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Abstract

This thesis describes the first systematic study of laser induced nuclear physics. When
the VULCAN ultra-intense laser pulse interacts with a solid target, electron and proton
beams of energies up to 40 MeV are generated. These particles were used to induce

nuclear reactions in materials.

The electron beams, being inefficient in inducing nuclear reactions were converted to
energetic y-rays via bremsstrahlung in a tantalum converter. These y-rays were then
used to induce photo-nuclear reactions in different materials via (y,mn) reactions.
Evidence of reactions occurring was obtained by measuring the radiation emitted by the
product nuclei. The y-rays produced in the laser-solid interaction were used to fission a
sample of 233U, the first observation of laser induced fission. Photo-nuclear reactions
were used to measure the number and angular distribution of photons above 10 MeV
produced in the interaction and to measure the temperature of the fast electrons

generated.

Protons can directly interact with nuclei to take part in nuclear reactions. In particular
(p,n) and (p,o) reactions were used to produce positron emitting nuclei, specifically ''C
and *N which are used in Positron Emission Tomography, a form of medical imaging.
Nuclear reactions were also used to measure the spectrum of the proton beams produced

in the laser-solid interaction.

Preliminary measurements of proton production on a much smaller laser system,
ASTRA were performed as a possible extension of the above techniques to table-top

laser systems.
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Thesis Summary

This thesis reports on the generation of energetic particles (up to 40 MeV) and
subsequent nuclear phenomena when an ultra-intense laser pulse interacts with solids.
This work was carried out using the VULCAN and ASTRA laser facilities at the
Rutherford Appleton Laboratory, UK. The content therefore brings together the study

of high-power lasers and nonlinear optics, laser-solid interactions and nuclear physics.

The first chapter discusses the history of how this subject came about. In doing this, the
motivation behind the work is made clear. It also serves as an introduction, and some

basic concepts are discussed.

Chapter 2 deals with the theory behind laser-solid interactions, and how MeV electrons,
y-rays and protons are generated when an ultra-intense laser interacts with a solid target.
This deals with aspects of plasma physics, since this is how these particles are generated

in the interaction.

Chapter 3 describes the operational characteristics of the VULCAN laser system and the

generation of ultra-intense laser pulses.

Chapter 4 discusses the physics of energetic particle interactions with nuclei,
specifically photo-nuclear physics and proton-induced nuclear reactions. In addition,
the radiation detectors used to provide evidence of nuclear events are described in

detail.

The next four chapters are the results section of the thesis. Chapter 5 describes the use
of the VULCAN laser to perform photo-nuclear physics. This technique is used to
measure the angular distribution of the fast electrons produced in the interaction, the
production of radioactive isotopes, measurements of the y-rays produced and the

temperature of the electrons and to perform laser-induced nuclear fission of ***U.

xi
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Chapter 6 reports on the generation of energetic proton beams and subsequent nuclear
physics using the VULCAN laser. This technique is used to generate positron emitting
radioisotopes, specifically !'C and *N via (p,n) and (p,o) reactions. These isotopes are
of relevance to the nuclear medicine community, specifically Positron Emission
Tomography, a form of medical imaging. The possibility of using lasers for the

commercial production of these isotopes is discussed.

Chapter 7 describes preliminary results of proton production on the ASTRA laser
system — a much smaller scale facility than VULCAN. The operation of the ASTRA
laser is briefly described. The implications these results have on the possibility of re-

producing the results described in Chapters 5 and 6 are discussed.

Chapter 8 reports on measurements of the temperature of the fast electrons produced in
VULCAN interactions with materials via higher-order photo-nuclear reactions using

tantalum targets.

The final chapter discusses the implications the results have, and puts the findings into
context. In addition, some experiments to be performed in the immediate future are
outlined.

xii
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Chapter 1
History, Background and Introduction

The purpose of this Chapter is to provide the reader with introductory information
regarding the subject matter with the emphasis on ease of reading. The concepts
discussed here will be described in more detail in later chapters. A brief history of
how this area of study evolved is given.

1.1  Introduction 2

1.2  High Power Pulsed Laser Characteristics 2

1.3  History 3



L Spencer 2001 Chapter 1 History, Background and Introduction

1.1 Introduction

This thesis is concerned with the use of high power lasers to accelerate charged particles
to multi-MeV energies. In this regime, these particles can induce nuclear reactions,
coining the phrase “laser induced nuclear physics”. Given the novelty of the results
described, the history of this field is described in Section 1.3, but firstly in Section 1.2
basic principles and parameters are discussed regarding high power pulsed laser

systems.

1.2 High Power Pulsed Laser Characteristics

The power of a pulsed laser is defined by the energy contained in a pulse divided by the
pulse length. The highest pulse powers achievable today are of the order 10'2-10%°
Watts (Terawatt-Petawatt). For example, the VULCAN laser at the Rutherford
Appleton Laboratory, UK packs 100 J of energy into a 1 picosecond (1 ps=1072 s)
pulse, giving a pulse power of 100 TW. To put this into some sort of perspective, the
total electrical power generated in the USA is about 10> W. When laser pulses of this
magnitude are focused to spot sizes of the order 12 um, the power density, or the
intensity can be in excess of 10°° Wem™. Laser intensities are usually quoted in the
non-SI unit of Wem™.

PulseEnergy
PulseLength

PulsePower = Eqn (1.1)

Energy

Intensity = Eqn (1.2)

PulseLength x FocalSpotArea

Laser light, like any other electromagnetic wave has associated with it perpendicular
electric and magnetic fields with the direction of wave propagation being the vector
cross product of these. The electric (E) and magnetic (B) fields associated with a laser

pulse are defined as

E = |- Eqn (1.3)
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21u
B= =t Eqn (1.4)

where I is the intensity of the laser pulse, c is the velocity of light, € is the permittivity

of free space and p is the permeability of free space.

It is the (E) and (B) fields that are responsible for charged particle acceleration. Since
the magnitudes of these ficlds are dependant on the laser intensity, it is vital to achieve
the maximum laser intensity possible. For a laser pulse of intensity I=10*° Wcm?, the
associated electric field is 2.7x10"! Vem™. This is a huge accelerating gradient and a
factor of some x 400 greater than the field experienced by the electron of the hydrogen
atom in its K-shell. At the same time the varying magnetic field is also very large being
close to 10° G. This is only a factor of 1000 smaller than the magnetic field of a typical
black hole. These parameters will be discussed in more detail in later chapters, but at
this stage it is necessary to review the history of this field of study to gain some insight

into how the work detailed in this thesis evolved.

1.3 History

The work described in this thesis has been possible due to the remarkable upsurge in
short pulse laser technology from the 1970s onwards, leading to higher and higher
achievable peak powers — hence peak focused intensities. Running parallel to this
revolution has been the outstanding theoretical and experimental work by researchers
who have developed the applications of these ever-increasing laser intensities by
studying the interaction of these laser pulses with matter. The object of this section is to

comment on some of the highlights of these two areas.

1.3.1 High-Power Pulsed Lasers

In the 1960s, the peak power available from pulsed laser systems was a few kilowatts

(10> W) leading to a peak intensity of 10° Wem™. Since then, the techniques of Q-
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switching (Wilson & Hawkes 1987), first achieved in the early 1970s, then mode
locking (mid 70s) meant that by the early 80s, powers in the gigawatt (10° W) regime

were obtainable, and when focused yielded intensities in the region 10" Wem™.

To achieve efficient amplification of the radiation in a laser cavity, the waves
circulating within it must undergo constructive interference. For constructive
interference, the phase change produced be the wave passing once around the cavity
must be 2nm, where m=1,2,3,etc. Thus, only certain wavelengths (or frequencies) can

oscillate. These allowed frequencies are called longitudinal modes.

If the bandwidth (Av) of the amplifying medium is large enough, a large number of
mode frequencies can experience gain. These modes would in general oscillate more or
less independently of each other and produce radiation that exhibits random fluctuations
of intensity. However, if the modes are made to oscillate in phase, the output becomes a
regular sequence of pulses whose duration is determined by the number of modes which
can oscillate. This is defined by the bandwidth of the medium and is the principle
behind mode locking (Hutchinson 1989).

