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Abstract

This thesis summarizes experimental work in which the powerful
Ti:sapphire lasers at the High Power Laser Facility at the Lund
Laser Centre have been employed to investigate laser-produced
X-rays and relativistic channelling. These lasers produce short
pulses, of the order of 50 fs, with energies ranging from 1 mJ to 1 J.
Thus, the peak powers reach several terawatts and with the most
powerful laser system the peak irradiance exceeds 1019 W/cm2.
Furthermore, X-rays generated at a synchrotron radiation facility
have been used in conjunction with a short-pulse laser to study
temporal oscillations on a picosecond timescale in a crystalline
material.

In the continuation of a research project, pursued at the High
Power Laser Facility since 1992, X-ray generation up to several
hundred keV has been investigated by focusing the laser pulses
onto solid metal targets. One of the motivations for these exper-
iments is the potential use of laser-produced X-rays in medical
radiography.

In another experiment the temporal features of X-rays of a few
keV was investigated. In this case, the X-rays were generated by
focusing laser pulses into clustered argon gas jets.

Various detection techniques have been used to measure the
X-ray spectrum in the different experiments, including energy-
resolved photon counting with a charge-coupled device (CCD) and
X-ray diffraction on crystals in combination with a CCD. Germa-
nium detectors have also been employed in order to investigate the
X-ray spectrum above a few keV more accurately.

The laser-produced X-rays show extraordinary properties com-
pared for example with those generated by the common X-ray
tube. Very short pulse duration and a small source size are two
important factors that differentiate the laser-based X-ray source
from others. In particular, when focusing onto solid targets, a
compact, high-repetition-rate laser system has been employed to
evaluate the use of laser-produced X-rays (above 10 keV) in diag-
nostic medicine by recording radiographs using image plates.

Since 1999, a research project at the High Power Laser Facility
concentrates on a new field of research: Relativistic channelling.
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vi Abstract

This involves meticulous control over the laser system that has
been constructed to this end and also, comparing with other laser
systems in Northern Europe, unprecedented levels of laser irrad-
iance. For the first time in this part of Europe, relativistic chan-
nelling has been achieved by focusing laser pulses in a gas jet.
The plasmas generated by the laser pulses have been diagnosed
through Raman- and Thomson-scattering of the laser pulse. The
extension of the generated relativistic channels has been measured
and their dependence on laser pulse parameters and plasma den-
sity has been investigated. A typical channel length is 0.5 mm, and
in such a channel, electrons are accelerated to several MeV, im-
plying extreme accelerating electric fields, thousand times stronger
than the maximum field strengths achieved in today’s conventional
accelerators. The number and energy of the electrons that are ac-
celerated in the relativistic channels have been measured.

This thesis presents more than the experimental work described
above. The various laser-matter interactions encountered in the
experiments are also discussed from a theoretical point of view.
In particular, theory on laser-plasma interactions is introduced to
allow better understanding of the experimental work.
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Chapter 1

Introduction

This thesis is centred around the physics that can be investigated
using high-power lasers that produce very short pulses (� 100 fs)
in the terawatt regime. In the first part of this thesis these lasers
and their use as a tool to manipulate the matter in which the light
is propagated are presented. The fundamental physics of light

Please note that throughout this
thesis the International System of
Units (SI) is used, unless otherwise
is explicitly stated.

propagation and interaction with matter are also introduced. This
physics forms the basis of the second part of the thesis, which
deals with experimental research performed at the High Power
Laser Facility at the Lund Laser Centre. The lasers that have
been employed in this work are presented, as they are of central
significance to the thesis. In order to put the lasers at the Lund
High Power Laser Facility into a perspective, a short view of the
present status of high power lasers in general is given.

The chapter on X-ray generation deals with the part of the
research that has dealt with X-ray generation with lasers and X-
ray applications; for example, structural changes in matter that
occur on the picosecond timescale have been measured. Consider-
ing the amount of energy necessary to create an X-ray photon in
relation to the photon energy of a laser, it is easy to imagine the
complexity of the process. The X-rays are generally produced as
a secondary effect in the interaction of light with matter; the pri-
mary being that electrons are ripped from their equilibrium states
in atoms or molecules and accelerated in the laser fields. These
fast electrons subsequently decelerate and X-rays are emitted, i.e.
Bremsstrahlung.

The direct interaction between electrons and light forms the ba-
sis of the next type of experiment described in this thesis, i.e. the
investigation of relativistic self-focusing and channelling of laser
light. When the light interacts with ionized matter, the physics
approaches plasma physics. A major part of this research has been
concerned with reconsidering and transferring existing knowledge
from the plasma physics community to the laser physics commu-
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4 1.1. Background

nity. Much of the plasma physics known today is related to plasmas
in equilibrium; far removed from the almost instantaneous inter-
actions that we encounter when subjecting matter to the extreme
irradiance produced by very short laser pulses.

1.1 Background

The interaction between light and matter has been the subject of
study for centuries. In the nineteenth century, spectroscopic stud-
ies of the emission and absorption of light led to many important
discoveries and brought science rapidly forward. However, at that
time scientists were not manipulating matter with light; rather, in-
vestigating matter, probing it with light and observing the change
in the light, or observing the light emitted from different materi-
als. The scientists of that period did not have light sources of the
magnitude of a laser, but they had the cunning of fine mechan-
ics and could, for example, construct fine gratings. In 1895 K.
Röntgen discovered X-ray radiation and used it to record radio-
graphs, but he neither understood the danger of exposing living
organisms to the radiation nor that X-ray radiation is of the same
kind of radiation as the light from the sun; electromagnetic radi-
ation. During the first decades of the twentieth century, the dual
nature of electromagnetic radiation, was established (Fig. 1.1).

� � � � � � �

� 	 
 � 
 � 

Figure 1.1. Particle-wave dualism;
a light wave can also be modelled
as a group of photons.

When the laser was invented in 1960 with the help of Einstein’s
theory of stimulated emission, it facilitated new fields of research
and was quickly applied in all kinds of existing research. The new
light source was powerful beyond what had only recently been
considered possible, because the “strength” of a laser is measured
neither by its use of electrical power nor by the amount of light it
emits. Rather, it is the quality of the laser light that differs from
that emitted from any other ordinary light source, such as a candle
or a light bulb. Laser light is coherent making, for example, 1 W of
laser light appear much brighter to the eye than 1 W from a light
bulb. Coherent light can be focused to a very small spot by means
of a lens or a curved mirror. The theoretical limit is of the order of
the wavelength of the light, in contrast to incoherent sources the
focus of which is limited by the light-emitting area. Furthermore,
a laser normally emits monochromatic or nearly monochromatic
light and the wavelengths originate from one or several optical
transitions in an atom, ion or molecule structure.

1.1.1 Pulsed Lasers

Rather than distributing the energy continuously over time as a
continuous wave (CW) laser does, the energy can be contained
in short pulses. This increases the pulse peak power and peak
irradiance, i.e. the magnitude of the electric and magnetic fields



Introduction 5

increases. A use of pulses is to freeze events. Similar to the way
in which a a stroboscope “freezes” motion, the laser pulse can
“flash” an object and probe the conditions at that instant. With
the higher peak irradiances provided by pulsed lasers it also be-
comes possible to ionize atoms and molecules through multipho-
ton processes and to observe nonlinear behaviour of laser-matter
interactions. Examples of nonlinearities are self-phase modulation
(SPM), sum-frequency generation and low-order harmonic genera-
tion. These nonlinearities are observed in the interaction between
non-ionized matter and light with an irradiance in the range from
109 W/cm2 to 1012 W/cm2.

In the development of pulsed lasers, not only shorter pulses
have been achieved, but schemes have also been devised to amplify
the pulse energy. A series of inventions enabled tremendous devel-
opment towards shorter pulses and higher peak power. The most
important advances are shown in Figure 1.2. As the peak power
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Figure 1.2. The peak power of pulsed lasers has increased by
12 orders of magnitude over the last 40 years. Several new tech-
niques have been successively introduced, making this rapid de-
velopment possible.

approached gigawatt magnitude, the main technical problem was
damage to laser optics by the very intense radiation. The solution
first employed was to enlarge the diameter of the laser beam, thus
reducing the peak irradiance. This had the drawback that laser
systems quickly became huge in size. An example of this was the
Nova laser at Lawrence Livermore National Laboratories (LLNL),
USA. It was inaugurated in 1984, produced tens of kilojoules in
total in as many as ten beams each with a 74 cm diameter and



6 1.1.2. The Chirped-Pulse Amplification (CPA) Technique

a total beam cross-section of over one metre (Fig. 1.3). Only a

Figure 1.3. The Nova laser in the
USA was the largest laser system
in the world before it was
dismantled in 1999.

few laser pulses could be produced per day. Such a laser was very
costly and could only be used by a few scientists. The design of
more compact laser systems was thus of top priority, as a growing
scientific community needed intense laser pulses in their research;
thus new techniques were needed.

1.1.2 The Chirped-Pulse Amplification (CPA)
Technique

� � � �

Figure 1.4. A chirped laser pulse.

The problem was solved by the chirped-pulse amplification (CPA)
technique, which most high-power laser systems are based on to-
day. The CPA technique exploits the fact that short pulses neces-
sarily have a relatively broad spectrum; a fact as fundamental as
Heisenberg’s uncertainty relation. The mathematical approach to
describing the relation between the spectrum and the pulse dura-
tion is the Fourier transform; when a set of waves with different
wavelengths and phases, forming a finitely broad spectrum, are
superimposed they may form a pulse (Table 1.1). This stands

Table 1.1. The minimum spectral width for a few different laser
pulse durations. The laser pulse central wavelength is 0.8 µm.

Pulse duration Spectral width
1 ps ∼ 1 nm

100 fs ∼ 10 nm
50 fs ∼ 20 nm

in contrast to a perfectly monochromatic wave which can never
become anything else but infinite in time. One way decreasing
the irradiance inside the laser system is to prolong the pulse be-
fore amplifying it and to compress it afterwards. This is exactly
what the CPA technique does. The laser pulse is chirped, typi-
cally in a grating stretcher, amplified and then compressed in a
grating compressor. Chirp is the term used to describe birdsong
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Figure 1.5. Illustration of a
typical laser pulse “compressor”
that compresses the pulses in
CPA laser systems.

with varying pitch, and chirping a laser pulse means that the fre-
quencies are placed in a row after each other, i.e. “pitching” the
light, as illustrated in Figure. 1.4. The key element is the grat-
ing (although other devices can be used) on which the laser pulse
diffracts. Using mirrors, and often a second grating, as illustrated
in Figure 1.5, different frequency components of the pulse travel
different distances, changing their relative phase (delay). Loosely
speaking, the colours of the laser pulse are distributed in time,
making red come before blue during the amplification of the light.
Apart from the induced chirp described, many other processes may
influence the chirp of a laser pulse. Simply propagating an ultra-
short pulse in air will, in almost all cases, chirp the pulse and
therefore prolong it, because air, as all other materials, exhibits a
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wavelength-dependent refractive index. Such effects are discussed
in Section 2. After amplification the beam is expanded in diam-
eter and re-compressed in a compressor, i.e., exactly the opposite
of the stretcher. Figure 1.6 illustrates a typical CPA scheme.

�  � � � � � � 
 �

� � � � � � 	 � �

 � � � � ! � � �  � � � �

� � � � � � " � � �  � 
 �
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 � � � �   
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� " � � � � � � � �

Figure 1.6. Schematic
representation of the CPA
technique.

1.1.3 Ti:sapphire Crystals

The effort to make shorter pulses also involves developing new ma-
terials that have wide fluorescence spectra which can be used to
amplify the broad spectrum which is characteristic of short pulses.
Today, most laser materials for high-power lasers consist of doped
crystals; a kind of material that generally features very broad flu-
orescence spectra because the dopant atoms exhibit different elec-
tron energy levels depending on their position in the crystal lattice
and thus emit light (fluoresce) at different wavelengths. The most
common crystals are titanium-doped sapphire (Ti:sapphire), Li-
CAF, LiSAF and alexandrite, among others.1,2 By far the most
commonly used crystal is Ti:sapphire; the material on which many
of today’s state-of-the art lasers are based. The Ti:sapphire crystal
absorbs effectively around 0.5 µm and the fluorescence is peaked
at 0.8 µm, but it stretches from roughly 0.6 µm to 1 µm, support-
ing pulses as short as a few femtoseconds. Ti:sapphire lasers are
typically used in combination with the CPA technique because of
their very short pulse duration. The first commercial high-power
Ti:sapphire laser with a ten-hertz repetition rate and ∼ 100 fs
pulse duration was installed in Lund at the High Power Laser Fa-
cility in 1992. Today, the facility has two Ti:sapphire-based laser
systems using the CPA technique. These are described in the next
part of this chapter.

1.1.4 A Ti:sapphire-based Laser System using
CPA

The High Power Facility at the Lund Laser Centre operates a ten-
hertz repetition rate multi-terawatt Ti:sapphire laser incorporat-
ing a number of units. The first unit is the Ti:sapphire oscillator,
which generates short and spectrally broad pulses with only a few
nanojoules of energy per pulse. These are stretched in time and
amplified in a series of Ti:sapphire amplifiers. The crystal ampli-
fiers are pumped with light that they can effectively absorb using
special, green pump lasers (frequency-doubled Nd:YAG lasers).
Directly after the pump pulses come the stretched laser pulses,
which are amplified in the crystal through stimulated emission.
The beam diameter is expanded several times through the laser
system, to keep the irradiance below the damage threshold for the
optics. The final pulses, 5 cm in diameter, are compressed in time
making them very intense and by focusing the pulses to a few mi-
crometres in diameter, extraordinarily high irradiance is achieved.
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Extreme Irradiance

The amazing irradiance that can be produced is well over 1019

W/cm2. The peak electric field of such a laser pulse is twenty
times stronger than the strong field binding the electron to the
nucleus in the ground state of hydrogen (but still less than a thou-
sandth of the field binding the K-shell electrons in tantalum). The
physics available for investigations at these high levels of irrad-
iance extends earlier research in spectroscopy, in which matter was
subjected to irradiance levels much lower than the correspond-
ing binding energies of the electrons. With this laser, it is easy
to observe extreme nonlinear behaviour in light-matter interac-
tions and, moreover, it is easy to ionize the matter and generate a
plasma. Furthermore, ionized electrons in very strong laser fields
(> 1018 W/cm2) move according to the theory of special relativity,
i.e., the effective mass of the electrons increases. Irradiance levels
above 1018 W/cm2 causing relativistic electron motion are referred
to as relativistic irradiances (or relativistic intensities). Physics

The word intensity is still widely
used rather than the more correct
term irradiance; both representing
the quantity of light power per unit
area.

with relativistic irradiances is generally more complicated and of-
ten shows new aspects of light-matter interactions successfully de-
scribed at lower irradiance levels. See Section 2.2 and Chapter 4.

An Unwanted Characteristic Feature

With the extreme irradiance levels that are available with the Lund
lasers it becomes important to ensure good laser pulse contrast,
meaning that unwanted emission of laser light before, and less
importantly after, the pulse is minimized. The amplifier crystals
emit some light through spontaneous emission before the energy
is extracted by the seed laser pulse, i.e. the laser pulse to be
amplified. This emission can be amplified and cause high levels
of amplified spontaneous emission (ASE). The ASE radiation can
reach energy levels as high as the laser pulse itself, although of
much longer duration, and, since it comes before the main pulse, it
can negatively affect the experiment; pre-ionization of the material
into which the laser pulse is focused is not uncommon. Similarly,
so called pre-pulses can be emitted by the laser before the main
pulse. These usually originate from a regenerative-type amplifier
(Section 1.2). Due to the design of this amplifier the pre-pulses are
emitted with about 10 ns temporal spacing. Since the unwanted
radiation passes through all subsequent amplifiers before the main
pulse, the amplification is great and the radiation can easily affect
the experiment (Fig. 1.7). The contrast measured as the energy
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Figure 1.7. Illustration of the
typical output from a Ti:sapphire
laser with a regenerative amplifier.

level of the pre-pulses and the ASE relative to the main laser pulse
is usually at least 103, but considering that ionization can take
place at an irradiance as low as 1012 W/cm2, it is easy to imagine
the magnitude of the problem when the laser pulse is focused to
> 1019 W/cm2. The problem of reducing the energy in the pre-
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pulses and ASE is of major concern to the laser physics community
now that laser irradiance can reach unprecedented levels.

Laser Diagnostics

As the research situation stands today, the Ti:sapphire lasers at the
Lund High Power Facility are becoming increasingly user friendly,
enabling complex experiments that require extensive control over
the laser system. Knowledge of the pulse shape, temporally and
spatially, the spectral shape and the chirp as well as of the status
of pre-pulses and ASE is useful if not crucial in many experiments
today. However, performing the measurements necessary to gain
this knowledge is an art in itself. Temporal pulse-shape measure-
ment tools have been developed from the autocorrelator, through
FROG:s (frequency-resolved optical gating) and the XPM (cross-
phase modulation) method. Presently, the SPIDER (spectral in-
terferometry for direct electric-field reconstruction) tool is being
used at most high-power laser facilities. The latter three measure
the temporal and spectral shape as well as the chirp through clever
interferometry and the use of nonlinear phenomena. Efforts are
currently being made by the European Research Network SHARP
to enhance the laser pulse contrast. This, however, requires the
development of autocorrelators and spectrometers with very high
dynamic range. Such spectrometers are required as the outer edges
of the spectrum determine, to some extent, the pulse contrast on a
femtosecond timescale. Even with a perfectly shaped focusing mir-
ror, the focus size can deviate from the diffraction limit because of
imperfect phase and irradiance distributions over the pulse cross-
section. These imperfections arise in the amplifying crystals and in
the stretcher/compressor arrangement in CPA lasers and require
careful attention.

1.2 The Lund High Power Laser Facility

The work presented in this thesis was with one exception, per-
formed at the High Power Laser Facility at the Lund Laser Centre.
The exception, presented in Section 3.4, is the experimental inves-
tigation, described in Paper VI, of phonon excitation in indium
antimonide (InSb) crystals, which was carried out in Grenoble,
France at the European Synchrotron Radiation Facility (ESRF).
The Lund High Power Laser Facility incorporates two Ti:sapphire
terawatt lasers, a ten-hertz and a kilohertz repetition rate system,
which have been continuously upgraded and improved since their
respective inaugurations. The progress in terms of peak power is
shown in Figure 1.8. The ten-hertz laser produces pulses simul-
taneously in two “arms”. The original arm produces 2 TW and
the relatively new multi-terawatt arm presently produces as much
as 40 TW, placing it among the top peak-performance ten-hertz
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Figure 1.8. A peak power roadmap of the Lund laser sys-
tems, from their respective inaugurations up till now. In 1998,
the 10 Hz laser was redesigned to support an additional multi-
terawatt “arm” for extra-demanding experiments.

lasers in the world. This new multi-terawatt arm was used in two of
the three X-ray experiments described in this thesis in Section 3.2
(Paper II) and Section 3.3 (Paper I), and in the experiments on
relativistic self-focusing, discussed in Chapter 4 (Papers III and
IV). The kilohertz laser was used in the final X-ray generation
experiment described in Section 3.2 (Paper V).

Today’s state-of-the art laser systems worldwide, including the
multi-terawatt laser at the High Power Laser Facility in Lund,
are listed in an OECD report from 2001,3 which includes many
different kinds of lasers (Table 1.2). The Ti:sapphire laser with its

Table 1.2. A few of the state-of-the art laser systems in the world today. The information was
taken from an OECD report on compact, high-intensity short-pulse lasers from 2001.3

Facility Location Material Peak Power Pulse Duration Repetition Rate

/ TW / fs / Hz
LLNL USA Ti:sap. 200 75 ∼ 0.0017
MBI Germany Ti:sap. 100 50 ∼ 0.0017
LULI France Nd:glass 100 300 ∼ 0.0008
JAERI Japan Ti:sap. 100 20 10
LOA France Ti:sap. 100 25 10
LLC/Lund Sweden Ti:sap. 20 35 10
RAL UK Ti:sap. 10 50 10
MPQ Germany Ti:sap. 8 130 10
Celia France Ti:sap. 1 20 1000

ability to produce short pulses at a high repetition rate is the best
in all respects except for pulse energy. Glass laser systems produce
longer pulses but with similar peak powers to their Ti:sapphire
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Table 1.3. Technical data for the first arm of the ten-hertz laser
which, apart from serving its own experiments also produces the
seeding pulses for the multi-terawatt arm. The DazzlerTMis a
phase-modulating device used to add chirp in a controlled way.
It is discussed briefly in Section 4.4.

Oscillator output 4 nJ at 80 MHz
Dazzler throughput ∼ 50%
Stretcher throughput 10%
Regen output ∼ 5 mJ at 10 Hz
Butterfly output 0.25 J
Seed split-off 0.05 J
Compressor throughput 65%
Final pulse energy 0.1 J at 10 Hz
Beam diameter 4 cm
Pulse duration 35 fs
Spectral bandwidth ∼ 45 nm

siblings because of the larger amount of energy in these pulses.

1.2.1 The Ten-Hertz Laser System

This laser system was inaugurated in 1992, and had at that time
a stretcher with a lens arrangement∗ and a single butterfly ampli-
fier, producing 0.15 ps pulses with 0.15 J of energy, i.e. ∼ 1 TW.
Since then, almost all the components of the original equipment
have been replaced or upgraded in order to improve the perfor-
mance due to the increasing demands for high-quality laser pulses
in various experiments (Fig. 1.8). Presently, the laser system pro-
duces pulses in two arms that are used simultaneously in separate
experiments. The first arm, resembling the original laser system
(Table 1.3) serves one experimental set-up with 2 TW pulses. A
fraction of the laser pulses is split off to the second, multi-terawatt
arm, which is employed in most of the experiments presented in
this thesis (Table 1.4). The irradiance in the new arm is close
to the damage threshold for the optics and it is therefore very
important to seed the new butterfly amplifier with high-quality
pulses. The quality of the pulses in the multi-terawatt arm is gov-
erned to a large extent by the quality of the original laser system,
which means that it is crucial to maintain a high standard all the
way from the heart of the laser, i.e. the oscillator, through all
the units to the final output after the compressor. The complete
laser system and its main units are illustrated in Figure 1.9.
The seed beam for the multi-terawatt arm is spatially filtered and
thereafter expanded to ∼ 16 mm in diameter, before entering a
four-pass butterfly amplifier, Figure 1.10, which is pumped by as
much as 50 W of green light from five Nd:YAG lasers. The to-

∗Today, stretchers are made of reflective optics in order to minimize phase
errors.
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Figure 1.9. Schematic illustration of the ten-hertz laser layout.
The main units of the laser system are indicated, in particular
the several Ti:sapphire crystals, which are shaded grey.

Table 1.4. Technical data for the multi-terawatt arm of the ten-
hertz laser.

Spatial filter throughput � 90%
Butterfly output 2 J
Compressor throughput 70%
Final pulse energy 1 J at 10 Hz
Beam diameter 6 cm
Pulse duration 35 fs
Spectral bandwidth ∼ 45 nm

tal pump fluence is 2 J/cm2 and the seed pulse energy is roughly
50 mJ. The Ti:sapphire crystal is 20 mm thick and its dopant
concentration is about 4 · 1018 cm−3.The Nd:YAG beams pump

Figure 1.10. The four-pass
butterfly amplifier in the
multi-terawatt arm of the
ten-hertz laser system.

the crystal symmetrically, and great care has been directed in or-
der to minimize the angle of incidence on the Ti:sapphire crystal,
particularly for the seed beam. The crystal is cooled by Peltier
elements to room temperature, and these in turn are cooled by
circulating water from a reservoir. Cooling is regulated to prevent
condensation of water vapour on the crystal. The crystal is of high
quality and can amplify the seed pulse very evenly over the spatial
profile of the pulse. The crystal thermal lens, also discussed in
Section 1.2.2, is not as strong as in the kilohertz laser, but since
the output power of the laser is changed mainly by altering the
relative delay between the pump pulses and the seed pulse, the
lens-effect can affect the pulse. It is therefore planned to cool the
crystal to about 120 K (in vacuum) in order to increase the heat
conductivity and thus remove the influence of the thermal lens.
Finally, after amplification, the laser beam is expanded to about
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6 cm in diameter and enters the evacuated compressor chamber,
see Figure 1.11, through an antireflection-coated fused-silica win-
dow. The horizontally polarized laser pulse is compressed and the
short pulse is transported to the experiment through an evacuated
tubing system. When focusing the laser pulses using a focal length

Figure 1.11. The evacuated
compressor chamber kept at
10−6 mbar. The beam goes
through the compressor and
through the evacuated tubing
to the experiment.

of 15 cm, the peak irradiance reaches well over 1019 W/cm2. Such
a high irradiance is essential to carry the interaction of the laser
pulse and matter to the so-called relativistic regime.

Through the whole laser system, a large number of video cam-
eras and irises serve as alignment tools. These have been found
to be essential for continuous operation of the laser system. The
laser beam passes through the variable irises and the light that
scatters off them is monitored by the cameras. Video monitors are
mounted on the walls in the laser lab, allowing instant checks of
the whole laser alignment.

However, aligning the compressor is a much more difficult task
and very small errors can profoundly change (deteriorate) the ap-
pearance of the laser focus, for example.4 Inside the compressor
chamber are two gratings, a retro-reflector, a wedge and an out-
put coupler (Fig. 1.12). The wedge can be moved into the beam
to reflect about one percent of the light, through a high-quality
window, to a small optical table with diagnostic equipment out-
side the evacuated chamber. On the optical table are placed a
second-order autocorrelator, a spectrometer and an 11.5 m focal
length lens that focuses the pulse onto a CCD chip. Thus, the
spectrum, the temporal distribution and the focus can be moni-
tored simultaneously. Broadly speaking, the compressor is then
aligned by iteratively optimizing the pulse duration and the focal
spot size/appearance.
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Figure 1.12. Schematic
illustration of the evacuated
compressor chamber. The beam
goes through the compressor to
the retroreflector, which lowers
the height of the beam.

The multi-terawatt arm thus produces very powerful pulses at
the rather high repetition rate of 10 Hz, which is very useful for ex-
periments that require large quantities of data. However, one prob-
lem with the compressor is that the gold gratings gradually become
“dirty”. In particular, the last reflection, when the pulse is short,
leaves a blackened mode-like mark on the grating. Some metallic
mirrors in the experimental set-up also show similar marks. The
reason is believed to be that the laser pulse ionizes hydrocarbon
molecules which stick to the surface because the mean free path
is rather long at these low pressures (∼ 10−6 mbar). Since the
gratings are very expensive and because replacing them requires
time-consuming realignment, the problem must be solved in some
way. One way of preventing the process is to fill the compressor
with, for example, argon in order to shorten the mean free path
without affecting the laser pulse very much. This has the draw-
back that the compressor chamber must be physically separated
from the rest of the experimental set-up, for example by placing
a window between the compressor and the experimental chamber.
A different solution would be to clean the grating with the help
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of an oxygen-plasma device.5 This can be done without removing
the gratings from their aligned positions.

