of this cell are
covered with a thin Kapton foil and a thicker copper plate at
the exit which are regularly replaced. The Kapton foil and
copper plate are carefully aligned and perforated to allow the
laser pulse to enter without clipping. In the studies described
in Papers II, IV and V, a supersonic gas jet was used instead
of a cell, which has the advantage of easier alignment and a
sharp, almost top-hat, density profile (see Figure 2.13). It also
allows for shock-front injection as it requires a sharp density
gradient which can be generated by inserting a razor blade in
the supersonic jet (see Section 3.7.3 and Paper V).

Gas jet characterization

The plasma density is of great importance in electron acceler-
ation as it depends on the gas density, which is discussed fur-
ther in Chapter 3. However, measurements typically provide
information on the integrated, or projected, gas density while
the density along the optical axis is of main interest. This can
be obtained by the Abel transform if the density is radially
symmetric. The Abel transform:

f(r) = − 1

π

∫ R

r

dh(s)

ds
· 1√

s2 − r2
ds (2.1)

is closely related to the Radon transform, which is discussed
in Section 4.4. The radially symmetric function f(r) is re-
constructed from h(s), which is the projected value, i.e. the
line integral a distance s from the centre of symmetry, as il-
lustrated in Figure 2.12. There are several methods of solving
this numerically but they are generally very sensitive to noisy
data. It should be noted that noisy projection data should
not be smoothed prior to applying the Abel transform as this
reduces the reconstruction accuracy. One of the more robust
methods, especially when dealing with noisy projection data,
is a Fourier-based method [13] that was used in preparation for
the study described in Paper V to obtain estimates on the elec-
tron densities from a supersonic gas jet for use in supporting
simulations. Measurements were recorded using a helium-neon
laser and wavefront sensor (Phasics SID4), using a reference
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Figure 2.13. Above: Measured optical path difference (OPD) to-
gether with the calculated electron densities (below) using the Abel
transform and Equation 2.3 of a supersonic, 1.5 mm wide gas jet
(left) and a subsonic 400 μm wide gas jet (right). The OPD is given
in units of the probing wavelength (633 nm). The location of the
Abel transform is indicated by the dashed lines. During the electron
density calculation, complete ionization of the gas was assumed.

image without any gas present. The data obtained show the
optical path difference (see Figure 2.13).

As there is no way of accurately estimating the error in-
troduced by asymmetric data [13] (as stated above, the Abel
transform assumes radial symmetry), all projections were made
symmetrical by taking the average of the projection and the
inverted projection.

Once the optical path difference is known, the molecular
number density can be calculated. The relative permittivity
of a material, εr, can be related to the particle density, Np,
according to the Clausius-Mossoti equation:

εr − 1

εr + 2
=

Npαp

3ε0
(2.2)

which depends on the polarizability, αp, of the atoms. This
can be rewritten using Maxwell’s relation, n2 = εr and at
non-extreme pressure the refractive index will be n ≈ 1 and
Equation 2.2 simplifies to:

Np =
2Δn

αp
(2.3)

where Δn is the difference between the refractive index and
a reference (vacuum in this case). Figure 2.13 shows the cal-
culated electron density, assuming complete ionization, for a
supersonic gas jet and a smaller subsonic gas jet (Paper V). As
He gas has a very low refractive index, another monatomic gas,
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Figure 2.14. Above: dispersion
curve of the large dipole
spectrometer, showing the
position on the scintillating
screen as a function of energy.
Below: a top view of the
measured magnetic field.
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Figure 2.15. Above: dispersion
curve of the small dipole
spectrometer together with a
top view of the measured
magnetic field (below). The
dispersion shows the lateral
position in mm from the optical
axis 10 cm behind the dipole.

Ar, was used in this measurement to increase the sensitivity as
Ar has a higher refractive index.

2.4.2 Electron beam spectrometer

To obtain the electron energy spectrum, the accelerated elec-
trons are sent through a dipole magnet, which disperses them
horizontally on a scintillating screen, which is imaged by a cam-
era. As the dispersion distance depends on the electron energy,
the position on the scintillating screen can be translated into
an energy, provided the magnetic field and geometry, i.e. the
distance and angle between the dipole and the screen. A Nd-
FeB dipole magnet with a peak magnetic field of 0.8 T (see
Figure 2.14) is mounted on a translation rail and can be inser-
ted immediately after the gas target to disperse the electron
beam onto a 25 cm wide scintillating screen. The angle between
the optical axis and the scintillating screen normal is 60◦. The
dipole magnet has a pole gap of 15 mm and a length of 20
cm (excluding the external aluminium spacers), resulting in a
detectable energy range of 10− 350 MeV in the currently used
geometry. Due to the combination of the energy-dependent
dispersion angle and horizontal focusing of a dipole magnet,
the energy resolution ΔE/E decreases approximately linearly
with energy, ranging from 0 to 1.5 %/mrad for energies between
0 and 350 MeV.

In the study presented in Paper II, an additional electron
spectrometer was used to compare the electron spectrum before
and after focusing the electron beam using an electromagnetic
quadrupole (EMQ) triplet (see Section 3.9.2). This spectro-
meter has a length of 10 cm and a peak magnetic field of ∼ 0.65
T. The detectable energy range is 40 - 180 MeV, the dispersion
curve and the magnetic field are shown in Figure 2.15.

2.4.3 X-ray detector

The X-ray detector used in the studies described in this thesis
was an Andor Ikon-L SO, which is a 16-bit, back-illuminated,
deep-depletion CCD. This technology is based mainly on the
photoelectric effect and Compton scattering (commonly using
a silicon layer), where the latter process dominates for photon
energies above 40 keV. For energies up to a few keV the process
is almost exclusively due to the photoelectric effect [14]. As a
photon interacts with the silicon layer, a number of electron-
hole pairs are formed, which is proportional to the energy of the
incoming photon. An electric field will accelerate the charge
cloud towards the nearest potential well, where the charge can
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Figure 2.16. Quantum efficiency
for the Andor Ikon-L SO X-ray
CCD camera.

be collected. Over this drift distance, the charge cloud will ex-
pand due to diffusion and inter-charge repulsion. If this drift
distance is significant, it can lead to the charge collected in one
pixel bleeding over to another pixel, known as pixel cross-talk
which results in a loss in spatial information. There are several
ways to limit this but for back-illuminated CCDs (i.e. the read-
out electrodes are positioned behind the silicon substrate) the
silicon layer is made thin to reduce the drift distance. This lim-
its the efficiency in the detection of high-energy X-ray photons
as they may pass through the substrate without interacting.
To improve the performance, doped silicon is commonly used
which increases the depth of depletion, allowing for a thin sub-
strate to be used while not sacrificing as much detection effi-
ciency in the higher photon energy region. Figure 2.16 shows
the quantum efficiency of the CCD used in this work.

A pre-amplifier increases the signal strength by a factor
×1,×2, or ×4 depending on the settings, after which a high-
speed digital counter stores the information. As this opera-
tion takes some time (usually about 100 ns), photons arriv-
ing within this time will be summed and counted as a single
event. In low-intensity scenarios it is possible to perform single-
photon counting, i.e. every pixel collects at most 1 photon
per 100 ns. In this case, the count will be proportional to
the photon energy, and the device will function as an imaging
spectrometer.

The Andor Ikon-L SO detector has 2048×2048 pixels, each
13.5× 13.5 μm2 with a total imaging area of 27.6× 27.6 mm2.
Due to its high sensitivity to dark currents, the camera is
cooled to −70 ◦C, and the chip must therefore be in vacuum
to avoid the formation of ice crystals on the sensitive substrate
during operation. A 250 μm thick beryllium filter is mounted
on the camera to form a vacuum-tight window, transmitting
X-rays above ∼ 2 keV.

2.5 Ion acceleration chamber

The typical set-up in the ion acceleration chamber is shown
in Figure 2.17. A small leak from a dielectric mirror is extrac-
ted for near- and far-field imaging of the laser pulse (not shown
here), in a similar fashion to the electron acceleration chamber.
The laser pulse enters the chamber P-polarized, the influence
of polarization in ion acceleration is briefly discussed in Sec-
tion 5.1. The pulse is focused using an f/3 OAP to a spot
size of 2.5 μm (FWHM) at a solid target in the centre of the
chamber. As the Rayleigh length is very short in this set-up,
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Figure 2.18. Microscope image
of a 250 nm thick carbon-foil
target (10× magnification).

Thomson parabola

Wavefront/focal spot/target imaging

Spectralon camera

Microscope
objective

Solid target holder

Spectralon
screen

Dipole
magnet

16-bit CCD
camera

Scintillator
(BC404)

OAP

Figure 2.17. Illustration of the typical set-up in the ion acceleration
chamber.

ZR = w2
0π/λ ≈ 18 μm, the longitudinal alignment of the target

in relation to the laser focal point is very important. Align-
ment is performed by imaging the laser spot and target in the
same plane using a ×10 magnification, long working-distance
microscope objective in a relay imaging configuration. Figure
2.18 shows a microscope image of a 250 nm thick carbon foil
target using this imaging configuration. The foils usually have
some wrinkles, seen as dark areas in Figure 2.18 which affect
the ion beam pointing, thus, the laser pulse is focused on the
flat areas. The same imaging set-up is used to image the laser
wavefront using a wavefront sensor (Phasics SID4). The foil is
sandwiched between two perforated plates which is mounted
on a XYZ translation stage. As the foil is locally destroyed
where the laser pulse hits, a new area of the foil needs to be
aligned for the next laser pulse. Finally, a diffuse Spectralon
screen that scatters more than 99 % in the near-infrared region
is imaged and used to measure the laser energy reflected off the
target.

2.5.1 Ion spectrometers

The first spectrometer is a magnetic dipole with a small en-
trance slit, similar to that used in the gas target interaction
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chamber. The dipole is used to analyse the backward directed
ion beam and disperses it vertically on a scintillating screen
that is imaged using a 16-bit camera (see Figure 2.17).

A Thomson parabola spectrometer, which allows for separ-
ation of the different ion species, is used to analyse the forward
directed ion beam. In a Thomson parabola spectrometer, an
electric field parallel to the magnetic field, is introduced (in
addition to the constant magnetic field), that is used to spa-
tially separate ions based on their charge-to-mass ratio. The
dispersed ion beam is imaged using a micro-channel plate with
a phosphor screen and a 12-bit CCD camera. The detectable
energy range is 1 - 10 MeV for protons, with an energy resol-
ution of ΔE/E = 5 % at 10 MeV. Figure 2.19 shows a typical
ion beam spectrum together with the traces from the Thomson
parabola spectrometer.

2.6 Radiation safety

The environment surrounding a particle accelerator will always
be subject to radiation of one form or another. This is com-
monly managed with radiation shielding and dosimeter alarm
systems together with a stringent safety procedure. During
the course of this work, a study was performed for the Swedish
Radiation Safety Authority to characterize the radiation envir-
onment surrounding the laser-plasma accelerator at the Lund
MTLF [15].

Several simulations were performed using FLUKA [16–
19], a general-purpose Monte Carlo code for particle trans-
port. The code includes the physics necessary to calculate
secondary radiation, such as low-energy neutron transport,
heavy-fragment transport, thermal-energy-neutron transport,
scattering, electromagnetic-field interactions, heavy-particle
bremsstrahlung and pair production. The quantity simulated
was the ambient dose equivalent, which is the dose equival-
ent at a depth of 10 mm in soft tissue for the expanded and
aligned radiation field. This quantity is commonly used to
characterize the radiation in an area, and includes conversion
coefficients for particle flux to effective dose, as some particle
species are more harmful than others. According to the In-
ternational Commission on Radiological Protection, the yearly
ambient dose equivalent should be less than 1 mSv/year to the
general public, while for trained personnel working in radioact-
ive environments it is recommended to be below 20 mSv/year.

To obtain a yearly ambient dose equivalent, it was assumed
that 30,000 electron beams were generated over a year, each
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Figure 2.20. Simulated annual ambient dose equivalent at the Lund
MTLF.

beam containing a charge of 32 pC with an average energy
of 120 MeV. Additionally, the generation of 2,000 ion beams
per year was assumed, each beam containing 1012 particles,
of which 67 % were electrons. The electrons were assumed
to follow a Maxwell-Boltzmann distribution, and the ions fol-
low an exponentially decreasing spectrum based on previous
experiments, with a maximum energy of 8 MeV.

In the electron acceleration chamber, mainly electrons are
accelerated, however, secondary gamma and neutron radiation
is also generated, mostly due to bremsstrahlung and (γ, n) re-
actions. The beam is pointing towards the rear wall of the
room, behind which is a large soil mound on the outside of the
building. The beta radiation is highly directed, and most of it
is deposited in the rear wall and the dirt mound. The simula-
tions took into account the dispersion of the electron beam by
the dipole spectrometer, after which the beam passes through
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Figure 2.21. The induced
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a scintillating screen and the chamber wall. The secondary
gamma radiation is less directed and shielding is more diffi-
cult, although the peak annual dose equivalent due to gamma
radiation is about 10 times lower than the beta radiation. Most
of the gamma radiation is shielded by the lead door and wall,
see Figure 2.20, reducing it by 4 orders of magnitude. The
distribution of neutron radiation is spherical and constitutes
a very small contribution, about 10−9 mSv/year immediately
outside the interaction chamber

The main contribution from the ion acceleration chamber
is secondary gamma radiation, as the accelerated ions (and
electrons) are efficiently stopped by the chamber walls. The
particles produced in this chamber have lower energy than
those produced in the electron acceleration chamber, thus, al-
most no neutron radiation is generated here.