These oscillators can, in principle produce pulses whose duration is defined by the
inverse of the bandwidth of the amplifying medium. Hence it is desirable to use an
amplifying medium with a large bandwidth in order to produce pulses of short duration
and hence high power. Materials with large bandwidths include organic dyes (Av~20-
40 nm) and rare gas excimers (Av~20-40 nm). These materials can be used to generate
pulses in the picosecond regime, as can solid state media such as glass doped with
neodymium (Av~22 nm). Titanium: sapphire crystals (Av~120 nm) can be used to
generate pules as short as 8 femtoseconds (1f5=10" s). The intensity of light passing
through an amplifying medium will increase exponentially (assuming no losses) with
distance provided the intensity is kept low enough such that there is still an excess of
atoms/molecules that can excite/de-excite. However, the probability of stimulated
emission increases with the intensity of radiation, so a point is reached where the
fraction of the stored energy which is converted into radiation becomes significant. The
intensity increases at a lower rate, and the amplifying medium is said to have reached its

saturation point.
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From the above, it would be reasonable to assume that there is a minimum intensity
required to extract (say) half the stored energy. For this to occur, it is required that at
least one photon (of energy hf where h is Planck’s constant and f is the laser frequency)
to interact with each atom/molecule, each having an interaction cross section o (the
cross section for stimulated emission, usually given in cm?®). Hence, the energy/unit
area required to extract a significant fraction of the stored energy, or the Saturation

Energy Density is defined by

E = z Jem™ Eqn(1.5)
o}

Dyes and excimers have relatively high stimulated emission cross sections with o~107°
cm’ (Hutchinson 1989). Therefore the saturation energy densities of these materials are
relatively low, in the regime ~mJcm™. These materials can only be used in amplifying

pulses of high energy if the area of the aperture of the amplifier is large.

Solid state materials on the other hand have much smaller stimulated emission cross
sections (~10"°-10%° ¢m?) (Hutchinson 1989). This gives very high saturation energy
densities of around 20 Jem™. In addition, the number of excited species per unit volume
in these materials is very large hence the energy that can be stored when the material is
excited is high with values around 1 Jem™. Another advantage is that the lifetimes of
the excited species are long (~100 ps) so energy can be accumulated over a relatively
long period compared to other amplifying media. From this point of view, solid-state

materials are again the most favourable lasing media.

The major disadvantage regarding solid state media is that the intensities achieved are
well above the level at which catastrophic damage to the amplifier would occur. For
this reason, solid state materials are more suited to the amplification of nanosecond

pulses as opposed to picosecond or sub-picosecond pulses.

Another problem with amplifying intense laser pulses is that of self focusing. Put

simply, when an intense laser pulse travels through a medium, its presence induces a
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change in the refractive index of the medium and hence the pulse is “self-focused”
(Hutchinson 1989). This obviously increases the power density of the pulse and can

lead to irreversible damage of the amplifier medium.

The critical intensity at which a beam is significantly distorted is ~10'"® Wem™. For a 1
ps pulse amplified in a dye or excimer medium, the saturation intensity is 10° Wem?, so
self focusing is not an issue for these media. However for solid state media, the
saturation intensity is 10'* Wem™ for a 1 ps pulse. This means that the full potential of

solid state media as amplifiers cannot be realised due to self-focusing.

The latest revolution in laser technology came about in the mid 80s, with the technique
known as Chirped Pulse Amplification (CPA) (Perry & Mourou 1994;Strickland &
Morou 1985). This technique resolved the problems of saturation intensity and self
focusing and released the full potential of solid state amplifiers. A full account of this
technique as applied to the VULCAN laser system at the Rutherford Appleton
Laboratory, UK is given in Chapter 3. In simple terms, CPA involves stretching a pulse
in time prior to amplification and then recompressing it back to its original duration. A
stretched pulse of long duration can be passed through an amplifying medium without
causing damage to the amplifier, due to the lower power density of the stretched pulse.
Self focusing also becomes less of an issue as long as the intensity of the stretched pulse
is sufficiently low. After recompression, much higher powers can be obtained than
before the advent of CPA. Hence by 1990, peak laser powers soared to the terawatt
regime (10> W) with focused intensities of 10'* Wem?. To date, pulses powers of 1
petawatt (10> W) have been generated, yielding intensities of up to 10*! Wem?™.
Excellent reviews of the state-of-art in high-power laser technology and future
possibilities are given in (Hutchinson 1989;Mourou 1997;Perry & Mourou 1994).
Figure 1.1 displays the evolution of peak laser power from the 1960s — present day.
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Figure 1.1 Increase in peak laser powers and focused irradiances from 1960 — present day.

The highest power laser systems in the world today can be loosely categorised into one
of two sections: large scale, low repetition rate lasers, and smaller scale, high repetition

rate systems. The larger systems have a high pulse energy of tens of joules - few kJ.

This characteristic requires large beam diameters and hence large optics and amplifiers
to minimise the energy density and hence avoid damage to the system. The smaller-
scale laser systems have less energy in the pulse, but with a reduced pulse duration

compared to the larger systems can now reach comparable powers and intensities.
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The highest pulse power achieved to date was delivered by the Petawatt branch of the
NOVA laser facility at the Lawrence Livermore National Laboratory, USA. Before its
decommission in 1999, this system achieved 10" W, or 1 PW with a focused intensity
of 10*' Wem™. This system consisted of a Nd: Glass amplifier with CPA and delivered
a pulse of 1 kJ in 1 ps every 30 minutes. This was an extremely large scale system as

can be seen in Figure 1.2.

Figure 1.2 The NOVA Laser system at LLNL. (Left) The power amplifiers of the system.
(Right) The inside of the CPA pulse compression chamber.

Many other facilities throughout the world have similar designs to NOVA i.e. large
scale, low-rep-rate systems. The VULCAN laser at the Rutherford Appleton
Laboratory, UK where most of the experiments described in this thesis were carried out
is of this type. The pulse characteristics of VULCAN are described in Section 1.2 and a
full description of this facility is given in Chapter 3. For an idea of the scale of
VULCAN, Figure 1.3 shows the VULCAN amplifier chain and target chamber. The
upgrade to the VULCAN laser is currently underway incorporating components of the
decommissioned NOVA project and will increase its power to 1 PW with intensities
exceeding 10*' Wem™. The GEKKO M1 laser in Japan is again a Nd: Glass system,
with a pulse energy of 25 J in 700 femtoseconds (1 fs=10"" s) with a pulse power of 30

2

TW and a focused intensity of 10"*"* Wem™?. The p102 laser at Lemeil in France is a

similar system reaching intensites in the 10'* Wem™ regime, with pulses of energy 20 J
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in 400 fs. LULL also in France is now capable of 100 TW (10** Wcm?). The
wavelength of Nd: Glass lasers is 1.053 um which is in the infra-red region of the
electromagnetic spectrum. Systems of this type currently under construction are the
PHELIX (Petawatt High Energy Laser for Heavy lon EXperiments) in Darmstadt, and
the NIF (National Ignition Facility) in the USA. PHELIX will deliver 1 PW and NIF
when completed will exceed this current record. The OMEGA laser at the University of
Rochester, USA is a 30 kJ, 60 beam ultra-violet laser used for fusion studies.

Smaller-scale, high-repetition rate lasers have been yielding higher and higher peak
powers in recent years. The most common laser of this type is titanium: sapphire.
These systems have less energy in their pulses, but much shorter pulse lengths than their
larger counterparts described above and hence yield comparable powers and intensities.
Ti: sapphire lasers operate between 780-1100 nm. Recently a system has been
developed at LOA in France which delivers 1 J in 30 fs providing 100 TW with a 10 Hz
repetition rate. Intensities of 102 Wem™? have been measured. A 10 TW hybrid Ti:
sapphire/ Nd: phosphate laser has been developed at the Centre for Ultrafast Optical
Science, University of Michigan. This system delivers 4 J in 400 fs at 1.053 pum with a
focused intensity of 6x10'® Wem™. Other facilities similar to these systems throughout
the world are the ATLAS laser at the Max Planck Institute, Garching, Germany, and
The Max Born Institute (MBI), Berlin, Germany. The ASTRA laser system at the
Rutherford Appleton Laboratory which was used in the experiments described in
Chapter 7 is of this type. The newly constructed JANUS system at LLNL and the
Trident Facility at Los Alamos, USA are also very impressive high-power lasers. The

characteristics of all of these laser systems are summarised in Table 1.1.