The regenerative amplifier generates some pre-pulses and ASE
(cf. Fig. 1.7), but because the Ti:sapphire crystal in the multi-
terawatt arm is pumped by as much as 5 J, ASE becomes a seri-
ous problem even in this butterfly amplifier. When pumping the
crystal that much, reflections from the crystal surfaces can be suf-
ficient to couple light back into the crystal and initiate a strong
de-excitation process before the seed pulse arrives. In order to pre-
vent this, the seed pulse should be amplified immediately after the
crystal has been excited by the pump lasers. However, the delay
between the pump and seed pulses is varied as a means of changing
the amplification gain, and there is then a risk that the ASE will
have time to grow. Furthermore, it has been noted that the spa-
tial mode of the amplified seed pulse changes as the delay between
the pump and seed pulses is varied (on a 10 ns timescale). The
reason may be that the ASE level varies in the crystal, perhaps
due to slightly varying surface reflectivities, leaving the crystal
with a varying gain distribution. Four of the six crystal surfaces
will therefore be coated with a special, refractive index matching
substance which effectively absorbs the spontaneous emission.

1.2.2 The Kilohertz Laser System

The Lund High Power Laser Facility operates another Ti:sapphire
laser, inaugurated in 1999, with a repetition rate of 1 kHz, i.e.
one-hundred times higher than the other Ti:sapphire laser. The
average power and the pulse duration are similar, but the laser
generates pulses of a only few millijoules. The kilohertz laser is
ideal for experiments that require less than 1017 W/cm2, and is
mostly used in high-harmonic-generation experiments. However,
as discussed in Chapter 3 and in Paper V, hard X-rays have been
generated by focusing the pulses from this laser system onto a solid
target.

The spectrum of the laser oscillator is extraordinarily wide and
can support very short laser pulses. The laser system also includes
a stretcher, a regenerative (regen) amplifier and two butterfly am-
plifiers, see Figure 1.13. After beam expansion, the pulses are
compressed in a grating compressor (Table 1.5). The pump lasers
for the amplifiers are two 20 W frequency-doubled Nd:YLF lasers.
The light from one of them is split into two beams; one going to the
regenerative amplifier and the other to the first butterfly amplifier.
The second Nd:YLF pumps the second butterfly amplifier. This
second, home-built butterfly amplifier was added after installation
and the laser system now produces up to 3 mJ per pulse.

The kilohertz laser emits some unwanted ASE from the am-
plifiers and some pre-pulses from the regenerative amplifier (cf.
Fig. 1.7). Most of the kilohertz laser’s ASE radiation originates
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Figure 1.13. Schematic illustration of the kilohertz repetition rate laser system at the High
Power Laser Facility in Lund.

Table 1.5. The kilohertz laser in Lund in technical terms.

Oscillator output 3 nJ at 76 MHz
Stretcher throughput 20%
Regen output 0.4 mJ at 1 kHz
First two-pass amplifier output 2 mJ
Second two-pass amplifier output 6 mJ
Compressor throughput 50%
Final pulse energy 3 mJ at 1 kHz
Beam diameter 2 cm
Pulse duration 30 fs
Spectral bandwidth 50 nm

from the regenerative amplifier because the gain is high and the
cavity enhances the self-amplification. The timing of the the Nd:-
YLF pump pulses and the drivers for the Pockel’s cells are very
important because they largely control the strength of the ASE
and the pre-pulses.

The laser is equipped with diagnostic devices that monitor the
various parameters. The regenerative amplifier is monitored with
a photodiode and a fast oscilloscope that shows the growth of the
pulses being amplified. A spectrometer measures the pulse spec-
trum at any desired position in the laser system; usually before
the last butterfly amplifier. The remaining diagnostic equipment
is available after the compressor; a second-order autocorrelator,
another spectrometer and a device that measures the pre-pulse
contrast. Two fast photodiodes provide a temporal resolution that
allows estimation of the contrast at least 3 ns before the main pulse.
One of the diodes monitors the main pulse and controls the trig-
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ger of the oscilloscope, and the other one measures the pre-pulse
level. The use of two photodiodes increases the available dynamic
range, therefore allowing more accurate contrast measurements.
The spatial mode of the laser is very sensitive to the conditions in
the last amplifier; the volume in the crystal that is pumped works
as an aperture that generates an Airy-like mode after amplifica-
tion. However, a magnifying telescope is mounted directly after
the amplifier and before the compressor which effectively images
this pump aperture far away. As a result of this the Airy mode
does not grow in diameter as would otherwise be expected. The
spatial mode quality is assessed via visual inspection on fluorescent
paper and on Kodak Linagraph direct-print paper which produces
a burn mark of the mode. A mobile CCD camera is sometimes used
for detailed quantitative mode analysis by focusing the pulses onto
the CCD, through a series of neutral-density filters.



Chapter 2

Interaction of High-Power

Laser-Pulses with Matter

In this chapter the theory that forms the foundation for Chap-
ters 3 and 4 is presented. Starting with the propagation of laser
pulses, basic concepts such as phase velocity and group velocity
are introduced and focusing and scattering of laser light are briefly
discussed. Although basic, this material is of central importance
to later parts of this thesis. The second part of this chapter in-
troduces the fundamental physics of the subjects of this thesis,
namely interactions between a laser pulse and a plasma.

2.1 The Physics of Pulse Propagation

Propagation of a Monochromatic Wave

Consider a monochromatic light wave traversing a material. It is
very convenient to use the refractive index as a measure of how
fast the wave travels. This is defined as the ratio of the speed of
light in vacuum, c, and in the material, vp,

vp =
c

n
. (2.1)

The phase velocity, vp, can alternatively be expressed as,

vp =
ω

k
, (2.2)

where ω = 2πf is the light angular frequency, k = 2π
λ the wave

number or propagation constant and λ = λ0/n is the wavelength
in the material, normally shorter than the wavelength in vacuum,
λ0. The phase velocity is the velocity of a particular point, or
phase, of the wave.

17
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The reasoning that explains why a light wave slows down in
most materials helps to explain some of the physics in this thesis.
Every material exhibits some sort of resonance at specific light
frequencies. If subject to light, the electrons in the material will
want to oscillate with the light wave, but generally the oscillation
will lag behind or forestall the the light wave. In order to under-
stand this, recollect that the phase of a forced oscillation, relative
to the driving force, depends on the difference in frequency of
the driving oscillation and the material resonance frequency, i.e.
∆f = fresonance − fdriving. Consider a light wave that traverses a
material, one thin slice at a time, and. . .

1. . . . forces the electrons in the material to oscillate together
with the wave. . .

2. . . . the moving charges emit light at the same frequency as
the driving light wave. . .

3. . . . the induced light is not perfectly in phase with the driving
wave. . .

4. . . . superposition of the induced and the driving light pro-
duces a phase-shifted wave. . .

5. . . . the resulting wave enters the next slice of material, now
becoming the driving light wave, and the reasoning starts
again from 1. . .
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Figure 2.1. The refractive index
as a function of the driving
frequency in a typical material
such as air or glass where the
important resonance frequencies
lie in the ultraviolet part of the
spectrum. Only one resonance
frequency is shown. The material
absorption, indicated by the grey
peak, is large close to the
resonance frequency.

The resulting wave will therefore propagate with a phase velocity,
vp, different from the vacuum velocity, c. The refractive index is
directly coupled to the phase difference, which in turn depends on
∆f , and it can be concluded that the refractive index is a function
of the driving frequency. Figure 2.1 illustrates the refractive index
behaviour in a typical material such as air or glass. Close to its
resonance frequency, the material starts to absorb, indicated by
the grey peak in the figure.

Propagation of a Laser Pulse

The temporal envelope of an electromagnetic pulse can take many
forms, but in theory it is often modelled as a gaussian shape. The
mathematical expression describing the electric field of a chirped
laser pulse, gaussian-shaped in time and space assuming cylindrical
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symmetry can be written as:

E(t, r) = E0 exp

[
−2 ln 2

(
t

τ

)2
]

︸ ︷︷ ︸
·

the temporal shape. . .

· exp
[
−

( r

R

)2
]

︸ ︷︷ ︸ ·
. . . the beam cross-section. . .

· exp (iωt + iΨ(t)) + c.c.︸ ︷︷ ︸
. . . the carrier wave and its chirp.

(2.3)

The introduced parameters are the full-width at half maximum
The radius of the cross-section of

a beam is often denoted by ω in the
literature, but this can lead to con-
fusion since ω is also used to denote
angular frequency.

(FWHM) pulse duration, τ , and the (1/e2) cross-section radius,
R in the expression for irradiance, I(t, r) = 1

2cε0|E(t, r)|2. The
time-dependent phase, i.e. the chirp, is expressed by Ψ(t).

A light pulse propagates with a group velocity,6

vg =
dω

dk
=

(
n

c
+

2π

λ0

dn

dω

)−1

, (2.4)

which is the velocity in a material of the envelope of the laser
pulse. This group velocity is different from the phase velocity
derived above and depends on the slope of the refractive index,
dn/dω.

What does it mean that the group and phase velocity dif-
fer? Consider a laser pulse with wavelength 0.8 µm propagating
through air. The electric and magnetic fields, which oscillate be-
neath the pulse profile move faster than the pulse, as illustrated
in Figure 2.2.
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Figure 2.2. A laser pulse
propagating along z at times t0,
t1 and t2, illustrating a case
where the phase velocity is greater
than the group velocity.

Most materials also exhibit a group velocity dispersion (GVD),
causing a laser pulse to change its pulse shape and chirp while
propagating. Normally, this effect is unwanted because it distorts
the pulse. However, GVD can also be used to compress already
chirped pulses.

A central interaction phenomenon which, unlike dispersion, de-
pends on the irradiance is self phase modulation (SPM).6 Whereas
the dispersion merely changes the phases of the different frequen-
cies in the spectrum, SPM modifies the spectrum completely, gen-
erating new frequencies and attenuating some of the frequencies
present. The underlying reason for SPM is that the refractive in-
dex changes with irradiance which, in turn, depends on the spatial
and temporal coordinate, I(x, y, z, t) (cf. (2.3)):

n(I) = n0 + nI I. (2.5)

A pulse subjected to SPM acquires a temporal phase, or delay, at
every point that depends on the local irradiance. This reshapes
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the pulse and changes the spectrum, and together with GVD, may
force the pulse to break up or it may broaden the spectrum while
enhancing the chirp. An example of SPM and GVD working to-
gether to change the pulse shape is shown in Figure 2.3.
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Figure 2.3. A laser pulse
propagating along z at times t0,
t1 and t2, illustrating an example
of SPM and GVD acting together.

2.1.1 Focusing of Laser Light

In almost all experiments the laser pulse is focused in order to in-
crease the irradiance. When dealing with short laser pulses, curved
mirrors are preferred to lenses, because the latter may affect the
pulse through several nonlinear processes and dispersion. The mir-
rors used in the course of the work described in this thesis are
off-axis parabolic mirrors. These are much more difficult to align
than lenses. In general, using focusing optics with a focal length f
with an initial, unfocused beam radius of R (1/e2) (cf. (2.3)), the
smallest focus radius is,6

R0 � f

πR
λ, (2.6)

where λ is the laser wavelength and πR is the diameter of the beam
containing 99% of the energy (Fig. 2.4). The confocal parameter
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Figure 2.4. A mirror with a focal
length f focuses a beam with
diameter D = πR (99% energy) to
a focal spot with radius r0 (1/e2).

represents the extension of the laser focus along the axis of prop-
agation, measured as the distance between the two points where
the beam cross sectional area is twice the minimum,6

confocal parameter � 2π
R2

0

λ
= 2π

(
f

πR

)2

λ. (2.7)

For example, taking the parameters used in the relativistic chan-
nelling experiment (Chapter 4) the diameter of the laser beam, as
measured using a sheet of fluorescent paper inserted in the beam,
is πR ∼ 6 cm and the focal length of the focusing mirror is 15 cm
giving a smallest diameter of only 4 µm and a corresponding con-
focal parameter of ∼ 30 µm. In the X-ray generation experiments
(Chapter 3) much shorter focal lengths are used, corresponding
to f/πR = 1. In these experiments the optimal focus diameter
approaches the diffraction limit at ∼ 1 µm and the confocal pa-
rameter is only ∼ 5 µm.

2.1.2 Scattering of Laser Light

Throughout this thesis, numerous laser light scattering phenom-
ena are discussed. Therefore, a short general introduction to the
scattering of coherent light will be given here. Light with a large
degree of incoherence scatters differently from coherent light be-
cause for such light the interference of scattered wavelets can never
be coherent.
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As soon as laser light propagates through a material, be it a gas
or solid consisting of atoms or molecules, or a plasma of free elec-
trons and ions, light is scattered. The discussion on the refractive
index above, is an example of light scattering where the scattered
light interferes constructively, i.e. coherently, in the same direction
of travel as the beam. However, the laser beam is also scattered
sideways through the same process, which is called Rayleigh scat-
tering. The coherent, driving light induces small shifts between
positive and negative charge centres, i.e. a dipole, leading to an
oscillatory motion, and the acceleration of the charges causes light
to scatter; coherently in the forward direction and incoherently
sideways. Rayleigh scattering always occurs when the light prop-

If the material shows some kind
of symmetry, e.g. a transmis-
sion grating, side-scattered light
can also be coherent.

agates in a medium of scattering centres, i.e. molecules or atoms,
which are much smaller than the wavelength of the light. For ex-
ample, this kind of scattering causes the sky to be blue, because
the efficiency of the process is proportional to 1/λ4, i.e. the blue
sunlight (incoherent) scatters more than the red. A particular
example of Rayleigh scattering can be found in Paper I, where
scattering occurs in a clustered argon gas and the size of the clus-
ters can be deduced through measurements of the irradiance of the
scattered light. Most materials can be pictured as small scatter-
ing centres with resonance frequencies in the ultraviolet region of
the spectrum. Thus, the driving frequency of a Ti:sapphire laser is
much lower than the resonance frequency, and the dipoles therefore
oscillate almost in phase with the driving frequency. In a typical
low-density plasma, the opposite is true. The driving frequency of
the Ti:sapphire laser is much higher than the resonance frequency
and the laser causes the free electrons to oscillate (and the ions,
but with a much smaller amplitude) out of phase.

In a plasma, light is also scattered from free charged particles
according to the Thomson scattering theory. Comparing Thomson
scattering with Rayleigh scattering and the discussion on refractive
index, it is obvious that the Thomson-scattered light that propa-
gates in the forward direction is out of phase with the driving light,
thus attenuating it. Incoherent, side-scattered Thomson light has
been used to image light channels of very small radii, of the order
of a few micrometres (Papers III and IV, and Chapter 4).

2.2 Physics At High Irradiance

The previous section dealt with the propagation of a laser pulse in
a macroscopic material when the irradiance was not too high. In
this section, some interactions at higher irradiances are discussed.

Consider an intense laser pulse traversing a material. On its
way it forces charged particles to oscillate by the Lorentz force,

F = ZqE + Zqv × B, (2.8)
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where v and Z are the speed and charge state of the particle, q =
±e the (positive or negative) elementary charge, and E and B the
electric and magnetic field strengths of the laser pulse. The contri-
bution to the force from the magnetic field consequently depends
on the particle speed. The charged particle follows the electric field
at low field strengths, but for higher field strengths corresponding
to irradiances exceeding ∼ 1017 W/cm2 when λ ∼ 0.8 µm, the
magnetic field force becomes equally strong and the particle mo-
tion becomes more complicated. For longer wavelengths of the
laser, the particles have more time to accelerate in the field, caus-
ing the magnetic field to have an effect at lower irradiances.

This section deals with the interactions between a laser pulse
and matter, from ionization leading to the generation of a plasma
of free electrons and ions, to the interactions in the plasma, leading
ultimately to particle acceleration, X-ray generation and relativis-
tic channelling.

2.2.1 Ionization
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Figure 2.5. The laser irradiance
required to ionize to a certain ion
charge state for: He+ and He2+

(�), Ar+, Ar3+, Ar9+ and Ar18+

(◦), Sn+, Sn3+ and Sn50+ (�),
Ta+, Ta5+, Ta50+ and
Ta73+ (+).

Focusing a laser pulse to sufficient irradiance onto a material will,
to some extent, rip the material apart, even if the energy of a
single photon is far from enough to significantly affect the atoms
or molecules. No matter what the kind of material; gas, solid or
liquid, multiple-photon ionization will occur. There are several
theoretical models that describe ionization in different intervals
of irradiance, but throughout the work in this thesis the over the
barrier (OTB) ionization model can be used.7

Ionization occurs when the laser fields interact strongly with
the outer atomic electrons. If the light force overcomes the force
binding the electron to the nucleus, the electron leaves the atom,
ionizing it. An extended “stay” in such strong fields will remove
atomic electrons one after the other, up to a limit determined by
the irradiance. The materials used in the present research were
mainly helium, argon, tin and tantalum. Figure 2.5 shows the
irradiance needed to ionize free atoms of these elements to a cer-
tain degree, according to the OTB theory. The timescale for ion-
ization to occur once this irradiance limit has been reached is only
a few femtoseconds.8 The phase of the laser field at the time of
the electron release determines the subsequent movement of the
released electron to some extent. At the irradiances used in this
work (� 1016 W/cm2) the electron moves away from the atom in
the manner described in the next section.

2.2.2 Individual Particle Motion

The motions of the ionized electrons are of central importance
in both X-ray generation, which requires energetic electrons, and
relativistic channelling experiments, where the relativistic motion
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of the electrons changes the properties of the refractive index in
a plasma. Ions are also dragged by the laser fields, but due to
their much larger mass, their motion is slower and can often be
neglected.

A laser pulse exerts a force on an electron, FLorentz, given by
(2.8), and depending on the velocity that the electron acquires, its
motion can be described non-relativistically:

me
d2r
dt2

= FLorentz, (2.9)

where r is the position of the electron with mass me, or relativis-
tically:

dp
dt

= FLorentz, (2.10)

where p = meγ
dr
dt is the electron momentum, including the Lorentz

factor:

γ−1 =

√
1 −

(∣∣∣dr
dt

∣∣∣/c

)2

. (2.11)

The kinetic energy of the electron is expressed by:

Wkinetic = mec
2 (γ − 1)

|v|�c
≈ me|v|2

2
(2.12)

The relativistic equation of motion (2.10) is solved in Appendix A
for a simple case of a linearly polarized, plane electromagnetic-
wave in vacuum (defined in Fig. 2.6) interacting with a single elec-
tron. This yields a two-dimensional movement along the x and z
axes.
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Figure 2.6. Orientation of electric
and magnetic fields in a a plane
electromagnetic wave.

In mathematical terms, using the coordinate system in Fig-
ure 2.6, the electric and magnetic fields of a linearly polarized,
plane wave can be written as E(z, t) = x̂E0 cos(ωt − kz) and
B(z, t) = ŷE0

c cos(ωt − kz). Generally speaking, an electron in
a linearly polarized laser field oscillates along the polarization di-
rection x, driven by the electric field, and moves forward along
the light propagation direction z by the magnetic field term in
the Lorentz force. The motion in the propagation direction grows
faster than the polarization-directed movement for high irradiance,
as can be seen in Figure 2.7, which show simulations of a laser
pulse, 35 fs long, overtaking an electron for two different peak
irradiances, 1017 W/cm2 and 1019 W/cm2. The relativistic equa-
tion of motion (2.10) is employed in the calculations in which a
laser pulse of infinite extent in x and y direction passes by an
electron initially at rest. When the pulse has high irradiance
(1019 W/cm2) the electron motion becomes “relativistic” in that
γ � 1 at the peak of the pulse. This expresses itself as an almost
constant oscillation amplitude at the peak of the pulse, where the
velocity of the electron is very close to c. With the higher irrad-
iance, the electron is carried quite some distance from its initial



24 2.2.2. Individual Particle Motion

0 0.2 0.4 0.6 0.8

−0.02

−0.01

0

0.01

0.02

Propagation direction / λ

P
o

la
ri

za
ti

o
n

 d
ir

ec
ti

o
n

 / 
λ

I = 1017 W/cm2, τ = 35 fs

0 1 2 3 4 5

−0.15

−0.1

−0.05

0

0.05

0.1

0.15

Propagation direction / λ

P
o

la
ri

za
ti

o
n

 d
ir

ec
ti

o
n

 / 
λ

I = 1019 W/cm2, τ = 35 fs

Figure 2.7. Left: Trajectory of an electron that is overtaken by a 35 fs Ti:sapphire laser pulse
with a wavelength of 0.8 µm, polarized along the ordinate and propagating along the abscissa in
the positive direction. The pulse peak irradiance is 1017 W/cm2. Right: Same as left but with
a peak irradiance 1019 W/cm2, causing much greater movement along the laser pulse’s direction
of propagation (the scaling factors between the ordinate and the abscissa are the same in both
figures).

position at rest, because its movement in the propagation direc-
tion of the pulse is close to c. The “figure-of-eight” motion of the
electrons, as illustrated in Figure 2.8, is often referred to in this
situation. This movement can be observed in a coordinate sys-
tem moving along with the electron at its average velocity in the
forward direction.
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Figure 2.8. “Figure-of-eight”
motion of an electron in its own
drift frame.

Turning back to the simplified condition of a plane wave in
vacuum (Appendix A), the electron’s average oscillation energy
over one oscillation period can be expressed as a function of the
irradiance, I = 1

2ε0cE
2
0 :

〈Wosc〉 [keV] � 93 I18 λ2
µm, (2.13)

where the irradiance, I18, is in units of 1018 W/cm2 and the laser
wavelength, λµm, in units of µm. Eq. (2.13) can be used to calcu-
late the average Lorentz factor,

〈γ〉 − 1 � 0.18 I18 λ2
µm, (2.14)

where the notation is similar as for (2.13). Table 2.1 lists average
energies, Lorentz factors and electron velocities for a few differ-
ent laser irradiances. At this point it is important to stress that
in a plasma with many electrons and ions, the movement of any
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single electron is quite different from laws of motion derived in
Appendix A. In a dense plasma, simulations show that the av-
erage energy is instead proportional to

√
I λ2 (Section 4.3 and

Paper III).9,10

Table 2.1. The average electron oscillation velocity and energy
and the corresponding Lorentz factor for a few irradiance levels,
using λ = 0.8 µm.

Irradiance / Wcm−2 〈γ〉 〈Wk〉 / MeV 〈ve〉/c
1018 1.1 0.06 0.25
1019 2.2 0.6 0.80
1020 13 6 0.994
1021 116 60 0.99993

The oscillation amplitude depends on the irradiance, which
varies over the pulse envelope. Electrons experience this varia-
tion in irradiance and as the laser pulse passes by they change
their oscillation amplitude accordingly. The corresponding change
in oscillatory energy effectively generates a ponderomotive force,
defined as the gradient of the oscillatory energy:

〈Fp〉 = −∇〈Wosc〉. (2.15)

A focused laser pulse has an irradiance gradient that forms a
ponderomotive pressure which pushes the electrons away from re-
gions of high irradiance; parallel and perpendicularly to the laser
pulse propagation direction.11 The ponderomotive force can be un-
derstood by picturing the movement of the electron. For example,
in the direction that the laser pulse propagates the force is man-
ifested by the v × B-force. In a frame moving with the average
electron forward velocity, the electron performs a “figure-of-eight”
motion. On the leading edge of the pulse irradiance envelope, the
electrons moves forward, driven by a somewhat higher irradiance
as compared to when it turns back at a position where the irrad-
iance is slightly lower. In this way, because of the structure of the
irradiance envelope the electron gains additional energy in the for-
ward direction. The same thing occurs radially, effectively moving
electrons from regions of high irradiance.

Because of the spatial irradiance gradients (cf. (2.15)), elec-
trons that are accelerated ponderomotively do not generally co-
propagate with the laser pulse. The oscillatory motion of the elec-
trons is through the ponderomotive force irreversibly converted
into translation motion. The extent to which this occurs is depen-
dent on the shape of the laser pulse envelope, its peak irradiance
and its duration. The maximum electron kinetic energy can reach
several MeV with existing lasers but, as will be seen in the follow-
ing, this is a comparatively small energy compared with what can
be achieved through other acceleration mechanisms, discussed in
Chapter 3 and 4.12
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2.2.3 Interactions with a Gradient Density Plasma

Figure 2.9. The Ti:sapphire laser
pulse is focused by an off-axis
parabolic mirror and irradiates a
small spot on the solid target.

Obliquely focusing a p-polarized∗ femtosecond Ti:sapphire laser
pulse onto a solid (or liquid) target reveals many interesting in-
teraction mechanisms; some of them are discussed here (Fig. 2.9)
and in Chapter 3. The pulse ionizes the target material and sub-
sequently reflects off the ionized material, i.e. the laser-produced
plasma, because the plasma constitutes a mirror strong enough
to withstand the irradiance. It has been found with the aid of a
calorimeter that as much as 40% to 90% of the pulse energy is spec-
ularly reflected.13,14 Utilizing an ion-chamber detector it can be
found that the plasma, or something in its close vicinity, radiates
X-rays. Knowing that the ponderomotive force can accelerate elec-
trons, it is tempting to guess that the X-rays are generated when
ponderomotively accelerated electrons are fired into the solid tar-
get behind the plasma and radiate through the Bremsstrahlung
mechanism.

Table 2.2. The plasma frequency,
ωp0, for different electron
densities.

ne / cm−3 ωp0 / rads−1

1017 18 · 1012

1018 56 · 1012

1019 0.18 · 1015

1020 0.56 · 1015

1021 1.8 · 1015

If the electron density is too high
for the laser pulse to propagate,
the plasma is termed overdense.

However, with more sophisticated, single-photon counting de-
tectors, such as germanium (Ge) detectors (Section 3.2.4), it can
be found that the X-ray energy distribution, indeed a Bremsstrah-
lung spectrum, reaches above 1 MeV already at an irradiance of
1017 W/cm2.15 This must mean that other processes are respon-
sible for the electron acceleration.

The plasma that is formed by the pulse has an electron den-
sity, ne, with the electrons flowing like a volatile fluid around the
heavier ions; the sum of the charges being zero. The electrons
can easily disrupt the charge equilibrium and, due to their inertia,
start to oscillate at the resonance plasma frequency,16,17

ω2
p ≡

ω2
p0

〈γ〉 =
e2ne

〈γ〉meε0
, (2.16)

here given with a correction for the relativistic electron motion, 〈γ〉
(time average). Table 2.2 lists the plasma frequency for different
electron densities. The electrons react much swifter to the action
of the laser field and can easily disrupt the charge equilibrium, ex-
plaining why often only the electron density is considered and not
the ion, or the neutral-plasma density. Moreover, as the plasma
expands from the solid surface in a more or less free expansion,
the electron density varies from the solid material electron density
to the ambient zero level. Just as radio waves are reflected by
the ionosphere (a low-density plasma), a laser pulse can penetrate
into the plasma only until it reaches a point of reflection where the
plasma and laser frequencies are equal (Fig. 2.10). The depth to
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Figure 2.10. Light with a
frequency ω reflects at the
location of the plasma’s critical
density.

which the pulse penetrates the plasma depends therefore on the
∗When the electric field of the laser pulse is in the plane spanned by the tar-

get surface normal and the beam wavevector, the pulse is termed p-polarized.
The opposite, s-polarized, occurs when the electric field is perpendicular to
the plane.
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laser frequency and on the electron density distribution. For exam-
ple, if light with frequency ω is normally incident on a plasma with
increasing electron density, the light will be reflected at the point
where the plasma density reaches the critical density, denoted nc.
The critical surface refers to the surface which encapsulates the
overdense region of the plasma (Fig. 2.10), i.e. the region where
the plasma density is too high for light of a specific frequency to
propagate. However, if the light is incident at an angle θ it will be
refracted away from the high-density region. In the special case of
a linearly increasing electron density the pulse reaches only to a
density equal to nc cos2 θ (Fig. 2.11).18 Therefore, only a normally
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Figure 2.11. The obliquely
incident light is refracted away at
the critical surface.

incident pulse will penetrate all the way to the critical surface.
The refractive index of the plasma can be deduced from the

plasma resonance frequency,16,17

n2 � 1 −
ω2

p

ω2 − ω2
p

⇒

n � 1 − 1
2

(ωp

ω

)2

, ω � ωp, (2.17)

and this relation can be visualized in a dispersion diagram, as
shown in Figure 2.12. The interpretation of the diagram is that
any electromagnetic wave propagating in the plasma must exhibit
a frequency and wave-number combination that puts it on the
parabolic trace. At the point of reflection, the incoming and out-
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Figure 2.12. Dispersion diagram
for an electromagnetic wave in a
plasma with plasma frequency ωp.