The choice of materials used in the interaction chambers is
of importance with regard to induced radioactivity. The main
form of induced radioactivity in this case arises from neutron
activation, with a very minor contribution from photodisin-
tegration. Figure 2.21 shows the simulated induced activation
immediately after a high-charge electron beam has been ac-
celerated. Due to the short half-life of the activated isotopes
(ms to s), most will have decayed significantly after 10 s. Only
common materials in or around the interaction chamber, such
as silicon, concrete, copper, iron, lead, tantalum, PMMA and
beryllium were included in this simulation.

Even though the radiation level surrounding the ion accel-
eration chamber is below 1 mSv/year, efforts must be made to
minimize the radiation exposure as much as possible. There-
fore, all personnel in the lab are required to wear personal
dosimeters to monitor the radiation exposure, and the attend-
ing personnel must be situated behind the lead wall during
particle acceleration. The simulations show that the gener-
ated radiation reaching the control desk area is well within the
safety limits. Furthermore, the lab is located under ground
with thick, shielding, concrete walls, making the surrounding
area outside the lab safe in terms of radiation exposure.
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Chapter 3

Electron acceleration and

applications

This chapter is divided into two parts, one regarding electron
acceleration and the other regarding applications. The first
provides an introduction to under- and over-dense plasmas.
Some important concepts in wakefield acceleration are intro-
duced, such as the ponderomotive force, the dephasing length,
the depletion length, self focusing and self-compression. A de-
scription of the different ionization mechanisms then follows.
The section on electron acceleration ends with the concept of
trapping electrons in the plasma wake, and a presentation of
three different trapping schemes, namely, self-injection, ioniz-
ation injection and shock-front injection.

The second part of this chapter starts with a description
of electron beam focusing using either electromagnetic quad-
rupoles (EMQ) or plasma lenses. This is followed by a the-
oretical discussion on electron interactions with matter, and
the chapter ends with a section on very-high energy electron
radiotherapy.

3.1 Plasma

Plasma is often referred to as the 4th state of matter, which is
created when sufficient energy is deposited into matter of an-
other state (solid, liquid or gas). This results in some, or all, of
the orbital electrons being stripped from the atoms. The over-
all charge of a plasma is neutral, but may locally be non-charge
neutral. The plasma tends to shield these charge distributions,
through a mechanism known as Debye shielding. Since the ions
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Figure 3.1. The Debye length is
the radius of a sphere over
which charge distributions can
be shielded from the
surrounding plasma. Electrons
are depicted as blue dots while
ions are orange.

Figure 3.2. A plasma frequency
higher than the external field
frequency means that the
plasma can effectively shield the
external field, thus it can not
propagate.

in the plasma are considerably heavier than electrons, their mo-
tion during the time interval of interest for laser-plasma accel-
eration can be neglected and the Debye length can be written
as:

λD =

√
ε0kBTe

nee2
(3.1)

where Te is the electron temperature, ne the electron density,
kB the Boltzmann constant, ε0 is the vacuum permittivity and
e is the elementary charge. The Debye length, λD, is the radius
of a Debye sphere, which describes the distance over which the
electrostatic effect of any inhomogeneities in a plasma persists
(see Figure 3.1). For laser-produced plasmas such as those
discussed here, the electron density generally ranges from 1018

to 1024 cm−3 and the electron temperature from 0.01 to 1 keV.
There are different ways of describing a plasma, but in gen-

eral, one can assume a fluid-like behaviour if the plasma para-
meter g ≡ 1/(neλ

3
D) � 1. All plasmas discussed in this thesis

are assumed to be in this regime. This essentially means that
there is significantly more than one particle within a Debye
sphere at any given location, which guarantees that the collect-
ive effects of the plasma are much greater than the electron-ion
collision effects.

3.2 Under- and over-dense plasmas

Due to the fluid-like behaviour of a plasma, an electron plasma
frequency can be defined that describes the frequency at which
the plasma can react to external electromagnetic forces:

ωp ≡
√

e2ne

ε0me
(3.2)

where me is the electron mass. If the plasma frequency, ωp, is
higher than the frequency of the external field ω, there will be
sufficient time for the charge distributions to re-arrange to com-
pletely shield the external electromagnetic field. This makes it
impossible for the field to propagate in the plasma; the critical
frequency being ωp = ω. Thus, a critical density can be defined
as:

nc =
ε0me

e2
· ω2 (3.3)

above which the plasma is called over-dense (ne > nc), and
below which it is under-dense (ne < nc). For example, a
plasma with an electron density ne > 1.7× 1021 cm−3 will be
over-dense (typically generated by ionizing solid matter) for a
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a)

b)

c)

Figure 3.3. Illustration of the
ponderomotive force. The black
line shows the amplitude of the
electric field. a) The electron
(blue) starts at position x0 and
moves to the right, to position
x1 due to the electric field.
When the field changes sign, b),
the electron moves to position
x2, which is just short of its
starting position as the field is
at x1. When the field switches
again, c), the electron moves to
position x3. In time, the
electron gradually drifts towards
the position of the lowest
intensity.

Ti:sapphire-generated laser pulse with a central wavelength of
800 nm, while for ne < 1.7 × 1021 cm−3 the plasma will be
under-dense (typically generated by ionizing a gas).

The refractive index of a plasma is given by the Maxwell
relation to be:

n =

√
1− ω2

p

ω2
(3.4)

which further demonstrates the distinction between under- and
over-dense plasmas. The refractive index is imaginary for ω <
ωp (over-dense), i.e. light cannot propagate beyond the skin
depth ls = c/ωp, and the external electromagnetic field will be
reflected upon incidence.

3.3 Ponderomotive force

A charged particle in an oscillating homogeneous electric field
will undergo harmonic motion, moving back and forth in a
straight line in the direction of the electric field. However, in
an inhomogeneous field such as that of a laser pulse of finite
size, particles also drift towards regions of lower intensity. Con-
sider the situation in Figure 3.3 where an electron will move
towards the right until the field has switched direction. The
electron will then move in the opposite direction, but as the
field is lower at this position the electron does not reach its
initial position. This process is repeated until the electron is
located in the region with the lowest intensity. This is known
as the ponderomotive force. It should be noted that a posit-
ively charged particle will experience the same sort of motion
(but it will be out of phase compared to an electron as it will
decelerate when the electron accelerates, and vice versa). The
ponderomotive force for a non-relativistic particle is given by
[20]:

fp = −∇Φp = − e2

2meω2
∇〈E〉2 (3.5)

where Φp is known as the ponderomotive potential, E is the
electric field and 〈.〉 denotes the time average over one cycle.
In a plasma, a laser pulse will therefore expel charged particles
from the high-intensity region. From Equation 3.5 it is evident
that an ion will move considerably slower than an electron as
the force scales inversely with the particle mass. Therefore,
on the timescale of interest during wakefield acceleration, the
ions can be considered to be stationary, while the electrons will

23



3.3 Ponderomotive force

be expelled by the ponderomotive force. This creates a cavity,
void of electrons, that travels in the wake of the laser pulse.

In very strong electric fields, an electron undergoes har-
monic motion and quickly approaches the speed of light, be-
coming relativistic. Thus, it is useful to introduce the normal-
ized vector potential:

a =
eA

mec
(3.6)

where −∂A/∂t = E and the normalized peak vector potential,
which is given by:

a0 = |amax|= eE0

ωmec
=

√
e2λ2I

2π2ε0m2
ec

5
(3.7)

For a0 > 1, an electron will be relativistic within one oscillation
and the intensity is said to be relativistic. At relativistic intens-
ities (I > 2× 1018 W/cm2 for λ = 800 nm) the ponderomotive
force takes a more complicated and non-linear form as the in-
crease in electron inertia must be taken into account. (See, for
example [20] for further derivations.) At these intensities, the
ponderomotive force can be strong enough to completely expel
all the electrons close to the laser pulse and this is known as
the “blow-out” regime or “bubble” regime.

In the linear (non-relativistic) case for a linearly polarized
laser pulse, the electrostatic wake potential φ is described by
[21]:

∂2φ

∂ξ2
= k2p

(
a2

4
− φ

)
(3.8)

where ξ = z− ct and kp = ωp/c. This holds for an initially ho-
mogeneous plasma and small perturbations in electron density,
δn � n0, where n0 is the initial electron density. Equation 3.8
can be solved analytically with Green’s functions and has the
following solution [22].

φ =
kp
4

∫ 0

ξ

sin(kp(ξ
′ − ξ))a2(ξ′)dξ′ (3.9)

In the non-linear (relativistic) case, the wake potential is
described by [22]:

∂2φ

∂ξ2
=

k2p
4

(
1 + a2

(1 + φ)2
− 1

)
(3.10)
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Figure 3.4. Longitudinal electric
field and electron density for a
linear wave, driven by a pulse
with an intensity of
1016 W/cm2 in a plasma with
ne = 5× 1018 cm−3.
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Figure 3.6. Result from a 3D
PIC simulation in the blow-out
regime, the dashed circle
indicates the bubble radius, rb,
and the laser is located at the
front of the bubble, propagating
from left to right. (Courtesy of
H. Ekerfelt)

which has analytical solutions for a square laser pulse spatial
profile. The longitudinal electric field is related to the wake
potential by:

Ez =
mec

2

e

∂φ

∂ξ
(3.11)

and the electron density is:

ne = n0

(
1

k2p

∂2φ

∂ξ2
+ 1

)
(3.12)

A numerical solution to the linear case is shown in Figure 3.4,
where the longitudinal electric field and electron density are
sinusoidal. The non-linear case is shown in Figure 3.5. In the
non-linear case, the electron density decreases to zero, and is
highly localised at the back of the bubble, indicating the blow-
out regime. The fluid model is inadequate for a more complete
description of the interaction and kinetic theory must be used,
which describes the particle velocity distribution at every point
in the plasma. The equation of motion for each particle can
be solved numerically in particle-in-cell (PIC) codes, either 2D
or 3D. Figure 3.6 shows the results given by the 3D PIC code
Calder-Circ.

In the expelled region, the resulting space charge forces will
point inwards toward the centre of the bubble. The outward
pushing force is the ponderomotive force, so the size of the
bubble, see Figure 3.6, can be estimated from the following
relation [21].

rb ≈ 2
√
a0

c

ωp
(3.13)

For a0 = 2, this corresponds to a bubble radius of rb ≈ λp/2.
Note that it is assumed that the plasma is driven under reson-
ance conditions, i.e. the root-mean-square (RMS) of the laser
pulse duration is [21]:

τrms ≈ λp

c2π
(3.14)

It should be noted that the optimal pulse duration depends
on the temporal shape of the pulse, and if the plasma wave is
driven in the linear or the non-linear regime. Here, it is given
for a pulse with a Gaussian temporal profile and a wake driven
in the non-linear regime.
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Figure 3.7. The refractive index
in a plasma with
ne = 5× 1018 cm−3 for different
laser powers. The refractive
index scales with the laser pulse
intensity which in turn results
in a focusing laser beam.

3.4 Self-focusing

As the laser pulse diffracts, the cross-sectional area of the beam
doubles after one Rayleigh length, ZR = πw2/λ. This would
limit the interaction length to a few Rayleigh lengths as the
peak intensity decreases rapidly. However, inside the plasma,
the laser pulse will self-focus due to the Gaussian-like refractive
index, which can lead to an interaction length much longer than
the Rayleigh length.

The refractive index is given by Equation 3.4 for the non-
relativistic case. However, for relativistic intensities, the re-
lativistic mass of the electrons, mrel, must be taken into ac-
count. As ωp ∝ 1/

√
mrel, and mrel = γme, the refractive

index of the plasma is instead given by [4, 22]:

n(r) ≈ 1− ω2
p

2ω2

ne(r)

n0γ(r)
(3.15)

In the case of a linearly polarized laser pulse, the relativistic
factor of the electrons, γ, and electron density, ne, is not con-
stant in the radial direction, r. As the electrons are mainly
driven in the polarization direction, γ(r) ≈√1 + a(r)2, where
a(r) is the laser pulse profile, a(r)2 = a20 exp(−2r2/w2) for a
Gaussian pulse with a radius r. Figure 3.7 shows the refractive
index (assuming a homogeneous electron density). This shows
that the refractive index is higher in high-intensity regions, i.e.
the laser pulse phase velocity vph = c/n decreases on-axis and
increases off-axis. This results in a focusing beam as the wave
front gains curvature. It should be noted that, in order for
the laser pulse to self-focus, the focusing has to be larger than
the diffraction. Therefore, there exists a critical power, above
which self-focusing can occur. This is commonly estimated
from the expression below [23].