With laser intensities of this magnitude, new regimes of study are possible, including
the subject of this thesis. The next section goes through the history of the study of laser
interactions with matter then describes the experiments that can be carried out with the

ever-increasing intensities available throughout the years and into the future.
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Laser Type Pulse Pulse Power Focused | Repetition
Energy (J) | Duration %) Intensity Rate
(s) (Wem™)
Petawatt — | Nd: Glass | 1000 1072 10° 10 1/30 mins
NOVA
VULCAN | Nd: Glass | 100 107+ 10" 10% 1/20 mins
P102, Nd: Glass |20 0.4x10™% | 30x10™ | 10" 1/20 mins
Lemeil
LULI Nd: Glass | 30 0.3x10™ | 100x10"* | 10% 1/20 mins
GEKKO |NdGlass |25 0.7x10™* | 30x10™ | 10" 1/20 mins
Mil
LOA Ti:sapphire | | 30x107° | 30x10™” | 10% 10 Hz
Michigan | Tisapphire | 4 0.4x107"* |10x10™ | 6x10™ 1 Hz
Nd:
phosphate

ATLAS | Tisapphire | ] 130x10™"° | 8x10™ 107 10 Hz
PHELIX* | Nd: glass | 5000 <1x10“s | 107 10* Low
Berlin Ti:sapphire | 1.5 50x10° |30 TW 10” 10 Hz
ASTRA | Tisapphire | | 70x10"° [ 10x10™ | 10" 2 Hz
JANUS 10 600x10"° [ 100 TW | 107 1/3mins
Trident 800 mJ 15010 | 5TW ~10" 1 Hz
NIF* >10" >10% Low

Table 1.1 Characteristics of the world’s highest power lasers. Systems marked with a *

are currently in construction.
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T

Figure 1.3 The VULCAN Nd: glass laser system. (Top) The amplifier chain. (Bottom) The laser-
target interaction chamber.
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1.3.2 Interaction of charged particles in intense electromagnetic fields

The mechanism of the interaction of charged particles in intense electromagnetic fields
has been considered for more than fifty years. In 1948, Menzel and Salisbury (Menzel
& Salisbury 1948) postulated that cosmic rays are the product of charged particles
(electrons and ions) being accelerated by transient electric fields in space which arise
from the solar corona. This idea was developed further by McMillan in 1950
(McMillan 1950) who attempted to explain that both “ordinary” cosmic rays and the
intense rays following solar flares are due to the presence of low frequency
electromagnetic waves. Meanwhile, Fermi (Fermi 1949) proposed that cosmic rays are
originated aﬁd accelerated primarily in the interstellar space of the galaxy by collisions

against moving magnetic fields.

As mentioned previously, an electromagnetic wave has associated with it perpendicular
electric and magnetic fields with the direction of propagation being the vector cross
product of these. The basic principle behind the groundbreaking work noted above is as
follows: a charged particle in an intense electromagnetic field is accelerated initially
along the direction of the electric field. The Lorentz force, -e(v x B) causes the particle
to be bent in the direction of the wave propagation. In intense fields the charged
particle can be accelerated rapidly to close to the speed of light, and tends to travel with
the EM wave gaining energy from it. The idea behind Menzel and Salisbury’s theory
was that charged particles become entrained in a low frequency (a few cycles per
second) wave and can be accelerated to energies as high as 10" eV. This concept is a
counterpart of the machines built on earth at that time to accelerate particles to high

energies, the predecessors of modern day facilities such as CERN.

Laser light is an electromagnetic wave and hence it may not be surprising that if the
fields associated with the laser are intense enough, that laser beams can be used to
accelerate particles. This concept was first proposed by Feldman and Chiao in 1971
(Feldman & Chiao 1971), twenty years after the idea was first applied to astrophysical

phenomena. They showed theoretically that an electron could gain energies as high as

12
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30 MeV after a single pass through the focus of a diffraction limited laser beam of
power 10> W and wavelength 1 pm. Chan (Chan 1971) similarly calculated that an
intense laser beam could be used as an energy booster for relativistic charged particles
showing that a 10 MeV electron can absorb 40 MeV from a laser beam of 1 pm
wavelength and an electric field of 3x10'° Vem™ in a distance of 1.3 mm. It is
interesting to note that the potential of laser-induced particle acceleration was realised in
these early works, since it is largely dependant on the peak power of the laser pulse.
“These results are especially encouraging considering that peak laser power might
possibly become several orders of magnitude higher than at present; peak powers have
been increasing by orders of magnitude in the past few years and there seems to be no
fundamental limit on these peak powers” (Feldman & Chiao 1971). The problem with
these schemes is that it is still not possible to maintain the required intensities over the
necessary distances in vacuum, even with the highest power laser systems which exist

today.

This problem was overcome in the late seventies by the seminal work of Tajima and
Dawson (Tajima & Dawson 1979) who realised that by focusing laser light into a
plasma medium (a plasma is an electrified gas with the atoms dissociated into positive
ions and electrons), much higher accelerating fields could be generated than by focusing

into the vacuum alone.

It is often said that 99 % of the matter in the universe exists in the plasma state (Chen
1983), and in fact the solar corona is a plasma. Referring back to the early work on the
origin of cosmic rays, the accelerating fields were thought to originate from the solar
corona, and hence the analogies between this mechanism and laser-plasma acceleration

are clear.

Tajima and Dawson proposed the construction of a laser-electron accelerator which
could be created when an intense laser pulse produced a wake of plasma oscillations
(volumes of high and low densities of electrons). Similar to a boat creating a bow wave
or wake as it moves through water, a bunch or cloud of high velocity electrons creates a
wake of plasma waves as it passes through the plasma. They demonstrated with

computer simulations that with the most powerful lasers at that time capable of 10'®

13
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Wem™ incident on plasmas of densities 10'® cm™ could yield electrons of GeV per cm
of acceleration. This concept is known as wakefield acceleration and is an area of great
interest today. It is known that conventional accelerators are limited by electrical
breakdown at fields of around 20 MVm’™; at these fields the electrons are torn from the
nuclei in the accelerator’s support structure. Plasma particle accelerators are seen as an
alternative to conventional accelerators and also as particle beam injectors for high-

energy physics experiments.

More recently the importance of Raman forward scattering and plasma wave breaking
in short pulse high intensity laser produced plasmas has been realised by a number of
authors, (Joshi, Tajima, & Dawson 1981;Modena et al. 1995;Mori et al. 1994;Sheng &
Meyer-ter-Vehn 1997) in generating electrons of very high energies in very short
distances. In these papers the authors considered the probability of using this
technology for the construction of compact accelerators which might find applications

where 2-200 MeV electrons or photons are required.

There has been a plethora of experimental data from the 90s onwards with evidence of
electron acceleration using intense laser pulses (Amiranoff et al. 1998;Clayton et al.
1993;Esarey et al. 1997;Everett et al. 1994;Malka, Lefebvre, & Miquel 1997;Malka &
Miquel 1996;Modena et. al. 1995;Ting et al. 1997;Wagner et al. 1997). The reason for
the current and thriving interest in high intensity laser plasma interactions is not only
their relevance to advanced concepts of plasma high energy particle accelerators

described above, but also to a number of other fields.

The plasma conditions in a laser produced plasma resemble the inside of a brown dwarf
star. The ability to produce plasmas previously only found in space has proved to be
hugely beneficial to the astrophysics community — again the analogies with the origin of

cosmic rays is apparent.

Laser-plasma interactions also have their part to play in the search for a renewable, safe,
environmentally friendly source of energy. The sun produces energy via thermonuclear
fusion reactions. Of course these reactions are only possible under the extreme pressure
and temperature conditions found in stars. Laser-plasma interactions are a possible

route to achieving these conditions and inducing thermonuclear reactions on Earth, a

14
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branch of physics known as inertial confinement fusion (ICF). In this scheme, a
deuterium-tritium target is rapidly heated by several incident laser pulses, which leads
to compression of the fuel to twenty times the density of lead. The compression and
heating of the pulse leads to ignition of the fuel core and thermonuclear burn. Ignition
conditions have yet to be achieved, and although fusion neutrons have been observed
(Norreys et al. 1998;Norreys et al. 2000), the energy input by the laser still far exceeds
the fusion energy output. Recently the “fast ignitor” scheme was proposed (Tabak et al.
1994) which could lead to fusion conditions with much lower laser requirements than
originally envisaged. The National Ignition Facility in the USA is currently being
constructed for this purpose.

In 1988, Boyer Luk and Rhodes published a seminal theoretical paper discussing the
possibility of inducing nuclear fission using intense laser-plasma interactions (Boyer,
Luk, & Rhodes 1988). They predicted that by focusing a laser of intensity 10*' Wem™>

on to a sample of uranium-238 that fission of the uranium nuclei would occur with a