The critical plasma density
for a Ti:sapphire pulse equals
1.8 · 1021 cm−3.

going waves superimpose and if the laser is p-polarized, the light
forms an evanescent, longitudinal electrical field, i.e. a skin ef-
fect, at the critical surface and drives the plasma resonantly (Sec-
tion 3.2.2). The part of the pulse remaining after absorption is
reflected. The skin depth, i.e. how far into the overdense plasma

The skin depth is roughly 0.1 µm
at the critical surface for a
Ti:sapphire pulse.

the evanescent light wave penetrates, is determined by the dis-
tance at which the electric field has decreased to 1/e: ∼ λ/2π.17,19

Normally incident light lacks the electric field component that is
perpendicular to the critical surface and cannot resonantly excite
an electrostatic wave. On the other hand, obliquely incident light
is reflected before it reaches the critical density. There is therefore
clearly an optimum angle of incidence that gives the largest field
amplitude at the critical surface, and this is given by,18,20,21

θ = arcsin
[
0.8(c/ωL)1/3

]
, (2.18)

where L is the scale length of the plasma.
Thus, the optimum angle depends on the scale length, defined

as L−1 = d(ln ne)/dz|ne=nc , which is a measure of how steep the
density gradient is at nc, as illustrated in Figure 2.13, and is often
of the order of the laser wavelength. The size of the scale length
largely governs which electron heating processes can occur in the
plasma. Apart from the resonantly excited plasma wave, there are
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numerous other processes, including collisions, that can heat the
plasma.18,22 Heating of the plasma is further discussed in Section
3.2.2.
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Figure 2.13. The plasma scale
length is a measure of the slope of
the density gradient at nc.

Already in this introductory chapter, it is worth discussing
briefly the various types of plasma waves that can occur. The
simplest kinds are the electrostatic wave, i.e. longitudinal elec-
tron oscillations, and the ion acoustic wave, i.e. longitudinal ion
oscillations.

The movements of the ions, which have relatively large iner-
tia, are intimately followed by the electrons, which shield the ions
and prevent the generation of large electric fields. This shielding
is imperfect, however, because the electrons move also thermally.
Because of this, the ion waves propagate with a velocity that is
proportional to the electron temperature, Te. In addition to this,
the thermal motion of the ions, ∝ Ti, serves to pass the wave on.
The velocity of ion acoustic waves is therefore independent of the
wave frequency, similar to ordinary sound waves, and the disper-
sion relation for the ion waves is (Fig. 2.14),22
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Figure 2.14. The dispersion
relation for ion acoustic plasma
waves. The phase and group
velocities are equal.

ωi = k vs, (2.19)

with the velocity,

vs =
√

ZkBTe + 3kBTi

Mi
≈

√
ZkBTe

Mi
, (2.20)

where kB is the Boltzmann constant. The ion wave phase and
group velocities are therefore equal and depend on the electron
temperature, Te, the ion temperature, Ti (Ti is often much smaller
than Te on short timescales), and the mass and charge of the ions,
Mi and Z.

On the other hand, the rapidly moving electrons are not hin-
dered by the comparatively fixed ions. The electron plasma waves,
oscillating with the fixed plasma frequency, ωp, do not normally
propagate faster than the thermal motion allows, i.e. the group
velocity, dω/dk, is proportional to the average thermal velocity,
vth. The dispersion relation for a propagating plasma wave is
(Fig. 2.15):18,225 � ' � � � � �
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Figure 2.15. The dispersion
relation for electrostatic electron
plasma waves. The group velocity,
dω/dk, is much smaller than the
phase velocity.

ω2
ek =ω2

p + k2 v2
th, (2.21)

vth � 〈v〉 =

√
8kBTe

πme
(3D equilibrium plasma)

The phase velocity, however, is arbitrary and is determined by the
way in which the plasma wave is driven. For example, if the wave
is driven by a laser pulse or an electron bunch, the phase velocity
equals the velocity of the pulse or bunch. Before leaving the subject
of plasma waves, it should be noted that with the addition of static
electric or magnetic fields many more types of plasma waves can
be generated.22
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Returning to the focusing of the laser pulse, the light undergoes
a tremendous momentum change upon reflection, supported by the
plasma at the critical density. The momentum change generates
a light pressure, p, which can be deduced from the instantaneous
irradiance, I(t);

p(t) � I(t) cos θ

vg
, (2.22)

where θ represents the angle of incidence (Fig. 2.9). The light
pressure forces the bulk of the plasma expansion to slow down,
and if the pulse is intense enough it even compresses the plasma
and generate a steeper plasma density gradient (Fig. 2.16).
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Figure 2.16. The expanding
plasma is stemmed by the
reflecting laser pulse, which in
this figure manages to compress
the plasma, forming a very steep
electron density gradient with a
small scale length.

The interaction of lasers with a gradient density plasma is dis-
cussed in more detail in Chapter 3, where experimental work on
X-ray generation is presented.

2.2.4 Interactions with an Underdense Plasma

Turning to the interactions between an intense femtosecond laser
pulse and a gas, many things correspond to the theory above. Most
experiments are performed in an evacuated chamber to prevent
the pulse from being distorted in air. A gas valve prepares a jet
of gas at the laser focus (Fig. 2.17). The gases used in the work
described in this thesis are helium (see Chapter 4) and argon (see
Section 3.3). The laser pulse ionizes the gas as it travels through
the jet. In the case of helium, the electron density generated is
directly determined by the local gas pressure, because helium is
completely ionized (cf. Fig. 2.5). Argon, however, can only be
partially ionized. The valve provides for a wide range of pressures,
from very low pressures up to about ten times atmospheric pressure
(ne ∼ 1020 cm−3); producing penetrable, underdense plasmas for
Ti:sapphire laser pulses.
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Figure 2.17. The laser is focused
into the gas, which is emitted by
the orifice of a gas valve. The
backing pressure on the valve is
around fifty times atmospheric
pressure, and the valve opens for
a few milliseconds before the laser
pulse arrives. The gas density can
be as high as ten times
atmospheric pressure in the
interaction region (ten times lower
than the critical density for
Ti:sapphire laser pulses).

The gas pressure is determined by the size of the nozzle orifice
and by the gas pressure backing the valve. When using a very high
backing pressure of several tens of atmospheres and allowing the
gas to expand into vacuum, the gas cools rapidly. In the case of
argon, it liquifies or freezes and forms clusters (see Paper I and
Section 3.3). The laser pulse interacts quite differently with clus-
ters than in a smooth underdense plasma, in simple terms because
the clusters are overdense and because they explode due the strong
repulsive Coulomb forces between the ions. Cluster plasmas can
be heated to very high electron temperatures because of the sud-
den release of energy by the Coulomb explosion and the energetic
electrons can promote nuclear reactions in the plasma. The laser
energy can be efficiently absorbed in a cluster plasma. The size of
the clusters depends on the orifice size and the backing pressure.

In contrast to this, the experiments presented in Chapter 4
require a smooth plasma density profile. Because of this, helium
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is the gas chosen for these experiments. The helium plasma sup-
ports orderly propagating plasma waves which can be driven by an
intense laser pulse. The early part of the pulse continuously ionizes
the gas and the following part interacts with the plasma. The un-
derdense plasma has a collective resonance frequency (the plasma
frequency, ωp), causing, for example, Raman scattering from elec-
tron plasma waves. In addition, Thomson scattering occurs to a
large extent in the plasma when light scatters from free electrons.
The laser focus provides a small-scale plasma laboratory that can
be utilized to study various interactions between plasma and laser
pulses. The light pulse moves with the group velocity, vg, through
the plasma and pushes electrons from the regions of highest irrad-
iance by the ponderomotive force. Thus, the electrons start to
oscillate at the plasma frequency and a longitudinal plasma wave
with a phase velocity of vg forms, co-propagating with the laser
pulse (Fig. 2.18). The wavelength of the plasma wave is:

� �

� 
? � � 	

Figure 2.18. The propagation of a
laser pulse in an underdense
plasma. The trailing plasma wave
can be visualized as a boat (the
laser pulse) travelling on the
water surface, continuously
pushing water aside. Behind the
boat appears a wake (the plasma
wave), propagating with the same
speed and direction as the boat.

λp =
2πvg

ωek
. (2.23)

This plasma wave is metaphorically termed a wake. The wave-
length of the wake is listed for selected electron densities in Ta-
ble 2.3.

Table 2.3. The wavelength of a plasma wave (wake) co-
propagating with a laser pulse in plasmas with different electron
densities. The relativistic Lorentz factor was one (1) and the
plasma temperature was zero.

Electron Density / cm−3 λp / µm
1018 ∼ 30
1019 ∼ 10
1020 ∼ 3

The amplitude of the trailing plasma wave depends on the du-
ration of the laser pulse; the wave is best excited with a laser
pulse with a duration that is roughly half the period of the plasma
wave. However, if the laser pulse duration is several times the
plasma period the laser pulse is modulated by the plasma in a
complex process involving Raman scattering and a varying group
velocity over the pulse envelope. The outcome is that the laser
pulse is bunched into a train of laser pulses, each half a plasma
period long. These pulses repeatedly and resonantly excite the
plasma wake. Plasma electrons can surf on the plasma wake fields
and thus acquire high kinetic energies. This mechanism is called
wake-field acceleration (WFA) or self-modulated wake-field accel-
eration (SMWFA) for longer laser pulses that are modulated by
the plasma. There is a limit to the amplitude of a plasma wave,
determined by the movement of the electrons. If the longitudinal
electron oscillation amplitude exceeds half the plasma wavelength,
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causing electrons from one wave period to enter the neighbouring
periods, wave breaking will occur and the wave starts to collapse.
For a given electron density, ne, and a given phase velocity of
the plasma wave, vpp, the maximum electric field in the wave be-
comes,23

Emax � meωp0c

e
·
√

2 (γpp − 1), (2.24)

where γpp = 1
/√

1 − (vpp/c)2 is the Lorentz factor for the phase
velocity of the plasma wave. Taking, for example, the plasma
frequency for an electron density of ne = 1019 cm−3, the maximum
field is found to be 0.3 TV/m for a modest γpp of 1.5. This value
should be seen in relation to, for example, the maximum field in
a linear accelerator (LINAC), which is only 20 MV/m. There are
other acceleration mechanisms that do not involve plasma waves,
such as direct laser acceleration and ponderomotive acceleration,
both discussed in Section 4.1.5.

The electrons that are propelled forward by the acceleration
mechanism increase their mass, but more importantly the whole
bulk of electrons in the laser field oscillates and acquires relativ-
istic energies in this motion, as discussed above. Therefore, the
bulk of electrons becomes heavier lowering the plasma frequency
(cf. (2.16)). If this happens in the case of an overdense plasma,
a kind of relativistic plasma transparency is induced by increasing
the critical density of the plasma, allowing the laser pulse to pene-
trate to higher densities, which is useful in certain fusion schemes
(Chapter 5). Furthermore, the refractive index depends on the
laser irradiance, as in (2.5), and another kind of self-phase modula-
tion can occur, namely relativistic self-phase modulation, discussed
in Section 4.1.4.

The fact that the refractive index depends on the irradiance can
be used to focus and guide the pulse with a self-generated relativ-
istic “lens”; relativistic self-focusing. The irradiance in the focus
decreases radially, which imposes a radially decreasing refractive
index on the plasma which focuses the light. The laser pulse is
confined to one or several, nearly diffraction-limited, relativistic
channels. The length of the channels can be altered by modifying
the laser pulse parameters or the plasma density, as discussed in
Chapter 4, and Papers III and IV.





Chapter 3

X-ray Generation

This chapter starts with a brief introduction to how X-rays are
generated and how they interact with the materials in which they
propagate. The first subject is very important in the experiments
generating X-rays, and the latter is important as soon as the X-
rays are detected by some kind of detector, which is done in all the
experiments in this chapter. The art of detecting X-rays can be
very complicated as will be seen in the following. The experiments
generating X-rays by focusing the laser pulses onto solid targets are
presented first, in Section 3.2, with a discussion on the measure-
ment techniques. Thereafter, in Section 3.3, the X-ray generation
experiment using an argon cluster target is briefly discussed. Fol-
lowing this, Section 3.4 give some introductory information on the
experiment carried out at the European Synchrotron Radiation
Facility (ESRF), where synchrotron radiation was used to probe
phonon vibrations in an indium antimonide (InSb) crystal. Fi-
nally, a summary of all the experiments is given, including future
prospects for laser-generated X-rays and their applications.

3.1 Generation, Absorption and Scattering of
X-rays: Theory

3.1.1 Bremsstrahlung and Characteristic
Radiation

In order for X-rays to be generated, electrons must suddenly un-
dergo some kind of acceleration or deceleration. If this happens
through collisions with nuclei, accompanied by the emission of a
photon, the process is called Bremsstrahlung (Fig. 3.1). Elastic � 	 
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Figure 3.1. An electron that is
decelerated by colliding with
atoms generates a radiation
spectrum that is similar to the
trace in this figure; i.e. a linear
distribution that extends up to
the electron energy.

collisions with nuclei (and with electrons, although with a much
lower probability) also occur, but these are of little consequence
when generating X-rays. Inelastic collisions with atomic electrons
lead to ionization and the emission of characteristic radiation.

33
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In simple terms, the Bremsstrahlung efficiency is proportional
to the atomic number of the material. In Paper V a model is
used to calculate the absolute number of Bremsstrahlung photons.
There are also models describing the generation of the character-
istic radiation,24 but since this radiation only constitutes a small
part of the total emitted X-ray energy in most of the experiments
presented in this chapter, these models are not discussed here.

3.1.2 Absorption and Scattering of X-rays
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Figure 3.2. Mass attenuation
coefficients for air: µa (−−), µC
(− · −), and µp (solid grey). The
sum of all coefficients is plotted as
a solid black trace. The data were
taken from the NIST web site. 25
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Figure 3.3. Mass attenuation
coefficients for lead: for key see
Figure 3.2.

A large part of the work on X-ray generation presented in this the-
sis have dealt with X-ray detection. In this work, absorption and
scattering of X-rays are important processes. For example, when
focusing onto solid targets, hot electrons penetrate the solid target.
Directly inside the target there is significant absorption of the gen-
erated X-rays, although some of the absorbed energy is re-emitted
as characteristic line emission of the material. Well outside the tar-
get, the X-rays must normally pass through air and one or more
windows on the way to the detection equipment. Further absorp-
tion and scattering can thus distort the measured X-ray spectrum.
Photoelectric absorption is the main process up to roughly 100 keV
(depending on the material), at which Compton scattering (inco-
herent scattering) takes over as the most important mechanism. In
addition to this, X-rays with energies above 2mec

2, i.e. ∼ 1 MeV
can create electron-positrons pairs. Figures 3.2 and 3.3 show, for
air and lead, the behaviour of the various X-ray interactions with
matter in the form of mass attenuation coefficients. These express
the probability of the different scattering and absorption events as
the ratio of the transmitted, unaffected radiation irradiance IT to
the incident irradiance I0,

IT

I0
= exp [−(µa + µC + µp) ρ ∆x], (3.1)

where µa, µC , and µp denote the mass attenuation coefficients for
photoelectric absorption, incoherent scattering and pair creation in
the nuclear field. The material density is ρ and ∆x is the thickness
of the material through which the X-rays penetrate.

In the photon energy region that is discussed in this thesis,
i.e. up to 0.5 MeV, the most important interactions are photo-
electric absorption and Compton scattering. These effects govern
the complicated task of detecting the X-rays in various detectors,
i.e. semiconductor detectors, scintillators, ion chambers and im-
age plates. Photoelectric absorption is quite straightforward. In
this process, the incident photon is completely absorbed by an
atom, and an electron is ejected from the atom at a high speed.
Subsequent collisions between the electron and other bound elec-
trons lead to the deposition of the photon’s energy in the material,
provided that the fast electrons remain in the material/detector.
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The Compton scattering process can be modelled semi-classi-
cally as the collision of a photon with an electron, as illustrated in
Figure 3.4.The electron gains only part of the photon energy. The

�

�

Figure 3.4. Definition of
scattering angles in a Compton
scattering event.

highest energy that can be transferred from a photon with energy
Ep to an electron in a single Compton scattering event follows
a simple rule that can be deduced from the laws of energy and
momentum conservation;
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Figure 3.5. The maximum energy
that can be transferred from an
X-ray photon to an electron in a
single Compton scattering event.

Ee

∣∣
max

=
Ep

1 + mec2/ 2Ep
. (3.2)

Thus, the maximum fraction of deposited energy increases nonlin-
early with the photon energy (Fig. 3.5). The photon can Compton
scatter any number of times before leaving the material and if the
material has a large volume all the photon energy can be converted
to fast electrons in the material through a series of Compton scat-
tering events and finally photoelectric absorption.
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Figure 3.6. Number-versus-angle
distributions for Compton
scattered photons with energies
50 keV, 0.1, 0.5, 1 and 2 MeV.
The largest cross-section is for the
50 keV photon.

The famous Klein-Nishina formulas from 1928, based on quan-
tum mechanics, allow Compton scattering theory to be used to
predict the statistical angular distribution of the scattered photons
and the Compton electrons (Figs 3.6 and 3.7) and the statistical
energy distribution of the electron that receive energy from the
photon (Fig. 3.8).26 The cross-sections together with the X-ray
irradiance, the material electron density and the area on which
the radiation is incident, allow calculation of the average number
of Compton events and their outcome, per unit distance in the
material.

It is clear that Compton scattering effectively increases the ab-
sorption. Not only does the photon deposit some of its energy
when it scatters, but because of its reduced energy, the probabil-
ity for photoelectric absorption increases (Figs 3.2 and 3.3). The
mass energy absorption coefficient is a measure of the total ab-
sorbed energy in a material, including Compton scattering and
pair creation. It should be clearly distinguished from the mass
attenuation coefficient which only measures the probability of a
particular interaction mechanism, not the outcome of the interac-
tions. The mass energy-absorption coefficient, µme [cm2/g], can
be used to calculate the absorbed dose,

D [Gray] = Ix exp [µme ρ ∆x] ≈ Ix µme, (3.3)

where Ix denotes the X-ray irradiance.

3.2 X-rays from a Solid Target

This section presents X-ray generation experiments, in which the
X-rays are produced by focusing laser pulses onto solid metallic
targets. Both arms of the ten-hertz laser and also the kilohertz
laser were used in this work. The ten-hertz laser produces several



36 3.2. X-rays from a Solid Target

hundred times more energy per pulse than the kilohertz laser with
only a millijoule per pulse (Paper V). At first glance, it may appear
that experiments with the kilohertz laser imply a step backwards,
but this is not the case. The period since 1992 at the Lund High
Power Laser Facility has directed the so-called X-ray generation
project into the main branch: laser-produced hard X-ray genera-
tion and applications. The meaning of hard X-rays differs between
the physics communities, but here it means photon energies above
a few keV. The applications of X-rays are numerous, but perhaps
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the most apparent is medical diagnosis: i.e. imaging of parts of the
body and diagnosing diseases. The long-standing collaboration of
the Lund High Power Laser Facility with the Lund University Hos-
pital makes comparative investigations of the laser-based X-rays
and radiation from the common X-ray tube feasible. Presently,
the average emitted X-ray power from an X-ray tube is 10–1000
times higher than from a laser-produced plasma.27 The motiva-
tion for the research described in this thesis, to investigate lower
laser powers, is simple: almost all applications of X-rays require
a high average flux of photons with energies below 100 keV. Us-
ing increasing laser irradiance will not only increase the flux of
photons below 100 keV, but also extend the X-ray spectrum to
higher energies. This relationship between laser power and the
characteristics of the X-ray spectrum has been found through re-
search, and has spurred research at the Lund High Power Laser
Facility into using a laser system with a high repetition rate, i.e.
the kilohertz laser. The idea is that with very short laser pulses
(� 30 fs) and high repetition rate, hard X-rays could be generated
by a more compact source with increased average power, better
suited to clinical applications. A future X-ray device based on a
laser should be compact and simple to use, compared with the X-
ray tube. Therefore, employing the smaller kilohertz system is one
important step in the right direction.

The research at the Lund High Power Laser Facility dealing
with X-ray generation by focusing laser pulses onto solid targets
actually began already in 1992 with the work by C. Tillman and
others, using the original ten-hertz laser system. The applicable
qualities of the laser-produced X-rays were investigated early in a
series of experiments which were published in both physical and
medical journals.28–30 M. Grätz continued along this path and
his and Tillman’s theses provide a rather sharp-sighted evaluation
of the potential of laser-produced X-rays in medicine.27,31,32 As-
pects of X-ray imaging, such as magnification,29 differential imag-
ing,30,33,34 and time-gated imaging and tomography,35–38 were in-
vestigated. Tillman also evaluated the effects of exposing living
cells to short, intense X-ray bursts from the laser plasma compared
with exposure to the nearly constant X-ray flux from an X-ray
tube.39 The two cases were found to be statistically undistinguish-
able, which paves the way for future use of laser-based X-rays in
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medicine. Several studies employing high-resolution spectroscopy
of the characteristic X-ray emission were also performed.40,41

The laser-produced plasma can constitute a very useful, pulsed
source of X-rays and, as shown in Paper V, medical applications in
which the properties of laser-produced X-rays can be beneficial are
not far away. The laser-produced X-rays exhibit properties such as
short pulse duration and small source size, which can be of great
importance in some applications; either where a short X-ray probe
is needed or where high magnification is an issue. Additionally, X-
ray imaging with maintained image contrast but a lower absorbed
dose can be achieved with the short pulses used in combination
with time-gated, two-dimensional detectors.37 M. Grätz showed
that the temporal resolution of the detector should be of the order
of 10 ps in order to suppress scattered radiation and such detectors
are now being developed. Thus, the laser-based X-ray source is not
only an interesting alternative to the X-ray tube, it also exhibits
important complementary features that might be used to lower
the absorbed dose to the patient, lowering the risk for radiation-
induced diseases.

The next part of this section presents the X-ray tube, theory,
experimental set-up, measurements and results from experiments
in which laser pulses were used to generate X-rays by focusing onto
solid, metallic targets.

The X-ray tube anode metal is
chosen depending on the tube volt-
age. In mammography for exam-
ple, where X-rays below ∼ 30 keV
are produced, it is common with
molybdenum.

3.2.1 The X-ray Tube

Today, the most commonly used X-ray source in medicine is the
X-ray tube and it is in relation to this source that the laser-based
source should be judged. An X-ray tube consists of an electron-
emitting wire cathode,from which the electrons are accelerated by
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Figure 3.9. The principle of the
X-ray tube. The device is
encapsulated in a evacuated glass
tube. The large amount of heat
produced is the main operational
difficulty with the X-ray tube.

a high voltage (28 kV to 140 kV) over a distance of a few centime-
tres, usually onto a rotating rhenium-tungsten alloy anode (Fig.
3.9), generating a typical Bremsstrahlung spectrum together with
characteristic radiation from the cathode material.42 The electrons
are also focused because this enhances the imaging properties, es-
pecially at high magnification. The typical focus size is one to
two millimetres in diameter, but only 0.1 mm for mammography
tubes, i.e. in general much larger than the laser-based source. The
X-ray tube is a very flexible and user-friendly instrument; the tube
voltage, current and exposure time are easily set to suite the type
of diagnosis and the size of the patient (Table 3.1). The voltage,

Table 3.1. Typical X-ray tube voltages.

Voltage / kV
Kidney 80
Chest 140
Woman’s breast 30
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for example, is determined by two opposing factors. The average
X-ray energy should be as low as possible, in order to enhance the
little contrast there is between different body organs, while the av-
erage energy should be high in order to lower the dose given to the
patient. A compromise must be chosen, but in certain cases, such

The X-ray radiation from X-ray
tubes in common medical diagno-
sis is a nearly constant flux in
time, whereas the X-ray burst from
laser-produced plasmas on solid
targets are extremely short in time
(� 10 ps).

as lung imaging, the voltage can be high (140 keV), thin copper
foils being used to remove the lower part of the spectrum, as the
contrast between the lungs (mostly air) and the surrounding tissue
is unusually good. The exposure time can be very short, of the
order of a millisecond, for simple diagnostic imaging using image
plates (cf. Section 3.2.4), but as long as several minutes, for ex-
ample, when performing certain surgical procedures. In the latter
case a real-time detector is used and the X-ray flux is relatively
low, which means that the image quality is poor, revealing only
crudely what the doctor wants to observe. The absorbed dose in
the patient is relatively high in these long exposures, much higher
than in ordinary diagnostic imaging, which normally results in a
few tens of microgray.

3.2.2 Plasma Heating: Theory

Focusing a p-polarized laser pulse obliquely onto the surface of a
solid target, transiently forms a plasma when the first part of the
pulse arrives, or a pre-plasma that already exists is quickly rein-
forced. The plasma rapidly expands (cf. (2.20)) and the density
profile decreases exponentially from the surface at a rate deter-
mined by the scale length, L−1 = d(ln ne)/dz

∣∣
ne=nc

. The peak
of the pulse propagates through the plasma and, unless processes
such as relativistic self-focusing set in, it continues until the point
of reflection, near the critical surface, where it forms an interfer-
ence pattern from the interfering incoming and (the weaker) out-
going light (Fig. 3.10). The light incidence angle and polarization
determine the nature of the interference wave and thus largely de-
termine the interaction with the plasma (e.g. (2.18)). For X-ray
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Figure 3.10. The electrons that
reach the solid generate X-rays
through deceleration, i.e.
Bremsstrahlung. Notice the
critical surface, which is rippled
(exaggerated) due to the
interfering incoming and outgoing
light. The ripples move like a
surface wave with a velocity
determined by the angle of
incidence.

generation it is important that some mechanism heats the electrons
to high temperatures and that the electrons are subsequently pro-
pelled into the adjacent solid, where they generate Bremsstrahlung
radiation (Fig. 3.10).43,44 The generation of hot electrons required
for hard X-ray generation using an obliquely focused, p-polarized
laser pulse is described below.