Pc =
8πε0m

2
ec

5ω2

e2ω2
p

(3.16)

For a central laser wavelength of λ = 800 nm and electron
density of ne = 5 × 1018 cm−3 this correspond to a critical
power of Pc ≈ 6 TW.

3.5 Self-compression

The refractive index in the plasma does not only change radi-
ally, but also longitudinally. Therefore, the head of the laser
pulse will have a lower group velocity while than the tail of the
pulse. Thus, the pulse will self-compress, leading to a shorter
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Figure 3.8. Keldysh parameter,
γk, for different orders of
magnitude of the laser intensity.
When γk � 1 the ionization is
mainly MPI, while for γk � 1 it
is mainly TI.

temporal duration. As the intensity increases due to self-
compression, this will results in stronger self-focusing, which
further enhances self-compression, as the pulse-compression
rate is proportional to the inverse square of the laser spot size
[24]. As stated in Section 3.3, the optimal condition for driving
the plasma wave occurs at a certain pulse duration, given by
Equation 3.14. However, this condition is slightly relaxed due
to the self-compression as the duration of the pulse decreases
towards approximately half the period of the plasma wave.

3.6 Ionization

An atom can be ionized through several different physical pro-
cesses, largely depending on the laser intensity. For intensities
of ∼ 109 − 1013 W/cm2 the process is described by perturba-
tion theory, and is called multiphoton ionization (MPI) which
is a non-linear process. An electron in a bound state may ab-
sorb several photons in rapid succession while moving through
intermediate virtual states until its energy is high enough to es-
cape the Coulomb potential. Although plasma breakdown has
been observed at intensities as low as 109 W/cm2, the ioniza-
tion processes at these low intensities are not well understood
and, for noticeable MPI, the intensity generally has to be above
1011 W/cm2 [25].

At intensities higher than 1013 W/cm2, the description by
perturbation theory breaks down and a quasi-static electric
field must be assumed that distorts the potential well of the
atom. In this region, ionization takes place through tunnel
ionization (TI). There is no sharp transition between the two
regimes but at intensities resulting in a Keldysh parameter
γk � 1, one can safely assume MPI, while for γk � 1 one can
assume tunnel ionization. The Keldysh parameter is given by
[26]:

γk =

√
Ip
2Up

(3.17)

where Up = E2e2/4meω
2 is the non-relativistic ponderomotive

energy of an electron, i.e. the average quiver energy over one
cycle in the electromagnetic field E, and Ip is the ionization
potential of the atom. Figure 3.8 shows the Keldysh parameter
for hydrogen at intensities of different orders of magnitude.

Higher field strengths result in greater barrier distortion.
If it is sufficiently distorted, an electron may tunnel through
the potential well and escape the attractive force of the atomic
core, as shown in Figure 3.9. At even higher intensities, the
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Figure 3.10. ionization rate of
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transition from tunnel ionization
to over-the-barrier ionization.

electric field may be strong enough to distort the potential well
such that it falls below the lowest bound state, leading to in-
stantaneous complete ionization of the atom. This is known as
over-the-barrier ionization (OBI) or barrier suppression ioniz-
ation.

The ionization rate of hydrogen as a function of laser in-
tensity is shown in Figure 3.10, obtained using the Ammosov-
Delone-Krainov formula (not shown here) [27]. It is evident
that the ionization rate increases rapidly with increasing in-
tensity. At intensities above 1014 W/cm2, the ionization rate
stagnates as the intensity is high enough for OBI. The ver-
tical dashed line in Figure 3.10 indicates the intensity that
distorts the potential barrier to the same level as the lowest
bound state. This is known as the “appearance intensity” and
is given by [28]:

Iapp =
c

128π

(
4πε0
e2

)3 I4p
Z2

(3.18)

where Z is the charge of the atomic core. Note that this model
does not take into account the AC Stark shift or reflections,
i.e. electrons that escape the potential well and reverse in the
oscillating electric field, accelerating back towards the core [27].

3.7 Electron trapping

The terms trapping or injection are commonly used to describe
the process of an electron being trapped inside the electro-
static potential inside the plasma wake. This process can be
described in phase space using the Hamiltonian [29]:

H(γ, ξ) = γ(1− ββp)− φ(ξ) = const, (3.19)

where βp = ṽp/c is the normalized plasma-wave phase velocity

and β =
√
1− 1/γ2. A trapped electron will form a closed

orbit in phase space as it is periodically moving back and forth
inside the wake, gaining and losing momentum. Figure 3.11
shows the phase space for electrons in the linear plasma wave
shown in Figure 3.4. For an electron to be trapped, its initial
velocity needs to be close to that of the plasma wave velocity

ṽp, i.e. γ/γp ≈ 1, where γp = 1/
√

1− β2
p . All other elec-

trons escape the potential, and instead form the bulk of the
plasma wave. The orbit that separates the non-trapped and
trapped electrons is called the separatrix, which is given by
Hs = 1/γp − φ(ξmin), indicated by the black dashed line in
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Figure 3.11. Phase space for electrons of different γ in a linear
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electron, which is more likely to occur if γ ≈ γp. The separatrix is
indicated by the dashed line.

Figure 3.11. Here, ξmin is the value that minimizes the poten-
tial, i.e. φmin = φ(ξmin).

As the energy gain in Equation 3.26 depends on the ac-
celeration length, an electron trapped at an early stage of the
acceleration process will gain more energy than an electron
trapped at a later stage. This illustrates the need for different
injection schemes, where in some, electrons are injected in a
short time window, resulting in a quasi-monoenergetic beam,
while in others the electrons are continuously injected, produ-
cing high-charge broadband beams.

3.7.1 Self-injection

The first injection mechanism used was self-injection, where
electrons from the plasma wake become trapped in the wake
potential. This is a highly non-linear process that is not yet
fully understood but, due to historical reasons, one common
picture is that of “wavebreaking”. When the oscillation velo-
city of the plasma electrons is higher than the phase velocity,
the plasma wave breaks, such that some plasma electrons can
be trapped in the wake potential. Plasma wavebreaking is itself
a field of research and includes different kinds of wavebreak-
ing, such as geometrical breaking (also known as transversal
wavebreaking), cold plasma wave breaking, fluid-like breaking
in a warm plasma, kinetic wave breaking and resonant (wave)
breaking [25]. Several different attempts have been made to
explain the phenomenon in the blow-out/bubble regime, and
to identify threshold for when it occurs [30–33]. In the bubble
regime, an almost spherical ion cavity is formed with a thin,
dense electron sheath around its surface. One explanation is
that some of the electrons from the sheath may be channelled
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Figure 3.12. Laser power
required for self-injection (blue
region) in the bubble regime.

to the back of the bubble, where they quickly become acceler-
ated to the velocity of the plasma wake and become entrapped
[34]. In the electron density range of 3− 20× 1018 cm−3 it has
been shown experimentally that the self-injection threshold can
be estimated using the expression [35]:

αP

Pc
>

1

16

(
ln

(
2nc

3ne

)
− 1

)3

(3.20)

where α is the fraction of laser power within the FWHM laser
spot size. Figure 3.12 shows the laser power required for self
injection using α = 1/2 which is the theoretical maximum for
a beam with a Gaussian spatial profile.

3.7.2 Ionization injection

Self-injection is notoriously difficult to both predict and con-
trol as minor fluctuations can change the electron beam sig-
nificantly. A popular and much more stable injection scheme
is ionization injection, which takes advantage of the different
ionization thresholds [36]. This usually involves a low-Z gas
doped with a high-Z gas, such as He doped with N. Figure
3.13 shows the different ionization levels for He and N. The He
atoms are fully ionized together with the 5 outer most elec-
trons of N by the leading edge of the pulse, as the ionization
threshold for these species are comparatively low. This gen-
erates the bulk of the plasma. The dopant should be chosen
so that it is ideally fully ionized at, or above, the peak laser
intensity (relying on self-compression and self-focusing). Thus,
the last two electrons of N5+ will be ionized at the intensity
peak of the laser pulse which results in a spatially localised
electron injection. This allows electrons to be trapped in the
potential more easily, Figure 3.13 shows the trapping of an on-
axis electron together with an off-axis electron that does not
gain enough momentum and slips away from the wake. The
peak intensity can be above the dopant ionization threshold for
a large part of the propagation distance, continuously injecting
electrons, especially due to self compression and self focusing.
This results in high beam charge but also a continuous electron
energy spectrum.

As stated in the previous section, for an electron to be
trapped, the Hamiltonian in Equation 3.19, must be smaller
than the separatrix Hs. From the plasma wake potential, φ,
it is possible to find the location where an electron needs to
be ionized in order to be trapped for a given electron density
and a0. This is depicted in Figure 3.14 where the location of

30



Electron acceleration and applications

-1 0 1
/ p

-1

0

1
0.1
0.5
  1
1.5
  2

a0

Figure 3.14. Position in phase
where ionized electrons can be
trapped (black rings) assuming
an electron density of
ne = 5× 1018 cm−3.

Laser pulse

Trapped
electrons Escape trajectory

Trapping trajectory

Ion
[eV]

Figure 3.13. The ionization potentials Ip of helium and nitrogen are
given on the left. The laser intensity, I, required for OBI can be cal-
culated using Equation 3.18 and is given in the right-hand column.
The two most inner-bound electrons (N5+, N6+) in nitrogen will
only be released at the peak intensity of the laser pulse. Some elec-
trons ionized at the peak of the laser pulse (red) can be trapped
(solid black line), while others will not have sufficient momentum
and will undershoot the bubble (black dashed line).

trapping is indicated by the black rings. Note that no trapping
occurs for a0 < 1.5 in this case, and for higher values of a0,
the trapping occurs close to the peak of the laser pulse which
is shown as a dashed line with arbitrary amplitude.

3.7.3 Shock-front injection

One way of limiting the duration of injection to obtain a more
narrow banded electron beam is to control the plasma density.
Introducing a steep downward density gradient will cause the
wake to expand rapidly, trapping some electrons in the poten-
tial [37, 38]. This density gradient can be produced using a gas
jet with a supersonic gas flow and partially inserting a razor
blade into the gas flow to create a shock front. Figure 3.15
shows an example of such a density gradient together with an
illustration of the bubble expansion.

It is also possible to use a combination of shock-front in-
jection and ionization injection. Upon introducing a density
gradient, electrons ionized during the expansion of the plasma
bubble will be trapped as they have time to gain sufficient
energy and be trapped due to the increased length of the ac-
celerating field [39]. This method was used to produce two spa-
tially separated electron bunches in the experiment described
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Figure 3.15. Illustration of the
shock-front injection scheme. As
rb ∝ 1/

√
ne), a sharp downward

density gradient, see b), will
cause the plasma bubble to
expand rapidly, as illustrated in
a), and if the gradient is
sufficiently short, i.e. shorter
than the plasma wavelength,
some electrons at the tail of the
original bubble will be trapped
and accelerated [37]. A sharp
density gradient can be achieved
by inserting a razor blade in a
supersonic gas jet, as seen in c).
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fs, 800 nm laser pulse as a
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in Paper V. The shock front was positioned during the dens-
ity up-ramp while the laser parameters were such that it still
allowed for regular ionization injection later in the plasma. As
the shock-front-injected electrons are injected earlier they gain
more energy than the ionization-injected bunch.

3.8 Dephasing and depletion lengths

The velocity of a laser pulse inside the plasma is given by the
group velocity vg. Using the refractive index from Equation
3.4, this gives the following expression.

vg = c

√
1− ω2

p

ω2
(3.21)

The velocity of the electrons will quickly approach c as they are
accelerated by the strong field gradients in the bubble. From
Figures 3.4 and 3.5 it is evident that electrons will decelerate
if they are located in the front half of the wake. This leads to
a maximum acceleration length, i.e. the distance over which
electrons reach the front half of the bubble and start deceler-
ating, known as the dephasing length. In the linear case, the
dephasing length is given by [21]:

Ldp = cπ
ω2

ω3
p

(3.22)

while in the non-linear case, it is [21]:

Ldp = ca0
√
2
ω2

ω3
p

(3.23)

In the non-linear case, the dephasing length scales with a0
and in both cases it rapidly decreases with increasing electron
density, as can be seen in Figures 3.16 and 3.17.

Another factor limiting the electron energy gain is pump
depletion. As energy is required to excite the plasma wave, the
driving beam will eventually be depleted. This is described by
the pump depletion length which is given by [21, 40]:

Lp =
4πc

a20

ω2

ω3
p

(3.24)

in the linear regime. In the linear case, the pump depletion
length is much longer than the dephasing length (see Figure
3.16). The same is true in the non-linear case, in which the
pump depletion is given by [21, 40]:

32



Electron acceleration and applications

2 4 6 8 10

ne [1018 cm-3]

0

10

20

D
is

ta
nc

e 
[m

m
]

Dephasing
Depletion

Figure 3.17. Non-linear
dephasing- and depletion
lengths for a 32 fs, 800 nm laser
pulse with a0 = 2.2 as a
function of electron density.

2 3 4
a0

6

8

10

n e [1
018

 c
m

-3
]

200

300

400

 E
 [M

eV
]

Figure 3.18. Estimated energy
gain, ΔE, as a function of a0
and electron density ne, with a
central laser wavelength of 800
nm.