‘probability 10°. This paper dealt with the mechanism of electrofission, where the

energetic (in fact relativistic) electrons produced by the laser-matter interaction couple
to the fission mode of nuclear decay. Prior to this, many probes had been used to
induce fission, particularly neutrons, both fast and slow. Other nuclear probes had also
been used e.g. protons, deuterons and heavy ions as well as non nuclear beams e.g.
gamma rays, electrons and muons. It is perhaps not surprising for a sufficiently intense
light source to induce fission, albeit indirectly by means of accelerated electrons from
the laser interacting with matter. Lynn (Lynn 1988) reviewed the work of Boyer, Luk
and Rhodes and commented that as well as electrofission, the relativistic electrons could
generate bremsstrahlung (“braking radiation™) high energy photon beams causing
photofission to occur. Lynn calculated that around 10° fission events could occur under
the criteria set out by Boyer, Luk and Rhodes. In fact at this time, Ken Ledingham and
Ravi Singhal of the University of Glasgow, together with Joe Magill (Kalshrue)
submitted a proposal to the EC seeking support to carry out laser-induced nuclear
fission of uranium experimentally. Although the proposal was short listed for funding,
it was eventually turned down because it was felt that at that time no laser in Europe had
a sufficiently high intensity. The peak intensity available at the time was around 10'®
Wem™ and Boyer, Luk and Rhodes were looking at intensities around three orders of

magnitude greater than this.
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In the last three years, electrons of energies up to 100 MeV have been generated using
the highest intensity lasers available, up to and in excess of 10> Wem™. Hence a high
intensity laser can produce energetic electrons similar to that of a low-energy linear
accelerator. If the laser interacts with a thick high Z solid target, bremsstrahlung
conversion takes place and gamma rays of energies up to 100 MeV are produced
(Cowan et al. 2000;Ledingham et al. 2000;Ledingham & Norreys 1999;Norreys et al.
1999;Phillips et al. 1999). The subject matter of Chapter 5 is the use of these laser-
generated gamma-rays to produce radioactive nuclei (decaying by electron
capture/positron emission) via (y,mn) reactions (m=1,2,3..), and the first experimental
observation of fission of uranium-238 via (y,f) reactions, ten years after the technique
was first postulated. The physics of photo-nuclear reactions is discussed in Chapter 4.
This branch of laser-induced nuclear physics also has applications in measuring the
angular distribution and temperature of the hot electrons produced, again described in
detail in Chapter 5. To this date these results have only been obtained using large-scale,
low repetition rate laser systems such as VULCAN at the Rutherford Appleton
Laboratory, UK and the Petawatt branch of the NOVA facility at the Lawerence
Livermore National Laboratory, USA. The development of this technique for “table-
top” production of radionuclides is the natural extension of this work. With the ongoing
advancements in laser technology, table-top lasers capable of 10" Wem? are

currently being developed and will soon be available.

One of the potential applications of this new technology is to produce short lived (2
minutes-2 hours) positron emitters for Positron Emission Tomography (PET). This is a
form of medical imaging where a patient receives by injection a pharmaceutical labelled
with a short-lived p* emitting source. This radio-pharmaceutical is taken up wherever it
is used in the body, and specific sites in the body can be imaged by detecting the back-
to-back 511 keV positron-electron annihilation gamma rays emitted. Among the
principal applications for this important diagnostic technique are imaging: blood flow,
amino acid transport and brain tumours. The main positron emitting nuclei used as
tracers are ''C, PN, 10 and '*F, with the latter being the most widely used positron
source. These sources are usually produced using energetic proton beams produced by

cyclotrons or van de Graaffs via (p,n) or (p,a) reactions. The nuclear reaction physics
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involved here is covered in Chapter 4. The reason that proton induced nuclear
reactions are favoured is because the isotope produced has a different atomic number
than the reactant, and hence these can be separated using fast chemistry. This makes it
possible to produce carrier free sources allowing patients to be injected with the
minimum of foreign material. With (y,mn) reactions, the reactant and the product have

the same atomic number.

So far only the acceleration of electrons in laser-plasma interactions has been discussed.
Of course, ions are also present in a plasma, and in fact it is possible to produce beams

of energetic protons using intense laser pulses.

The mechanisms responsible for ion acceleration are currently the subject of intensive
research by many groups throughout the world. The main mechanism though to be
responsible for the generation of proton beams is the production of electrostatic fields
due to space charge effects when the fast electrons exit the target. For this reason, thin
(few micron) low Z targets are favoured to accelerate protons and heavier ions, to allow
the electrons to escape and set up these fields. The acceleration mechanisms for both

ions and electrons are the subject of Chapter 2.

Measurements of proton emission from laser-solid interactions have been made as early
as the 1980s (Gitomer et al. 1986;Kishimoto et al. 1983) using nanosecond CO; lasers.
In these early works it was thought that the protons originated from a hydrocarbon
impurity layer on the metal target surface. Later measurements, using picosecond
pulsed lasers with intensities 10'3-10" Wem? (Beg et al. 1997;Fews et al. 1994)
showed that protons of energies in the MeV range can be generated. In more recent
experiments (Clark et al. 2000;Krushelnick et al. 1999;Santala et al. 2001;Snavely et al.
2000), multi-MeV protons have been observed at intensities up to 10 Wem?.  Again
the targets were metallic and the protons were believed to originate from impurity layers

on the target surface. This issue will be addressed in later chapters.
Multi-MeV protons can induce nuclear reactions in materials, and Chapter 6 reports on

the production of the PET isotopes ''C and >N using proton beams generated via ultra-

intense laser-solid interactions.
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It is instructive to show what experiments can be carried out with regards to laser
intensity. Figure 1.4 presents some of the events that can occur with intensity plotted on
the x-axis. There is no significance to the y-coordinate apart from spatially separating
the events to ease viewing. With a 1 ps pulse of 1 pm wavelength, helium gas is ionised
at around 3x10'* Wem™. As the intensity increases, the inert gas becomes multiply
ionised and at 10 Wecm? and above, photon-induced nuclear reactions are
energetically possible. Close to 10*' Wem?, pion production can take place — the first
of the elementary particles. After its upgrade, VULCAN will achieve this intensity.
Between 1072 Wem™, it is predicted that it will be possible to strip 36 electrons from
an atom of krypton, Kr*®", and to produce U’™. Above 102 Wem? it has been
proposed that the ultra-intense laser field will promote nuclear transitions directly and

hence possibly modify the half-lives of long-lived radioisotopes. At the very high
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Figure 1.4 The significant atomic and nuclear events as a function of intensity for a laser of
wavelength 1 pm and pulse length 1 ps. At present the highest laser intensity achieved is 10*'
Wem™. Plans are already in place to build lasers 100 times more intense.

18



|

L Spencer 2001 Chapter 1 History, Background and Introduction

intensities of 10*® Wem?, it can be shown that electron-positron pairs can be created
from the vacuum simply using the ultra-intense electric field associated with the laser.
However pair production can take place in the presence of matter at very much lower

laser intensities, around 107! Wem™.

References

Amiranoff, F., Baton, S., Bernard, D., Cros, B., Descamps, D., Dorchies, F., Jaquet, F.,
Malka, V., Marqués, J. R., Matthieussent, G., Miné, P., Modena, A., Mora, P., Morillo,
J., & Najmudin, Z. 1998, "Observation of laser wakefield acceleration of electrons”,

Physical Review Letters, vol. 81, p. 995.

Beg, F. N., Bell, A. R., Dangor, A. E., Danson, C. N., Fews, A. P., Glinsky, M. E,,
Hammel, B. A., Lee, P., Norreys, P. A., & Tatarakis, M. 1997, "A study of picosecond

laser-solid interactions up to 10" Wem™", Physics of Plasmas, vol. 4, p. 447.

Boyer, K., Luk, T. S., & Rhodes, C. K. 1988, "Possibility of Optically Induced Nuclear
Fission", Physical Review Letters, vol. 60, p. 557.

Chan, Y. W. 1971, "Ultra-intense laser radiation as a possible energy booster for

relativistic charged particles", Physics Letters, vol. 35A, p. 305.

Chen, F. F. 1983, Introduction to Plasma Physics and Controlled Fusion, pp 1, Second
edn, Plenum Publishing Corporation.

Clark, E. L., Krushelnick, K., Davies, J. R., Zepf, M., Tatarakis, M., Beg, F. N.,
Machacek, A., Norreys, P. A., Santala, M. I. K., Watts, 1., & Dangor, A. E. 2000,
"Measurements of energetic proton transport through magnetized plasma from intense

laser interactions with solids", Physical Review Letters, vol. 84, p. 670.

Clayton, C. E., Marsh, K. A., Dyson, A., Everett, M., Lal, A., Leemans, W. P.,
Williams, R., & Joshi, C. 1993, "Ultrahigh-gradient acceleration of injected electrons by

laser-excited relativistic electron plasma waves", Physical Review Letters, vol. 70, p. 37.

19



I Spencer 2001 Chapter 1 History, Background and Introduction

Cowan, T. E., Hunt, A. W., Phillips, T. W., Wilks, S. C., Perry, M. D., Brown, C,,
Fountain, W., Hatchett, S. P., Johnson, J., Key, M. H., Parnell, T., Pennington, D. M.,
Snavely, R. A., & Takahashi, Y. 2000, "Photonuclear fission from high energy electrons

from ultra-intense laser-solid interactions", Physical Review Letters, vol. 84, p. 903.

Esarey, E., Hubbard, R. F., Leemans, W. P., Ting, A., & Sprangle, P. 1997, "Electron
injection into plasma wake fields by colliding laser pulses", Physical Review Letters,
vol. 79, p. 2682.

Everett, M., Lal, A., Gordon, D., Clayton, C. E., Marsh, K. A., & Joshi, C. 1994,
"Trapped electron acceleration by a laser-driven relativistic plasma wave", Nature, vol.
368, p. 527.

Feldman, M. J. & Chiao, R. Y. 1971, "Single-cycle electron acceleration in focused
laser fields", Physical Review A, vol. 4, p. 352.

Fermi, E. 1949, "On the origin of cosmic radiation", Physical Review, vol. 75, p. 1169.