The processes that heat the plasma, i.e. that transfer energy
from the laser pulse to the plasma, ultimately determine the elec-
tron and ion kinetic energy distributions. The plasma ion or elec-
tron temperature are often referred to in the literature, the latter
being a measure of the electron energy distribution. However, the
original concept of temperature is as a measure of random move-
ment at thermodynamical equilibrium, where the electrons and
ions have had time to “thermalize”, i.e. to distribute their en-
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ergy by collisions. Contrary to this, the present overdense plasma
experiments often lead to a more or less one-dimensional tran-
sient movement with an associated energy distribution that does
not necessarily coincide with the equilibrium distribution (The
Maxwell-Boltzmann distribution).20,24,45–47 In spite of this fact,
many experiments measure equilibrium-like electron distributions
that can be described either as a single Maxwell distribution, f(E),
or a sum of several such distributions with different temperatures
and electron numbers (Paper V):19,20,24,43,48

df(E)
dE

= Ne
(ET )−

1
2ν

E
1
2ν−1

Γ
(

1
2ν

) exp (−E/ET ). (3.4)

Here the temperature is expressed by the energy ET = kBT , where
kB is the Boltzmann constant and the number of electrons inte-
grated over all energies, E [J], is Ne. Values of the gamma func-
tion, Γ, can be found in tables. The dimensionality, ν, can often
be chosen arbitrarily, because it does not have a significant effect
on the high-energy tail of the distribution (which is usually mea-
sured).24,49 Most measurements of the electron temperature are
performed indirectly by measuring the X-ray spectrum and from
this reconstructing the electron distribution.20,48–50

The plasma ions also move because they are coupled to the laser
field, as well as to the movement of the electrons, but their motion
is much more difficult to assess experimentally. The velocity and
the movement of the ions are also much smaller than those of the
electrons and in several models of laser-produced plasmas the ions
are assumed immobile. In some cases, however, such a simplifi-
cation leads to inaccurate results and it has been shown that the
ions can play an important role in the heating of the electrons.46

As soon as the electrons or ions move, due to the oscillations in
the light field or due to induced plasma waves, they start colliding
with neighbouring particles. The collisions effectively thermalize
the plasma, i.e. local temperature differences are evened out and
the temperature approaches equilibrium. The collisions also lead
to a transfer of energy from the laser field to the plasma (Fig. 3.11).
However, this collisional absorption or inverse Bremsstrahlung is
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Figure 3.11. The de-phasing of
the electrons relative to the laser
field heats the plasma.

usually inferior to other heating mechanisms at irradiances above
1015 W/cm2 (λ = 0.8 µm).19,51,52 This is because the temperature
rises much quicker locally than the collisions can thermalize and
the mean free path of the electrons increases as the quiver velocity
increases.53,54 Therefore, for very intense laser pulses, the collisions
in the critical density region seem to confer a temperature on the
overdense plasma of about 1 keV, more or less independently of
the exact laser pulse parameters.

Returning to the experimental situation with a solid target sub-
jected to a focused laser pulse, the obliquely incident laser pulse is
refracted from the high-density region before it reaches the criti-
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cal surface, but the laser fields tunnel to it by means of the skin
effect (see Section 2.2.3). Since the electric field has a component
directed perpendicularly to the critical surface, it can resonantly
excite an electrostatic wave (electron plasma wave).18,20,45,46,51,55

This is illustrated in Figure 3.12. This wave efficiently absorbs the
energy in the optical field, a process called resonance heating, while
collisions slowly transfer energy from the quickly growing wave to
the plasma in an attempt to thermalize it. As the resonant plasma
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Figure 3.12. An analogy where a
force acting with a frequency ω
(light), acts on a spring with
resonance frequency ωp (plasma).

wave grows, it finally reaches a limit where its electric field can
eject electrons in less than a single oscillation cycle, causing wave
breaking. Furthermore, the high-amplitude static wave will decay
into waves that propagate from the critical density region. The
overdense part of the plasma, for example, is kept “locked in” by
the solid surface on one side and the light pressure on the other. In
this cavity, excited electron plasma waves can oscillate and reflect
back and forth, while depositing their energy partly as an increase
in the overdense plasma temperature and partly as suprathermal
electrons that are heated through, for example, Landau damping.
This process can, at least figuratively speaking, be seen as electrons
surfing on the electrostatic wave and gaining energy (see also Sec-
tion 4.3.2).18,22 This additional mechanism transfers a great deal
of energy from the wave to the plasma, and effectively limits the
resonant growth. Resonance heating, as a whole, can generate
suprathermal electron distributions with temperatures that scale
with the laser irradiance as Thot ∝

(
I λ2

)0.33.18–20,45,48 By using
absolute scaling laws given by Gibbon and Förster19, Forslund
et al.20, Beg et al.48 and experimentally by Pretzler et al.43 and
assuming a laser irradiance of 1016 W/cm2, i.e. similar to the
conditions in the experiment presented in Paper V, it is found
that resonance heating can generate suprathermal electron distri-
butions with one or two temperatures in the region of 5 keV to
50 keV.46

If the laser pulse is sufficiently intense it can compress the
plasma due to momentum transfer and decrease the scale length,
thus changing the conditions for the various heating mechanisms
(Fig. 2.16).18,46 Among other things, the distance from the point
of reflection to the critical surface decreases, which leads to en-
hanced resonance heating. This can also occur if the laser pulse is
very clean, i.e. the level of ASE and pre-pulses is very low, and the
optical field has a better chance of directly accelerating electrons
into the plasma. Brunel suggested in 1987 that a vacuum heating

Brunel heating or vacuum heating
can occur under similar conditions
to resonance heating, but only if
the plasma scale length is suffi-
ciently short, allowing electrons to
leave the high-density region, move
out into the vacuum by the optical
field and return with high energy
to the overdense plasma.

mechanism could heat the plasma in such a situation.56 In this pro-
cess, electrons are “ripped out” from the high-density regions and
are accelerated for less that a laser period, in near-vacuum, and
subsequently propelled into the overdense region, leaving the laser
field behind.46,51,55 In one such acceleration period the electron
may acquire as much as 3.2 times the quiver energy, classically
∼ 3.2 · me〈v2

e〉/2.56 (It is interesting to see that this particular
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electron energy relation of 3.2 times the oscillation energy finds
its counterpart in high harmonic generation, where an electron
leaves the core of the atom and returns approximately half a cycle
later.57–60) In most realistic experimental conditions, the plasma
scale length is too long to allow pure vacuum heating, but if the
scale length is reasonably short, i.e. L � 0.5λ, a complex combi-
nation of resonance and vacuum heating can occur that can heat
the electrons to even higher energies than is possible with either
mechanism alone.55

Apart from collisional and resonant heating, other heating pro-
cesses occur that generate plasma waves and which require match-
ing of wave vectors and frequencies; so-called parametric instabil-
ities. A few important examples of this type of instability are the
two-stream instability, the parametric decay instability and the
two-plasmon decay instability.18,22,61–64 All these phenomena re-
quire that the light field decays into one or several electron or ion
waves, and that the waves grow in an unstable manner, quickly
gaining amplitude; often the plasma waves grow from only small
plasma density ripples and noise. The instabilities can occur in
short periods during the interaction of the light with the plasma,
and can, in one way or another, produce bursts of hot electrons.

It is worth mentioning that the interaction of s-polarized light
or normally incident light with the plasma differs markedly from
the processes discussed here, mainly because of the lack of the elec-
tric field component directed into the overdense plasma. Instead,
the normal skin effect and the anomalous skin effect predominate
as heating mechanisms for the plasma electrons.65,66 The anoma-
lous skin effect is similar to the normal process, except that the
excursion of the oscillating electrons exceeds the skin depth, effec-
tively carrying the light energy further into the plasma.

3.2.3 Experimental Set-up

The set-up described in this section is that used in the experiments
presented in Papers II and V, and in other experiments using solid
targets presented below. However, in some experiments the multi-
terawatt arm of the ten-hertz laser was used, and in others the
smaller, kilohertz laser. The set-ups in these cases differ some-
what, because different detectors and target devices are employed.
Therefore, the description here will be on a general level, where the
differences are small. More detailed descriptions of the ten-hertz
and kilohertz laser experiments are given in Papers II and V.

Experimental Chamber

Figure 3.13 shows the experimental chamber. The horizontally
polarized laser pulse propagates through a fused silica window to
enter the evacuated chamber. The pressure in the chamber is kept
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at about 103 Pa as a compromise between the distortion of the
laser pulse in air and the mean free path of the debris.27 A low
pressure is preferred to minimize laser pulse distortion, while a high
pressure limits the range of the debris. The X-rays exit through
a large 15 cm diameter, 180 µm thick plastic window, which is
chosen to be thin and of a low-Z material in order to minimize its
influence on the transmitted X-ray radiation (see the discussion on
absorption and scattering in Section 3.1). The chamber is enclosed
in 5 cm lead that effectively blocks the X-ray radiation up to several
MeV.

� � � � � �

� � 	 
 � � 	 
  � � 	

� � 
 � �

� � �  � �

� � � � � �

� � 
 � � � � � � � � �

� �  � � � � � � 
 � � �

� � 
 � � � � � � � � � � � � � � 

� � � � � �

� � 
 � � � � � � � � 

Figure 3.13. The set-up for X-ray
generation with a section of the
evacuated aluminium chamber
and the lead bricks surrounding
it. The laser beam is 25 mm in
diameter and is focused by an f/1
mirror, through a thin glass plate,
onto the rotating and translated
solid target. The cassette and
feeder which permit the glass to
be changed during operation are
also sketched.

Focusing Mirror and Debris Shield

The laser pulse is focused very tightly by an f/1, gold-coated, off-
axis parabolic mirror. The angle of incidence onto the target is
30◦; an angle that is close to the optimum found in other experi-
ments.21,45,67,68 The parabolic mirror is aligned by first removing
the solid target device, and then observing the spark caused by the
focused laser pulse in air. By gradually lowering the laser pulse
energy while adjusting the mirror mount and maintaining a visible
spark in the focus the optimum mirror alignment can be achieved.
This method may seem very approximate, but inspecting the focus
by imaging it with a CCD camera has shown that the optimum
(smallest) focus is indeed found in this way.

The converging light passes through a 110 µm thick glass plate
(optical microscopy cover slide) and is focused onto the solid target
(Fig. 3.13). The glass slide shields the mirror from the debris
that is produced in the interaction between the laser pulse and
the target material. It appears that the debris ejected from the
plasma consists primarily of heavy, molten particles that stick to
the first surface they encounter. Blocking the direct paths from
the focus to the mirror is therefore sufficient to keep the mirror
clean during the experiment. The light transmission of the glass
slide diminishes over time because of the debris but the glass plate
can be changed remotely.

Target Device

The use of solid or liquid targets provides many options regarding
target types. There are two important demands on a target: (1)
it must present a fresh target surface for every laser pulse in order
to provide identical experimental conditions and (2) it must be
accurately positioned in the laser focus, with deviations that are
small in relation to the beam confocal parameter. Three main
groups of target devices exist: liquid jets,69 a moving wire,70,71

or moving solid discs.27 In the experiments presented here, the
confocal parameter is less than 5 µm and metal discs, 50 mm
diameter and 2 mm thick, were used as targets. The targets are
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welded onto steel bases that fit on an adjustable mount. The use
of the set-up in both the ten-hertz laser and the kilohertz laser
complicates the design because the target must rotate a hundred
times faster in the latter system to provide a fresh surface for each
laser pulse (Paper V).

Figure 3.14. The surface of a tin
target after being exposed to laser
pulses. The larger craters are the
result of focusing several laser
pulses onto the same spot. The
distance between craters is 50 µm.

Figure 3.15. Tantalum is harder
and the craters made by the laser
pulses are shallower. The higher
melting temperature also reduces
the amount of debris. The
distance between craters is 50 µm.

Several different target materials have been used; aluminium
(atomic number: Z=13), iron (Z=26), copper (Z=29), tin (Z=50),
antimony (Z=51), gadolinium (Z=64), tantalum (Z=73) and lead
(Z=82). The relatively high atomic numbers of the targets en-
sures good Bremsstrahlung efficiency. The targets are turned and
carefully polished before use.

The motion of the target is controlled during the experiment
and since the target wobbles slightly due to mechanical imper-
fections, a device constituting a position gauge and a regulated
piezo-mount stabilizes it. Using this device, the target can be held
in focus within ±2 µm over a turn. The target is rotated and
translated sideways simultaneously in order to position the foci on
a line that starts at the edge of the target and spirals inwards to
the center. Thus, every laser pulse focuses on a fresh, polished
part of the target (Figs 3.14 and 3.15). The proportional integrat-
ing differentiating (PID) algorithm that controls the movement of
the target allows the foci to be separated by only 30 µm without
running the risk of them overlapping. With the laser operating at
1 kHz a target lasts for about 35 minutes with such a separation.
The target must then be replaced or repolished. The diameter
of the craters made by the kilohertz laser pulses is around 7 µm,
ten times smaller than those with pulses from the more energetic
ten-hertz laser.72

Role of Pre-pulses and ASE

Under normal circumstances with a low amount of ASE, the ASE
is not measurable with the laser diagnostics employed in the ex-
periments on solid-target focusing (presented in Paper V) for two
reasons: (1) tens of nanoseconds before the main pulse the level
is too low to be measured (lower than the pre-pulse level) and
(2) at zero to three nanoseconds before the main pulse the level
cannot be measured due to the limited temporal resolution. It
is possible to measure the ASE and pre-pulse levels more accur-
ately with, for example, a streak camera. This was done on the
ten-hertz laser (Paper I) because the cluster target used in that
experiment is even more sensitive to pre-ionization. The strongest
pre-pulse, about ten nanoseconds before the main pulse, is approx-
imately four orders of magnitude weaker than the main pulse. If
the pulses are tightly focused as in this experiment, the pre-pulses
can ionize the target and generate a pre-plasma. The initial elec-
tron density of the pre-plasma depends on the irradiance, but the
plasma rapidly expands with approximately the ion sound velocity
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vs ∼ 104 m/s (cf. (2.20)). This leads to an exponential-like density
distribution, which decreases with the distance from the surface.
The exact plasma expansion velocity depends on the mass of the
ions, i.e. the target material, and the initial plasma temperature,
i.e. the pre-pulses.

Figure 3.16. The solid target on
the left is first irradiated with a
pre-pulse that generates an
expanding plasma, (the grey
area). The obliquely incident
main pulse (black) is continuously
refracted and does not reach the
highest density region (See also
Figure 2.11).

Normally, the main laser pulse exhibits temporal “shoulders”
with low irradiance that reach out to the picosecond timescale.
These shoulders generate a refractive index gradient for the most
intense part of the pulse (cf. (2.17)). If the pulse is obliquely
incident, it is refracted away before it reaches the critical den-
sity (Figs 2.11 and 3.16). This situation is often undesirable be-
cause it suppresses some electron heating mechanisms, which re-
quire the light to penetrate to the critical density (refer to Sec-
tion 3.2.2). However, in some experiments a pre-plasma is gen-
erated under controlled circumstances. For example, if the main
pulse is powerful enough it can undergo relativistic self-focusing
(Chapter 4) in the pre-plasma, and therefore penetrate deeper into
the plasma.73,74 In the present experiments, with the expansion
speed as above and ten nanoseconds to the strongest pre-pulse,
the plasma has sufficient time to expand, but since the pre-pulse
irradiance reaches at most ∼ 1013 W/cm2 the pre-plasma density is
quite low. Therefore, this pre-plasma does not prevent the incident
main pulse from reaching the high-density regions of the plasma,
although the “shoulders” of the main pulse still cause refraction.
Several introductory studies have therefore been performed at the
Lund High Power Laser Facility with the addition of a strong pre-
pulse, employing the device illustrated in Figure 3.17 which splits
and recombines laser pulses with arbitrary relative energy fractions
and with temporal delays from zero to ten nanoseconds. Stability
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Figure 3.17. This kind of device is
used to produce a double pulse
with varying delay and relative
energy fractions.

measurements presented in Section 3.2.4 indicate that the X-ray
fluctuation in X-ray yield decreases dramatically with the addition
of a strong pre-pulse a few nanosecond before the main pulse. This
could be an effect of additional pinching of the laser focus due to
an initial stage of relativistic self-focusing, which is discussed in
detail in Chapter 4.

Safety Issues

In experiments generating hard X-rays, it is necessary to maintain
a high security standard in order to subject the personnel to a
minimum of radiation. The evacuated X-ray generation chamber
is enclosed in 5 cm lead with openings only for the laser beam
and the X-ray paths to the various detectors. Some X-rays that
exit the chamber scatter from the surrounding equipment or the
detectors and generate a low level of background radiation. This
level is too low to be measured due to the always present ambient
background in the laboratory building.
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The radiation level is monitored in real time with an ion cham-
ber detector (Fig. 3.18) which sets off an alarm if the integrated
X-ray dose exceeds a pre-set low limit. The ion chamber detector

Figure 3.18. The ion chamber
integrates the current induced by
ionizing radiation, i.e. X-rays.

allows the X-rays to pass into a volume with a constant electric
field where they ionize a gas, often air. The current induced is
integrated and can be used to calculate the exposure [in Röntgen],
the absorbed dose [in Gray] or the equivalent dose [in Sievert].
This detector can only be used to monitor the total yield of X-
rays over a period of several seconds, because it is not fast enough
to respond to single bursts.

Everyone working in the lab during the X-ray experiments also
wears thermoluminescence detectors (TLDs). These give informa-
tion on the acquired dose on a monthly basis. Generally speaking,
the radiation dose is low, even in the direct path of the X-rays
a few metres from the chamber, because the low-energy X-rays
have been absorbed in air. Closer to the chamber the low-energy
photons, which are more prolific, cause the dose rate to increase
considerably.

3.2.4 Measurements and Results

Focusing laser pulses onto solid targets provides many options for
characterizing the interaction with the gradient density plasma;
the approach employed depends on what is being sought. The
plasma provides the experimentalist with electromagnetic radia-
tion, from the IR region of the spectrum to hard X-rays and even
gamma radiation. Electrons and ions are ejected from the plasma
and larger chunks of target (debris) also emerge. Whatever is to be
detected, all the detectors must have a “ringside seat” and they
should preferably also sample the same solid angle because the
emitted may not be isotropic. It is no wonder why much experi-
mental work is concerned with detectors and detection techniques.
The experiments presented here have primarily been performed
in order to quantify the spectrum of the laser-generated X-rays,
particularly with regard to future medical applications.

Visual inspection of the emitted visible light is easily performed
by reflecting some light so that it can be seen without standing in
the path of the X-rays. The behaviour of the visible light is corre-
lated with the X-ray yield and spectrum, but the colour is different
for different target materials. A tantalum plasma, for example,
shines blue until the experimental conditions are optimized. With
the kilohertz laser pulses the colour then changes to a very bright,
fluctuating red, whereas on the ten-hertz laser, the light changes
to green. The presence of green light is known from experience to
coincide with the emission of energetic X-rays. It is probable that
the blue light is some characteristic emission of tantalum, and the
reddish, fluctuating light could be relativistically self-phase modu-
lated laser light (cf. Section 4.1.4). The green light, with the exact
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frequency 3ω/2, is produced by a two-plasmon decay instability in
the plasma. This can only occur when the electron density is a
quarter of the critical density, allowing the light wave to decay
into two counterpropagating electron plasma waves with frequen-
cies ω/2, which heat the plasma.18 The green light comes from
scattering of the laser light at frequency ω from the plasma waves.

The spectrum of X-ray emission is measured in these experi-
ments. Since at least the harder X-rays above a few keV easily
propagate through a metre of air and allow for the positioning of
detectors further from the plasma, this simplifies the situation a
great deal. Still, a severe difficulty in measuring the X-ray spec-
trum is the short temporal feature of the laser-produced X-rays. In
general terms, the detectors convert the energy of the X-ray pho-
tons to secondary electrons and the number of electrons produced
is counted. The detectors must energy resolve each photon that
reaches them in order to reproduce a true Bremsstrahlung spec-
trum. Even then, the spectrum only represents the small solid
angle of the detector. Many groups have studied the X-ray spec-
trum at different angles and found that both the X-ray spectrum
and the irradiance of X-rays are non-isotropic.75 In addition to the
conclusions on spectral features concerning direction, knowledge of
the X-ray spectrum, i.e. the Bremsstrahlung distribution, allows
conclusions to be drawn regarding the electrons in the plasma.24,49

Under controlled experimental conditions and with the help of
theoretical simulations, measured X-ray spectra can verify or reject
hypotheses, and can be used to improve our understanding of the
potential use of laser-produced X-rays in various application. The
remaining parts of this section concentrate on the measurements
of laser-produced X-rays generated with solid targets in the work
at the High Power Laser Facility in Lund.

Spectrally Integrated Measurements

In this work several different scintillation detectors were used for
spectrally integrated measurements (the scintillation detector can
also be used for single-photon detection). Two photomultiplier
tubes (PMTs) coupled to two organic scintillators with slow de-
cay times (several milliseconds) were used to make non-calibrated
assessments of the integrated X-ray yield. They were placed close
together and one of the scintillators was covered by copper foils.
The copper-shielded detector was thus not sensitive to low-energy
radiation (� 30 keV). By comparing the signals from the two de-
tectors it was then possible to estimate the ratio of the hard X-rays
to the softer ones. With the kilohertz laser system the phosphores-
cence does not exhibit any time decay between the X-ray bursts,
which means that the average X-ray yield was actually measured.
Therefore, a sodium-iodide (NaI) detector that could monitor each
burst individually was added to the set-up (see Paper V).
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An important task in this work was to evaluate the usefulness
of the laser-produced X-rays for medical applications. For this
purpose a computed radiography (CR) system available at Lund
University Hospital was used. The hospital utilizes image plates
which are used to directly transfer image data to digital form in a
computer system. Image plates are quite different from ordinary
radiographic film, because they can be erased and re-used. The
active substance is a thin sheath of fragmented colour-centre crys-
tals, which is excited by the X-rays, placing electrons in metastable
states in the colour centres. Subsequent pixel-wise readout with a
red, focused laser beam scanning the plate produces fluorescence
light in an amount that is proportional to the local X-ray exposure.
(In Paper V more information on the image plates is given.) Since
the image plate response is proportional to the exposure over a
wide range (at least 0.01 mR to 10 mR), the digitalized data can
be calibrated to the exposure or the absorbed dose provided that
the X-ray spectrum is constant. This means of calibration is fur-
ther discussed in Paper V. C. Olsson at Lund University Hospital
has performed a number of measurements in order to investigate
whether the calibration is also valid for the laser-produced X-ray
spectrum. Measurements with the spectrum of a 140 kV X-ray

0 100 200 300
0

1

2

3

4

5

6
x 10

−12

S
pe

ct
ra

l i
nt

en
si

ty
 / 

W
cm

−
2 ke

V
−

1

Energy / keV

Figure 3.19. The black trace is the
calculated X-ray irradiance 0.7 m
from the laser plasma. The grey
trace is the previous spectrum as
calculated after propagation
through 15 cm of standard human
soft tissue. The soft radiation
should be filtered before the
patient in a real situation.

tube, filtered to increase the average X-ray energy, showed that
the calibration underestimated the exposure by a factor of two in
an extreme case. The error is not expected to be worse than this
when applying the calibration to the image plates recorded with
the laser-plasma X-ray spectrum, because the mass energy absorp-
tion coefficient for air and the crystals in the image plate is nearly
constant from ∼ 100 keV to 1 MeV.76

In Paper V, the X-ray spectrum of the laser plasma is esti-
mated. Using this spectrum, spectra can be calculated before and
after a human body is placed 0.7 m from the plasma (Fig. 3.19).
The laser-produced spectrum clearly extends much higher in en-
ergy than the spectrum of an ordinary X-ray tube. Note that the
filtering before the virtual patient is much too low. A large portion
of the spectrum below 20 keV is absorbed in the patient.

In Figure 3.20 two image plate recordings are shown with a
tantalum target using the kilohertz laser (0.7 mJ per pulse). The
images have show scales of the absorbed dose according to the
hospital calibration.

Spectrally Resolved Measurements

In the experiments presented here, three different kinds of detec-
tors were used to measure the X-ray spectrum: (1) a (bent) crystal
in conjunction with an scintillator-coupled charge-coupled device
(CCD), and two types of semiconductor detectors: (2) germanium
(Ge) detectors and (3) silicon-based CCDs.
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(a) A one-minute exposure of a sacrificed

Wistar-Furth rat (∼ 2 cm thick). The grey scale
extends from 2 µGy (white) to 13 µGy (black).
The image is 20 cm high.

(b) A five-minute exposure of tissue (∼ 7 cm

thick) with a platinum wire diagonally through
it. The grey scale extends from 2 µGy (white)
to 15 µGy (black). The image is 20 cm high.

Figure 3.20. Image plate recordings using the laser-produced X-rays.

Semiconductor detectors are suitable for measuring the X-ray
spectrum directly, because the X-rays can excite electrons across
the well-defined energy band gap. By measuring the total charge
obtained when absorbing a single photon in the crystal the photon
energy can be deduced. This procedure is referred to as “energy-
resolved photon counting”. Due to the small band gap of the order
of 1 eV, the detectors show exceptionally fine energy resolution,
a hundred times better than, for example, a NaI scintillation de-
tector. Most commonly used are silicon- and germanium-based
detectors. The latter is mainly used to measure energies above
50 keV because it is about 30 times more efficient than silicon
detectors due to its higher atomic number. In the experiments
presented here a back-illuminated and thinned silicon-based CCD
and two germanium (Ge) detectors were used. These detectors,
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and detector-specific results are presented below.

Figure 3.21. The charge-coupled
device (CCD) can detect many
X-ray photons simultaneously.

The CCD simultaneously operates a matrix of pixel detectors
(512x512) as illustrated in Figure 3.21, whereas a Ge detector re-
sembles a single CCD pixel, but it is made from pure, undoped
germanium and operates under a high voltage (a few kilovolts).
One CCD pixel can typically store 3 · 105 electrons. The whole
chip is read out, one pixel at a time, by initiating a read-out cycle
with an electronic trigger. However, the active, depleted, region of
the thinned∗ chip is only 10 µm, which means that photons of a
few keV easily pass through the detector. This is the main reason
why a CCD is limited to measuring X-rays below 20 keV.77 In this
energy domain, however, the CCD is a suitable and user-friendly
tool, because it operates over 250 000 separate detectors simultane-
ously and the calibration of the detector is straightforward. The
high brightness of the laser-generated X-rays can thus easily be
handled by the CCD, and in most cases it is improbable that two
X-rays will be absorbed in the same CCD pixel causing “pile-up”,
i.e. the addition of photon energies. However, the pile-up effect is
a very serious problem for a Ge detector and the two kinds of de-
tectors complement each other, as Ge detectors can measure much
higher photon energies.

The CCD used for photon counting in the present work is
equipped with analogue-to-digital (AD) converters that produce
a fixed 16-bit scale that represents the accumulated charge pixel-
wise. The read-out procedure for the chip may thus take as long
as one second. Used with the laser-produced X-rays it can detect
thousands of events in a single X-ray burst, whereas the Ge de-
tector can detect no more than one event. The X-ray spectrum
of the laser-produced X-rays extends up to several hundred keV,
which means that most of the photons penetrate the CCD with-
out being absorbed, but they can Compton scatter once or several
times in one or several adjacent pixels. Furthermore, if a large por-
tion of the energy is absorbed in the detector, the “charge cloud”
will “leak” into adjacent pixels and parts of it will be lost in the
parts of the chip surrounding the pixels. Evaluating the CCD
involves analysing a number of CCD “images” with distributed
events: some single-pixel events and some multiple-pixel events.
The procedure for doing this is illustrated in Figure 3.22. There
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Figure 3.22. The analysis of the
CCD images requires care,
especially at X-ray energies
above ∼ 10 keV.

is no “best” way to perform the evaluation; one way is to only
count the single-pixel events, as shown in Figures 3.23(a), 3.24(a)
and 3.25(a), and another is to count all the events up to a certain
size, as shown in Figures 3.23(b), 3.24(b) and 3.25(b). The first
approach definitely underestimates the more energetic part of the
X-ray spectrum, whereas the latter can erroneously sum adjacent
pixels which represent different photons.