Lp = 2
√
2ca0

ω2

ω3
p

(3.25)

and the limiting term is, in general, the dephasing length
(Figure 3.17). It should be noted that the non-linear case is
more efficient as the dephasing and depletion lengths are better
matched in this regime.

The energy gained by an electron is thus ΔE = eEzL,
where Ez is the longitudinal electric field and L is the distance
over which the electron is accelerated. Maximum energy is
reached when L = Ldp in the non-linear case. Using the av-
erage longitudinal electric field over the dephasing length, the
approximate energy gain for a 3D non-linear case is given by
[41]:

ΔE = eEzL ≈ 2a0m
2
ec

2ω2ε0
e2ne

(3.26)

and is dependent on the normalized peak vector potential (or
laser strength), a0, and the electron density, as illustrated in
Figure 3.18.

3.9 Electron beam focusing

3.9.1 Plasma lenses

The electromagnetic forces acting on the trapped electrons
inside the plasma wake point radially towards the centre of
the bubble. This means that there is a focusing force present
which, in principle, could focus an electron beam and act as
a plasma lens. This has been demonstrated in beams gener-
ated by linear accelerators [42] and plasma accelerators [43].
The focusing fields depend strongly on the radial shape of the
wakefield and the velocity of the plasma electrons, as both the
beam itself and radial plasma electrons will induce a magnetic
field [44]. Therefore, focusing will not be linear in general and
may lead to some focusing aberrations. The focusability of the
plasma wake can be improved by tailoring the plasma density
profile. The wake in the plasma lens may be driven either by
the electron bunch itself, if it is sufficiently intense, or by an
external driver, such as a laser or another particle beam (Pa-
per V). Due to the very high focusing field, 150 MT/m for an
electron density of ne = 5× 1018 cm−3 [45], an electron beam
may be significantly focused over a very short distance which
helps preserve the emittance. The emittance is a quantity that
describes the beam quality. In this thesis, the emittance used
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Figure 3.19. Simulated magnetic
field lines and the magnetic field
norm at the cross-section of an
EMQ.
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Figure 3.20. Simulated
transverse positions, (blue for
horizontal and green for
vertical), of electrons in the
focal plane for different electron
energies. In this case, 90 MeV
electrons are focused correctly
while electrons with other
energies are either under- or
over focused.

is the RMS emittance: εrms =
√〈x2〉〈x2′〉 − 〈xx′〉2 where 〈x〉

is the variance in the position of the electron and 〈x′〉 is the
variance in the angle of the particle relative to the direction of
propagation.

It is also possible to focus the beam using an active plasma
lens, which can achieve focusing fields > 3000 T/m [46]. This
principle is based on a plasma-filled discharge capillary where
the discharge current induces the strongly focusing magnetic
field.

3.9.2 Electromagnetic quadrupoles

An EMQ consists of 4 magnetic poles, symmetrically arranged
around the beam axis with alternating polarities. The mag-
netic field norm is proportional to the distance from the central
axis, and is zero on-axis (see Figure 3.19). Thus, an electron
further off-axis experiences a greater force than an electron
closer to the central axis, resulting in a focusing effect. Due
to the plane symmetry of the field lines (see Figure 3.19), a
single EMQ will focus in one plane but defocus in the other
plane. By combining three EMQs, it is possible to focus in
both planes, in an arrangement commonly known as a FODO
lattice (focus - drift - defocus - drift - focus). The resulting
focus is chromatic and only the electrons with the nominal en-
ergy will be correctly focused. For all other energies, the focus
will be transversely elongated in one direction or the other as
illustrated in Figure 3.20.

In beam physics, it is convenient to use the Twiss-, or
Courant-Snyder parameters as they describe the collective be-
haviour of the beam and are related by:

γ̃β̃ − α̃2 = 1 (3.27)

These parameters describe different characteristics of the
beam; γ̃ describes the beam size in relation to the energy
spread. A high value of γ̃ corresponds to a small beam size,
but a large energy spread. α̃ describes the divergence; for a
converging beam α̃ > 0 and for a diverging beam α̃ < 0, while
α̃ = 0 at the focus. The betatron function β̃ describes the size
of the beam envelope. Figure 3.21 shows the simulated beam
size, σ, through the EMQ triplet at the Lund MTLF. Here,
the beam was simulated using a flat, polychromatic spectrum
with 7 mrad divergence, 2 mm in diameter (FWHM) beam.
Figure 3.22 shows the beta function of the beam. The focus is
located at 1.8 m (where α̃ = 0) and the beam is at its largest
at 0.9 m, which is at the centre of the EMQ lattice. Due to
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Figure 3.21. Beam size σ =

√
β̃εrms through the EMQ triplet used

in Paper II with an initial beam energy of 90 MeV. Initially, the
beam size is 2 mm, with a divergence of 7 mrad, corresponding to
εrms ≈ 3.2 μm. The beam size is at a maximum in the second
quadrupole Q2 and lower energy electrons will exhibit a greater
excursion from the central axis than higher-energy electrons and
will be lost in collisions with the wall of the beamline.

the expansion of the beam in the EMQs, some electrons might
be lost due to wall collisions in the beamline which is only 15
mm in diameter. For a polychromatic beam, this results in a
change in the final spectrum, as shown in Figure 3.23.

In the work described in this thesis, an EMQ triplet was
used in a 1-to-1 imaging configuration to perform stereotactic
dose deposition in a phantom (Paper II). The set-up was found
to be independent of variations in the beam divergence and
improved the stability of the beam, both in terms of beam
charge and beam pointing. This can be seen in Figure 3.24,
which shows the results when the beam area, A, and radial
distance to the laser axis, r, were monitored in 8 consecutive
shots.

3.10 Electron interactions with matter

When an electron passes through material it loses energy
through various processes. Collisional losses are due to
inelastic collisions with atomic electrons, while radiative
losses result from inelastic collisions with nuclei, resulting in
bremsstrahlung. Electrons can also scatter through elastic
collisions, mainly with nuclei, but also with atomic electrons.
Thus, as an electron beam propagates through a material, the
mean energy will decrease and the beam divergence will in-
crease. The mass scattering power of an electron describes the
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mean square scattering angle per unit mass thickness which is
proportional to (τk +1)2/(τk(2+ τ)2 and to Z [47]. Here, τk is
the kinetic energy normalized to the electron rest mass energy,
τk = EK/mec

2. For high-energy electrons, i.e. τk � 1, the
mass scattering power is approximately proportional to 1/E2

K ,
thus high-energy electrons will scatter considerably less than
low-energy electrons.

The attenuation of an electron beam is related to the total
mass stopping power: Stot = Scol + Srad, which describes the
energy lost per unit length in a certain material. The total
mass stopping power consists of two parts, one of which is the
collisional mass stopping power [48]:

Scol =
NAZπr2e2mec

2

Aβ2

(
ln

(
EK

Ie

)
+ ln(1 + τk/2) + F (τk)− δ

)
(3.28)

where

F (τk) = (1− β2)(1 + τ2k/8− (2τk + 1) ln 2) (3.29)

Here, Ie is the mean excitation potential, A is the atomic mass
[g/mol], and NA is Avogadro’s constant. The correction term
δ (density effect correction) takes into account the Coulomb
force shielding of distant atoms due to polarization.

The second part of the total mass stopping power is the
radiative mass stopping power Srad [47]:

Srad =
αr2eNAZ

2

A
(EK0

+mec
2)Brad (3.30)

which is due to electron - nuclei interactions, resulting in
bremsstrahlung. EK0

is the initial kinetic energy of the elec-
tron, α is the fine structure constant and the parameter Brad

takes different forms depending on the electron kinetic energy
and ranges from 5 to 15 for electrons in the energy range of
10− 100 MeV [47].

The absorbed dose is:

D = ΦScol = −Φ

ρ

dE

dx
(3.31)

where Φ is the fluence (number/unit area). Note that only
the collisional stopping power, and not the total stopping
power contributes to the dose as the photons produced via
bremsstrahlung tend to leave the region of interest and gener-
ally do not contribute to the local dose.
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Figure 3.25. The therapeutic
window is the region between
the tumour control probability
(TCP) and the normal tissue
complication probability
(NTCP). Having a large
therapeutic window corresponds
to a large probability to control
the tumour growth while
simultaneously having a low
probability for normal tissue
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therapeutical window is
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As the electrons continuously lose energy as they propagate
through a material, the concept of range is convenient. The
continuous slowing down approximation (CSDA) [47]:

RCSDA =

∫ EK0

0

1

Stot(E)
dE (3.32)

is the mean path length along an electron’s trajectory. As
stated above, the mass scattering power of an electron is pro-
portional to Z, and the mean path length will be a good ap-
proximation of the range of an electron in materials with a low
Z. For high-Z materials, the approximation will be poorer (and
may differ by up to a factor 2) due to multiple scattering at
large angles, resulting in irregular trajectories.

3.11 Very high-energy electron radiotherapy

Radiotherapy is currently an important method of treating
cancer, with more than 14,000 accelerators in 151 different
countries [49]. This kind of treatment is based on the principle
that healthy cells have a more effective DNA repair mechan-
isms than cancerous cells, thus, healthy cells can recover from
radiation damage provided it is not too severe, while cancerous
cells will die. Figure 3.25 illustrates the therapeutic window,
which is the gap between the tumour control probability (TCP)
and normal tissue complication probability (NTCP). It is obvi-
ously desirable to have a large therapeutic window, but simply
increasing the dose tends to increase both TCP and NTCP, so
other methods are required to widen the window. This is espe-
cially difficult for deep-seated tumours which are surrounded
by healthy tissue.

Previously, electron therapy has mainly been used to treat
superficial tumours and skin cancer due to the limited dose de-
position depth of low-energy electrons. Deeply seated tumours
are commonly treated with photon radiotherapy and, in sens-
itive cases, hadron therapy. While ions have a very energy
dependent and localised dose deposition, it is very sensitive to
inhomogeneities and there is a risk of shifting the Bragg peak
position, depositing a large dose in healthy tissue. Radiother-
apy machines are also very expensive, and their availability
is thus limited. Treatment with very high-energy electrons
(VHEE) has some advantages over conventional photon radio-
therapy, such as less scattering due to the 1/E2

K scaling of
the scattering power, which limits the lateral spread of the
beam. Furthermore, VHEE beams are almost insensitive to
heterogeneities in the beam path. The dose deposited by a
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Figure 3.26. Dose deposition in a cylindrical phantom using a fo-
cused VHEE beam. A FLUKA simulation is shown to the left, while
the results from the experiment is shown to the right. The max-
imum dose is 2.72 Gy in the centre region while the doses in the
beam entrance paths are about 0.3 Gy.

photon beam at the interface of tissue or organs of different
densities will change significantly due to electronic disequilib-
rium [50]. The same is true for ion beams, where a low-density
cavity (such as air) will shift the longitudinal position of the
Bragg peak deeper, while a denser medium (bone) will shift
it to a shallower position [51]. One of the greatest advantages
of VHEE may be the possibility to perform electromagnetic
beam steering together with beam focusing. Beam steering al-
lows for pencil beam scanning techniques while beam focusing
has been shown to not only reduce the beam size significantly,
but also allow tailoring of the dose depth profile [52, 53] to
achieve concentrated dose distributions at greater penetration
depths.

Several studies have demonstrated the potential of VHEE
radiotherapy in the treatment of lung cancer [54, 55], prostate
cancer [55–57], paediatric brain tumours and head and neck
cancer [55, 58]. This motivated the study described in Paper II,
where a focused VHEE beam was used to demonstrate frac-
tionated stereotactic dose deposition in a cylindrical phantom
using 36 beamlets at different angles.

A preliminary simulation performed using the Monte Carlo
based particle transport code FLUKA is shown on the left in
Figure 3.26, together with the experimental data on the right.
In the simulation, the electron beam size was 2 mm in the focal
plane, with a Gaussian spectrum with a FWHM energy spread
of 40 MeV and a central energy of 120 MeV. In the experiment,
the spectrum had a central energy of approximately 90 MeV
with a FWHM energy spread of 50 MeV and a slightly larger
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Figure 3.28. Radiochromic films (EBT3) irradiated with electron
beams (accumulation of 10 beams on each film) for different focusing
energies. The EMQ triplet was set to focus 90 MeV (top), 110 MeV
(middle) and 130 (MeV) at 11 cm behind the front edge of the film.

focal spot size.
The phantom used to obtain the results shown in Figure

3.26 is cylindrical and 8 cm in diameter, with stacked disks
of radiochromic film (EBT3). Spacers of Perspex acrylic glass
(water equivalence of 1.045), 2 mm in thickness, were used
between the outermost layers. The laser-plasma-accelerated
electron beam was controlled with the EMQ triplet in a 1-to-
1 imaging configuration as described in Section 3.9.2. This
resulted in a charge uncertainty of less than 1 %, a spatial un-
certainty of 0.1 mm and a spatial size of 2.3 × 2.6 mm2 (at
the phantom), while still propagating over 20 cm in air before
reaching the phantom. Figure 3.27 shows the dose distribution
for a focused electron beam and an unfocused beam, illustrat-
ing the much smaller beam size. The improved charge stability
compared to an unfocused beam can probably be attributed to
the the fact that only electrons of a certain energy can pass
through the EMQ triplet. Due to the high spatial accuracy,
the target volume region could be kept very small, about 100
times smaller than in a typical stereotactic treatment, larger
volumes can be radiated by scanning the pencil beam.