Fews, A. P., Norreys, P. A., Beg, F. N, Bell, A. R., Dangor, A. E., Danson, C., Lee, P.,
& Rose, S. J. 1994, "Plasma ion emission from high intensity picosecond laser pulse

interactions with solid targets", Physical Review Letters, vol. 73, p. 1801.

Gitomer, S. J., Jones, R. D., Begay, F., Ehler, A. W., Kephart, J. F., & Kristal, R. 1986,
"Fast ions and hot electrons in the laser-plasma interaction", Physics of Fluids, vol. 29,
p- 2679.

Hutchinson, M. H. R. 1989, "Terawatt lasers", Contemporary Physics, vol. 30, p. 355.

Joshi, C., Tajima, T., & Dawson, J. M. 1981, "Forward Raman instability and electron

acceleration”, Physical Review Letters, vol. 47, p. 1285.

Kishimoto, Y., Mima, K., Watanabe, T., & Nishikawa, K. 1983, "Analysis of fast-ion
velocity distributions in laser plasmas with a truncated Maxwellian velocity distribution
of hot electrons", Physics of Fluids, vol. 26, p. 2308.

20



1 Spencer 2001 Chapter 1 History, Background and Introduction

Krushelnick, K., Clark, E. L., Najmudin, Z., Salvati, M., Santala, M. I. K., Tatarakis,
M., & Dangor, A. E. 1999, "Multi-MeV Ion Production from high-intensity laser

interactions with underdense plasmas”, Physical Review Letters, vol. 83, p. 737.

Ledingham, K. W. D. & Norreys, P. A. 1999, "Nuclear physics merely using a light
source", Contemporary Physics, vol. 40, p. 367.

Ledingham, K. W. D., Spencer, 1., McCanny, T., Singhal, R. P., Santala, M., Clark, E.
L., Watts, L., Beg, F. N., Zepf, M., Krushelnick, K., Tatarakis, M., Dangor, A. E.,
Norreys, P. A., Allott, R. M., Neely, D., Clarke, R. J., Machacek, A., Wark, J. S.,
Creswell, A., Sanderson, D. C. W., & Magill, J. 2000, "Photo-nuclear physics when a
multiterawatt laser pulse interacts with solid targets", Physical Review Letters, vol. 84,
p- 899.

Lynn, J. E. 1988, "Laser-induced fission", Nature, vol. 333, p. 116.

Malka, G., Lefebvre, E., & Miquel, J. L. 1997, "Experimental observation of electrons
accelerated in vacuum to relativistic energies by a high intensity laser", Physical Review
Letters, vol. 78, p. 3314.

Malka, G. & Miquel, J. L. 1996, "Experimental confirmation of ponderomotive-force
electrons produced by an ultra-relativistic laser pulse on a solid target", Physical Review

Letters, vol. 77, p. 75.

McMillan, E. M. 1950, "The origin of cosmic rays", Physical Review, vol. 79, p. 498.

Menzel, D. H. & Salisbury, W. W. 1948, "The origin of cosmic rays", Nucleonics, vol.
2, p. 67.

Modena, A., Najmudin, Z., Dangor, A. E., Clayton, C. E., Marsh, K. A., Joshi, C.,

Malka, V., Darrow, C. B., Danson, C., Neely, D., & Walsh, F. N. 1995, "Electron

acceleration from the breaking of relativistic plasma-waves", Nature, vol. 377, p. 606.

21



1 Spencer 2001 Chapter 1 History, Background and Introduction

Mori, W. B., Decker, C. D., Hinkel, D. E., & Katsouleas, T. 1994, "Raman forward
scattering of short-pulse high intensity lasers", Physical Review Letters, vol. 72, p.
1994,

Mourou, G. 1997, "The ultrahigh-peak-power laser: present and future", Applied
Physics B, vol. 65, p. 205.

Norreys, P. A., Allott, R. M., Clarke, R. J., Collier, J., Neely, D., Rose, S. J., Zepf, M.,
Santala, M., Bell, A. R., Krushelnick, K., Dangor, A. E., Woolsey, N. C., Evans, R. G.,
Habara, H., Norimatsu, T., & Kodama, R. 2000, "Experimental studies of the advanced
fast ignitor scheme", Physics of Plasmas, vol. 7, p. 3721.

Norreys, P. A, Fews, A. P., Beg, F. N, Bell, A. R., Dangor, A. E., Lee, P., Nelson, M.
B., Schmidt, H., Tatarakis, M., & Cable, M. D. 1998, "Neutron production from
picosecond laser irradiation of deuterated targets at intensities of 10" Wem™", Plasma

Physics and Controlled Fusion, vol. 40, p. 175.

Norreys, P. A., Santala, M., Clark, E. L., Zepf, M., Watts, 1., Beg, F. N., Krushelnick,
K., Tatarakis, M., Dangor, A. E., Fang, X., Graham, P., McCanny, T., Singhal, R. P.,
Ledingham, K. W. D., Creswell, A., Sanderson, D. C. W., Magill, J., Machacek, A.,
Wark, J. S., Allott, R. M., Kennedy, B., & Neely, D. 1999, "Observation of a Highly
Directional y-ray Beam from Ultra-short, Ultra-intense Laser Pulse Interactions with

Solids", Physics of Plasmas, vol. 6, p. 2150.

Perry, M. D. & Mourou, G. 1994, "Terawatt to Petawatt Subpicosecond Lasers",
Science, vol. 264, p. 917.

Phillips, T. W., Cable, M. D., Cowan, T. E., Hatchett, S. P., Henry, E. A., Key, M. H.,
Perry, T., Sangster, C., & Stoyer, M. A. 1999, "Diagnosing hot electron production by
short pulse, high intensity lasers using photonuclear reactions", Review of Scientific

Instruments, vol. 70, p. 1213.

Santala, M. 1. K, Zepf, M,, Beg, F. N., Clark, E.L., Dangor, A. E., Krushelnick, K.,
Ledingham, K. W.D., McCanny, T., Spencer, 1., Machacek, A. C., Allott, R., Clarke,

22



L Spencer 2001 Chapter 1 History, Background and Introduction

R.J., Norreys, P. A. 2001, "Production of radioactive nuclides by energetic protons
generated from intense laser-plasma interactions", Applied Physics Letters, vol. 78, p.
19.

Sheng, Z. M. & Meyer-ter-Vehn, J. 1997, "Relativistic wave breaking in warm
plasmas", Physics of Plasmas, vol. 4, p. 493.

Snavely, R. A., Key, M. H., Hatchett, S. P., Cowan, T. E., Roth, M., Phillips, T. W.,
Stoyer, M. A., Henry, E. A., Sangster, C., Singh, M. S., Wilks, S. C., Mackinnon, A. J.,
Offenberger, A. A., Pennington, D. M., Yasuike, K., Langdon, A. B., Lasinski, B. F.,
Johnson, J., Perry, M. D., & Campbell, E. M. 2000, "Intense high-energy proton beams
from petawatt-laser irradiation of solids", Physical Review Letters, vol. 85, p. 2945.

Strickland, D. & Morou, G. 1985, "Compression of Amplified Chirped Optical Pulses",

Optics Communications, vol. 56, p. 219.

Tabak, M., Hammer, J., Glinsky, M. E., Kruer, W. L., Wilks, S. C., Woodworth, J.,
Campbell, E. M., & Perry, M. D. 1994, "|gnition and high gain with ultrapowerful
lasers", Physics of Plasmas, vol. 1, p. 1626.

Tajima, T. & Dawson, J. M. 1979, "Laser Electron Accelerator", Physical Review
Letters, vol. 43, p. 267.

Ting, A., Moore, C. I., Krushelick, K., Manka, C., Esarey, E., Sprangle, P., Hubbard,
R. F., Burris, H. R., Fischer, R., & Baine, M. 1997, "Plasma wakefield generation and

electron acceleration in a self-modulated laser wakefield accelerator experiment",
Physics of Plasmas, vol. 4, p. 1889.

Wagner, R., Chen, S. Y., Maksimchuk, A., & Umstadter, D. 1997, "Electron
acceleration by a laser wakefield in a relativistically self-guided channel", Physical

Review Letters, vol. 78, p. 3125.

Wilson, J. & Hawkes, J. F. B. 1987, "Q-Switching," in Lasers: Principles and
Applications, 1 edn, Prentice Hall, pp. 108-114.

23



Chapter 2

Theoretical

Electron and Proton Acceleration in

Ultra-Intense Laser-Solid Interactions

This chapter provides a theoretical background in the physics of ultra-intense laser-

solid interactions. From this, a description of electron acceleration due to the various

absorption mechanisms in the interaction follows.

description of how ions, in particular protons can be accelerated in these

interactions.