∗The CCD employed for X-ray photon counting has been thinned by re-
moving the section of the chip which is inactive.
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(a) Only single-pixel events.
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(b) All events counted, including multiple-pixel
events up to a maximum of 3x3 pixels.

Figure 3.23. Data from a back-illuminated CCD when focusing onto a solid tantalum target
with the kilohertz laser; 2 mJ and 35 fs in main pulse and 0.2 mJ in a deliberate pre-pulse, 2.4 ns
before the main pulse. Both graphs are the result of a set of CCD image data of 230 images,
each integrating 2000 laser pulses.
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(a) Only single-pixel events.
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(b) All events counted, including multiple-pixel
events up to a maximum of 3x3 pixels.

Figure 3.24. Data from a back-illuminated CCD when focusing onto a solid tantalum target
with the 10 Hz laser; 0.12 J and 500 fs. Both graphs are the result of a set of CCD image data
of 99 images, one per laser pulse. The fact that the average X-ray energy is higher than when
employing the kilohertz laser can be seen by comparing this figure with Figure 3.23.
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(a) Only single-pixel events.

0 20 40 60 80
0

0.5

1

1.5

2

2.5

3

3.5

Energy / keV

P
h

o
to

n
s 

/ a
.u

.
(b) All events counted, including multiple-pixel
events up to a maximum of 3x3 pixels.

Figure 3.25. Data from a back-illuminated CCD when focusing onto a solid tin target with the
10 Hz laser; 0.12 J and 500 fs. Both graphs are the result of a set of CCD image data of 112
images, one per laser pulse.

Photon counting with the CCD has additional uncertainties.
Due to the finite thickness of the chip, hard X-rays may ionize
parts of the CCD chip that are normally beyond the reach of vis-
ible light. The spectra in Figures 3.23, 3.24 and 3.25 all exhibit
peaks at ∼ 24 keV and ∼ 27 keV that do not originate from ei-
ther tantalum or tin (Table 3.278). Figure 3.26 shows a magnified
view of a part of the spectra in Figure 3.25, where the additional
peaks are very obvious beside the Kα and Kβ emission from tin.
The interpretation is that the CCD chip contains indium, which
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Figure 3.26. X-ray spectra
measured with a thin CCD. The
grey spectrum was obtained with
a tantalum target, and the black
with a tin target. The peaks that
are visible in both spectra are
characteristic Kα and Kβ lines of
indium.

has an atomic number that is one less than tin (Table 3.2). The
indium is ionized by the X-rays and subsequently fluoresces with
characteristic line emission that can be reabsorbed by the active
region of the CCD. In addition to the peaks from indium, Fig-

Table 3.2. Energies of characteristic emissions for a few elements.
The energies given are approximate and include several peaks
separated in energy by relatively small amounts.

Element Kα and Kβ / keV Lα, Lβ and Lγ / keV

Ta, Z = 73 ∼ 57 and 65.2 ∼ 8.1, ∼ 9.5 and 10.9
In, Z = 49 ∼ 24 and 27.3 ∼ 3.3, ∼ 3.6 and 3.9
Sn, Z = 50 ∼ 25 and 28.5 ∼ 3.4, ∼ 3.8 and 4.1
Ni, Z = 28 7.5 and 8.3 all ∼ 0.9
Cu, Z = 29 8 and 8.9 all ∼ 0.9
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ures 3.23, 3.24 and 3.25 exhibit peaks at 7.5 keV and 8 keV. The
origin of these peaks is not known, but it may be other elements
fluorescing in the CCD chip, such as nickel or copper (Table 3.2).
Comparing Figures 3.24 and 3.25, no evidence can be found of the
characteristic L radiation from tantalum, which should be found
between 8 keV and 11 keV. This is not the case in the data, which
means that the efficiency is very low for some reason. The peaks
at 7.5 keV and 8 keV, however, are rather intense, indicating that
they do not originate from the laser-produced plasma.

However, when used to assess changes in the X-ray spectrum
with regard to average photon energy and photon number, the
results are more reliable. As discussed in Section 3.2.3, a device
was employed to generate controllable pre-pulses that generated a
pre-plasma on the solid target. Measurements with and without
a strong pre-pulse, shown in Figure 3.27, indicate that the X-
ray yield and average energy (clearly correlated to each other),
fluctuate less when a pre-plasma is generated. Each data point at
any particular time, corresponds to a single CCD image. Taking
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Figure 3.27. Average photon energy (black) and yield (grey) as detected by a CCD from the
kilohertz laser focused onto tantalum. The upper figure shows the fluctuations over time with a
13% pre-pulse (∼ 0.2 mJ), 2.4 ns before the main pulse. The lower figure shows the fluctuations
without a deliberate pre-pulse.

this type of analysis one step further, Figure 3.28 shows a large set
of data acquired with the kilohertz laser, with and without strong
pre-pulses, and with the ten-hertz laser with two different solid
targets. Two conclusions can be drawn from Figure 3.28. First,
the addition of a pre-pulse before main pulse of the kilohertz laser
increases the average X-ray energy and second, different target
materials clearly shift both the average energy and photon number
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Figure 3.28. Average photon energy and yield per laser pulse
as detected by a CCD using the kilohertz and ten-hertz lasers
focused onto tantalum and tin. The irradiance of the deliberate
pre-pulse is 13% of the main pulse and 2.4 ns before.

using the ten-hertz laser. In the latter case, the shift corresponds
to the Bremsstrahlung dependence on the atomic number of the
target material. Note that the photon number cannot be compared
for the kilohertz and ten-hertz laser experiments, because different
CCD geometries and image integration times have been used.

Another CCD camera was used to measure the X-ray spectrum,
but in a manner completely different from photon counting (Pa-
per II).Here, the X-rays were diffracted on silicon or germanium

Figure 3.29. Characteristic X-ray
spectrum from tin with the
diffracting crystal in Laue
geometry.

Figure 3.30. Characteristic X-ray
spectrum from tantalum with the
diffracting crystal in Bragg
geometry.

crystals in Bragg or Laue geometry, and the CCD chip was placed
in the direction of the diffracted characteristic emission (Figs 3.29
and 3.30). The CCD camera was equipped with an array of scin-
tillating fibres a few millimetres thick that was mounted on an
image intensifier, which in turn was coupled directly to the CCD
chip by another set of fibres. Most of the problems associated
with CCDs were thus effectively removed, and the energy reso-
lution of the spectrum was determined by the orientation of the
diffraction crystal. Only a few spectrally sharp peaks with known
energies reached the detector and the comparatively thick array of
scintillating fibres converted the X-rays into light flashes while re-
taining the spatial resolution. The spatial resolution is thus main-
tained through the image intensifier and onto the chip. With this
scintillator-camera device the main difficulty was in calibrating the
CCD response to different X-ray photon energies. (Please refer to
Paper II for more information on this particular experiment.)

A germanium detector, if used with caution, as described in Pa-
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per V, can produce much more reliable data for hard X-rays than
a CCD in photon counting mode. In the experiment described
in Paper V, two different kinds of Ge detectors were employed: a
low-energy germanium (LEGe) detector, which has a 1 cm thick
crystal, 2 cm in diameter, and a standard-electrode coaxial ger-
manium (HPGe) detector, which has a crystal more than 5 cm
thick† and 5 cm in diameter. The detector performances are listed
in Table 3.3 and an efficiency calibration is show in Figure 3.31.
Owing to the different detector designs, they measure different
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Figure 3.31. The intrinsic
full-energy-peak efficiencies of the
two germanium detectors; the
LEGe (black) and the HPGe
(grey).

Table 3.3. Germanium detector specifications.

HPGe LEGe
Low-energy limit 50 keV 3 keV
High-energy limit ∼10 MeV ∼300 keV
Energy resolution at 5.9 keV N.A. 170 eV
Energy resolution at 122 keV ∼1 keV 520 eV
Energy resolution at 1332 keV ∼4 keV N.A.

parts of the laser plasma spectrum (Fig. 3.32). The data shown
in the figures are the detector events collected from multichannel
analysers (MCAs). In spite of the low-energy detection limits in-
dicated in Table 3.3, the spectra show many detected events below
these energies. The origin of these low-energy events is Compton
electrons. Despite the fact that the detectors are very effective at
absorbing X-ray radiation, some photons are Compton scattered
and leave the detectors, producing a Compton electron background
at low energies. The fraction of detected events that mirror the
true energy of the photon is called the intrinsic full-energy-peak
efficiency (see Fig. 3.31).

The Ge detectors should be set up in such a way that they
detect, at most, one X-ray photon per X-ray burst. The highest
frequency at which the detectors operate is ∼100 kHz at most,
i.e. they can detect 100,000 photons per second, but the laser-
produced X-rays come in a burst, a few picoseconds short, with
a repetition rate determined by the laser. If two or more pho-
tons from the same X-ray burst reach the same detector at the
same time, their energies will be added. This is called pile-up
and its effect on the detected spectrum is analysed in detail in
Paper V. One way of minimizing pile-up is to decrease the solid
angle subtended by the detectors, by placing them far from the
plasma (several metres) behind a small lead aperture. The lead
shielding is required anyway, because the detector would other-
wise detect background radiation. The effect of pile-up is that the
energies of the abundant low-energy photons are added in the de-
tector, effectively redistributing events from the low-energy end to

†The HPGe germanium crystal is U-shaped causing a position dependent
thickness.
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(a) LEGe detector data.
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(b) HPGe detector data.

Figure 3.32. Two experimental X-ray spectra (grey) as they appear in the multichannel anal-
ysers. The spectra were recorded simultaneously during 540,000 laser pulses. The laser energy
on target was 0.7 mJ with a pulse duration of 25 fs. The other traces are simulated using the
model described in Paper V. The black traces should be compared with the experimental data.

the high-energy end of the spectrum. Even Compton electrons can
pile up with photons or other Compton electrons.

In order to identify the pile-up effect experimentally, the Ge
detectors were subjected to a very high flux of photons, corre-
sponding to detection probabilities, per laser shot, of more than
50%. The acquired spectra in Figure 3.33 show clear indications of
pile-up with the sharp characteristic emission peaks missing. The
low-energy parts of the detector spectra are reduced and the high-
energy tails are increased. This is easily explained by the piling up
in the detector of several low-energy photons, which are recorded
as one photon with an energy of the sum of the individual ener-
gies. Note, that due to the MCA settings many pile-up events fall
outside the energy windows of the MCAs.
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(a) LEGe detector data.

10
2

10
−4

10
−3

10
−2

E
ve

n
ts

 p
er

 p
u

ls
e 

/ k
eV

Energy / keV

(b) HPGe detector data.

Figure 3.33. MCA spectra (grey) under extreme conditions with a very high probability of
pile-up. The detection probability is higher than 50% per laser shot. Note that the simulation
described in Paper V successfully describes even this extreme case of pile-up, here including up
to eight-photon pile-up. The black simulated traces should be compared with the experimental
data. The other traces represent simulated traces similar to the black trace but with pile-up
omitted (· · · ) and additional omission of Compton scattering (−−).

3.3 X-rays from a Cluster Target

The experiment performed on a clustered gas target shows sim-
ilarities with both the previously described X-ray generation ex-
periments using solid targets and the gas experiments described
in the coming chapter, dealing with relativistic self-focusing. The
set-up used for these experiments is similar to the one in Chap-
ter 4, but the outcome is remarkably different: the cluster target
responds by emitting quite hard X-rays, up to several keV. Mo-
tivation for the cluster experiment can be found in applied X-ray
science, one reason being the low quantity of debris produced by
this X-ray source. Focusing onto a solid target produces a lot
of debris, which prevents the use of that technique in industrial
applications, which need “clean” X-ray devices that can operate
continuously for long times while producing a constant X-ray flux.
A field in which the cluster X-ray source would be of interest is
time-resolved X-ray diffraction (an example of this, using a syn-
chrotron X-ray source, is described in Section 3.4). This, however,
requires that the duration of the X-ray pulse be sufficiently short
to probe atoms in motion; i.e. a timescale of the order of a picosec-
ond. Jörgen Larsson, who is an active researcher in Lund in the
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area of time-resolved X-ray diffraction and with experience from
the Advanced Light Source (ALS) synchrotron facility in Berkeley,
USA,79,80 coordinated the cluster experiment described below as
there was a need to further investigate the temporal aspects of the
source and to find out if it is feasible for use as a short-pulse source
for X-ray diffraction.

The mechanism that heats electrons in the cluster target is
quite different from those in the solid target experiments. Usually,
the absorption of light in a gas is low, which speaks against efficient
electron heating, but by forming solid or liquid density clusters the
light absorption can be increased dramatically, to several percent.
This is due to the very different interaction of the laser light with
the clusters, particularly clearly demonstrated by Ditmire et al.81.
They show that if the clusters are pre-ionized by a weak pre-pulse,
the outcome of the experiment is high-order harmonics, i.e. a
single-atom effect, rather than collective X-ray generation by a
plasma. In a cluster experiment the laser pulse is very intense
(> 1016 W/cm2) and can quickly ionize the atoms in the clusters.
The high-density cluster plasma starts to expand slowly, but if
the temperature of the electrons is high enough, they leave the
clusters at an early stage, building up a large Coulomb potential
that accelerates the ions radially outwards from the clusters. In the
Coulomb explosion that follows, rapid collisional heating occurs
of both ions and electrons and the hot electrons generate X-rays
upon colliding with ions. Since the ions can be efficiently stripped
of their electrons in the explosion, the characteristic emission can
reach high energies (several keV).

3.3.1 Set-up and Measurement Techniques

The experiment presented here and in Paper I made use of the
multi-terawatt arm of the ten-hertz laser and the experimental set-
up was similar to that described in Chapter 4. However, the cluster
experiment was performed before the evacuated tubing system be-
tween the laser pulse compressor and the experiment chamber was
installed, and the laser pulses (∼ 0.6 J and 0.1 ps) propagated
through air and the windows that comprise the air-vacuum inter-
faces. The pulses were focused by an f/1 off-axis parabolic mirror
into a jet of clusters. This subsonic jet was produced by a pulsed
valve with a 0.5 mm orifice and a high argon gas backing pressure
(80 bar). The clusters form when the gas enters the vacuum and
expands, quickly cooling and forming solid argon clusters some
distance below the orifice (∼ 1 mm) where the laser pulse is fo-
cused.The contrast of the laser output with respect to pre-pulses

�


 �

� �

� � � � � 5

� � � � � �

# # B

� � � � � �
� �  � E � �

Figure 3.34. The set-up for
generating X-rays from an argon
cluster target.

and ASE was thoroughly investigated because of the sensitivity of
the cluster heating; see above. The experimental set-up, shown in
Figure 3.34, comprised a streak camera with a cesium-iodide (CsI)
cathode for time-resolved detection of X-rays and a CCD camera
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used for estimating the cluster size and for photon counting of
X-rays from the cluster plasma.

3.3.2 Results and Discussion
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Figure 3.35. Cluster plasma X-ray
spectrum behind filters; 6 µm
aluminium and 140 µm plastic.
The filter transmission is
indicated by the dashed trace.

First, a low-power laser pulse was used to probe the clusters and
Rayleigh-scattered light was detected by the CCD. With knowl-
edge of the gas density in the jet (∼ 1019 cm−3), the amount of
Rayleigh-scattered light could be used to estimate the size of the
clusters, i.e. how many atoms made up a single cluster. With
80 bar backing pressure and a 0.5 mm diameter gas-nozzle ori-
fice it was found that the clusters contained on average 105 argon
atoms, giving a radius of 15 nm. The laser power was increased
and the X-ray spectrum was evaluated by the photon counting
technique using the CCD camera. Using a combination of alu-
minium and plastic filters, the characteristic emission from argon
could be isolated (Fig. 3.35). The same filter combination was
also used in streak-camera measurements, because the character-
istic emission could be expected to show a relatively short tempo-
ral duration, much shorter than the general thermal background
of the plasma. Figure 3.36 shows the time-resolved characteristic
emission with a relatively slow sweep speed in the streak camera
(700 ps/mm). The emission exhibits a decay that is of the order
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Figure 3.36. Time-resolved X-ray
emission from a cluster plasma
using the same filters as in
Figure 3.35. The upper trace
shows the 3ω timing fiducial.

of a few nanoseconds. No sharper temporal features could be ob-
served upon increasing the sweep speed to the fastest achieved in
this experiment (30 ps/mm). However, since all argon ion charge
states emit X-rays, it may be that the different ion species show
different temporal characteristics. Thus, the result of the experi-
ment is that the emission seems to have a decay on a nanosecond
timescale, but that some highly charged ion species might exhibit
a shorter temporal duration.

3.4 Ultra-fast X-ray Probing of Crystals

So far in this chapter, the generation and detection of X-rays have
been the main subjects. Using crystals it has been shown that it
is possible to measure X-ray spectra, as in Paper II, but in the
experiment presented here, X-rays were instead used to probe the
crystals, i.e. the other way around. Short, intense bursts of X-rays
are generally very useful tools probing fast, microscopic changes
in atomic or molecular structures.80,82–84 In this experiment (Pa-
per VI) acoustic phonons in an InSb crystal were detected with
a temporal resolution of only a few picoseconds (cf. Thomsen
et al.85). The lattice vibrations, i.e. phonons, were generated
by a Ti:sapphire laser pulse that was very short in comparison
to the inverted phonon frequency. The laser pulse was focused
onto the surface of the crystal exciting electrons to the conduction
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band. The energy is transferred to the lattice via electron-phonon
coupling. The resulting lattice vibrations can be described by a
spectrum of coherent acoustic phonons propagating perpendicu-
larly to the crystal surface. The phonon average wavelength is
roughly the penetration depth of the laser pulse, i.e. a few tens of
nanometres (cf. skin depth). The phonons are said to be coher-
ent because their relative phases are well determined at time zero
when the laser pulse excites the crystal and they propagate to-
gether as a shock wave through the crystal at the speed of sound.
Without the presence of vibrations, diffraction of X-rays follows
the well-known Bragg condition,

kin − kout = GH (3.5)

where |kin| = |kout| = 2π
λ0

is the wave vector of the X-rays and
|GH | = 2π

λH
is the reciprocal vector of the lattice spacing. Since

any realistic beam of X-rays has a finite spatial divergence and
energy spread, the scattering occurs at a distribution of angles,
described by a rocking curve (Fig. 3.37). Introducing a phonon of  � � � � � 
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Figure 3.37. The reflectivity of a
crystal for a certain X-ray beam is
described by the so-called rocking
curve.

wave vector |q| = 2π
λq

into the crystal modifies the Bragg condition
and phase matching also occurs when

k∗
in − k∗

out = GH ± q, (3.6)

where |k∗
in| = |k∗

out| = 2π
λ∗
0

represents X-rays that are not reflected
without the presence of the phonon. The situation for X-ray
diffraction now becomes much more complicated, because both
the wavelength and the amplitude of the phonon affect the rock-
ing curve (Fig. 3.38). According to (3.6) phase matching consid-
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Figure 3.38. A phonon induces
side-bands on the rocking curve.

erations confer side-bands on the rocking curve, but the temporal
oscillation of the vibration adds a temporal oscillation to the side-
bands. The relative timing of the phonon initiation by the laser
pulse and the X-ray probe arrival at the sample is scanned and the
diffraction efficiency can thus be obtained as a function of time.

3.4.1 Set-up at the ESRF

The experiment was performed at the European Synchrotron Ra-
diation Facility (ESRF) in Grenoble, France, which has several
experimental stations around the synchrotron ring. These sta-
tions perform differently and are dedicated to different areas of
physics, chemistry and biology. The ID-9 station was used for this
experiment because it has a Ti:sapphire laser synchronized to the
synchrotron ring. The laser operated at about 900 Hz, producing
0.1 ps laser pulses with less than a millijoule per pulse. A single
regenerative amplifier was used to amplify the oscillator pulses.
The pulses were split into three in this experiment: a pulse at
the fundamental frequency (ω) was focused onto the surface of the
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InSb crystal, a frequency-tripled pulse (3ω) served as a time ref-
erence to the streak camera and the remaining pulse after tripling
(ω) was used to trigger the streak camera through a photocon-
ductive switch (Fig. 3.39). The shock wave was initiated at a time
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Figure 3.39. The set-up at the ESRF syncrotron facility for detection of phonons in an InSb
crystal.

t0 with the laser pulse, and at a slightly later time, t0 + ∆t, the
X-ray pulse was applied to the crystal in which it scattered, and
was detected by the streak camera (Fig. 3.40). The streak-camera
position could be considered as fixed, and rather than rotating the
crystal to align the diffracted beam on its CsI cathode, the en-
ergy of the X-rays was varied. This was possible because the ID-9
station uses a crystal monochromator to select a small portion of
the total bandwidth of X-rays produced by an undulator or a wig-
gler. Therefore, changing the energy required only a slight turning
of the monochromator. The X-ray pulses were 85 ps long, and if
it were not for the streak camera, the temporal resolution would
be limited to this duration. The streak camera in itself, however,
had a temporal resolution of less than a picosecond, and the final
temporal resolution was independent of the X-ray pulse duration,
but depended instead on the streak-camera resolution and the jit-
ter in the timing between the streak camera and the laser system.
The jitter was efficiently reduced during the measurements by in-
troducing the 3ω pulse onto the cathode of the streak camera.
This timing fiducial mapped out the jitter and could be used toC � � � � � � � � � � � � � 1  � � �
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Figure 3.40. The geometry in the
experiment.

compensate for the jitter in the data analysis. Furthermore, since
the relative timing between the laser and the X-ray pulse could
be varied with an accuracy much better than the duration of the
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X-ray pulse, the effective duration of the X-ray pulse could be as
long as desired. Therefore, the temporal oscillations of the side-
bands could be mapped out quite well (Paper VI), with a very
high sampling rate.

An alternative to the ESRF set-up is to use a very short X-ray
pulse to determine the temporal resolution. This can be done, for
example, through Thomson scattering from an electron bunch,86

or by irradiating a thin foil with a short laser pulse (cf. Sec-
tion 3.2) generating X-ray pulses of a few hundred femtoseconds,
i.e. with ten times better temporal resolution than the ESRF ex-
periment.69,87,88 The short temporal duration when using a thin
foil is explained by the fact that accelerated electrons only gener-
ate X-rays when they pass through the foil. However, the higher
brightness of the synchrotron source makes the process of acquiring
data much less time-consuming as long as the phonon oscillation
period is long compared with the temporal resolution in the ex-
periment.

3.5 Summary and Outlook

The experiments associated with laser-generated X-rays have dealt
with spectral (Papers II and V) and temporal (Paper I) aspects of
the X-ray emission from solid or cluster targets.

Regarding measurements of X-ray emission from solid targets,
the hot electron spectrum and its corresponding Bremsstrahlung
spectrum have been assessed in Paper V and characteristic X-ray
emission was also studied (Paper II). Furthermore, it was found
that if a controlled pre-pulse was applied to the target the X-ray
yield fluctuations could be reduced, and the average X-ray energy
increased at the same time.89 For this purpose, a device was used
to delay the main pulse by a few nanoseconds and to generate a
pre-pulse containing ∼ 10% of the main pulse. Furthermore, with
the higher repetition-rate of the kilohertz laser the laser-produced
X-rays are one step further towards realistic use in diagnostic imag-
ing, as discussed in Papers II and V. The kilohertz laser pulses
must be temporally short and tightly focused in order to generate
X-rays with solid targets. This is in contrast to measurements with
the larger ten-hertz laser system at the Lund High Power Laser Fa-
cility, with which it is possible to prolong the laser pulse from its
shortest duration up to a picosecond while still generating X-rays.
It has been found that the target material changes the features
of the X-ray spectrum. More practical issues, such as the gener-
ation of debris, were also brought up. Most of the experiments
have been performed using tantalum as target material, but it is
found that changing to tin lowers the amount and average energy of
generated X-rays. Thinking in terms of medical applications, the
laser-produced X-rays extend to much higher energies than neces-
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sary. However, combining an appropriate target material with a
high-repetition-rate, high-average-power laser system could prove
to be the key to future use. Since the short pulse duration of the
laser-produced X-rays is of the order of 10 ps, the absorbed dose
during diagnostic imaging can be lowered in the future by employ-
ing very fast two-dimensional detectors.35–38,90 The implications
of a lowered dose are difficult to evaluate, but it is clear that to-
day, diagnostic imaging leads to detrimental effects caused by the
radiation. Therefore, any new device providing lower dose to the
patient is desirable. The laser-based X-ray source, in combination
with time-gated detectors that are being developed, constitutes
such a device. The source has an additional advantage, which is
the small size of the X-ray source and, furthermore, differential
imaging using contrast agents is feasible with this device.

The results in Section 3.3 and Paper I from the time-resolved
X-ray measurements using an argon cluster target show that the
duration of the characteristic emission from argon is of the order of
a nanosecond, which is much too long for use in the kinds of X-ray
diffraction experiments that motivated the experiment. However,
certain argon charge states may emit radiation on a much shorter
timescale. In the experiment presented, the energy resolution was
determined by a set of filters, not nearly sharp enough to separate
the emission from different charge states. One way to perform an
experiment in which this is achieved, would be to use a diffracting
crystal in combination with a streak camera. However, as shown
in the time-resolved diffraction experiment at the ESRF, the pulse
duration of the X-rays does not necessarily limit the temporal res-
olution.

Ultra-fast processes in crystalline material using short-wave-
length X-ray and short-duration laser pulses, have been discussed
in Section 3.4 and Paper VI. For this purpose, the X-ray radiation
was generated at the ESRF synchrotron facility in Grenoble. In
studying the secrets of crystal structures there is sometimes no
need for two-dimensional detectors; and, one-dimensional streak
cameras are used. Since present streak cameras have a temporal
resolution down to 0.5 ps it is possible to use slower X-ray sources,
such as synchrotrons, because the resolution is determined by the
detector. Thus, users can turn to large synchrotron facilities to
perform ultra-fast crystallography experiments. However, it is of-
ten difficult to gain access to these facilities, and there is a con-
siderable need for smaller, less costly, but still very bright X-ray
sources, such as the laser-based source.



Chapter 4

Relativistic Channelling and

Electron Acceleration

In this chapter theory and experiments regarding relativistic chan-
nelling of laser pulses in underdense plasmas is presented. Rela-
tivistic channelling is a fascinating interdisciplinary subject in the
borderland between laser, plasma and particle acceleration physics.
The physical mechanism that results in relativistic self-focusing
and channelling of the laser pulses is but one of several truly in-
spiring phenomena that occupy many research groups throughout
the world. Recalling the discussion in Section 2.1, the smaller the
focus diameter, the shorter the extension of the focus; i.e. the
highest irradiance is available only over a very short distance. In
this context, relativistic self-focusing supersedes the normal be-
haviour, enabling extreme irradiances over distances that are not
limited by the focal length or beam diameter. The extended focus
can be used, for example, to accelerate electrons to very high ener-
gies (> 100 MeV) over relatively short distances (∼ 1 mm),74,91–94

or to generate appropriate conditions for X-ray lasing with large
gain-length products.95,96

The work on relativistic channelling at the Lund High Power
Laser Facility is relatively newly started. It began in 1999 with a
directed effort to push the limit of the present laser system and to
reach a regime where electrons oscillate with relativistic velocities
in the laser field, i.e. irradiances above 1018 W/cm2. However,
planning started many years earlier and the ten-hertz laser system
was upgraded with the new arm for this type of experiments (Sec-
tion 1.2.1). The character of this kind of experiment is such that
it requires not only extreme irradiance, but also an unprecedented
level of control over many aspects of the laser system. In partic-
ular, the laser upgrade centred on producing smooth irradiance
and phase distributions spatially in the amplified pulse, while in-
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creasing the power of the pulses, because the laser focus should
be nearly diffraction limited. As a consequence of this, extra care
must be taken with the alignment of the laser system, as is dis-
cussed in Section 1.2.1. With the experimental set-up presented
below, using focusing optics with focal length 15 cm, the peak
irradiance reaches about 5 · 1019 W/cm2, i.e. far into the so-called
relativistic regime of laser-matter interactions.