The effect on the dose deposited for various electron ener-
gies focused at a certain distance is shown in Figure 3.28. In
each case, the beams are focused 11 cm behind the front edge
of the phantom. This focal distance was set for either 90, 110
or 130 MeV electrons. In each case, data were accumulated
from 10 electron beams, accelerated using shock-assisted ion-
ization injection [39], resulting in a spectral peak at ∼ 80 MeV
(see Figure 3.29) and a FWHM energy spread of 20 MeV. The
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Figure 3.29. Electron spectra by
shock-assisted ionization
injection from four consecutive
laser shots.
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Figure 3.30. Longitudinal dose
on-axis of the electron beams
show in Figure 3.28.
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Figure 3.31. Transverse dose at
a depth of 2 cm (Figure 3.28).
When focusing 130 MeV
electrons the spatial distribution
is almost top-hat shaped.

beam widens at the front edge of the phantom when focusing
110 and 130 MeV as different energies are focused in differ-
ent planes. For the 130 MeV beam, the spatial distribution is
almost top-hat shaped for the first 3 cm in the phantom (see
Figure 3.30 and 3.31). One possible explanation of this is that
lower-energy electrons are focused earlier in the phantom. As
these also scatter more (as the angular scattering power is pro-
portional to 1/E2

K) this stronger focusing might help mitigate
the overall beam divergence in the phantom. However, the
statistics were poor in this case, as there are very few electrons
with an energy of 130 MeV and further studies together with
simulations will be required to make a more complete analysis.

In the study described in Paper II, a more continuous elec-
tron spectrum was used (ionization injection). The point at
which 50 % of the total dose was deposited, R50, could be
controlled longitudinally by changing the position of the lon-
gitudinal focal point of the electron beam. Note that in this
case, the energy being focused was constant but not the focal
point position, i.e. the opposite to the case shown in Figure
3.28.

As mentioned above, any reasonable fluctuation in electron
beam pointing or change in divergence will be mostly correc-
ted for by the 1-to-1 imaging configuration of the EMQ triplet.
The electron beam pointing (measured as the distance from
the laser axis) improved by a factor 20 using this configura-
tion while the beam area at the phantom was decreased by a
factor 8 (Paper II). The combination of an increased R50, high
spatial accuracy and small beam size allowed a considerable
difference between the dose deposition in the target volume
and the organ-at-risk volume of ∼ 50 Gy at 25 fractions in the
phantom (see Paper II and Figure 3.26).

3.11.1 Dose calibration

Radiochromic film, which consist of an active layer that
darkens when exposed to radiation between two transparent
polyester substrates, is commonly used to measure dose depos-
ition. To reliably measure the change in optical density due
to exposure of the radiochromic film to radiation, a flatbed
scanner was used with 16-bit colour channels. Furthermore, a
large scanning area is desirable to avoid any gradients that may
arise from the lamps in the scanner. All scanners (even of the
same model) vary slightly in their colour response so each indi-
vidual scanner should be calibrated. This is done by exposing
radiochromic film with a known dose to obtain a calibration
curve that relates the net optical density in a certain colour
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Figure 3.32. Right: montage of
irradiated radiochromic films,
note that the y-axis is not
linear, showing the intensity
obtained by scanning the films.
Left: calculated calibration
curve for the red channel of an
Epson V800 photo-scanner,
obtained by the logarithm of the
ratio between radiated films and
the non-irradiated reference
films (not shown).

channel (red, green or blue), ODnet = −log10(
I
I0
) to the dose.

I0 is the intensity obtained from an unexposed film and I that
from an exposed film, preferably from the same batch. As the
optical density increases, the sensitivity changes depending on
which colour channel is used. For dose ranges between 0 and
6 Gy, the red channel is more sensitive, while the green chan-
nel is more sensitive at 6-35 Gy and the blue channel for 35
Gy and above [59]. Radiochromic films were irradiated using
an ELEKTA Precise linear accelerator calibrated with an ion
chamber according to the IAEA standard [60]. The red chan-
nel of the irradiated films are shown on the right in Figure 3.32.
For each dose value, 3 irradiated films were averaged. The cal-
ibration curve obtained for the red channel of an Epson V800
photo-scanner using the calibration films is shown on the left
in Figure 3.32. The calibration was used to obtain absolute
values of the dose in Paper II.
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Chapter 4

Betatron X-ray generation,

characterization and

applications

X-rays have properties that make them useful in many applic-
ations. The most well-known property is probably their ability
to pass through matter that is opaque to visible light, a prop-
erty used in several areas, such as medical clinics and airport
security. Furthermore, as X-rays scatter much less than visible
light, the amount of X-rays absorbed in an object is directly
related to the density and chemical composition of that object
which is generally not true for visible light. This allows for a
direct measurement of the density, something utilized in the
studies described in Paper III and IV where the density of at-
omizing sprays is analysed. Furthermore, a very small X-ray
source allows for density measurements in objects that have
little absorption. This may seem counter-intuitive, but an ob-
ject with very low absorption can still disturb the phase of the
X-ray wavefront. This can be measured in phase-contrast ima-
ging (PCI) and the magnitude of the phase shift is related to
the refractive index of the object, from which the density can
be calculated.

Many applications require a pulsed X-ray source, typically
when something dynamic needs to be measured to avoid mo-
tion blur. Furthermore, it is generally desirable to have a small
X-ray source as this results in a better spatial resolution, and a
brighter X-ray source typically results in better contrast. How-
ever, all of these characteristics are generally inter-connected.
A smaller X-ray source is dimmer than a larger source, a con-
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tinuous source is brighter on average than a pulsed source and
so on. Synchrotron facilities provide an X-ray source that is
simultaneously small, bright and pulsed while laser-plasma ac-
celerators are unique in the sense that they can produce a
similar X-ray source (although with at a lower repetition rate)
on a much smaller scale. The X-ray pulses from laser-plasma
accelerators are also much shorter compared to synchrotron
X-ray pulses.

This chapter briefly describes the electron motion in the
plasma wake. First by assuming a constant longitudinal mo-
mentum, while later including a linearly increasing momentum.
This is followed by a section regarding betatron radiation and
its typical characteristics.

Two common methods to characterize a LWFA X-ray
source are described, together with some experimental results.
The first is a method to experimentally determine the X-ray
spectrum from a wakefield accelerator using a Ross filter. The
second method is used to measure the X-ray source size which
relies on measuring the diffraction pattern created by a very
thin object in the X-ray beam path. From this, the source size
may be derived. This is accompanied with source size meas-
urements performed at the Lund MTLF.

The final part of this chapter is dedicated to applications. It
starts with radiography of fuel injector sprays, using betatron
X-rays to obtain the liquid mass distribution, followed by a
brief description of a complementary optical technique known
as two-photon light induced fluorescence (2-p LIF) imaging.

A section on tomography follows, including both theory and
experimental results. It shows the 3D liquid mass distribu-
tion from the fuel injector spray mentioned above, obtained by
tomography, along with a tomogram based on phase-contrast
images of a small lacewing. It ends with a short discussion on
artefacts in tomography.

4.1 Generation of betatron X-rays

An off-axis electron inside the plasma wake experiences a focus-
ing force towards the axis due to the transverse electromagnetic
field. The equation of motion for an electron in a cylindrically
symmetric cavity is governed by the relativistic Lorentz equa-
tion. Assuming the longitudinal moment to be constant, the
electron orbit is given by [61]:

r ≈ xβ sin(kβct) (4.1)

and
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Figure 4.1. Betatron oscillation
of an electron, assuming a
constant longitudinal electric
field of 200 GV/m, i.e. the
electron is experiencing a
constant longitudinal
acceleration over the distance
shown here, linearly gaining
energy.

Figure 4.2. The radiation forms
an angle θ = K/γ with the
electron trajectory and the
radiation has an opening angle

of θ̃ = 1/γ. Thus, radiation
from higher-energy electrons is
more collimated and forwardly
directed.

z ≈ z0 + βk

(
1− r2βk

2
β

4

)
ct− βk

r2βk
2
β

8
sin(2kβct) (4.2)

where kβ = kp/
√
2γ. Here, rβ is the oscillation amplitude of

the electron and βk is the betatron wave number. For large
oscillations, this results in a Lissajous trajectory, i.e. a figure-
of-eight pattern in the moving frame which is analogous to an
electron riding a plane wave with relativistic intensity [62].

A more realistic model can be obtained by including a lon-
gitudinal electric field, thus, the longitudinal momentum of the
electron is no longer constant. This leads to an expanded equa-
tion of motion which can be solved analytically [63]. Figure 4.1
shows the electron trajectory for an initial transverse position
of 1 μm, an electron density of 5×1018 cm−3, an initial relativ-
istic factor γ0 = 200 and zero initial transverse momentum in
the lab frame. Due to the longitudinal acceleration of the elec-
tron in this model, the oscillation amplitude decreases during
propagation and the betatron frequency decreases.

A charged particle under acceleration generates electromag-
netic radiation. The oscillating electron in the plasma wake
will thus radiate, and for non-relativistic particles, this radi-
ation would be similar to that of a dipole antenna. However,
due to time dilation for a relativistic particle, the radiation is
folded into a forward-directed, narrow cone. Each particle ra-
diates in a cone with an opening angle θ̃ = 1/γ, while the angle
between the radiation cone and the electron path is θ = K/γ
[61], resulting in a total divergence D ≈ K/γ (see Figure 4.2).
The betatron strength parameter, K, is analogous to the undu-
lator or wiggler parameter commonly used for insertion devices
and is related to the plasma parameters by: K = γωβrβ/c.

As a consequence of the radiation being forwardly directed,
it will undergo a large Doppler upshift into the X-ray region.
The trajectory in Figure 4.1 also indicates that the size of
the X-ray source will be smaller for higher-energy electrons
and the spectrum generated will likely contain more low-energy
photons than high-energy photons (as the electron betatron
frequency is higher for low-energy electrons, thus generating
more radiation per unit time).

For a single electron, the energy spectrum of the radiation
is given by [61]:

d2I

dEdΩ
= Nβ

3he2

π3c

γ2ζ2

(1 + γ2θ2)

(
γ2θ2

(1 + γ2θ2)
κ2
1/3(ζ) + κ2

2/3(ζ)

)
(4.3)
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Figure 4.3. Betatron radiation
for critical energies of 1, 3, 6
and 9 keV.
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Figure 4.4. Betatron radiation
for different angles for an
electron with γ = 200,
corresponding to a critical
energy of 3 keV.

This is the radiation emitted within a photon energy band-
width dE over the solid angle dΩ. This assumes the observa-
tion angle θ � 1 and K � 1. Here, ζ = (E/2Ec)(1+ γ2θ2)3/2,
Nβ is the number of betatron periods, κ is the modified Bessel
function of the second kind and E is the photon energy. The
critical energy is given by [61]:

Ec =
3

2

ω2
βrβγ

3h̄

c
(4.4)

Energy spectra for different critical energies are shown in Fig-
ure 4.3. The radiated energy for a single electron (assuming
γ � 1) can be estimated from [61]:

W =
2πreme

3c
Nβγ

4ω3
βr

2
β (4.5)

where re is the classical electron radius.
As an electron will radiate at each oscillation peak, the dur-

ation of the pulse is related to the duration that the radiation
cone is directed towards the observer, which in turn depends
on the radius of curvature, ρ, of the electron oscillation and
the electron velocity. For a single electron, the pulse duration
for a single oscillation can be approximated by τe ≈ ρ/24γ3c
[64] which is typically a very short duration. For an electron
bunch, each electron will contribute a pulse of this duration.
Therefore, the total pulse duration will be the convolution of
the temporal profile of the electron bunch (typically of the or-
der of a few fs) and the contribution from each electron (which
is several orders of magnitude shorter). Therefore, a good ap-
proximation is that the radiation pulse duration is similar to
the electron bunch duration, typically a few fs [64, 65].

As the electrons will be randomly distributed in space in
the plasma wake, the radiation will add incoherently, i.e. the
energy spectrum from an electron bunch of Ne electrons will
be the sum of the radiation from each electron, and Equation
4.3 is simply multiplied by Ne [64].