2.1 Introduction

2.2 Ultra-Intense Laser-Solid Interactions

2.3 Laser-Pulse Characteristics

2.4 Classical Resonance Absorption

2.5 “Not-so-Resonant”, Resonance Absorption

2.6 Relativistic jxB Heating

2.7 The “Hole Boring” Phenomenon

2.8 “B-Loop” Acceleration

2.9 Proton Acceleration in Laser-Solid Interactions

The chapter concludes with a
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2.1 Introduction

So far the concept of particle acceleration in laser-matter interactions has only been
discussed tentatively. In fact, the physics of the laser-matter interaction is highly
complicated and gives rise to a number of physical phenomena. The study of these
interactions both theoretically and experimentally is currently an area of huge interest.
To date, there is no single theoretical model that can adequately describe all the main
aspects of the interaction physics. Excellent reviews of this subject are given in
(Gibbon & Forster 1996;Joshi & Corkum 1995;Umstadter 2001;Witte et al. 1999).

Recall from Chapter 1 that for a laser pulse of intensity I=10*° Wem™, the associated
electric field is 2.7x10'" Vem™. This field is some x 400 greater than the field
experienced by the electron of the hydrogen atom in its K-shell. This means that a
gaseous or solid target placed at the laser focus will undergo rapid ionisation. The
plasma formed in this manner will comprise of the usual fluid-like mixture of electrons
and ions, but many of its basic properties will be governed by the laser field, rather than
by its own density and temperature. The experiments described in this thesis involve
the interaction of high intensity (>10'* Wem™) laser pulses with solid targets and hence

the discussion focuses on this type of interaction.

Whether the target medium placed at the focus is gaseous or solid, short-pulse, high
intensity interactions with matter generally involve a number of physical processes:
ionisation, propagation and refraction, generation of plasma waves and the subsequent
thermal and hydrodynamic evolution of the target material. The importance of any one
of these processes depends heavily on the laser parameters. The evolution in laser
technology described in Chapter 1 has shifted the research emphasis from atomic
physics and linear laser-plasma wave coupling to extremely nonlinear collective
behaviour.

When a high-power laser is focused onto a solid or gaseous target at ultra-high
intensities, the motion of an electron in the electric field of the laser becomes
relativistic, with a “quiver velocity”, vos. Under these conditions, the average kinetic

energy of the electron oscillating in the laser field is equivalent to the electron rest mass.
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The onset of this “relativistic regime” is around IA’= 1.3x10'® Wem™pum, where I is the
intensity of the laser (Watts per centimetre?) and A is the wavelength (microns). As
stated previously, VULCAN operates at around 10*° Wem? and at a wavelength of
1.053 um. A characteristic parameter (a) of this quiver motion is the normalised
momentum (p) defined by a=p/m,c where m, is the rest mass of the electron (Malka &
Miquel 1996;Wilks & Kruer 1997).

a

Eqgn (2.1)

me ¢ mew, \1.37x10"

1
_Puc _ P __€E, _ ( w ]
y is the relativistic factor 1/[1-(v/c)*]'?, E, is the amplitude of the electric field vector of
the laser, , is the laser angular frequency, I is the laser intensity (Wem™) and A is the

wavelength in microns.

Note that this parameter scales as IA%, known as the irradiance (or normalised intensity)
of the laser. The energy associated with this quiver velocity can easily reach MeV levels
for irradiances of 10" Wem?um?®.  Of course, the E-field of the laser and hence the
direction of this quiver motion is perpendicular to the direction of laser propagation and
hence no significant charged particle acceleration can take place in this direction (Hora
et al. 2000). However, in this relativistic regime, a nonlinear effect known as the
“ponderomotive force” becomes important. The physical mechanism for the
ponderomotive force is as follows (Chen 1983): electrons oscillate in the direction of E,
but the Lorentz force —e(vxB) distorts their orbits and pushes the electrons in the
direction of laser propagation, called the k vector. The phases of v and E are such that
the motion does not average to zero over an oscillation but there is a secular drift over k.
If the wave has uniform amplitude, no force is needed to maintain this drift; but if the
wave amplitude varies, the electrons will pile up in regions of small amplitude and a
force is required to overcome the space charge. It can be shown (Chen 1983) that the
ponderomotive force along the direction of laser propagation is proportional to the
gradient of E,. The relativistic expression for the ponderomotive potential, U, using

Eqn (2.1) is:
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2
U =mocz(y—l)=mocz(«/1+a2 —1)=0.511 1+Lw—1 MeV Eqn(2.2)
P 1.37x10

Assuming the electron energy distribution can be described by the relativistic equation
Ezexp(-E/k"I) where k is the Boltzmann constant and T is the electron temperature
(Ledingham et al. 2000), the average value of kT is found to be U, (Malka & Miquel
1996) and for a laser intensity of 10*° Wem? using equation (2.2) is around 4 MeV.
The importance of this acceleration mechanism in context with the various other

mechanisms will be described in detail later.

Another interesting effect is that the light pressure can easily be larger than the plasma

pressure, even for extremely dense plasmas. This pressure is defined as

2
P, =330—; ! - A ~ Mbar Eqn (2.3)
10" Wem™ pm

For example, a laser with 1A>=10" Wem?pum has a pressure of 33 Gbar. This light
pressure is sufficient to accelerate ions inward, and for solid targets the plasma can be
driven to densities above the original solid density, an effect known as “hole boring”

(Wilks et al. 1992;Zepf et al. 1996). This will be discussed in detail below.
2.1.1 The Plasma Frequency
If electrons in a plasma are displaced from their equilibrium position by a laser field,

then they will experience a restoring field generated by charge separation. They

oscillate sinusoidally at a frequency known as the plasma frequency ©, (Chen 1983)

1
2\;
0, = ( e J Eqn (2.4)

gOme

where n, is the electron density, e is the electronic charge and m, is the electronic mass.
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2.1.2 Overdense and Underdense Plasmas

The density of a laser-produced plasma depends heavily on the type of target and the
parameters of the laser. For example, when a picosecond pulse interacts with a gaseous
target, the pulse can propagate through the gas over millimetres, during which time it
can ionise, distort, refract and accelerate particles. A plasma produced in this manner is
termed underdense. Gaseous targets are usually used in the study of wakefield
acceleration (Amiranoff et al. 1998;Dorchies et al. 1999;Tajima & Dawson 1979;Ting
et al. 1997;Wagner et al. 1997) to accelerate particles above the ponderomotive
potential since acceleration can take place over longer distances than for solids. A
simple picture of wakefield acceleration is: an intense laser pulse focused on a target
can produce a wake of plasma oscillations (or plasma waves). These are volumes of
low and high densities of electrons. Similar to a boat creating a bow wave or wake as it
moves through water, a population of high velocity electrons creates a wake of plasma
waves as it propagates through a plasma. Electrons can “ride” on these waves similar to
a surfer riding on a wave in water and can gain energy. Energies higher than the
ponderomotive potential can also be obtained in underdense plasmas via scattering
instabilities (Estabrook & Kruer 1982;Joshi, Tajima, & Dawson 1981;Mori et al. 1994)
and plasma wave breaking (Kato et al. 1993;Modena et al. 1995;Sheng & Meyer-ter-
Vehn 1997).

When the same pulse interacts with a solid target, a plasma is formed on the target
surface, but there is not enough time for a substantial region of “coronal” plasma to
form. Hence a plasma with a steep density gradient, or scale length is produced,
ranging from solid density to a density defined by the interaction time. At w,=w, the
laser cannot propagate through the plasma and is reflected. Since w, is dependent on
the electron density (Eqn 2.4), there is a certain density at which this occurs known as

the critical density, N. and is given by (Wilks and Kruer 1997)

=1.1><1021 5

N cm Eqn (2.5)

c 22

where A is the laser wavelength in microns. Above this density, a plasma is termed

overdense. For a plasma with a density gradient ranging from underdense to overdense,
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the point at which the laser can no longer propagate and is reflected is known as the

critical surface.

2.2 Ultra-Intense Laser-Solid Interactions

One of the reasons that ultra-short (femtosecond-picosecond), ultra-intense laser pulses
have become such important research tools is that before their advent, it was not
possible to deposit so much laser energy in such a short time scale, in such a tiny
volume in front of a solid target. Previously, using nanosecond intense pulses obtained
with CO; lasers, large preformed plasmas with shallow density gradients were created
that the laser had to interact with. That is, due to the long pulse length, ionisation has
already taken place during the rising edge of the pulse and a plasma formed on the
target surface that expands outwards, before the peak of the pulse can interact with the
target. This led to a considerable amount of absorption of laser energy in the
underdense part of the plasma, as well as enough time for the laser beam to filament on
its way to the critical surface (Wilks & Kruer 1997). This, in turn led to a large fraction
(>10 %) of the laser energy to be converted into hot electrons, which were thought to be

created via various laser-plasma interactions (Priedhorsky et al. 1981).