What really happens when relativistic self-focusing sets in is
relatively easy to understand figuratively. The laser pulse is fo-
cused into a gas, which it ionizes instantaneously. Recall that the
plasma frequency (2.16) is related to the electron density and to
the mass of the electrons. Also remember that mass is equivalent
to energy, such as m = γme = me/

√
1 − (|v|/c)2 (γ is the Lorentz

factor). Now, if the laser focus shows a peaked and radially sym-
metric irradiance profile, the plasma electrons will oscillate with
different velocities depending on their radial position. Those in the
centre of the beam, oscillate with greater amplitude than those at
larger radii. If the irradiance is sufficiently high, the mass of the
central electrons increases and a peaked electron mass distribution
is obtained. From (2.16), it is obvious that the plasma frequency
then changes to a valley-shaped distribution (Fig. 4.1) which, in
turn, changes the refractive index experienced by the laser pulse
(cf. (2.17)), thus bending the phase front of the laser pulse, effec-
tively focusing it. This is relativistic self-focusing. Several theo-2 � � � �  � ' � � � � �
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Figure 4.1. The irradiance
changes the plasma frequency,
which in turn changes the
refractive index, forming a
focusing “lens”.

retical studies of the relativistic self-focusing mechanism point to
the need for a minimum, “critical” laser power,97,98

Pc [GW] � 17
(

ω

ωp0

)2

=

= 17
nc0

ne
,

(4.1)

required to observe relativistic self-focusing that leads to chan-
nelling of the laser pulse. Here, ωp0 and ω are the plasma- and
laser frequencies (〈γ〉 = 1), and ne and nc0 are the electron den-
sity and critical electron density, respectively. There is no mention
of high irradiance here, but high irradiance (� 1018 W/cm2) is also
required to observe strong relativistic effects.99

The experiments discussed in this chapter are the first of their
kind in this part of Europe, observing and studying the forma-
tion of relativistic channels. The chapter first introduces some
theory in order to provide a background to the measurement tech-
niques and the results. The experimental set-up is presented in
some detail, including the various measurement techniques that
were employed. The results of relativistic channelling and electron
acceleration studies are then discussed. The chapter ends with
a summary and an outlook on future work. The material in this
chapter is largely complementary to the contents in Papers III and
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IV, and provide a solid background for the relativistic channelling
and electron acceleration project at the High Power Laser Facility
in Lund.

4.1 Laser Plasma Interactions and Relativistic
Channelling: Theory

Several important interactions between a Ti:sapphire laser pulse
and an underdense plasma are dealt with here. Apart from relativ-
istic self-focusing and other nonlinear focusing mechanisms, light
scattering and relativistic self-phase modulation are introduced.
All of these processes are of great importance for the measurements
and the results of the research presented later in this chapter and
in Papers III and IV.

These are the premises for the following part of this section. A
Ti:sapphire laser pulse of peak irradiance I0, duration τ � 2π/ωp

and wavelength λ = 0.8 µm is focused into a helium gas jet and
there generates, with its leading edge, a plasma of electron density
ne. The initial plasma density does not show a radial variation
because the laser pulse is strong enough to completely ionize the
helium at an early stage (cf. Section 2.2.1). This means that
refraction due to incomplete ionization can be omitted from the
analysis.

4.1.1 Relativistic Self-Focusing

Relativistic self-focusing, which may lead to channelling, occurs
because the light irradiance forms a radially decreasing refractive
index, as illustrated in Figure 4.1. The principle is straightfor-
ward, but a closer examination reveals many peculiarities. A self-
focusing model is therefore discussed below, taking into account
the focusing conditions which are of central importance in real
experiments. Thereafter, the critical power is derived through a
simplified model. Finally, filamentation is presented as an alter-
native to whole-beam self-focusing.

In a theoretical description of self-focusing, it is found that in
addition to the power criteria (4.1), the convergence of the focus-
ing laser pulse as well as the irradiance affect the possibility of
forming a light-channel by means of relativistic self-focusing.100

In this particle-and-potential model the “particle” corresponds to
the channel radius and the potential relates to the “forces” that
act on the particle due to diffraction (towards larger radii) and
relativistic effects (towards smaller radii).98–103 If the conditions 2 � � � �  � ' � � � � �
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Figure 4.2. “Over-focusing” the
pulse into the gas according to the
particle-and-potential analogy by
Sprangle et al..

are such that the convergence of the focusing laser pulse is “too
large”, meaning that the pulse is “over-focused”, the pulse focuses
and then immediately diverges due to diffraction, as illustrated
in Figure 4.2 where the particle rolls into the well and is subse-
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quently repelled. However, in the experimental situation for the
experiments in this chapter, the laser is focused in vacuum and
the light enters the gas or plasma only very close to the point of
smallest focus. At this position the convergence is small and over-
focusing becomes improbable. In the model there is a “perfect”
condition, occurring when a pulse enters the plasma exactly at the
bottom of the potential well in Figure 4.2, i.e. with no conver-
gence and with a focus radius determined by the potential mini-
mum. In such a situation diffraction and relativistic self-focusing
cancel leading to the formation of a relativistic channel with con-
stant radius. In practice, this is probably not possible. Instead,
the pulse, which has a non-optimal radius and convergence enters
the plasma and its radius starts to oscillate around the potential
minimum as shown in Figure 4.3.104 This is sometimes referred to2 � � � �  � ' � � � � �
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Figure 4.3. Successful relativistic
self-focusing.

as “sausaging”, because the channel’s longitudinal profile resem-
bles an unevenly stuffed sausage. If the pulse power is lower than
the critical power (4.1), there is no potential minimum and the
pulse will diverge due to diffraction (Fig. 4.4). Thus, if the power
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Figure 4.4. Insufficient power for
relativistic self-focusing.

criteria is fulfilled (4.1) the potential exhibits a local minimum
(well). The higher the power is, the deeper the well becomes. Fur-
thermore, for higher power, i.e. higher irradiance, the relativistic
focusing effect becomes stronger leading to that the bottom of the
well moves towards smaller radii. Generally speaking, the size of a
relativistic channel is of the order of a few times c/ωp0, i.e. a few
micrometres.105
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Figure 4.5. This figure illustrates
the situation when diffraction
causes the beam to expand.

It is possible to derive a quite accurate expression for the crit-
ical power by considering the situation in the above model for
“perfect” conditions, i.e. cancellation of diffraction and relativ-
istic effects. Assume therefore that the laser pulse traverses the
plasma in a gaussian channel of constant radius, R0 (1/e2). In
every point along the axis of propagation, z0, diffraction tries to
increase the radius of the channel according to,

R(z) = R0

√
1 +

(
z − z0

ZR

)2

, (4.2)

where R(z) is the local beam radius, R0 the radius of the channel
at z = z0 and ZR = R2

0ω/2c the Rayleigh range (half the confo-
cal parameter in (2.7)). This expression for the evolution of the
channel radius due to diffraction is, in other words, the same as
the one for the evolution of a gaussian beam.6 In the point z0, the
diffraction imposes a beam curvature determined by (Fig. 4.5):

d2R(z = z0)
dz2

� R0

Z2
R

=
4c2

ω2R3
0

. (4.3)

However, at the same time the increasing mass of the electrons
causes a “relativistic lens” that counteracts diffraction. The lens-
ing arises from the radially varying phase velocity, which can be
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derived from (2.2), (2.14) and (2.17). Making a first-order ap-
proximation in irradiance, the expression for the phase velocity
becomes,

vp(R) =
c

n (ω, R)
� c

[
1 +

1
2

ω2
p0

ω2

1
〈γ〉(R)

]
�

〈γ〉�2
� c

[
1 +

1
2

ω2
p0

ω2
[1 − (〈γ〉(R) − 1)]

]
,

(4.4)

where (2.14) can be used to find approximate values of 〈γ〉 − 1.
The relativistic effects generate a beam curvature, as illustrated in
Figure 4.6, which can be estimated by:
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Figure 4.6. This figure illustrates
the situation when relativistic
effects pinches the beam.

d2R(z = z0)
dz2

� −dθr

dz
� (vp(R = R0) − vp(R = 0))

R0

1
c

� − 1
2R0

ω2
p0

ω2
[〈γ〉(R = 0) − 1] �

(2.14)
� − e2

4ε0m2
ec

3ω2

(ωp0

ω

) I0

R0

(4.5)

because vp(R0) � lim
R→∞

vp(R) in this approximation when 〈γ〉 � 2.

In the last step above the expression for 〈γ〉 − 1 in (2.14) is used
as an approximation for the Lorentz factor at the peak irradiance
of the laser pulse at R = 0. The relativistic effects and diffraction
cancel when d2R/dz2

∣∣
total

= 0. Using the relation P = I0πR2
0/2

for a gaussian beam with 1/e2-radius R0,6 this equality produces
a surprisingly accurate estimate of the critical power:

PC =
8πε0m

2c5

e2

(
ω

ωp0

)2

� 17.4
(

ω

ωp0

)2

[GW]. (4.6)

Table 4.1 lists the critical power for different plasma densities.
With the maximum power produced by the multi-terawatt laser
arm at the High Power Laser Facility in Lund, self-focusing can
occur in a rather low-density plasma with 1018 electrons per cm3.

Table 4.1. Critical powers for a 0.8 µm wavelength laser.

Plasma Density / cm−3
Critical Power / TW

1018 30
1019 3
1020 0.3

It is well known that pulse propagation in the plasma may lead
to filamentation of the beam into a set of co-propagating filaments
of relatively high irradiance. This occurs primarily if the spatial
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irradiance distribution of the pulse is structured or if the plasma
density varies locally. The mechanisms that govern the propa-
gation of filaments is the same as for whole-beam self-focusing,
but since the pulse is split, the peak power of the filaments is
lower. The size of the relativistic channel, or individual filaments
is very small (a few microns), which means that it is difficult to
distinguish between filamentation and whole-beam self-focusing in
experiments.

4.1.2 Other Contributions to Self-Focusing

Apparently, in order for self-focusing or filamentation to occur, a
focusing refractive index gradient must be induced in the plasma.
In other words, the plasma resonance frequency must take on a
radial variation; lowest at the centre of the laser beam, or laser
beam filament, and increasing outwards. Apart from the relativis-
tic effects described above, the more fundamental ponderomotive
pressure pushes electron from the regions of highest irradiance, in-
ducing a radially varying electron density, ne, and thus producing
a focusing effect (cf. (2.17)). Whereas relativistic self-focusing is
very rapid, working over only a few optical cycles, the pondero-
motive self-focusing force, coming into effect through plasma cav-
itation, requires the electrons to move from the focus radially out-
wards. Therefore, the longer the duration of the pulse, the more
effectively it cavitates the focus. If cavitation is included in the
model for self-focusing, the effective critical power decreases.99 In
the experiments on relativistic self-focusing presented in this chap-
ter, the laser pulse duration is often varied in order to study various
mechanisms, and with longer pulse durations, it is possible that
electron cavitation causes a greater focusing effect for the trail-
ing part of the pulse. Furthermore, as the the electrons leave the
channel, the relativistic effects decrease, leading to a growth of the
channel radius.

It is also possible for ions to be expelled from the channel by
the ponderomotive pressure, but on a significantly longer timescale
of a few hundred femtoseconds (I � 1018 W/cm2).104,106,107 In the
experiments presented in this chapter, the laser pulses are some-
times as long as 0.5 ps and, during this time, the ions have time
to move outwards and cavitate the channel further. Figure 2.18
shows that the plasma channel diameter continues to increase at
approximately the ion acoustic velocity after the short pulse has
passed.108,109 However, if many electrons have been expelled from
the centre of the channel, the resulting positively charged chan-
nel makes the ions accelerate radially and shoot out in a Coulomb
explosion.
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4.1.3 Light Scattering

The relativistic self-focusing experiments in Lund are very depen-
dent upon the Raman and Thomson light scattering processes. For
example, the lengths of the channels, discussed in Section 4.3.1,
Papers III and IV, are measured by detecting Thomson-scattered
light at 90◦ to the propagation axis. Raman scattering is a mix-
ing process of the laser light wave with plasma waves that can
modulate the laser pulse and increase the amplitude of the plasma
waves that co-propagate with the laser pulse causing, for example,
electron acceleration in the forward direction. Thomson scatter-
ing is the scattering of light from free electrons in the plasma that
are accelerated in the light field. Both processes may be phase-
matched over long distances and reach high scattering efficiencies.
In the experiments presented in this chapter, Thomson scatter-
ing is important as a diagnostic tool for the light-plasma inter-
action. Raman scattered light can also be used to diagnose the
plasma, e.g. the electron density, as discussed in Section 4.2.2, but
it is primarily important as a process that excites plasma waves,
often in an unstable, increasing manner through the Raman in-
stability.8,110,111 The plasma waves in turn generate accelerated
electrons. The theory of electron acceleration is discussed in Sec-
tion 4.1.5 and measurements of such electrons are presented in
Section 4.3.2.

Thomson Scattering

Thomson scattering can be divided into two kinds; coherent (phase-
matched) and incoherent (non-phase-matched).112 The basic prin-
ciple is simple: when a charged particle accelerates it emits electro-
magnetic radiation. In the polarized laser field the electrons oscil-
late in mainly one direction, along the polarization axis, and emit
light in all directions but this. Thus, in the classical description
used here, every oscillating electron generates its own electromag-
netic wavelet with the same frequency as the laser, which then in-
terferes with the other wavelets. It is easy to see that the wavelets
interfere constructively in the propagation direction of the laser
pulse. This is called coherent Thomson scattering and the amount
of light is proportional to the square of the electron density. The
interference becomes more and more destructive at larger angles to
the propagation direction, generating incoherent Thomson scatter-
ing, the strength of which is proportional to the electron density.
However, in for example a relativistic channel of very small diam-
eter, it could be possible to observe coherent Thomson radiation
at 90◦ because the destructive interference would occur over such
short a distance that it would not completely scramble the coher-
ence.

When Thomson-scattered light is imaged perpendicularly to
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the direction of pulse propagation in order to determine the length
of the relativistic channel, it is important to be able to interpret the
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Figure 4.7. A relativistic channel
imaged by recording the Thomson
scattered light.

images. Take the image in Figure 4.7 as an example. The scattered
light indicates that the laser pulse is confined to a channel, but the
Thomson-scattered light is modulated along the direction of the
channel. The yield of incoherent Thomson-scattered light from a
radially symmetric emitter, i.e. the channel, along a direction x,
is,104,113

ηThomson(y, z) ∝
∫

ne(r, z)
〈γ(r, z)〉2 I(r, z)dx, (4.7)

where x, y, z and r are defined in Figure 4.8, 〈γ〉 is the aver-
aged Lorentz factor and I is the irradiance. Thus, the yield of
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Figure 4.8. Incoherent Thomson
scattering along the dashed trace
from a cylindrically symmetric
light channel, to the observer.

Thomson-scattered light is proportional to the local irradiance,
local electron density and the local electron velocity. It is not sur-
prising then that the scattered light exhibits modulation along z
caused by electron cavitation (Section 4.1.2) and channel sausag-
ing (Section 4.1.1). If, for some reason, the neutral gas jet exhibits
a modulated density, that also appears as a modulation of the
Thomson-scattering irradiance.

Raman Scattering

Raman scattering is an essential process in forming behind the
laser pulse a trailing electrostatic plasma wave, i.e. the “wake”,
because it effectively transfers energy from the laser pulse to to
plasma wave. For a number of reasons, Raman forward scattering
(RFS) often grows in an unstable manner, causing energy transfer
from the light pulse to a plasma wave, and modulation of the light
pulse that leads to the generation of light “bunches” separated by
the wavelength of the plasma wave. A full description of Raman
instability is very difficult. Here, the process is described mainly
in a one-dimensional perspective, excluding the interactions with
competing instabilities such as self-focusing and self-phase modula-
tion.114–116 This is motivated because the extension of the channel
is much longer than its radius (see, e.g. Section 4.3.1, Papers III
and IV), which means that the RFS instability is most efficient
along the extension of the channel, i.e. in one dimension.7 � � � � �
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Figure 4.9. The intense pulse
rapidly ionizes the gas and forms
a step-like electron density. The
pulse envelope steepens as a result
of this and relativistically induced
GVD.

Consider a laser pulse that is focused into a gas jet, quickly ion-
izing the gas (cf. Section 2.2.1), forming a co-propagating, step-like
electron density gradient as the ionization to helium 2+ occurs at
a very high rate as soon as the irradiance exceeds ∼ 1016 W/cm2.
This is illustrated in Figure 4.9. In the process of ionization, the
pulse front steepens,8 because the group velocity is lower in the
plasma than in the gas. Furthermore, relativistic effects in the
plasma that is continuously generated act to steepen the pulse
front. The average quiver velocities of the electrons increase when
the pulse envelope overtakes them, causing a steadily increasing
group velocity towards the peak of the pulse, thus reinforcing the
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steepening. The newly ionized electrons are thus pushed by an
enhanced ponderomotive force, because the gradient of the pulse
envelope is substantially larger due to steepening. The electrons
also gain momentum along the axis of propagation at the instant of
ionization,8 and together these forces initiate a plasma wave prop-
agating with the laser pulse group velocity. This plasma wave acts
as a seed for the Raman forward scattering instability. However,
before the RFS instability has time to grow Raman backscattering
(RBS) generates a slow plasma wave that quickly collapses through
wave breaking (as discussed in Section 4.1.5) and provides an en-
vironment in which the RFS plasma wave can grow.8 RBS grows
very quick because the oscillating magnetic field of the laser pulse
moves electrons according to the “v×B”-term of the Lorentz force
(2.8), and thus immediately seeds the plasma wave needed for RBS
before the slower ponderomotive pressure generates a wave leading
to RFS instability.

Now that the main mechanisms that seed RFS instability have
been presented, the instability itself can be explained. RFS insta-
bility is actually very similar to RBS, but it can grow more easily to
large proportions because both the scattered optical wave and the
plasma wave co-propagate with the laser pulse. The plasma wave
also propagates at almost the laser pulse group velocity, which
means that the wave can accelerate electrons to very high veloc-
ities (see Section 4.1.5). The Stokes frequency component of the
RFS light is generally stronger than the anti-Stokes component,
because the latter takes energy from the plasma wave, thus effec-
tively quenching itself. Only if a major part of the light down-shifts
to the Stokes component can the anti-Stokes component grow at
the cost of the former.111,117,118 RFS involves scattering of the
light wave (ω, k) from a plasma wave of frequency ωek, defined in
(2.21), and wave vector kp = k − kS,f (Fig. 4.10), where kS,f is the
wavevector of the Stokes component;

ωS,f = ω − ωek,

kS,f = k − kp.
(4.8)

Thus, Figure 4.10 shows the simultaneous matching in one di-
mension of wave vectors and frequencies as expressed by (4.8).
In the simplified model of a plasma with zero thermal tempera-
ture (ωek = ωp), these conditions are automatically met because
the wave vector of the plasma wave can take any value. How-
ever, in some cases the appropriate plasma wave cannot form effic-
iently, for example, if the channel is depleted of electrons or if the
plasma temperature is very high (several keV). In Figure 4.10 a
higher plasma temperature manifests itself in a more pronounced
parabolic shape of the plasma wave dispersion curve (see Sec-
tion 2.2 for details), which prevents perfect phase matching. From
(4.8) it is clear that the light shifted to lower frequency in the
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Stokes component contains information about the plasma density
and perhaps also the average mass increase of the electrons, be-
cause ωek ∼

√
ne/〈γ〉. It could also possibly provide insight in

the temperature of the electrons in the channel as can be seen in
(2.21). In Section 4.2.2 the possibility of estimating ne (and 〈γ〉)
by measuring the Stokes frequency is discussed.
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Figure 4.10. One-dimensional
frequency and wave vector
matching of the waves involved in
RFS instability. The dispersion
curves for plasma and light waves
are indicated by the grey traces
(see also Section 2.2).
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Figure 4.11. The light pulse is
modulated because of RFS and
the varying group velocity
“bunches” the light further. The
arrows indicate relative
movement.
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Figure 4.12. A pulse with large
bandwidth can support a
spectrum of plasma waves.

The laser pulse becomes modulated by the Stokes light and an
interference beat-wave forms with a frequency that corresponds
exactly to the plasma frequency, ωek. This wave in turn acts with
a modulated ponderomotive force on the plasma wave, driving it
to higher amplitudes, and the more pronounced the plasma wave
becomes, the more light it scatters. This is the RFS instability.

The group velocity of the laser pulse is expressed by (2.4),
(2.17) and (2.21),

vg � c

[
1 − 1

2
ω2

ek

ω2

]
, (4.9)

which means that the local group velocity is a function of the local
electron density (ωek ∝ √

ne). This reinforces the pulse modula-
tion and bunches the light into equidistant “pulses”, separated by
∼ λp (Fig. 4.11). However, there is a limit to this.

If the bandwidth of the laser pulse is large,110 a whole spectrum
of plasma waves is generated simultaneously (Fig. 4.12), which
makes the RFS instability even more sensitive to high plasma tem-
peratures. Even with a low temperature, the waves may interfere
destructively and lower the amplitude of the resulting plasma wave.

The multi-terawatt arm used in the Lund High Power Laser Fa-
cility experiments provides pulses as short as 30 fs, which means
that the spectrum is roughly 15 THz wide, i.e. about a tenth of the
lowest plasma frequency used in the experiments and this might
affect the RFS instability negatively. However, the pulse duration
is changed by varying the chirp and this probably affects the in-
teraction more because, in contrast to the bandwidth limitation,
it is possible to use a broad laser pulse bandwidth to increase the
Raman efficiency.119,120 Consider, for example, a laser pulse from
the multi-terawatt arm with a positive chirp, i.e. the frequency
increases from the front to the tail. Such a pulse transfers its chirp
to the plasma wave and generates a progressively faster plasma
wave (Fig. 4.13), which contracts the wave packet. This effect is
perhaps more clearly visible in Figure 4.14, where the group veloc-
ity can be seen to contract the whole wave packet for the positively
chirped pulse. A pulse with negative chirp works against the RFS
instability and if the bandwidth is large enough, the chirp can, to
a large extent, remove the RFS instability.110

Summarizing so far, RFS instability generates a modulated
pulse which resonantly drives the plasma wave that forms the wake
of the laser pulse more efficiently.121,122 Since electrons can “surf”
the high amplitude wake (see Section 4.1.5), RFS instability is par-
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ticularly important in particle acceleration schemes. Since future
experiments at the Lund High Power Laser Facility are aimed at
studying the energies as well as the number of accelerated elec-
trons using chirped laser pulses, the impact of RFS instability is
important. Note that the efficiency of the instability is expected
to decrease dramatically as the pulse duration decreases and ap-
proaches the plasma oscillation period, because in this regime, the
laser pulse cannot interact efficiently with the plasma wave.106
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Figure 4.13. A positively chirped
pulse progressively generates a
faster plasma wave, i.e. ωp/kp

increases.

� � � 	 � � � � � � � 
 � �

� � � � � � 
 � � � � �  � � 1

� � 5 $ ( & � K � � � 5 $ + &

$ ( & $ + &

� � $ ( & � K � � � $ + &

� � $ ( & � J J � � � $ + &

7 � � � � � �

� � $ ( & � J � � � $ + &

Figure 4.14. A pulse with large
bandwidth with positive chirp can
reinforce the light bunching. Note
the size of the arrows, indicating
not only bunching, but also
compression of the whole pulse.
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Figure 4.15. Wave vector
matching in three dimensions.

Before leaving the subject of Raman scattering, the reasoning
will be extended to three dimensions. Raman scattering from a
finite laser focus is different from the one-dimensional approach
and it is better suited to the conditions usually encountered in the
experiments presented in this chapter. Eq. (4.8) expresses the con-
dition for Raman forward scattering in one dimension. However,
since the wave vector of the plasma wave can take any value, it is
also possible to realize Raman scattering in the geometry indicated
in Figure. 4.15, i.e. at an angle θ to the light propagation axis. In
the laser focus, Raman scattering occurs at all angles, θ, but as
the angle increases the interaction length decreases and the amount
of Raman-scattered light therefore decreases (Fig. 4.16(a)). Note
that the Raman-scattered light is emitted in a larger cone than the
laser light, due to the phase matching indicated in Figure 4.15.
In the extreme case of a channelled laser pulse, the length of
the focus is many times greater than its radius and the irrad-
iance of the Raman-scattered light is therefore much greater in
the near-forward direction (Fig. 4.16(b)). However, by collecting
the forward-scattered light at relatively large angles, the ratio of
Raman-scattered light to fundamental laser light increases, which
can be useful when the Raman signal is weak or when the fun-
damental laser light is very strong. In the Lund experiments, the
light in a large cone is collected with a lens and the fundamental
light is filtered out from the beam with a dielectric mirror (see
Section 4.2.2). In this way a strong Raman signal is achieved.

4.1.4 Relativistically Induced Self-Phase
Modulation

Self-phase modulation is in general a nonlinear process that oc-
curs when the refractive index varies with the light irradiance (cf.
Section 2.1). In a plasma, the irradiance dependence, at relativ-
istic irradiances, enters through the plasma frequency (2.16).115

Differentiating the refractive index (2.17) produces a similar ex-
pression for the nonlinearity to (2.5). The effect can be stronger
than self-phase modulation in for example air, causing a laser pulse
to acquire a chirp that is most obvious at the flanks of the pulse
where the irradiance gradient is large. In order to see the effect of
this self-phase modulation, the chirp from self-phase modulation
has been added to unchirped laser pulses in Figure 4.16. Note that
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(a) A cone of Raman-
scattered light from a focus.
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(b) A cone of Raman-
scattered light from a nar-
row channel.

the pulse has not been propagated through the plasma in the true
sense of the word, the chirp has merely been added to the pulse
without taking into account other effects, such as GVD. The very
large wavelength shifts indicate that the effects can be dramatic
in a real experiment. Relativistic self-phase modulation (RSPM)
can cause severe spectral broadening that makes all kinds of spec-
troscopy difficult. The Raman-scattered light, for example, has
been seen to completely disappear in the high background gener-
ated by RSPM when trying to measure the electron density with
a high laser power.

4.1.5 Particle Acceleration Mechanisms

In order to accelerate electrons to high energies, the obvious thing
to do is to provide as high an amplitude of the plasma waves as
possible. If the laser pulse duration is shorter than half the plasma
period, the pulse excites a trailing plasma wave (“wake”), which
is illustrated in Figure 4.17.

Acceleration by Plasma Waves
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Figure 4.17. The plasma wake in
the short-pulse regime
(τ � π/ωp).