4.2 X-ray source characterization

4.2.1 X-ray spectrum

As discussed in Section 2.4.3, the X-ray spectrum can be ob-
tained by single-photon counting provided the X-ray intens-
ity is sufficiently low. However, a simpler and more common
method is to use a Ross filter [66]. This method requires an as-
sumption regarding the shape of the spectrum, which has been
shown to be synchrotron-like and well defined by the critical
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Figure 4.5. An X-ray image of a
Ross filter.This particular filter
has some additional
transmission filters used in a
different analysis. The Ross
filter includes 10.8 μm
vanadium (V), 6.4 μm iron (Fe),
5.3 μm cobalt (Co), 4.7 μm zinc
(Zn), 125 μm niobium (Nb),
100 μm molybdenum (Mo) and
69 μm palladium (Pd).
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Figure 4.6. Total residual δ(Ec),
showing a minimum for
Ec = 15.6 keV.

energy [67]. For a specific material with known transmission
(referred to as a filter here), the integrated spectrum should
therefore match the experimentally measured transmission for
that filter. The best estimated critical energy is thus the crit-
ical energy that minimizes the expression:

δ(Ec) =
∑
i

(T̃i,Ec
− T̂i)

2 (4.6)

where T̂i is the measured normalized transmission for filter i
and T̃i,Ec is the normalized theoretical transmission of filter i
for different critical energies:

T̃i,Ec
=

∫∞
0

N(E)QETtTidE∫∞
0

N(E)QETtdE
(4.7)

and Ti is the theoretical transmission of filter i. The normalized
energy spectrum on-axis is given by:

N(E) =

(
E

2Ec
κ2/3

(
E

2Ec

))2

(4.8)

which follows from Equation 4.3 by assuming θ = 0. The
transmission between the source and detector, Tt, is also taken
into account. This includes all materials (including air), such
as windows, foil substrates etc, but not the transmissions of
filter Ti. Finally, QE is the quantum efficiency of the detector.

Experiment at the Gemini laser

An experiment aiming to generate and probe warm dense mat-
ter using X-ray absorption near edge structure was performed
using the Gemini laser (a 15 J, 30 fs Ti:sapphire system) at the
Rutherford Appleton Laboratory, UK. Data analysis from this
experiment is still ongoing, however, some preliminary X-ray
spectra analysis was performed remotely based on the method
mentioned above.

Figure 4.5 shows an X-ray image of a Ross filter obtained
with a single X-ray pulse using the Gemini laser. The filter is
made from different materials arranged in a grid, namely, V,
Fe, Co, Zn, Mo, Pd and Sn. Note that there are two filters of
each material. In order to obtain the normalized transmission,
several sample points are taken in the areas between the filters
in Figure 4.5 and the background is interpolated to obtain a
beam profile as it is generally not uniform. Using Equation
4.6, the critical energy that minimizes δ(Ec) was found to be
15.6 keV for the shot shown in Figure 4.5 (see Figure 4.6). The
obtained normalized spectrum is shown in Figure 4.7.
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Figure 4.7. Synchrotron
spectrum for Ec = 15.6 keV.
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Figure 4.8. X-ray spatial
distribution, yielding 1× 1013

photons/sr.

For every eV of X-ray energy deposited, the X-ray cam-
era (Andor Ikon-L SO) produces 0.274 electron-hole pairs on
average. For the camera settings used in this case (high capa-
city mode, 1 MHz read-out, pre-amp ×1), every 21.4 electron-
hole pairs generate 1 camera count on average, thus every 5.9
eV of X-ray energy will generate 1 count. Since the shape
of the energy spectrum is known, the number of photons per
count, p, can be estimated by normalising the integrated en-
ergy spectrum to the integrated camera count, C. The number
of photons per pixel (assuming m× n pixels) is given by:

Np = C · p

m · n (4.9)

and

NΩ =
Np

d2/s2
(4.10)

is the number of photons per steradian on-axis, where s is
the source-detector distance and d is the pixel size. In this
case, the photon yield is NΩ ≈ 1× 1013 sr−1. The X-ray beam
profile, together with the number of photons per pixel is shown
in Figure 4.8.

There is some uncertainty in the manufacturing process of
the filter foils which could influence the estimated critical en-
ergy. In the analysis described above, the thickness of the foils
was assumed to be that which was specified to the manufac-
turer. This can be accounted for by calculating the theoret-
ical transmission (Equation 4.7) for a randomly selected filter
thickness within the manufacturing uncertainty and calculat-
ing the residual δ(Ec) (Equation 4.6) for every combination
of filter thickness, essentially a Monte Carlo simulation. The
results of this is shown in Figure 4.9, where a simulation was
performed using 500 randomly sampled filter thicknesses for
the shot which was analysed above. The deviation from the
nominal filter thickness for each filter is shown in orange and
green in Figure 4.9. As there are two sets of each filter, they
are labelled t1 and t2. The uncertainty due to the variation
in filter thickness gives an uncertainty in the critical energy of
5.2 keV (shown by the blue area in Figure 4.9). By selecting
the set of filter thicknesses t that minimizes the set of δ(Ec)t
equations, a critical energy of 17.8 keV was obtained, instead
of the previously obtained value of 15.7 keV.
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Figure 4.10. Calculated
diffraction patterns for different
source sizes (solid lines) and
measured values (dashed lines).

Figure 4.9. Monte Carlo simulation for varying filter thickness. The
black dashed line shows the best fitted Ec, while the blue area shows
the uncertainty in transmission due to varying filter thickness. The
deviations from the assumed filter thickness, t1 (orange), and t2
(green), that result in the best fitted Ec.

4.2.2 X-ray source size

One way to measure the X-ray source size is to use a thin,
high-Z wire, such as a tungsten wire. The diffraction pattern
produced by the wire is related to the source size by [68]:

Is(xd) =

∫ ∞

−∞
B(xs)Ĩ(xd + xs

r2
r1

)dxs (4.11)

where r1 is the source-wire distance, r2 the wire-detector dis-
tance, xs the transverse coordinate of the source and xd the
transverse coordinate of the detector. The source distribution
is described by the Gaussian function B(xs) and the diffraction
pattern from a polychromatic source is Ĩ(xd).

The source size is obtained by solving Equation 4.11 for
several different source sizes, minimizing the RMS of the dif-
ference between the calculated and the measured diffraction
pattern. Figure 4.10 shows the calculated diffraction pattern
for several source sizes together with measured data. In this
case, the best fit was achieved for a source size of 2.6×3.6 μm2

in the vertical and horizontal directions respectively. It should
be noted that the source size is measured to be larger in the po-
larization direction of the laser. This is to be expected due to
direct laser acceleration, where the driving laser field can over-
lap with some electrons in the wake, increasing the oscillation
amplitude in the direction of the polarization [9, 69].
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Figure 4.11. Radiograms of a
fuel injector spray at different
times after injection. The colour
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4.3 Combining X-ray radiography and
optical measurements in atomizing
sprays

The atomization of a spray, i.e. the process of liquid bodies
breaking up into smaller drops before the rapid liquid-to-gas
transition, is of great importance in many applications. This
is especially true for fuel injectors in combustion engines as
the efficiency of the combustion and the level of pollutants are
both highly dependent on this process. One of the current chal-
lenges in measuring the liquid mass is reducing multiple light
scattering to obtain quantitative values. This can be done with
existing techniques using structured visible light in low-density
regions [70], such as low-density sprays or at locations far away
from the nozzle. However, in high-density regions optical tech-
niques are inadequate due to multiple scattering. The refract-
ive index of the liquid is close to unity for keV X-rays, resulting
in little or no scattering and refraction which allows for much
more accurate measurements compared to optical techniques.

A very bright and relatively small X-ray source with a short
pulse duration is necessary to image the spray jets. The size
of the X-ray source mainly limits the resolution, as a larger
source introduces blurring (especially at large magnifications),
while the brightness influences the contrast and the signal-to-
noise ratio (SNR). The pulse duration must be short enough
to not introduce motion blur, which depends on the velocity
of the liquid and the image magnification, and is typically in
the μs range. As a result of these requirements, the majority
of studies on the liquid mass distribution in spray jets have
been performed at synchrotron facilities [71–73]. The studies
presented in Papers III and IV illustrate the use of a plasma-
based accelerator for making quantitative measurements of the
liquid path length and liquid mass. Synchrotron facilities have
a high flux and repetition rate, but the X-ray beams are small
and collimated. Therefore, measurements on a fuel injector
spray must be made by raster scanning, while laser-plasma
generated X-rays have a larger divergence, which means the
beam can cover the whole region of the spray fully, with the
additional benefit of image magnification.

Radiography relies on the fact that different materials have
different absorption coefficients. The transmission through a
material is given by the generalised Beer-Lambert law:

T =

∫ ∞

0

e−α(E)S(E)dE (4.12)
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Figure 4.12. The positions (blue) of the mass centre of the sacks in-
dicated in Figure 4.11 together with the calculated velocity (green).

where α(E) is the absorption and S(E) the normalized spec-
trum at the detector, i.e. including losses due to materials
in the beam path and the detector quantum efficiency. The

absorption is α =
∫ l

0
μ(E)dz where μ is the attenuation coef-

ficient and l is the interaction length between the X-ray beam
and the material, usually referred to as the path length. The
absorption coefficient depends on the mass density ρ(l) as
μ = ρ(l)NAσa/A, where A is the atomic mass number and
σa is the absorption cross-section.

The time evolution of a commercial fuel port injector (Pa-
per IV) is shown in Figure 4.11, where each radiogram in the
montage is an average of 50 images. This injector works at
a relatively low pressure (4.5 bar) which results in larger li-
quid bodies before they break up and evaporate further away
from the nozzle. The nozzle is located on the left-hand side
of the image and the spray jets are moving from left to right.
The false colours indicate the liquid path length. Two liquid
“sacks” are formed early on, followed by two more sets of separ-
ated liquid bodies, the second of which rapidly atomizes while
the third contains more mass and seem to atomize more slowly.
The third set of sacks (indicated by the orange ellipse) can be
followed over the recorded temporal evolution. By locating the
mass centre of these sacks, their position can be tracked and a
velocity can be calculated (see Figure 4.12). Furthermore, the
liquid velocity within the sack does not appear to be uniform,
as the sacks become elongated over time.

In the study described in Paper IV, X-ray radiography
was combined and synchronized with 2-p LIF optical imaging,
which provides a complementary measurement of the atomiz-
ing spray. In 2-p LIF, a combination of fluorophore and laser
wavelength is chosen so that a single photon does not carry
enough energy to excite the dye. The probability for fluores-
cence is therefore proportional to the squared laser intensity
[74], as it requires two or more photons to be absorbed sim-
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Figure 4.14. Histogram of the
counted droplets indicated in
Figure 4.13 binned by droplet
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a) b)

Figure 4.13. a) A 2-p LIF image where several microscopic droplets
can be seen. b) The droplets that were counted (green) and binned
in the histogram in Figure 4.14.

ultaneously. Using a cylindrical lens to focus the laser beam
to a sheet, the excitation can be localized in the imaging focal
plane to obtain high-resolution images. Furthermore, it also re-
duces the amount of multiple-scattered light detected as these
photons do not carry enough energy to induce fluorescence.

Figure 4.13 shows a 2-p LIF measurement, where each
droplet was automatically identified (shown in green) and its
diameter measured. This was compiled into a histogram such
as that shown in Figure 4.14. The droplet size is important in
determining the rate of evaporation and provides complement-
ary information to the liquid mass distribution.

4.4 X-ray tomography

As stated above, radiography can be used for non-destructive
measurements of an object’s projected density. However, tomo-
graphy is needed to measure the local density distribution
quantitatively in 3D space. In simple terms, a tomographic
reconstruction uses projection images at different angles to re-
construct the object in 3D space.

The Fourier slice theorem states that [75, 76]: “The Four-
ier transform of a parallel projection of an object at an angle
θ equals a line in a 2D Fourier transform of the object at the
same angle.” Thus, sampling the object over 180 degrees res-
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Figure 4.15. Projection data are
sampled in Cartesian space but
transformed into polar space,
resulting in under-sampling of
higher spatial frequencies.

a)

b)

c)

Figure 4.16. a) Ideal Fourier
space of projection data. b)
Actual Fourier space obtained
from projection data. c)
Weighting function used to
approximate the actual data in
b) to the ideal case in a).

ults in the full 2D Fourier transform and the object can be
reconstructed. One, perhaps not obvious issue, is that this
essentially maps an object in Cartesian space onto a polar co-
ordinate grid in the Fourier plane and vice versa for the inverse
transform. This requires some interpolation and an uncertainty
in the frequency space will affect the whole image. More im-
portantly, it means that the lower spatial frequencies have a
much higher sampling density than the higher spatial frequen-
cies, whereas, ideally, the sampling density should be uniform
(see Figure 4.15). This leads to the well-known filtered back
projection, where the object is reconstructed by [77]:

f(x, y) =

∫ π

0

∫ ∞

−∞
P (ω, θ)|ω|ei2πω(x cos θ+y sin θ)dωdθ (4.13)

where P (ω, θ) is the Fourier transform of the projection at
angle θ. The filtered back projection applies a weighting func-
tion, |ω|, to correct for the non-ideal sampling density, (see
Figure 4.16), which acts as a high-pass filter. This function is
also known as the inverse Radon transform (excluding the fil-
tering term |ω|), which is closely related to the Abel transform
discussed in Section 2.4.1. The main difference between the
two methods is that the Abel transform assumes cylindrical
symmetry, while the Radon transform does not.

Tomography was used to study a high-pressure gasoline
direct-injection spray (200 bar) in the high-density region close
to the nozzle (Paper III). In this study, the number of projec-
tion angles was kept rather low and cubic-spline interpolation
was used in the sinograms to account for this. The recon-
struction was computed using the filtered back projection al-
gorithm. Figure 4.17 shows a raw radiogram, averaged over 25
shots together with five tomographic slices and contour levels
at different liquid volume fractions. The liquid volume fraction
is the percentage of liquid contained within a voxel.