However, ultra-intense pulses of picoseconds or shorter have the ability to create an
overdense plasma (sometimes several times the critical density and up to solid densities)
and interact with it. However, real laser systems have an associated pre-pulse arriving
on target prior to the main pulse. If this pre-pulse is intense enough, it can create a
plasma, which the main pulse interacts with. The laser is thus interacting with a pre-
formed plasma, making the modelling of the interaction even more complicated. In the
next section, the laser pulse structure will be discussed and the various relevant plasma
parameters that are generated in the laser-solid interaction. The remaining sections will
discuss the possible absorption and hence acceleration mechanisms, firstly for electrons
and subsequently ions. Of course in laser-plasma interactions, the electrons are
accelerated preferentially to ions; the heavier ions are initially left behind due to inertia

and are subsequently accelerated due to charge separation.
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2.3 Laser Pulse Characteristics

Let us assume that an ultra-intense pulse is described by a perfect Gaussian with
temporal pulse length (FWHM) of t,=1 ps and a peak intensity of I,=10*° Wem? as

shown in Figure 2.1.

This pulse propagates through vacuum and is focused on to a solid target. Assume that
the interface between vacuum and the solid target is step-like. Once the laser intensity

exceeds around 10" Wem?,

ionisation occurs and a plasma is formed on the target
surface. Typical ion densities are ni~10>* ¢cm™ and electron densities Ne=Zmni where Z is
the atomic number of the target material. For a pulse of 10*° Wem™, plasma formation

occurs quite early in the interaction, and so most of the pulse interacts with a plasma as

opposed to an unionised solid.

e

Intensity / Wem™

Time / picoseconds

Figure 2.1 An ideal Gaussian laser pulse.

As stated previously, the laser light interacting with the plasma will propagate up to the

critical density, but after which it is reflected. More precisely, the laser penetrates
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slightly past critical, but falls of exponentially in a distance determined by the plasma
density. This distance is known as the collisionless skin depth and is given by c/m, in

2 is the plasma frequency (Eqn 2.4). For

the nonrelativistic case where cop=(neez/some)
example, for a solid target of carbon (Z=6) the skin depth is about 60 A. For the
relativistic case (y>1) the effective density at which the light will be reflected is
increased by the factor y, hence the light can penetrate even further into the overdense
plasma. This is due to the relativistic increase in the electron mass. The plasma formed
in front of the target expands thermally into the vacuum, and accounts for the electron
and ion beams in this direction. This is also known as “blow-off” plasma. Extensive
studies of laser ablation of materials at lower laser intensities have shown that this

plasma always expands along the target normal independent of angle of incidence

(Zheng et al. 1989).

Real laser pulses are however more complex, and have a prepulse, or pedestal present,
due to the Chirped Pulse Amplification process (Chapter 3) (Hutchinson 1989:Mourou
1997, Perry, Ditmire, & Stuart 1994). The VULCAN prepulse has an intensity of 10
that of the main pulse (10° Wem™?), and can be several nanoseconds long. At 10"
Wem™ this is sufficient to ionise the target prior to the arrival of the main pulse. A

sketch of a pulse of this type is shown if Figure 2.2.

102 Wem?2
7
=
&
= v
o A
v 1014 W cm'2
>
1ps bl
Time

Figure 2.2 Sketch of a real CPA laser pulse with a pre-pulse or “pedestal”.
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The density scale length of this pre-plasma generated by the pedestal is defined by
(Wilks & Kruer 1997)

d
L,= 773;5 ~C,1, Eqn (2.6)

where n is the plasma density, dn/dx is the slope of the density at the density n,
C=[K(ZT+T;)/M]'? is the ion sound speed, M; is the ion mass, k is Boltzmann’s
constant and 7y, is the duration of the ionising laser. The fact that the laser interacts with
a small sphere of pre-formed plasma can influence the interaction physics greatly.
Chapter 5 describes experiments carried out that show the effect the plasma density
scale length has on the dominance of the various electron absorption and hence

acceleration mechanisms that are described below.

2.4 Classical Resonance Absorption

The resonance absorption process has been discussed since as early as 1977 (Estabrook
& Kruer 1978;Forslund, Kindel, & Lee 1977) since it is a dominant mechanism in
nanosecond, 10'2 <1A2 < 10" Wempum? experiments. This is because it predominately
takes place in plasmas with a shallow density gradient. However, it is still present in
picosecond or less, IA* >10" Wem?pum? laser-solid interactions, hence it is necessary

to review the physics of this process.

Consider a plasma expanding into vacuum from a solid surface as described in Section
2.2. A laser is incident at some angle 6 from the normal of the target plane. Using
Snell’s Law, it can be shown that the laser light will propagate up to the density
Necos’ before it is reflected. If the electric field vector, E of the laser light is in the
direction of the density gradient Vm, or the target normal (the case known as p-
polarisation) then an electron plasma wave will be resonantly excited when the plasma
frequency w, is equal to the laser frequency w,. That is, at the critical surface, a plasma

wave is generated due to resonance. The electrostatic field associated with this
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resonant wave is capable of accelerating electrons. Wilks and Kruer (Wilks & Kruer
1997) showed that the temperature of the hot electrons produced by resonance

absorption scales as
1
Ty ~10[T,, 1, A7 eV Eqn (2.7)

where Tyev is the background electron temperature in keV, 15 is the laser intensity in
units of 10"° Wem™ and A is the laser wavelength in um. If we assume a background
electron temperature of 4 keV, the hot electron temperature due to resonance absorption
for IA>=10%° Wem? is around 740 keV. Note that this is far less than the ponderomotive

potential for this irradiance, which, from Section 2.1 is around 4 MeV.

This absorption mechanism accelerates electrons along the direction of the target
normal and can contribute to the total absorption in IA? > 10" Wem?pum? interactions,
but is not the dominant process. This will be discussed further via the experimental

results found in Chapter 5.

2.5 “Not-so-Resonant”, Resonance Absorption

This absorption mechanism was first discussed by Brunel in 1987 (Brunel 1987) and is
also known as “vacuum heating” or the Brunel effect. Since then, a number of
theoretical and numerical studies have developed the understanding of this effect
(Bonnaud et al. 1991;Brunel 1988;Gibbon & Bell 1992;Kato et. al. 1993). More
recently, many authors have provided experimental evidence of vacuum heating (Chen
et al. 2001;Grimes et al. 1999;Maksimchuk et al. 2000).

This effect is related to classical resonance absorption in that the electric field of the
laser light accelerates electrons across a density gradient. The difference between the
two is that in classical resonance absorption the laser light is assumed to be incident on
a plasma of gently increasing density (the density scale-length is many xlaser
wavelength). The electric field of the laser can hence drive a large plasma wave at the
critical surface resonantly. In vacuum heating, the density scale length is taken to be
much less than a wavelength of the incident laser light (i.e. the plasma density is greater

than critical or overdense), and hence no such resonance exists. Therefore, the light
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non-resonantly couples into an electrostatic plasma wave. It has been shown that the
electric field of a laser of IA>=10%° Wem? is very large and so a significant amount of
energy can be transferred to the plasma electrons. The electrons are dragged away from
the target surface, turned around and accelerated back into the solid all within half a
laser cycle. These electrons are absorbed simply because the laser only penetrates to a
skin depth or so due to the steep plasma density gradient. It can be shown (Gibbon &

Forster 1996) that the hot electron temperature due to vacuum heating is

1
Tt ~ 8L A) keV Eqn (2.8)

Where Ij6 is the laser intensity in units of 10'® Wem? and A is again the laser

0% Wem?um?, the hot electron

wavelength in pm. So for a laser pulse of IA’=1
temperature due to vacuum heating is only 172 keV. This is somewhat less than the
temperature inferred from resonance absorption, although this value depends heavily on
the plasma scale length since this strongly affects the absorption efficiency (Gibbon &

Bell 1992).

This process, like its classical counterpart accelerates electrons along the target normal,
since it too drives the plasma electrons via a plasma wave generated across the plasma
density gradient, albeit in the overdense region. This mechanism is considered to be a

major factor in the acceleration of electrons in ultra-intense laser-solid interactions.