The condition for relativistic self-focusing in (4.1) together with
the condition that τ � π/ωp, makes it difficult to reach this short-
pulse regime, because the necessary pulse energy scales as 1/ω3

p.
The plasma frequency is determined by the electron density that
can be produced, and for a reasonable laser pulse with a duration
of 50 fs, the electron density should be lower than 3 · 1018 cm−3

to reach the short-pulse regime, which through (4.1) translates
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Figure 4.16. Simple simulations to illustrate the effect of relativistically induced self-phase
modulation in a plasma for a Ti:sapphire laser pulse with λ = 0.8 µm. (a) and (b): the resulting
refractive indices in a plasma with electron densities of 1019 cm−3 and 1020 cm−3 for a laser pulse
with duration 50 fs and peak irradiance 1019 W/cm2. (c) and (d): The final time-dependent
wavelength (i.e. chirp) acquired by the laser pulses after travelling through 0.5 mm of the plasma
(GVD is omitted).
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into a minimum pulse energy requirement of 0.6 J, i.e. a power of
more than 10 TW. If the laser pulse is longer (τ � π/ωp), it still
excites a plasma wave but in a more complicated manner, as illus-
trated in Figure 4.18. Such a pulse can interact with the plasma
wave through Raman forward scattering instability and form light
bunches, which repeatedly push the plasma wave, reinforcing it
every time. The amplitude of the plasma wave can therefore reach
higher values than in the short-pulse regime above.
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Figure 4.18. The plasma wake in
the long-pulse regime (τ � π/ωp).

For the electrons in the plasma, the wake that trails after the
laser pulse constitutes a wave to “surf” on, because the plasma
wave generates very strong longitudinal electric fields (“waves”).
The bulk of the electrons simply oscillates in accordance with the
plasma wave which is the wake, but some electrons start to surf the
large amplitude electrostatic wave and accelerate up to consider-
able kinetic energies. Remember that the electrons in the plasma
exhibit some kind of thermal energy distribution. Therefore, a
few electrons with particularly high velocities can catch the trav-
elling plasma wave, and surf it, gaining even more energy. This
is called wake field acceleration (WFA) in the short-pulse regime
(Fig. 4.17) and in the long-pulse regime self-modulated wake field
acceleration (SMWFA) (Fig. 4.18) (cf. Landau damping).18 If the
amplitude of the plasma wave increases, it reaches to a point where
the oscillatory velocity imposed on the electrons by the wave it-
self, approaches the phase velocity of the wave. This causes severe
damping of the plasma wave, because a large number of electrons
are caught by it and are accelerated forward.18 The situation is
referred to as wave breaking, because it effectively limits, or breaks,
the peak electric field amplitude of the plasma wave. Thus, it also
limits the maximum energy that can be acquired by accelerated
electrons. Consider the electron oscillations in the longitudinal
plasma wave, moving according to:

s (z, t) = s0 · sin (ωpt − kpz) . (4.10)

The electrons reach the wave phase velocity when the amplitude
approaches s0 = vpp/ωp = λp/2π, where the phase velocity of the
plasma wave equals the group velocity of the driving laser pulse,
vpp = vg. Furthermore, at an amplitude of s0 = λp

4 , consecu-
tive oscillation centres begin to overlap.123 Both these conditions
roughly describe wave breaking. Assuming the former condition,
the maximum accelerating fields of the electrostatic wave can be
derived as follows. The density fluctuation along the z-axis is,

∆ne

ne
=

ds (z)
dz

⇒ ∆ne = ne · cos (ωp0t − kpz) . (4.11)

From Poisson equation, ∇ ·E = e∆ne/ε0, and the maximum elec-
tric field becomes

Emax
z � meωp0vg

e
. (4.12)
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Table 4.2. The group velocity for different electron densities and
irradiances (λ = 0.8 µm).

ne / cm−3 I / Wcm−2 vg/c
1018 1017 0.9997
1018 1019 0.9999
1019 1017 0.997
1019 1019 0.999
1020 1017 0.97
1020 1019 0.99

In a relativistic description of the plasma wave it is found that the
maximum field can become even higher (in a cold plasma):23

Emax
z � meωp0c

e
·
√

2 (γpp − 1), (4.13)

where γpp = 1/
√

1 − v2
pp/c2 and vpp = vg. Since the group velocity

of the laser pulse determines the phase velocity of the wake, an
expression is deduced from (2.4), (2.16) and (2.17):

vg � c

[
1 − 1

2

(ωp0

ω

)2 1
〈γ〉

]
. (4.14)

Eq. (2.14), derived for an electromagnetic wave acting on a single
electron in vacuum, can be used to find approximate values for
〈γ〉. Table 4.2 lists the group velocity for different irradiance and
plasma density using (2.14). For a plasma density of 1019 cm−3

and irradiance 1019 W/cm2, the maximum electric field of the laser
pulse wake, found using (4.13), is Emax

z � 2 TV/m, or 2 GV/mm.
However, in a plasma with a high temperature (random motion)
the maximum electric field is lower.

The accelerating field can thus become immensely strong, but
at some point the electrons attain such high velocities that they
outrun the plasma wave. This is possible because the plasma wave
propagates at approximately the group velocity of the laser pulse,
which is lower than c. Electron dephasing is a serious problem
for laser-based accelerator schemes.23,105 Because of the difference
in group velocity for different plasma electron densities, as seen in
Table 4.2, the magnitude of the problem is seen to quickly increase
with the electron density. A rough estimate of the maximum elec-
tron energy that can be acquired by the electrons with a certain
plasma wave velocity can easily be calculated. For example, with
an electron density of 1018 cm−3 and an irradiance of 1019 W/cm2,
the velocity of the plasma wave corresponds to an electron energy
of ∼ 30 MeV. Remember that the electron actually outruns the
plasma wave, so the actual maximum energy is higher.
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Direct Acceleration by the Laser Field

For direct acceleration of electrons by the laser field, other mech-
anisms can be invoked. Landau damping and wave breaking of
the light wave in the plasma cannot occur effectively because the
phase velocity of the light is greater than c, preventing resonant
heating by the laser field. However, in the absence of these pro-
cesses, others, which can be very efficient under certain conditions,
can take over.

For example, electrons can be directly accelerated by the light
field in the focus even in the absence of a plasma (Fig. 4.19). The

�

7

"

Figure 4.19. Ejection of an
electron from the laser focus.

irradiance is very high over a small radius, and electron ejection
comes about because electrons are carried away from the focal vol-
ume, either because of their high oscillation amplitude or because
of their drift velocity. The latter is determined collectively by the
magnetic field component of the light, the time of ionization and
the radial ponderomotive force.11,124–126 If the laser field is strong,
∼ 1019 W/cm2, the electron can be ejected with a few MeV of en-
ergy in this way. The higher the energy gained by the electrons,
the more they propagate in the forward direction (smaller θ in
Fig. 4.19), together with the laser pulse. Using the results from
Appendix A, where the movement of an electron in a strong field
is derived, the approximate direction can be shown to be,23,125

tan θ =
px

pz
�

√
〈γ〉 − 1

2
, (4.15)

with an expression for 〈γ〉 − 1 given in (2.14) and the x and z
directions given in Figure 4.19. Also in denser plasmas, such as
those produced in the relativistic channelling experiments, this
kind of electron ejection readily occur.

The plasma itself can provide quasi-static electric and magnetic
fields for electron acceleration. These can force expelled electrons
to be re-injected into the focus with an appropriate “phase” rela-
tive to the light wave, allowing the light to accelerate them further.
Such an acceleration mechanism is called direct laser acceleration
(DLA), and is based on a betatron resonance of the electrons in
static electric and/or magnetic fields.9,10,127 A static radial electric
field is generated when electrons are ponderomotively pushed radi-
ally from the channel, and a solenoidal magnetic field is generated
by the electrons moving in the forward direction (Fig. 4.20). An
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Figure 4.20. The channel and the
static electric and magnetic fields
which facilitate direct laser
acceleration.

electron moving along the direction of the laser pulse will perform
betatron oscillations in the static fields. The betatron frequency
depends on the strength of the static fields and on the velocity in
the forward direction of the electron. In order to understand how
DLA works, envision a laser pulse propagating through a channel
(Fig. 4.20) and that an electron with forward momentum is first
ejected from the light channel by the pulse and then re-injected
into the light channel by the static fields. The light wave moves
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forwards at the phase velocity which is greater than c. If the elec-
tron returns at a time at which the the light continues to accelerate
the electron, it will gain energy resonantly, oscillating in and out
of the light channel. In principle, this means that every time the
electron turns back at the perimeter of the light channel, the light
field overtakes it by one period. DLA can readily compete with
plasma acceleration processes under certain conditions, but it is
difficult to determine experimentally which mechanism is respon-
sible for the acceleration. Simulations suggest that DLA is most
effective in situations where other acceleration processes such as
SMWFA or wave breaking are prevented for some reason, and the
laser power threshold is estimated to be about six times the critical
power for relativistic self-focusing.10

4.2 Experimental Set-up

This section describes the common experimental components re-
quired, such as the evacuated experimental chamber, the focusing
optics and the gas valve that produces the jets of gas into which the
laser is focused. Following this, certain measurement techniques
and their corresponding set-ups are also discussed. Measurements
of the relativistic channel extension, the plasma electron density
and the energies and number of electrons are presented and de-
scribed.

4.2.1 Prerequisites

A broad outline of a typical set-up used in the experiments dis-
cussed in this chapter is shown in Figure 4.21. The laser pulse
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Figure 4.21. The experimental set-up with alignment check.
The horizontally polarized laser beam enters from the right and
is focused by an off-axis parabolic mirror, M1, into the gas-jet.
About one percent of the pulse is split off and is focused by a
lens, L1, onto a remote screen.

propagates through an evacuated tube from the compressor to the
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experimental chamber. Two mirrors steer the pulse to an off-axis
parabolic mirror that focuses the light at the centre of the evac-
uated chamber. In order to certify that the crucial alignment of
the parabolic mirror is maintained on a day-to-day basis, a thin
beam splitter has been introduced, which reflects a small part of
the light (∼ 1%) through a window via an iris to a lens (f = 4.5 m)
that focuses the light onto a remote screen. The spot on the screen
serves as a reference position for the alignment.

The off-axis parabolic mirror is coated with silver, has a diam-
eter of 7.5 cm and a focal length of 15 cm. The quality of the laser
focus using this kind of focusing mirror, is exceedingly sensitive to
mirror misalignment. Two different methods were used to align
the mirror. The more difficult method involved imaging the focus
with a 50 mm or 135 mm camera objective, producing a magnified
image on a CCD chip. This allowed quantitative analysis of the
focal spot-size and its shape. The other method was the one used
in the X-ray generation set-up (Section 3.2.3). While steadily de-
creasing the laser pulse energy, the mirror alignment was adjusted
in order to maintain the visible spark that was generated when the
mirror focused the laser pulse in air. This method is simpler and
allowed a faster adjustment to find the smallest focal spot but it
gives no information on size or shape of the focus.

Just above the laser focus, or more accurately 0.2 mm above
it, is the orifice of the pulsed gas nozzle that produces the gas jet
for the experiment. The gas nozzle must to be able to produce gas
jets of varying densities, up to ten times atmospheric pressure and
produce a well-defined beam-like gas jet. It must also be possible
to open and close the gas flow very quickly. The first demand arises
from the relativistic-self focusing mechanism. The lower the gas
(electron) density, the higher the power needed to induce a strong
relativistic focusing effect (Table 4.1). The second demand arises
from the fact that a slowly rising density can cause defocusing of
the laser pulse, before it reaches a density at which it can self-
focus. Simply put, the leading edge of the laser pulse produces a
low-density plasma on the edge of the gas plume, where the pulse
cannot be efficiently guided because the density is too low. A
slowly rising density gradient also complicates the conditions in the
experiment, by allowing the plasma frequency to vary. The third
demand is of a more technical character. The vacuum-pumps have
a limited capacity, so the longer time the gas nozzle is open the
lower the experiment repetition rate. In order to keep the average
pressure at a reasonable level of ∼ 10−4 mbar, the experimental
repetition rate is presently limited to one shot every five seconds.

The gas nozzle that was used in the experiments presented in
this chapter is mounted on a solenoid-type valve. The nozzle can
be replaced to produce gas jets of various sizes (0.8 or 0.5 mm).
A larger nozzle orifice means a lower gas density, however. The
valve can operate with backing gas pressures up to 85 bar, which
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was barely enough to produce an electron density of a few times
1020 cm−3 with helium gas, using the larger orifice. Helium was
used to generate relativistic channels throughout the experiment,
because it has only two electrons which are easily removed. A
heavier gas would have produced a higher electron density at a
given gas density, but the laser pulse might not have been able to
remove all electrons. In such a situation, there would be a radial
gradient in the electron density which would cause defocusing of
the laser pulse, possibly preventing self-focusing.

Role of Pre-pulses and ASE

The ASE and the pre-pulses from the multi-terawatt arm can, if
they are strong enough, pre-ionize the gas. The gas valve in the
experimental chamber was operated on a millisecond timescale,
which means that the gas was present when the pre-pulses reached
the focus. Assuming that the pre-pulse to main pulse ratio was
10−4, a reasonable number, the irradiance produced by the strong-
est pre-pulse in the focus was of the order of 1015 W/cm2. In
general, such an irradiance only partly ionizes the high-density gas
used in the experiments, generating a radially decreasing electron
distribution. Recalling that the refractive index of a plasma de-
creases with increasing electron distribution, it can be concluded
that a pre-pulse-generated electron distribution acts as a negative
lens for the main pulse. Thus, the focusing conditions of the main
pulse change and in the worst case the pre-plasma would prevent
relativistic self-focusing. In the experiments in this chapter the ef-
fect of the pre-plasma was not explicitly studied, but since relativ-
istic channelling was regularly achieved, the pre-plasma refraction
must have been of minor importance.

Safety Issues

Experiments generating relativistic channels can be dangerous from
a radiation point of view, unless caution is exercised and the radia-
tion level is monitored in real time. Since electrons are accelerated
by the laser up to very high energies of several MeV, Bremsstrah-
lung can cause a serious problem. Fortunately, the most energetic
electrons form a beam of small divergence that co-propagates with
the laser pulse. Therefore, in our experiments, the electrons could
be made to exit the evacuated experimental chamber through a
few centimetres of glass and impinge on a concrete wall on the
basement level of the laboratory building. Careful monitoring of
the X-ray yield with an ion chamber revealed that the radiation
was on the same level as the background in the building a few
metres from the experimental chamber, except where the beam
of electrons propagated. However, the electron beam itself could
easily generate doses of the order of the maximum allowed dose
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for radiological personnel (50 mSv) with a single laser pulse, moti-
vating extreme caution in the vicinity of the chamber. During our
experiments, the ion chamber was placed next to the personnel,
integrating the radiation dose. If the dose would have exceeded
a pre-determined limit, the ion chamber would have sounded an
alarm. For example, if the laser were misaligned and were fo-
cused onto the gas nozzle, the situation would be similar to that
in the X-ray experiment presented in the previous chapter. With
the extreme irradiance produced by the multi-terawatt arm, large
amounts of very hard X-ray radiation would then isotropically exit
the experimental chamber.

In addition to the real-time radiation monitoring, all personnel
wore thermoluminescent detectors (TLDs), which were analysed
on a monthly basis, giving a good measure of the integrated dose.
Together, the ion chamber and the TLD badges provided a good
safety level.

4.2.2 Measurement Techniques

In the relativistic channelling experiment presented in this chap-
ter many detection techniques made use of the scattered laser light
following the interaction between the laser pulse and the plasma.
For example Raman- and Thomson-scattered light revealed many
aspects of relativistic channelling. Furthermore, since accelerated
electrons co-propagate with the laser pulse, their energy spectrum
and their total number could be determined. The various tech-
niques employed in the experiments on laser-pulse channelling are
presented and discussed below.

Side-Scattered Light

In accordance with (4.7), the Thomson-scattered light and the
plasma recombination light is imaged at 90◦ to the propagation
direction in order to “see” the relativistic channel form inside the
plasma and to measure its extension. An imaging system has been
constructed, using a 13.5 cm focal length objective, which focuses
the 30 times magnified image onto a CCD chip (8-bit). The set-
up is shown in Figure 4.22 and typical images of the channel are
shown in Figure 4.23. As the relativistic channel generally has a
very small diameter, of the order of a few micrometres, the laser
irradiance is very high in the channel. Therefore, a luminous and
channel-like structure is expected to be visible in the focus where
the channel forms. In the present set-up, the direction of imag-
ing is normally parallel to the (horizontal) polarization direction,
which may not seem optimal, but imaging perpendicularly to the
polarization direction gives similar images. This is not surprising
because the imaging system has a finite acceptance angle (numer-
ical aperture) and some of the Thomson-scattered light is there-
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Figure 4.22. The experimental set-up showing the side-scatter-
ing imaging system and the diagnostics for forward Raman-
scattered light. The laser pulse enters from the right and is
focused by an off-axis parabolic mirror, M1, into the gas jet.
The channels formed are imaged onto a CCD chip using an ob-
jective, O. After the gas jet, laser radiation at the fundamen-
tal laser wavelength is reflected by a dielectric mirror, M2, to a
beam dump, while forward Raman-scattered light is transmitted
through M2 to a spectrometer outside the evacuated chamber.
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Figure 4.23. (a) The onset of relativistic channel formation.
The pulse duration was 30 fs and the energy was 50 mJ. (b)
A relativistic channel that has grown through the gas medium.
The length of the channel, 750 µm, equals 21 times the Rayleigh
range. The pulse duration was 65 fs and the energy is 120 mJ.
The diameter of the gas orifice is in both cases 0.8 mm, and the
valve produced an electron density of 7 · 1019 cm−3. For clarity
the chirp of the pulse has been greatly exaggerated.
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fore always imaged. The limited resolution of the imaging sys-
tem did not allow differentiation between laser beam filaments and
whole-beam self-focusing. However, the Thomson-scattered light

Figure 4.24. Sometimes the
irradiance of the Thomson-
scattered light dropped in the
channel.

sometimes showed a short initial channel, then nothing was seen
for a few hundred micrometres, after which the channel appeared
to continue (Fig. 4.24). The reason could be electron cavitation
which, according to (4.7), decreases the amount of scattered light,
or it could be an effect of sausaging of the relativistic channel (see
Section 4.1.1), which causes varying laser irradiance.104,113 For ex-
ample, if the electron density inside the channel drops by a factor
ten, the irradiance of the Thomson-scattered light will decrease
accordingly. This means that the channel becomes “invisible” to
the imaging system (the 8-bit CCD chip), because the signal is be-
low the background level. Because of the uncertainty of the origin
of the “dark channels”, these images were usually discarded from
any channel extension analysis.
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Figure 4.25. Illustration of how the CCD integrates the course of events in the plasma. In this
case, the laser pulse forms a plasma spark at time t0, leading initially to Thomson scattering. The
gas exits the nozzle at almost the speed of sound. When the laser pulse has passed through the
gas, the plasma shows an afterglow as the helium gas recombines and emits light that originates
from atomic transitions.

The CCD chip could be replaced by a fibre which transfers
light from the magnified image to a spectrometer. The fibre tip
was moved perpendicularly to the extension of the channel in small
steps, successively recording spectra (Figs 4.25 and 4.26). At the
position of the channel (∼ 0.3 mm wide in the image plane), the
spectra show a strong peak representing the Thomson-scattered
light. Below the channel, the Thomson-scattered light decreases
in favour of plasma recombination light. Since the (ionized) helium
gas moves at approximately 1 km/s after leaving the orifice, the
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series of spectra represent light emitted at different times from the
recombining plasma. The fibre is 0.2 mm in diameter and, with
30 times magnification, the temporal resolution is of the order of
10 ns. The two spectra in Figure 4.26 consequently show light
emitted at the time of the laser pulse (on the channel) and 0.1 µs
later.

The “on-channel” spectra, recorded with different laser pulse
durations, 30 fs and 540 fs, but the same pulse energy, have a quite
different appearance. The promptly Thomson-scattered light re-
sults in a peak of similar strength in both cases, but the spectrally
broad background is clearly blue-shifted in the case of the shorter
pulse. The red-shifted light in the long-pulse spectrum can either
be attributed to Raman scattering at a large angle to the direc-
tion of pulse propagation or more likely through Thomson scat-
tering of the Raman Stokes-component. The long pulse duration
leaves sufficient time for the Raman forward scattering instabil-
ity to grow. The shorter pulse, however, exhibits about ten times
higher peak irradiance and is therefore subjected to more severe
self-phase modulation (Section 4.16), particularly at the sharpened
rising edge of the pulse (Section 4.1.4). This causes a large blue
shift, which explains this spectral feature. The lack of red-shifted
light can be attributed to the short time available for Raman for-
ward scattering instability to grow.

Forward scattered Light

The forward directed light consists of the laser light that remains
after the channel and Thomson- and Raman-scattered light. The
remnant of the laser pulse was usually at least as strong as the
scattered light in our experiments, and in order not to saturate the
detectors, this light was reflected by a dielectric mirror (Fig. 4.22).
This mirror has a bandwidth of approximately 0.1 µm centred
around 0.8 µm. The remaining light is transmitted by the mirror
and collected on a pad which diffusely scatters the light into a
fibre-coupled spectrometer.

The Stokes-component for different helium backing pressures is
shown in Figure 4.27. The spectra were recorded with an modest
irradiance of � 1018 W/cm2. Assuming a constant electron density
throughout the relativistic channel and neglecting the dependence
on the electron temperature and 〈γ〉, the frequency at the Raman
peak determines the plasma electron density through the relation
in (4.8). When the irradiance is increased, the Raman peak broad-
ens while the general background quickly increases. The back-
ground arises from relativistic self-phase modulation of the laser
pulse and the peak broadening can be explained by the cavitation
that occurs in the channel. The change in electron density takes
place while the pulse propagates through the channel, and there-
fore Raman scattering occurs with a continuously changing plasma
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Figure 4.26. Spectrally resolved side-scattered light from the channel (black traces) and from
130 µ below it (grey trace). The spectra for short (upper) and long (lower) pulse durations
are very different, except for the Thomson peak at 0.8 µm. The shorter pulse generates less
red-shifted light but more blue-shifted light. The laser pulse energy was 0.3 J and the electron
density was 8 · 1019 cm−3.
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Figure 4.27. This figure shows the normalized first Stokes Ra-
man peaks generated in the underdense plasma. The light is
collected as indicated in Figure 4.22, by first reducing the laser
light with a dielectric mirror and then collecting the scattered
light to a spectrometer. The resolution is of the order of one
nanometre in this spectrum. The three peaks originate from
spectra collected at different electron densities in the plasma (2,
6 and 9 times 1019 cm−3), and the location of the peak is related
to the correspondingly different plasma frequencies.

frequency, effectively broadening the Raman line towards lower fre-
quency shifts (lower plasma density). Higher orders of the Raman
scattering process are conceivable but cannot be detected with the
present set-up, because the spectrometer is equipped with a CCD
camera, which limits the sensitivity to a maximum wavelength of
1.1 µm.

Further information might be included in the location and
width of the Stokes (and anti-Stokes) line. For example, the elec-
tron average mass and thus the laser irradiance in the channel
could possibly be deduced from the γ-dependence of the plasma
frequency.

Number of Accelerated Electrons

In initial attempts to count the number of forward accelerated elec-
trons Faraday cups of various designs were used (Fig. 4.28).128,129

The Faraday cup, which measures the total charge of the absorbed
electrons, proved to be exceptionally difficult to handle in the ex-
perimental set-up, because it acted as an antenna, picking up a
great deal of noise. The idea is that the cup accumulates the
charge, which is subsequently measured. Instead, a toroidally
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wound coil with twenty copper-wire turns was used in conjunction
with an oscilloscope to measure the total charge of the electrons
accelerated in the near-forward direction (Fig. 4.22).Normally, the

Figure 4.28. A Faraday cup that
can be used to measure the total
charge of the particles absorbed in
it.

toroidal coil was placed about 10 cm from the laser focus, mea-
suring all electrons emitted in a 100◦ cone. From (4.15) and
Appendix A, this angle can be shown to include electrons of en-
ergies higher than ∼ 0.7 MeV that are ponderomotively ejected
from the channel. Electrons that are accelerated through other
mechanisms such as wake-field acceleration or direct laser acceler-
ation probably exhibit a smaller divergence. The electrons move
through the coil and induce a current, which excites a resonant
oscillation in the electronic circuit (Fig. 4.29). The duration of the
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Figure 4.29. The toroidal coil
measures the total charge of the
pulse of particles passing through
it.

induced current can be assumed to be infinitely short compared
with the resonance frequency of the circuit. After some calcula-
tion, the response of the current pulse, as seen by the oscilloscope,
becomes:

uosc(t) � − Qe

NC
exp (−at) cos bt, (4.16)

where a−1 ∼ 1.2 µs, b−1 ∼ 0.12 µs and Qe =
∫

i(t)dt is the total
charge of the electrons passing through the toroidal coil. Eq. (4.16)
shows that the charge of the electrons is proportional to the voltage
amplitude at time zero, which was easily measured on the oscillo-
scope. Appendix B gives further details on the toroidal coil and
its electric circuit.

Electron Energy Spectrum

The energy spectrum of the electrons was detected with a sim-
ple permanent-magnet electron-spectrometer. A fluorescent screen
was placed behind a 5 cm thick collimating plastic block. The block
has a 1 cm hole, where those electrons coming straight from the
relativistic channel could pass through. The electrons generated a
luminous imprint on the screen which was imaged by a CCD cam-
era. The laser light was blocked by a few hundred micrometres
of aluminium. By simply approaching the electron beam with a
relatively weak permanent magnet (∼ 3 mT), the electrons bent in
the magnetic field, at different angles depending on their energy.
A spectrum of the electrons thus formed on the screen. Because of
the limited magnetic field of the simple spectrometer it could not
be used to measure the electron spectrum above 10 MeV. Much
better performance could be achieved with a dedicated permanent-
magnet spectrometer, such as the one built by C. Gahn,130 and
with a stronger magnetic field higher electron energies could be
measured.
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4.3 Experimental Results and Discussion

4.3.1 Relativistic Channelling

In the course of the relativistic self-focusing experiments, the chan-
nel length was measured on a shot-to-shot basis. The general ex-
planation for the channel extension is that the plasma continues
to guide the pulse either until its power falls below PC or until the
plasma ends (reaching the end of the gas jet). The pulse energy
is reduced in the process of self-focusing, through diffraction and
electron heating losses, and channelling can therefore only occur
up to the point where the power falls below PC . The loss due to
ionization is very small in this context.

Upon increasing the electron density, we found that the chan-
nel grew up to a point after which it started to shrink (Fig. 4.30).
Increasing the electron density means decreasing the critical power
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Figure 4.30. Measurements of the channel extension based on the side-scattered Thomson light,
when varying the electron density. (a) Results from an experiment with a pulse duration of 30 fs
and energy of 0.17 J. (b) Results from an experiment with a pulse duration of 50 fs and energy
of 0.17 J.

(∝ 1/ne), thus increasing the strength of the relativistic focusing
effects. Therefore, in a general sense, the part of the pulse that
is efficiently coupled into the channel increases with the electron
density. However, at higher electron densities, the transfer of en-
ergy from the laser pulse to the electrons dominates, and the same
pulse energy suffices only for a shorter channel.