The projected thickness obtained from phase-contrast im-
ages (see Section 4.5) of a lacewing was calculated at several
angles (Paper I). A 3D reconstruction of the specimen was ob-
tained using the filtered back projection, as shown in Figure
4.18.

4.4.1 Artefacts in tomographic reconstruction

Artefacts in a tomogram can have several different appearances
and origins. They are usually categorised as streaking, shading,
rings or bands. Streaking artefacts can arise from speckle noise
(sharp local intensity variations) in the projection image, which
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Figure 4.18. Tomogram of a
lacewing.
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Figure 4.17. Top left: X-ray radiogram (average of 25 shots) where
the heights of the tomographic slices (bottom row) are indicated.
Top right: Contour levels of the liquid volume fraction (LVF) for
the left-most jet.

will translate into streaks across the reconstructed image. This
noise is further enhanced as the filtered back projection acts as
a high-pass filter, reducing the SNR in the filtered projection.
This artefact is common with polychromatic X-ray sources as
the amount of high-energy photons is typically much lower than
the amount of low-energy photons. As the signal generated on
the CCD is proportional to the X-ray energy deposited, these
few high-energy photons generate a stronger signal in the pixel
where they are detected, resulting in Poisson noise.

Shading artefacts are similar to streaking artefacts, but
whereas streaking artefacts occur for a single projection, shad-
ing artefacts occur when there is a slowly varying error over
several projections. Essentially, this produces wide and smooth
streaks instead of small and sharp streaks, as in streaking arte-
facts. As the name implies, ring artefacts appear as a ring in
the final tomogram. This occurs when an error persists over
several angles; for instance, a pixel on the detector that is con-
sistently bright over all angles would appear as a ring in the
tomogram.

Suppressing Poisson noise when imaging atomizing sprays
poses a unique challenge, as the small droplets themselves pro-
duce a signal that resembles Poisson noise (see for instance
Figure 4.17). Therefore, it is hard to obtain a calculated value
on the performance of an applied filter, and in many cases
it seems better to rely on the human eye. During this work,
it was found that a non-local mean filter [78] works well for
suppressing Poisson noise, especially for X-ray radiograms of
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atomizing sprays, which was applied before the tomographic
reconstruction in Figure 4.17.

As a polychromatic X-ray beam propagates through a
sample, the lower-energy photons are predominantly absorbed
as the attenuation coefficient rapidly increases at lower en-
ergies. This shifts the mean X-ray beam to higher energies,
“hardening” the beam. This means that the intensity in the
projection image is no longer proportional to the path length,
which introduces beam-hardening artefacts. In fact, the meas-
ured path length is always less than the actual path length
for a polychromatic X-ray source for this reason. These arte-
facts are generally difficult to identify as they appear as a
smooth gradual density distribution with no apparent non-
physical boundaries or features. In the case of significantly
denser internal objects they will appear as shadows where the
dense objects align. However, if the X-ray spectrum is known,
these artefacts can be corrected for, as was done for all tomo-
graphic reconstructions presented here. It should be noted
that only a few of the artefacts encountered in tomography are
mentioned in this section. The reader is referred to [75] for a
deeper discussion of the topic.

4.5 X-ray phase-contrast imaging

For an object that is only weakly absorbing, or multiple ob-
jects with similar absorption, X-ray radiography will yield very
poor contrast and PCI is a more suitable technique in such
cases. Radiography relies on measuring the imaginary part of
the complex refractive index, n = 1 − δ + iβ, where β is the
extinction coefficient, i.e. the absorption. The real part, 1− δ,
indicates the phase velocity (or phase change factor), which
can differ for materials with similar absorption, providing much
greater contrast than radiography. This is especially import-
ant in biological tissue where the absorption cross-section is
very small, while the phase shift cross-section can be orders
of magnitude larger. The phase shift in the X-ray wavefront,
φ, is proportional to the projected thickness, Γ, of a traversed
object and is given by [79]:

φ(r) =
−2π

λ
δ · Γ(r) (4.14)

However, this phase perturbation must be converted into an in-
tensity perturbation in order to be measured. This can be done
by various interferometric techniques [80–82], but the simplest
method is based on free space propagation. If the propagation
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Figure 4.19. Projected
thickness, Γ(r), calculated using
Equation 4.15. The sample is
the head of a bee which was
glued onto a needle. Some of
the glue is visible in the upper
right part of the image.

distance is sufficiently long (generally a few metres) the phase
shift translates into an intensity modulation [83]. This method
is known as propagation-based or in-line PCI. Although the
modulated intensity is detected, a phase-retrieval algorithm is
needed to convert this information into phase information. Dif-
ferent situations allow the use of different algorithms [84]. In
the case of a sample consisting of a single, known material, the
projected thickness can be retrieved by [79]:

Γ(r) = − 1

μ
ln

(
F−1

(
μ
F(M2Id(Mr))/I0
dδ|k|2/M + μ

))
(4.15)

where M is the magnification, k is the spatial frequency vector,
i.e. |k|= √

u2 + v2 where u, v are the spatial frequencies, r is
the transverse position vector, Id is the intensity at the de-
tector, I0 the intensity before the object and d is the distance
between the sample and the detector. For a polychromatic
source δ and μ must be replaced by:

δeff =

∫
S(λ)δ(λ)dλ∫
S(λ)dλ

(4.16)

where S(λ) is the detected X-ray spectrum and μeff is calcu-
lated in the same manner as δeff .

Figure 4.19 shows the projected thickness of the head of a
bee calculated from recorded phase-contrast images. Due to
the divergence of the X-ray beam, a magnification of 10.3 is
obtained, which allows some finer details to be resolved, such
as the hairs shown in the enlarged image. These are of the order
of 7-8 μm in width. The enlarged image is visibly blurred as a
results of the high magnification in combination with the finite
source size. It should be noted that Equation 4.15 resembles
a low-pass filter in the Fourier domain, which may also reduce
the image sharpness to some extent.

Phase-contrast imaging requires a coherence length lc =
λs/σ greater than 1− 10 μm [85]. Here, σ is the size of X-ray
source and s is the source-detector distance. For the results
shown in Figure 4.18 and 4.19, these values were: σ ≈ 3 μm,
s = 2.1 m and λ ∼ 6 Å, resulting in lc ∼ 400 μm. Generally,
this means that the X-ray source must be very small, of the
order of a few μm. The choice of X-ray source is therefore lim-
ited to either microfocus X-ray tubes, which have a relatively
low X-ray flux, synchrotron facilities, or laser-plasma based
sources.

In-line PCI was used in the study described in Paper I to
perform tomography of a small Chrysopa (lacewing) specimen
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and the projected thickness was obtained using Equation 4.15.
In this study, the X-ray spectrum had a lower critical energy
than in similar, previously reported studies [86, 87], which in-
creases the sensitivity due to the inverse wavelength scaling
for the phase shift. Features as small as 4 μm could be distin-
guished in the raw phase-contrast images while features of the
order of 10 μm could be resolved in the final tomogram. The
reduction in resolution is probably due to the low-pass filter-
ing nature of Equation 4.15 and the filtered back projection,
as discussed in Section 4.4.
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Chapter 5

Proton and ion acceleration

The prospect of laser-driven proton and ion acceleration is
largely driven by potential applications in isochoric heating,
inertial confinement fusion, radiography, warm dense matter
probing and hadron therapy [88, 89]. Many of these applica-
tions place stringent requirements on the ion source in terms of
its energy, spectral distribution, temporal distribution, beam
divergence and efficiency.

As mentioned in Section 3.11, cancer tumour control is
based on the higher repairability of healthy tissue than cancer-
ous cells. Radiotherapy using protons has the significant ad-
vantage of dose-depth control, as protons mainly deposit their
energy at the Bragg peak, the position of which is energy de-
pendent. It is therefore possible to spare healthy tissue to a
much greater extent than when using other kinds of radiation
and proton therapy has been shown to be less likely to cause
severe side effects than photon therapy [90]. This is especially
important for older and sicker patients where side effects can
be problematic. However, the lateral scattering of protons can
limit the dose conformality [91]. Using heavier ions will result
in less scattering due to their greater mass, and carbon ions
have some additional benefits as they have a higher linear en-
ergy transfer than photons and protons. The amount of energy
per unit length an ionizing particle transfers is an important
quantity as the relative biological effectiveness increases as this
increases [92].

Despite the advantages of hadron therapy there are cur-
rently only 110 machines worldwide for light ion therapy and
even fewer for heavy ion therapy [49]. This can be com-
pared to electron and photon therapy machines, which number
more than 14,000 worldwide [49]. This discrepancy can pos-
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sibly be explained by the “incremental cost-effectiveness ra-
tio”, which describes the ratio between the difference in treat-
ment efficiency and treatment cost for radiotherapy treatment
and chemotherapy. The investment cost of hadron therapy is
huge, as the machines are very expensive compared to equip-
ment used for other treatment methods. The incremental
cost-effectiveness ratio is commonly compared to the quality-
adjusted life-years (QALY), where each year of life is multiplied
by a weighting factor that reflects the quality of life. In the
literature, values of 50, 000− 100, 000 USD are generally used
as the cost-efficiency threshold (i.e. the amount of money that
should be spent per QALY), and these values are currently
too high for proton therapy. A recent study showed that, al-
though the incremental cost-effectiveness ratio varies greatly
for hadron therapy, from 54, 000 to 1, 500, 000 USD /QALY,
the median was 361, 000 USD, which is significantly above the
threshold [93]. One way to reduce the cost per QALY for
hadron therapy would be to develop alternative particle ac-
celeration schemes that reduce the initial cost. Laser-plasma
acceleration by target-normal sheath acceleration (TNSA) is
a possible candidate. Although some cancers, such as ocular
cancer (eye cancer) can be treated using ion energies ∼ 60
MeV [94, 95], most require higher ion energies (∼ 200 − 250
MeV) [96]. These energies are not yet possible to reach using
TNSA and a research effort is therefore required to improve
the efficiency of the TNSA process or to find other particle
acceleration schemes.

5.1 Principle of target-normal sheath
acceleration

In TNSA, a high-intensity laser pulse interacts with a thin solid
target (a foil). Due to various interactions, electrons close to
the surface gain kinetic energy from the laser pulse and are ac-
celerated into the foil. These hot electrons propagate through
the bulk of the foil and escape the target rear-side, leading to
the formation of a dense charge-separation sheath at the rear
side of the target. This charge separation generates an electric
field, of the order of TV/m, which is strong enough to ion-
ize local atoms in any contamination on the foil surface and
accelerate the ions in a direction normal to the rear surface.
This contamination layer is always present unless the foil is
carefully treated and typically consist of some residual water
vapour and hydrocarbons. Protons are predominantly acceler-
ated as they have the highest charge-to-mass ratio compared to
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Figure 5.1. Left: electrons close to the surface of the incident laser
pulse will be driven through the foil. Right: the electric field that
forms between the foil and electron sheath can reach TV/m, which
ionizes any contaminants on the foil (such as water vapour). These
ions will be accelerated in a direction normal to the foil surface by
the strong electromagnetic field. Electrons reaching the target rear
side after the formation of the sheath are reflected back towards the
front surface and can be recirculated if the target is thin enough.

any other ions and they may also shield the heavier ions from
the electron sheath. After the initial formation of this sheath,
any subsequent electrons reaching the rear of the target will be
reflected back towards the front-side by the strong electric field
and will recirculate [97]. These electrons will go back and forth
through the foil, and if the density of the sheath decreases, they
may escape the target rear side and help sustain it.

The large amount of hot electrons propagating through the
target represents a significant current density. In response to
this, a balancing return current will flow in the opposite direc-
tion and the conductivity of the material limits the fast electron
transport [98].

A thinner target will result in less scattering of the hot
electrons while they propagate through the bulk of the foil and
will produce a more spatially localized sheath and a stronger
accelerating field. For target thicknesses t of a few ∼ µm,
the electron density in the sheath is nsheath ∝ t−2 [99]. This
motivates the use of ultra-thin targets (< 5 µm), which re-
quire a very high laser pulse contrast as the ASE pedestal can
be intense enough to significantly deform or destroy ultra-thin
targets before the main pulse arrives. Some preliminary ex-
periments were performed at the Lund MTLF using a double
plasma mirror (DPM). When the DPM was bypassed, result-
ing in a laser contrast of ∼ 10−8, no ions were observed for
0.5 µm foils and thinner. Figure 5.2 shows the maximum pro-
ton energy for several target thicknesses using the DPM where
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Figure 5.2. Maximum proton
energy for different foil
thicknesses of aluminium and
carbon using a high-contrast
laser pulse, produced using a
double plasma mirror.

ions were observed down to a foil thickness of 10 nm. Note
that foils thinner than 10 nm thickness were not investigated
due to the lack of such targets at the time, and not due to a
lack of signal. For 1.5 μm Al foils, using the DPM increased
the ion flux by an order of magnitude and almost doubled the
ion cut-off energy, from 3.2 MeV to 5.5 MeV (not shown here).