By the same argument, the channel is expected to grow as the
pulse energy increases, because the pulse can loose more energy be-
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fore the power falls below PC . This was indeed confirmed by the
experimental results (Fig. 4.31 and Paper III). However, some-
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Figure 4.31. A measurement of the channel extension, based on
the side-scattered Thomson light, when varying the laser pulse
energy. The pulse duration was 50 fs and the electron density
1020 cm−3.

thing else happens when the laser energy is raised. According to
theoretical simulations by A. Pukhov et al., given ultra-relativistic
irradiances (γ � 1), in our case corresponding to I > 1018 W/cm2,
the energies of electrons expelled from the channel are proportional
to the square root of the irradiance. In other words, the losses suf-
fered by the laser pulse per unit distance is also proportional to
the square root of the irradiance.9,10 The origin of the losses has
not been determined; it could be one or several of different loss
mechanisms, such as Raman forward scattering instability, wave
breaking/Landau-damping, direct laser acceleration or pondero-
motive expulsion. Under the assumption that the losses follow a√

I dependence, a simple model describing the experimental find-
ings, should consequently show a channel growth proportional to
I/

√
I =

√
I for a constant electron density. This assumption re-

garding the losses should be tested. For example, a considerable
amount of energy is probably lost as the leading edge of the pulse
continuously diffracts out of the focus, because it does not experi-
ence the strong relativistic lens generated by the following part of
the pulse. However, in the present model, the diffraction losses are
also assumed to be small as compared to the losses due to electron
heating.

In order to test these very simplistic arguments, pulses of differ-
ent durations but constant energy were used to generate relativistic
channels. By moving one of the gratings in the compressor of the
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CPA laser, the pulse duration could be altered. To the first or-
der, the longer pulses exhibited only linear chirp but, as the pulses
becomes longer (several hundred femtoseconds), the temporal en-
velope of the pulse generally takes on the shape of the spectrum
envelope and higher orders of chirp modulate the pulse. The tem-
poral envelope was measured for all grating positions used in the
experiments, and it was found that when the pulses was stretched
to more than about 250 fs, rather strong modulations appeared. In
the context of self-focusing, which requires a certain critical power,
it is possible that pulses which seemingly have too low a power,
may self-focus if a strong peak exists in the temporal envelope.
Figure 4.32 shows how the extension of the channel increases as
the pulse duration increases (similar for chirps of both signs). This
behaviour cannot be explained by the model described above.
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Figure 4.32. Measurement of the channel extension based on
the side-scattered Thomson light, when varying the laser pulse
duration. The pulse energy was 0.12 J and the electron density
∼ 5 · 1019 cm−3.

In order to understand the results presented in Figure 4.32,
the above model is expanded with another logical argument. The
transfer of energy from the laser pulse to the electrons can be as-
sumed to occur at the front of the laser pulse, thus eroding it. This
is approximately true whether the energy loss is due to cavitation
or Raman scattering leading to wave breaking. Thus, the erosion
rate can be expressed as:

dτ

dz
∝ loss per unit distance

pulse energy per unit time
∝

√
I

I
=

1√
I
, (4.17)

where z is the coordinate along the axis of propagation. The loss
per step along the axis of propagation (dz) is proportional

√
I
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because of electron heating, and the duration of the corresponding
eroded part decreases as 1/I (Fig. 4.33). Erosion continues until
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Figure 4.33. Two pulses with
different pulse durations but equal
energy suffer from different
amounts of erosion (∆τ and
2.2∆τ , respectively) per unit
distance, ∆z, along the axis of
propagation.

the pulse is exhausted of its energy, at which time the guiding of
the laser pulse ceases. The model predicts that this happens after
a distance, L,

dz

dτ
∝

√
I ⇒

L ∝
√

I τ. (4.18)

The dependence of the channel length on the electron density
can be estimated from the experimental findings in Figure 4.30,
and the supporting arguments, to be:

L ∝ nα
e , (4.19)

where α � 1 at “low” densities and α � −1 at “high” densities (see
the discussion above and Fig. 4.30). Eqs (4.18) and (4.19) reveal
roughly how the parameters govern the length of the relativistic
channel.

In a more detailed model, variations in channel radius and vary-
ing critical power should be taken into account. Changes in the
radius of the relativistic channel lead to changes in the laser irrad-
iance in the channel and thus affects the electron heating. Ef-
fects such as cavitation become more pronounced at the end of the
laser pulse, which therefore experiences an effectively lower critical
power.

The Raman forward scattering instability is expected to grow
differently depending on the sign of the chirp (Section 4.1.3). In
our experiments, however, the channel extension was not influ-
enced by the sign of the chirp. If the length is indeed coupled
to the energy loss of the pulse, is should also be sensitive to the
growth of the Raman instability. This fact suggests that in our ex-
periments on relativistic self-focusing, Raman forward scattering
instability is not so important for the laser pulse losses, perhaps
because some competing process, such as wave breaking, limits the
instability growth.

Channel Splitting

Sometimes during our experiments, the Thomson-scattered im-
ages revealed channels that were apparently “split”, and the pulse
continued in two separate channels (Fig. 4.34). Whether this be-
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Figure 4.34. Sometimes the
Thomson-scattered light shows
that the channel splits.

haviour was a result of the laser pulse, the plasma, or both, is not
clear. It may be that there is some plasma instability which can
grow exceedingly fast, changing the density considerably, and that
the trailing part of the laser pulse is refracted and travels in an-
other direction. It may also be that accelerated electrons overtake
the laser pulse and disrupt the smooth refractive index in front
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of the pulse, causing deflection, or snaking, of parts of the laser
pulse.131 The plasma density may also be very high at a particu-
lar point, causing the first part of the pulse to change direction,
while the trailing part is intense enough to penetrate the denser
plasma. Whatever the reason, the mere fact that split channels
exist inspires new thinking; can relativistic channels be split and
reconnected at will? If that is the case, it does indeed improve the
prospects of using plasma waves in relativistic channels as particle
accelerators, because if channels can be connected and the elec-
trons from one channels seeded into the next, dephasing of the
electrons can be circumvented.

4.3.2 Electron Acceleration

Electron Energies

Using the simple spectrometer described earlier, the energy distri-
bution of the electrons could be assessed by studying the trace of
the electron beam on the scintillator. Figure 4.35 shows two images
of the scintillator, with and without a static magnetic field. The
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Figure 4.35. The spot of the
electrons on the fluorescent screen
with and without the permanent
magnet, indicating that electrons
of at least 10 MeV are accelerated
in the relativistic channel.

electron trace with the magnetic field present, indicates that some
electrons had been accelerated to energies higher than 10 MeV.
Most of the electrons had lower energies, but the presence of the
high-energy electrons from a ∼ 0.5 mm long channel shows that if
the electron were accelerated by an electric field through the chan-
nel, similarly to a linear accelerator (LINAC), the field strength
must have been greater than 20 GV/m in the relativistic channel.
Although this is small compared to the estimated limit in (4.12),
it is still an amazing strength; a thousand times the maximum
gradient that are generated in LINACs today.

Number of Accelerated Electrons

Several studies on the number of accelerated electrons have been
realized in the relativistic self-focusing experiments, utilizing the
toroidal coil described above (Fig. 4.29). Up to ∼ 5 ·1010 electrons
were accelerated by a single laser pulse. Due to the large accep-
tance angle of the toroid, it was not possible to determine which
of the different electron acceleration mechanisms that produced
the electrons. With “very low” laser irradiance (∼ 1017 W/cm2),
some electrons were still detected (∼ 1 pC, i.e. 6 · 106 electrons).
These were probably ejected by the ponderomotive pressure and
by the drift velocity acquired during ionization. This means that
they were expelled from the focus at a relatively large angle to the
laser pulse propagation axis.

The channel length was monitored simultaneously with the
electron measurements, allowing shot-to-shot comparisons of the
number of electrons and the channel length. For example, the data
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in Figure 4.36 were acquired at the same time as those in Fig-
ure 4.30(a). Figure 4.36 illustrates how the number of electrons

1 nC of charge corresponds to
6 · 109 electrons.
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Figure 4.36. The total charge of accelerated electrons versus the
electron density (cf. Fig. 4.30(a)). The laser pulse parameters
were 0.17 J, 30 fs.

increases with the electron density. It does not show the kind of
saturation that limits the channel extension. Increasing the energy
of the laser pulse also increased the number of electrons (Fig. 4.37),
similarly to the growth of the channel.

Finally, when varying the laser pulse duration, the change in
the number of electrons is seen to clearly deviate from the channel
growth (Fig. 4.38). The number of electrons seems to follow a
∼ 1/τ dependence.

These results together seem to imply that in the experiments,
the number of electrons, N , was linearly proportional to the laser
pulse irradiance and the electron density,

N ∝ ne I. (4.20)

It is difficult to draw any direct conclusions from this expression,
but the general behaviour is rather intuitive.

4.4 Summary and Outlook

The work presented in this chapter has the purpose of initiating
a new field of science, i.e. physics of relativistic self-focusing and
plasma physics at relativistic irradiances, at the High-Power Laser
Facility at the Lund Laser Centre, and to extend the knowledge
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Figure 4.37. The total charge of acceler-
ated electrons versus the laser pulse energy.
The laser pulse duration was 50 fs and the
electron density 5 · 1019 cm−3.
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Figure 4.38. The total charge of acceler-
ated electrons versus the laser pulse dura-
tion. The laser pulse energy was 0.5 J and
the electron density 5 · 1019 cm−3.

on this subject. One of the laser systems at the High-Power Laser
Facility has been redesigned for this purpose and a new laser arm
has been added that can deliver the fine-tuned laser pulses required
in these experiments. Also the experimental equipment, from the
vacuum system and the evacuated experimental chamber, to the
set-up of the diagnostic parts for the experiment have been imple-
mented and used: Relativistic channels have been generated since
the year 2000.

The dependencies of the extension of the relativistic channel on
various parameters of the laser pulse and for the plasma, have been
subjected to study. As a result of this, and with the co-operation of
the research group in Garching, Germany, a theoretical model for
the length of the relativistic channel has been proposed (Paper III).

In addition to this, the kinetic energy of the electrons has been
estimated using a permanent magnet electron spectrometer. A
new, specially designed spectrometer of similar type has been con-
structed and will be implemented in the coming experiments. It
has a much better energy resolution and can be used to measure
energies up to about 100 MeV. Furthermore, a device for measur-
ing the charge of electrons accelerated in the forward direction has
been developed. Using this device, the variation in the number
of electrons has been studied for different laser pulse and plasma
parameters (Paper IV).

Looking to the near future, several interesting studies can be
carried out. For example, an experiment with the new electron
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spectrometer, Raman detection and the toroidal coil could give
important information on the behaviour of the acceleration mech-
anism as a function of the laser pulse chirp (see Section 4.1.3). The
laser pulses can now also be altered through the use of a so-called
DazzlerTM,132 manufactured by Fastlite, which allows better con-
trol over the chirp. A Dazzler is an acousto-optic programmable
dispersive filter of sorts, which can be used to tailor the chirp and
spectrum of the laser pulse. Placed early in the laser system, before
the stretcher, it is normally used to pre-compensate for temporal
and spectral distortions that the pulse undergoes through the laser
system, but it can also be used to generate exotic pulse shapes, or
pulse trains, with variable chirp.

Also the angular distribution of the accelerated electrons should
be investigated. In the experiments already carried out, only a
small part of the forward accelerated electrons were detected be-
cause a collimator blocked electrons ejected at angles larger than
a few degrees. It has been reported that collimated beams of elec-
trons are sometimes produced, standing out from the general back-
ground of forwardly accelerated electrons. The mechanisms behind
such electron beams should be studied, as they could provide more
information on the laser-plasma interaction in the relativistic chan-
nel.

Possibilities of accelerating electrons to much higher energies
than given by the dephasing limit is of large interest and could
be investigated in future experiments.133 Is it possible to seed
a second relativistic channel with electrons from a first channel,
for example? This could circumvent dephasing and maybe also
produce a peaked electron energy-distribution, as opposed to the
exponentially decreasing distribution that is generally achieved.



Chapter 5

Summary and Future Research

In the course of the work presented in this thesis, some achieve-
ments have been accomplished, contributing small pieces to the
grand scientific jigsaw puzzle. The questions that have been an-
swered by the experiments in which I have taken part are some-
times difficult to understand for the uninitiated, but our overall
aim was to better understand the interactions between light and
matter and to use this knowledge to facilitate new applications.
Using the lasers at the High Power Laser Facility at the Lund
Laser Centre, hard X-rays have been generated and studied in a
research project that started already ten years ago. By taking an-
other step forward and employing a compact laser system with a
hundred times higher repetition rate (1 kHz), it has been found
that medical imaging can readily be performed with acquisition
times that may soon become realistic. The results are encour-
aging, showing that laser-produced X-rays might have a place in
future diagnostic imaging. Furthermore, considerable effort has
been devoted to initiating a new field of research, in which the
channelling of light by means of relativistic effects has been inves-
tigated. This required developing a new, more powerful laser arm,
based on the first ten-hertz laser. The new multi-terawatt arm has
been equipped with advanced laser pulse diagnostic tools of several
kinds, and a designated evacuated experimental chamber has been
built and equipped for this new type of experiment. This effort
has required all possible resources to be focused on this work for a
long period of time, but finally relativistic channelling experiments
are now carried out. The Lund High Power Laser Facility has now
advanced into this new, fascinating field of science. In the first
experiments performed, relativistic channels have been studied by
optical measurement techniques and electrons accelerated inside
the channels have been detected and characterized.

The same kind of experiments performed at the Lund High
Power Laser Facility are being performed by a growing high-field
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science community, and I would like to touch upon some of the re-
search performed by this community as a whole. I believe we face a
future in which high-field science will be of central importance not
only to research, but also in an increasing number of applications.
The work of the high-field science community is starting to over-
lap with existing research in higher energy physics communities,
such as nuclear,134–136 particle and astrophysics. For example, ra-
dionuclides that are used in medicine for treatment or diagnosis
are presently produced at large accelerator facilities, sometimes far
from the hospital. The half-lives of some of these radionuclides can
be as short as a few minutes and it would be to great advantage if
they could be produced in the vicinity of, or even at, the hospital.
Laser-accelerated electrons, which require only a relatively small
laser system, could very well be used to activate such radionuclides
in the future.137,138

A new aspect of intense laser pulses focused onto solid tar-
gets has recently become a “hot topic” in our community. It has
been found that by focusing onto a thin solid, a beam of ener-
getic protons can be ejected from the back of the target.139–142

The mechanisms are not yet fully understood, but it is clear that
the proton beam is of high quality. Proton beams find uses, for
example, in medicine, in the treatment of cancer.143–145

Laser-accelerated electrons and protons can be emitted in a
beam of high quality, e.g. short pulses and small divergence and
they can be applied to many fields of science. A multitude of ideas
have spawned experiments and investigations aimed at facilitat-
ing the introduction of this new particle source into many fields
of science. In particular, the particle acceleration community is
showing a growing interest. Laser-accelerated particles could pro-
vide a source of ultrashort particle bunches, which can be injected
into conventional accelerators. Relativistic channels could perhaps
also be used to further accelerate such bunches of particles. Today,
accelerator technology has been pressed to its limits. The electric
field should be as high as possible to reduce the distance needed
for acceleration. However, the required distance sometimes exceeds
several kilometres. A plasma, however, can support tremendous
electric fields, several thousand times stronger than the upper limit
for conventional accelerators; effectively reducing the required ac-
celeration distance by the same amount. It is conceivable that one
long or several consecutive plasma channels could replace or at
least complement existing accelerators.

Not only can laser-based acceleration improve existing acceler-
ator technology. For example, experiments with high-energy pions
in storage rings require rapid acceleration of the particles to rel-
ativistic energies on times shorter than the lifetime of the pion
of ∼ 10−8 s. This is not possible using conventional technology
but if it could be done, relativistic time dilation would increase
the lifetime and experiments could be performed. A laser-based
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accelerator could facilitate the required near-instantaneous acceler-
ation of pions to relativistic energies where the particles live much
longer.145 The pions could subsequently be injected into conven-
tional accelerators and be accelerated further.

In several experiments neutrons have been produced by focus-
ing laser pulses onto deuterium targets. In the generated plasma
fusion occurs and energetic neutrons with an energy of a few MeV
are emitted.73,75,146,147 The EC is currently planning a large-scale
neutron facility, the European Spallation Source (ESS), and it is
easy to envisage the impact a compact, laser-based neutron source
would have.

Presently, France and the USA are devoting considerable efforts
to investigating the use of short-pulse lasers in laboratory inertial
fusion experiments in the so-called “fast ignitor scheme”.145,148

The idea is to simultaneously focus about two hundred very pow-
erful, energetic laser pulses onto a pellet made of from deuterium
and tritium. The pulses, which are of nanosecond duration, ionize
the pellet shell and compress it. Even the pressure of all of these
beams can not suffice to raise the temperature to the level required
for fusion. However, a very intense, ultrashort laser pulse could
be able to penetrate far into the plasma through relativistically
induced transparency and direct a beam of energetic electrons, or
protons, into the pellet core, thereby starting the fusion process;
i.e. “igniting” it.

In the distant future of high-field science it might even be pos-
sible to generate electromagnetic fields that can generate electron-
positron pairs directly in vacuum (the laser-based production of
electron-positron pairs has already been achieved, but in the pres-
ence of heavy nuclei149,150), however this requires an irradiance of
the order of 1030 W/cm2.12 At an irradiance a few orders of magni-
tude lower, > 1026 W/cm2, the acceleration of electrons would al-
ready be tremendous, allowing the electrons to “sense” their event
horizon, similar to how the horizon appears in the vicinity of black
holes. The irradiance needed for this is, in principle, possible with
the technology available today and would facilitate astrophysical
simulation experiments.12 (Today, the largest laser systems pro-
duce up to 1021 W/cm2.)
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Here, I will try to define, in broad terms, my contribution to the
work presented in Papers I – VI.

Paper I: J. Larsson and A. Sjögren.
“Evaluation of Laser-irradiated Ar Clusters. . . ”
The experiment that led to this paper was performed in the spring
of 1998, i.e. a few months after I came to the Division. I took
part in the experiment, including the set-up, and helped with data
evaluation and the preparation of the manuscript.

Paper II: E. Andersson et al..
“Coronary Angiography Using Laser Plasma Sources. . . ”
This experiment was carried out in the autumn of 1998. M. Grätz
and I were responsible for the experimental set-up, as far as the
laser and X-ray generation set-up. I also performed calculations
for the absolute calibration of the CCD camera and helped to
write the manuscript.

Paper III: C. Delfin et al..
“Influence of Laser Pulse Duration on Relativistic. . . ”
These were the first results on relativistic channelling performed
at the Lund High Power Laser Facility. A huge amount of work
preceded the publication, in which I was considerably involved,
including a part of the design and upgrading of the ten-hertz
multi-terawatt arm that was used in this experiment. Alignment
of the compressor in the evacuated chamber, constructing a part
of the vacuum system and adding an optical table with diagnos-
tic equipment for the laser were also major contributions. The
experimental set-up was built and tested in various ways, before
the experiment was carried out in the autumn of 2000. C. Delfin
wrote the first draft of the manuscript, I was very active in the
preparation of the final manuscript, including evaluation and in-
terpretation of data.

Paper IV: A. Sjögren et al..
“Relativistic Channel Formation. . . ”
Some of the measurements reported in this paper were planned
by me and performed in the summer of 2001, and some results
came from earlier measurements. The 0.5 mm orifice of the gas
nozzle had been replaced by a larger, 0.8 mm orifice, and longer
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channels were measured. A toroidal coil, designed to measure
the total charge of the forward accelerated electrons from the
relativistic channels, was used for the first time. I designed and
tested the coil and performed the analysis of the electron charge
measurements and also wrote the manuscript.

Paper V: A. Sjögren et al..
“High-Repetition-Rate, Hard X-ray Radiation. . . ”
This experiment was planned by me, but M. Harbst helped consid-
erably in carrying it out. The work included some laser re-design.
I was responsible for the setting up of laser and X-ray diagnos-
tic tools as well as the X-ray generation device. I performed the
data analysis, including simulating the detected spectra. The
manuscript was written by me, with various input from the coau-
thors.

Paper VI: J. Larsson et al..
“Picosecond X-ray Diffraction Studies. . . ”
Two experiments led by J. Larsson, one in 1999 and another one
year later, preceded this paper. I took parts in both experiments.
Before the second experiment I spent quite some time before trav-
elling to the ESRF preparing equipment. I was very active in
setting up the various laser beams used in the experiments. Fur-
thermore, I contributed to the setting up of the crystal samples
and the detection equipment and took an active part in all mea-
surements.
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Appendix A

Relativistic Electron Motion

The relativistic motion of an electron in a plane wave of linearly
polarized laser field is discussed here. First, the vector potential of
the electromagnetic field is introduced. This quantity constitutes a
joint description of the electric and the magnetic field. Thereafter,
using relativistic particle dynamics, the vector potential is utilized
to derive constants of motion for the electron. These are then used
to express the oscillatory (kinetic) energy of an electron in a laser
field of a certain irradiance.

Generally, the kinetic energy of an electron is defined as,23

Wkin = mec
2 (γ − 1) ≈ me|v|2

2
, (A.1)

where the approximation gives the non-relativistic kinetic energy
for v/c � 1. The Lorentz factor can be expressed as,

γ−1 =

√
1 − |v|2

c2
, (A.2)

or as,

γ =

√
1 +

|p|2
m2

ec
2
, (A.3)

where |p| = meγ|v|.
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Figure A.1. Orientation of electric
and magnetic fields.

Consider the situation in Figure A.1, with a linearly polarized
laser field propagating along the z direction, E(z, t) = x̂E0 cos(ωt−
kz) and B(z, t) = ŷE0

c cos(ωt−kz). The vector potential is defined
as,151

∇× A = B, (A.4)

which, in the case of a pure electromagnetic wave in a material
without charges, also determines the electric field:151

E = −∂A
∂t

. (A.5)
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106 Relativistic Electron Motion

The motion of an electron in the laser field given above is gov-
erned by:23

dp
dt

= −eE− ev × B. (A.6)

We now multiply (A.6) by v and simplify to find the equation of
(kinetic) energy for the oscillatory motion of the electron:

dWosc

dt
= mec

2 dγ

dt
= −eE · v. (A.7)

Eq. (A.6) can also be expressed in terms of the vector potential by
inserting (A.4) and (A.5):

dp
dt

= e
∂A
∂t

− ev ×∇× A. (A.8)

Using the relations v×∇×A = ∇ (v · A)−(v · ∇)A and dA/dt =
∂A/∂t+(v · ∇)A and then integrating the x and y parts of (A.8)
gives the constants of motion for the x and y direction:105

px(z, t) = eAx(z, t) + px0

= −eE0

ω
sin(ωt − kz) + px0 x direction,

(A.9)

py(z, t) = py0 y direction. (A.10)

Here, px = meγvx and py = meγvy. The motion of the electron
before being overtaken by the laser field is determined by px0 and
py0. In the following, the electron is assumed to be initially mo-
tionless, i.e. px0 = px0 = 0.

To obtain the constant of motion for the z direction, we com-
bine the z parts of (A.6) and (A.7) to yield:105

pz(z, t)
mec

= γ(z, t)− γ0 z direction (A.11)

Introducing this equation (with γ0 = 1, i.e. no initial movement)
into the equation for kinetic energy, (A.1), gives,

Wosc(z, t) = mec
2 (γ(z, t)− 1) = cpz(z, t), (A.12)

or, by using the relation in (A.2) in conjunction with (A.11) yield-
ing

pz(z, t) =
p2

x(z, t)
2mec

, (A.13)

it can be found that:

Wosc(z, t) =
p2

x(z, t)
2me

. (A.14)
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From (A.14), using (A.9), the electron’s maximum oscillation en-
ergy can now be expressed as a function of the irradiance, I =
1
2ε0cE

2
0 :

Wosc

∣∣
max

=
e2

4π2ε0mec3
I λ2. (A.15)

The average energy is often more applicable, but it is difficult to
calculate exactly. However, neglecting the variation in z in (A.9),
(A.15) can be used to find the approximate oscillatory energy over
one oscillation period of the light wave:

〈Wosc〉 �
e2

8π2ε0mec3
I λ2. (A.16)

It can expressed in a more useful form, 〈Wosc〉 = 93 I18 λ2
µm keV,

with the irradiance, I18, in units of 1018 W/cm2 and the wave-
length, λµm, in units of µm. Furthermore, 〈γ〉 can be calculated
as

〈γ〉 − 1 =
〈Wosc〉
mec2

� e2

8π2ε0mec3
I λ2. (A.17)

This can also be expressed in more useful forms: 〈γ〉 − 1 =
0.18 I18 λ2

µm or 〈γ〉 − 1 = 〈Wosc〉 [keV]/512, with similar nota-
tion as above.

The expression in (A.16) turns out to be equal to that of
the well-known ponderomotive potential for non-relativistic elec-
tron movement, often denoted Up. The non-relativistic deriva-
tion excludes the action of the magnetic field and concentrates on
the transverse movement of the electrons, but in the derivation
above, the magnetic field is included. This means that the elec-
tron moves along the pulse axis of propagation and the average
energy in (A.16) includes contributions from both longitudinal and
transverse electron movement. Calculating the equivalence of the
ponderomotive potential in the relativistic regime for a laser pulse
focusing into a dense plasma is utterly complicated.11,152–154 Con-
sidering this, the expression in (A.16), derived under quite limiting
conditions, should be used with caution.





Appendix B

The Toroidal Coil Circuit

The toroidal coil was used in the experiments dealing with rela-
tivistic channelling. The idea behind the circuit design is to allow
accelerated electrons to pass through the coil, which is illustrated
in Figure 4.29. By studying the oscillating response of the toroidal
coil circuit to the passage of the electrons the total charge of the
electrons can be estimated.

The coil is connected to a circuit as shown in Figure B.1; LT

is the inductance of the toroid, and Rc and Cc represent the resis-
tance and capacitance of the cables, and Cosc and Rosc the capaci-
tance and resistance of the oscilloscope (Table B.1). The electrons
induce a resonant oscillation in the circuit, the voltage of which,
uosc, is viewed on the screen of the oscilloscope.

The toroid diameter is Φ = 14.5 cm and the wound coil has a
diameter of ϕ = 17 mm. Twenty turns of copper wire are wound
around a hollow plastic tube that supports the device. The induc-
tance of the toroidal coil can now be estimated according to:

LT =
µrµ0

πΦ
· N2 · π

(ϕ

2

)2

≈ µ0ϕ
2

4Φ
· N2 = 0.25 µH, (B.1)

The measured inductance was found to be 1.1 µH. Considering � 
  � $ � &

2 �
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  �
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Figure B.1. The electronic circuit
to which the toroidal coil is
connected. uosc represents the
voltage seen on the oscilloscope
screen.

Table B.1. The circuit
parameters.

LT 1.1 µH
Rc 2 Ω
Cc 35 pF
Cosc 280 pF
Rosc 1 MΩ

the crudeness of the coil, this is quite close to the theoretical value.
The inductance should be compared with the typical inductance of
a doubly screened coaxial cable, which is about 250 µH per metre
of the cable that is used.

By employing the Laplace transform, the complete expression
for the response of uosc to an “infinitely short” electron pulse with
total charge Qe can be calculated. Furthermore, it can be shown
that with the parameters listed in Table B.1, the calculated re-
sponse can be approximated by:

uosc(t) � − Qe

NCtot
exp

(
−Rct

/
LT

)
cos

[
t
√

LT Ctot

]
(B.2)

109



110 The Toroidal Coil Circuit

This is a damped oscillation where the amplitude is proportional to
Qe, i.e. the total charge of the electron pulse. Since the oscillation
period, ∼ 0.12 µs, is much shorter than the decay, ∼ 1.2 µs, the
oscilloscope can be used to measure the amplitude of the oscillation
at time zero, and determine the total charge of the electrons.
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