5.1.1 Conversion from laser energy to electron
energy

The electromagnetic field from the laser is strong enough to res-
onantly drive a plasma wave over the plasma skin depth which
will heat electrons through Landau damping [100]. However,
this can only occur for a P-polarized wave at non-normal in-
cidence when a significant pre-plasma is present [101], i.e. the
plasma created by the leading edge of the laser pulse. In the
case of a high laser contrast, a smaller pre-plasma is formed
and vacuum heating becomes more dominant, as the electrons
at the plasma surface are accelerated away from the target by
the P-polarized laser field. Half a laser period later, the elec-
trons will be accelerated towards the target and penetrate far
beyond the skin depth due to their increased kinetic energy.
This effect is maximized at an angle of incidence of 45◦ [102].
This was utilized in the study described in Paper VI.

An extension of vacuum heating occurs for relativistic laser
intensities (I > 1018 W/cm2) through J × B heating, where
the vacuum heated electrons quickly reach relativistic velocit-
ies and constitute a current density J. The v × B term in
the Lorentz force then becomes significant, and contributes to
the oscillatory motion of the electrons, further increasing the
electron temperature [103].

In conclusion, the efficiency of which the laser energy can
be transferred to hot electrons depends on several factors, such
as the laser intensity, the angle of incidence and the pre-plasma
characteristics. One approach to further increase the energy of
the accelerated ions is to increase the absorption of laser energy
through various target designs. In the study described in Pa-
per VI, targets with Cu nanowires of various lengths grown on
gold substrates were used to improve the laser energy confine-
ment. In addition, electrons from the edges of the nanowires
may be heated through vacuum- and J × B heating, and be
accelerated towards the target bulk by the laser field. For
nanowires with optimal length (1 - 2 μm), the mean proton
energy was increased by a factor of 2.
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Chapter 6

Discussion and outlook

The success of laser plasma accelerators depends largely on the
laser technology available. The development of several tech-
niques, such as mode locking and CPA, has been necessary to
reach the current stage. New techniques are constantly being
demonstrated, and the field is rapidly expanding.

All the applications described in this thesis would benefit
greatly from an increase in the laser repetition rate. The lasers
available today capable of kHz repetition rate do not provide
sufficient pulse energy to be relevant for applications such as
VHEE radiotherapy or keV betatron X-ray generation [104].
The repetition rate of Ti:sapphire systems is currently limited
by the pump lasers, the thermal load in the Ti:sapphire crystal
and the gratings. One emerging and novel laser technique is the
ultra-fast thin-disk laser [105], which has recently been shown
to reach a pulse energy of almost 1 J at a 1 kHz repetition rate
with sub ps pulse duration [106]. As mentioned in Section 3.2,
in order to drive the plasma wake efficiently, the pulse duration
must be matched to the plasma wavelength which is typically of
the order of tens of fs. There are, however, schemes for multi-
pulse LWFA that use high energy pulses with ps duration that
are based on the phase modulation of the pulse into a pulse
train to achieve matching condition, which has been simulated
theoretically [107].

6.1 Radiotherapy

Radiotherapy using laser-plasma accelerated VHEE would be-
nefit from an increase in repetition rate for several reasons.
First, it would relax the demand on the charge variation in each
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pulse. As the variations are random in nature, the standard
deviation will decrease as 1/

√
N . It is therefore preferable to

administer the dose in smaller increments using more pulses,
rather than in fewer pulses with large increments. Further-
more, the dose delivery time could be reduced to less than a
second.

At very high dose rates (> 40 Gy/s) studies have shown
that the radiation damage to healthy tissue in animals is re-
duced, while the toxicity to the cancerous cells remain un-
changed [108]. This biological effect is known as the “FLASH”
effect. Several beneficial effects have been demonstrated, such
as less severe skin reaction [109], reduced neurotoxicity in brain
irradiation [110] and reduced levels of pulmonary fibrosis in
lung irradiation [108]. In these studies, the total dose to the
FLASH-irradiated group was the same as that to the conven-
tionally treated group, and only the dose rate was changed.
However, several studies have shown the absence of the FLASH
effect at these high dose rates [111–113]. The mechanism be-
hind the FLASH effect is still not fully understood. Currently
available evidence points to several requirements on the radi-
ation source for successfully inducing the effect: (i) the dose
should be delivered in pulses, (ii) the total delivery time should
be less than 100 ms, with at least 1 Gy per pulse (a few nC of
charge) and (iii) the total dose should exceed 10 Gy [114]. Al-
though current medical accelerators can be modified to achieve
this [115], they still employ low-energy electrons which suf-
fer from low penetration depth, as discussed in Section 3.11.
Plasma accelerators can already produce beams with a mean
energy above 200 MeV with a beam charge in the nC range
[116, 117] but the repetition rate is still too low. Efforts are
being made in the laser community to increase repetition rates,
and several novel techniques are currently being investigated
[118].

The ultra-short nature of laser wakefield accelerated elec-
tron beams makes it difficult to monitor the deposited dose in
real time. The method currently used is based on ionization
chambers, however, these have been shown to have a very low
collection efficiency for higher dose rates, resulting in unreli-
able results [119, 120]. One solution could be to use integrating
current transformers but these are relatively expensive and are
sensitive to noise. A new real-time dose-monitoring system
will probably have to be developed before clinical trials can be
started using ultra-short VHEE beams.
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Figure 6.1. Transmitted
spectrum (Ec = 2.7 keV)
through a 10 μm thick Ti foil.

6.2 Radiography of atomizing sprays

To increase the contrast in X-ray shadowgraphy of atomizing
sprays, a contrast agent can be used that has a high absorp-
tion in the X-ray energy range of the probe beam. In the work
presented in Papers III and IV, potassium iodide was added
to increase the X-ray absorption. However, this changes the
fluid dynamics as the viscosity and surface tension are altered.
Therefore, it would be preferable not to have to use this addit-
ive while maintaining the performance. The X-ray energy of
interest is generally below 4 keV as the amount of liquid being
crossed by the X-ray beam is very low, together with the fact
that most liquids do not absorb much at higher X-ray energies.
For instance, 1 cm of ethanol gas has a transmission of ∼90
% at about 3 keV. Any higher-energy photons in the X-ray
spectrum would thus mainly contribute to the Poisson noise,
and they should therefore be discarded. This could be achieved
using a crystal monochromator, for example, although the X-
ray flux would also be reduced as only a narrow band of the
spectrum would be reflected. Another option would be to use
a filter, for example, a 10 μm thick Ti foil (or another suitable
material) to act as a weak band-pass filter. Figure 6.1 shows
a synchrotron-like spectrum with a critical energy of 2.7 keV
after passing through such a filter. It can be seen that this
preferentially transmits X-rays between 3 and 5 keV, which
would be advantageous and easy to implement. A more com-
plicated set-up could involve the use of a crystal to diffract the
beam, followed by a square-pore microchannel plate. As the
reflectivity is highly dependent on the angle of incidence, X-
rays with higher energies would enter the microchannel plate
at greater angles and be suppressed, while lower-energy X-rays
would be transmitted, effectively functioning as a low-pass fil-
ter [121]. The cut-off energy could be tuned by changing the
angle between the crystal and the microchannel plate.

Another aspect that should be improved is the X-ray flux
onto the spray. In the studies performed here (Papers III, IV),
the X-ray beam was larger than the spray, but collimating the
beam would increase the flux. The results presented in Paper V
demonstrate that it is possible to achieve highly collimated X-
ray beams, reducing the divergence by at least a factor of 20 in
solid angle, which would increase the flux by a similar amount.
Furthermore, the ability to control the divergence would allow
for the most optimal coverage for each spray as these may differ
in size.
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6.3 Medical X-ray phase-contrast imaging

Applications of PCI, especially in the medical setting, have
been very limited so far due to the lack of suitable X-ray
sources. In-line PCI requires a high transverse coherence, while
other PCI methods, such as crystal interferometry or analyser-
based PCI, require high monochromaticity. Furthermore, the
absorption coefficient typically scales as μ ∝ 1/E3 while the
phase shift scales as φ ∝ 1/E [122], where E is the photon
energy, and in most medical applications of PCI, a significant
amount of material lies between the region of interest and the
source. The X-ray energy required is therefore several tens of
keV. For example, PCI mammography has been successfully
demonstrated with ∼ 20 keV X-rays from a synchrotron [123],
resulting in very high sensitivity and specificity, while ∼ 30
keV is adequate for phase-contrast tomography [124]. PCI of
cartilaginous tissue has also been demonstrated at an X-ray
energy of 26 keV [125]. Although X-ray beams of these ener-
gies have been produced in wakefield accelerators [126, 127],
they are usually produced using large laser systems, with a
pulse energy of more than 10 J, which may not be suitable in a
medical environment. Another option is to tailor the electron
density profiles to optimize the betatron oscillations.

From Equation 4.4, it is evident that, in order to increase
the critical energy of the X-ray beam, the electron oscillation
frequency, ωβ , oscillation amplitude, rβ , or electron energy, γ,
must be increased. The size of the plasma bubble can be re-
duced by using an electron density up-ramp, which helps to
counteract dephasing, and this alone can double the critical
energy of the X-ray beam. However, a greater increase can be
achieved by producing a sharp, tilted density gradient inside
the density up-ramp. The tilted density gradient refracts the
laser pulse transversely in the plasma, which effectively results
in a transverse “kick” to the electrons, increasing rβ signific-
antly [128]. As a result, the critical energy can be increased by
an order of magnitude and smaller laser systems (∼ 50 TW)
can be used to produce X-ray beams with critical energy of up
to 50 keV, which is useful for medical applications. It should be
noted that no source size measurements were performed [128],
and as rβ increases, the source size is expected to also increase.
As in-line PCI requires a high transverse coherence, it remains
to be seen whether this source is still suitable. Other PCI
methods, such as crystal interferometry or analyser-based PCI
require high monochromaticity and have less stringent require-
ments on the transverse coherency. These may be an option
if the source becomes too large. These methods also differ in
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terms of sensitivity, as the in-line PCI signal is proportional to
the phase shift, while for analyser- or grating-based PCI, the
signal is proportional to the refraction angle. This results in
in-line PCI being more sensitive to higher spatial frequencies
than the other methods. Furthermore, when including ima-
ging resolution, it has been shown that the SNR for in-line
PCI is ∝ 1/E2 while for analyser-based PCI it is ∝ 1/E [129].
Analyser-based PCI is thus preferable at higher photon ener-
gies.

PCI has many applications outside the medical field, such
as the analysis of structural damage or strain in materials sci-
ence [85, 130], inertial confinement fusion [131] and investiga-
tions on material coating [132]. PCI has been especially suc-
cessful in analysing natural materials such as wood or paper,
which consist of low-Z elements with little absorption, and por-
ous materials such as bone [133].

In conclusion, there are many potential applications for
PCI, be they clinical, industrial or in various research fields.
Laser-plasma-based PCI can achieve the X-ray energy neces-
sary using relatively small laser systems together with the re-
quired transverse coherence length. As mentioned above, most
applications of laser-plasma accelerators will benefit greatly
from an increase in repetition rate in the laser systems, and
the same applies to PCI. Furthermore, the ability to tune the
X-ray energy, possibly by controlling the plasma density gradi-
ents, will make laser-plasma-based X-ray sources more flexible.
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Göran Wahlström for always being open to discussions and
for posing constructive questions concerning the problems at
hand.

I would like to thank my local colleagues for contribut-
ing to a wonderful working environment and all the lab work:
Martin Hansson for his ability to generate interesting dinner
conversations and having an innate ability to explain physics
even to a toddler; Henrik Ekerfelt, for his trebuchet-building
skills, his great sense of humour and his computer expertise
whenever needed; Jonas Björklund Svensson, who has know-
ledge on the most obscure topics, great taste in music and an
admirable attention to detail; Isabel Gallardo González, for
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55. E. Schüler, K. Eriksson, E. Hynning, S. L. Hancock,
S. M. Hiniker, M. Bazalova-Carter, T. Wong, Q.-T. Le,
B. W. J. Loo and P. G. Maxim. Very High-Energy Elec-
tron (VHEE) Beams in Radiation Therapy; Treatment
Plan Comparison Between VHEE, VMAT, and PPBS.
Medical Physics 44, 2544–2555 (2017).

56. C. DesRosiers, V. Moskvin, M. Cao, C. J. Joshi and
M. Langer. Laser-Plasma Generated Very High Energy
Electrons in Radiation Therapy of the Prostate. In Com-
mercial and Biomedical Applications of Ultrafast Lasers
VIII volume 6881 pages 49 – 62. International Society for
Optics and Photonics SPIE (2008).

57. T. Fuchs, H. Szymanowski, U. Oelfke, Y. Glinec, C. Re-
chatin, J. Faure and V. Malka. Treatment Planning for
Laser-Accelerated Very-High Energy Electrons. Physics in
Medicine and Biology 54, 3315—3328 (2009).

58. O. Lundh, C. Rechatin, J. Faure, A. Ben-Ismäıl, J. Lim,
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