2.6 Relativistic jxB Heating

This absorption mechanism is due to the oscillating compoment of the ponderomotive
force of the laser (Section 2.1, Eqn 2.2). It depends on the large gradient in the laser
light near the vacuum-plasma interface, due to the penetration of the laser electric and
magnetic fields, a skin depth into the overdense plasma. In 1996, Malka and Miquel
(Malka & Miquel 1996) measured the energy distribution of hot electrons escaping
from a solid target and found a scaling in good agreement with Equation (2.2) (Wilks et.
al. 1992;Wilks & Kruer 1997) for laser pulses of IA*=2x10" Wem2um?.
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For an electron fluid element in the plasma, near the vacuum-plasma interface, Wilks
and Kruer (Wilks & Kruer 1997) showed that in the non-relativistic case, the force felt
by this element is given by

2 2
. O [ mV o 4a2)o o 20mEle 1+cos2w,t Eqn (2.9).
Pl 2 @k 2

This is the force felt by an electron a depth x inside the plasma (as measured from the
vacuum-plasma boundary). Heating is a result of that component of the jxB force that
oscillates the electrons at the vacuum-plasma interface with a frequency of twice the
laser frequency. So twice every laser cycle electrons are accelerated into the target. If
the magnitude of the force is great enough, as is the case for IA>>10"° Wem?pm?, all the
electrons at the boundary will oscillate in this non-resonant wave. The direction of
oscillation is of course jxB, the direction of propagation of the laser (also known as the
k-vector of the laser). This is different from the two previous processes where the
acceleration is along the direction of the plasma density gradient target (target normal
for p-polarised light), independent of the laser angle of incidence. The phases of some
of the electrons oscillating in this wave may be such that they gain energy from this
oscillation, i.e. they are given a nonadiabatic “kick” into the overdense plasma.
However, only a fraction of the electrons may escape the wave, and the number of
escapees will depend on the strength of the oscillating force. This mechanism is
considered dominant in IA*>>10" Wem?um?® laser-solid interactions, although it is
believed that these interactions involve a mixture of resonant absorption, vacuum
heating and jxB acceleration. For example, it is important to point out that vacuum
heating is more important than jxB heating when the driving field (in particular, the
component of the E-field that is normal to the surface) is greater than the magnitude of
the jxB driving term. That is, when 2E;sin0>v,Bi, or equivalently, when
SINO>(Vose/C)(o/Wpe), as discussed by Denavit (Denavit 1992). Chapter 5 discusses
experimental evidence of the dependence of the direction of fast electrons on the plasma
density scale length. From the direction of fast electrons, the dominance of the various

absorption mechanisms can be inferred.
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2.7 The “Hole Boring” Phenomenon

This effect takes place only in laser-solid interactions for IA>>10"® Wem?pm? It was
first discussed theoretically by Wilks ez al. in 1992 (Wilks et. al. 1992) and verified
experimentally by Zepf ez al. in 1996 (Zepf et. al. 1996).

“Hole boring” results from a combination of three effects. (1), the huge light pressure
as discussed in Section 2.1 causes the plasma to be pushed inwards preferentially at the
centre of the focal spot. (2), a radial ponderomotive force due to the transverse intensity
gradient VI pushes electrons away from the centre of the beam, creating a charge
separation which pulls the ions out. Hence hole boring is considered to be one of the
mechanisms responsible for ion acceleration and indeed inward ion acceleration has
been observed in simulations as a result of this process (Wilks et. al. 1992). (3), The
relativistic increase in the skin depth as discussed previously can lead to “induced
transparency”, where the laser beam is transmitted through a nominally overdense
plasma instead of being reflected (Lefebvre & Bonnaud 1995). As a hole is formed, the
absorption efficiency and temperature of the hot electrons both increase because density
gradients are formed parallel to the laser electric field (Wilks et. al. 1992). Hence the
hole boring effect can result in electron energies above that of the ponderomotive

potential.

2.8 “B-Loop” Acceleration

This mechanism was first found in simulations by Pukhov and Meyer-ter-Vehn (Pukhov
& Meyer-ter-Vehn 1998) and was given the above name by these authors. It has been
shown in simulations that magnetic fields of up to 100 Mega Gauss are generated
during interactions involving laser pulses in the IA>=10*° Wem?um? regime (Pukhov &
Meyer-ter-Vehn 1996). Experimentally, magnetic fields of 30 MG have been inferred
via measurements of the collimation of ion beams (Clark et al. 2000a). It is believed that
these fields are generated by the beam of fast electrons, produced in the manner

described above.
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Pukhov and Meyer-ter-Vehn incorporated into their simulations an azimuthal dc
magnetic field of this type to investigate the behaviour of electrons in the presence of
such a field. What they found was that an electron quivering inside a relativistically
intense laser pulse is scattered in the transverse direction with a non-zero energy gain,

(Hartemann et al. 1995) makes a loop in the surrounding azimuthal B-field and is re-
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Figure 2.3 Motion of an electron in a dc magnetic field.

injected back into the laser pulse. At the same time the vxB force is pushing electrons
in the direction of Kiaser. This picture could be described simply as a “corkscrew” type
motion. Figure 2.3. shows a simple sketch of this electron motion. A chain of such
acceleration stages produces electrons with energies many times higher than the
ponderomotive potential. The simulations also showed that this mechanism is dominant

in near-critical plasma, or when plasma waves disappear due to wave-breaking.

2.9 Proton Acceleration in Laser-Solid Interactions

A laser-produced plasma contains both free electrons and ions, and for a solid target, the
type of ion depends on the target. Of current interest is the production of energetic

proton beams, (Chapter 6) where the protons are of course ionised hydrogen atoms.

Measurements of proton emission from laser-solid interactions has been made as early
as the 1980s (Gitomer et al. 1986;Kishimoto et al. 1983) using nanosecond CO, lasers.
Later measurements, using picosecond pulsed lasers (Beg et al. 1997;Fews et al. 1994)
showed that protons of energies in the MeV range can be generated at IA> up to 10"

Wcm'zpmz. In more recent experiments (Clark et al. 2000b:Clark et. al.
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2000a;Krushelnick et al. 1999;Santala et al. 2001;Snavely et al. 2000), multi-MeV

protons have been observed for IA? up to 10%° Wem?pm?.

The mechanisms responsible for ion acceleration are currently the subject of intensive

research by many groups around the world.

In front of the target, ion beams are observed from the expansion of the plasma
generated on the target surface, produced either by a prepulse (Pukhov & Meyer-ter-
Vehn 1998;Yu et al. 2000) or by the rising edge of the main pulse itself, also known as
“pblow-off” plasma, directed normal to the target surface. The principal area of study at
the moment however is how the ion beam observed at the rear of the solid target is

generated.

The main mechanism thought to be responsible for the generation of this beam is the
production of electrostatic fields due to space charge effects when the fast electrons,
accelerated via the mechanisms described above, exit the target. Inward ion
acceleration via hole boring (Pukhov & Meyer-ter-Vehn 1997, Wilks et. al. 1992;Zepf
et. al. 1996) should lead to ions of the order of a few MeV (Zepf et al. 2000) and hence

cannot explain the recent experimental observations.

The major area of debate has been on where the proton beam at the rear of the target
originates. The hydrogen atoms responsible for proton production are either from the
bulk hydrocarbon molecules in typically CH (plastic) targets, or from hydrocarbon
impurities on target surfaces when metallic targets are used. In the latter case, Clark et
al. (Clark et. al. 2000a) and Maksimchuk e al. (Maksimchuk et. al. 2000) stated that the
energetic protons are generated from hydrocarbon impurity layers on the front of the
target, then travel through the target and out the rear. Snavely et al. (Snavely et. al.
2000) on the other hand argued that the protons originate at the rear of the target.
Nemoto ef al. (Nemoto et al. 2001) have shown recently that using deuterated targets
that the accelerated deuterons appear to originate from the front surface. This issue has

been discussed by Zepf et al. (Zepf et. al. 2000) in detail.
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The most viable model to date however has been offered by Wilks ez al. (Wilks et al.
2001). What is believed to happen is as follows. A population of hot electrons,
generated in the blow-off plasma created by the laser prepulse interacting with the front
target surface, is accelerated into the target via the mechanisms described above. This
electron beam travels through the target and ionises the hydrogen-containing impurity
layer on the back surface. Plasmas on the front and back surfaces of solid targets have

been observed experimentally (Tatarakis et al. 1998). These protons are then pulled off

Metallic
S target 1. Pre-pulse ionises
i e = QS Hydrogen ~ target surface and
o=t containing IMpUrity pjasma expands in

e front of target

Figure 2.3 Simplistic view of the proton acceleration model.
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the target surface by this cloud of electrons, due to charge separation, and accelerated to
the multi-MeV energies reported in recent experiments. Chapter 6 describes
experimental evidence of the production of around 8x10'? protons with a maximum
energy of around 40 MeV. Figure 2.3 shows a simplified picture of this ion acceleration
model. This mechanism means that the protons at the rear are always directed normal to
the target surface, independent of the direction of this fast electrons. This has been

observed experimentally (Snavely et al. 2000).
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Chapter 3
The VULCAN Nd: Glass Laser System

This chapter describes the operating characteristics of the laser system employed in
the experiments, namely the VULCAN Nd: Glass system at the Rutherford Appleton
Laboratory, UK. The Chirped Pulse Amplification (CPA) technique as applied to
VULCAN is described, and the chapter concludes with a description of the various

laser pulse diagnostics.

3.1 Introduction 48

3.2 System Architecture 49

3.3 Laser Diagnostics 58



I Spencer 2001 Chapter 3 The VULCAN Nd: Glass Laser System

3.1 Introduction

In Chapter 1, the history of high-intensity pulsed lasers was discussed. To recap, in the
1960s, the highest available intensity was 10° Wem™. Since then, the techniques of Q-
switching and mode-locking made intensities of 10'® Wem™ possible by the early 80s.
Excellent descriptions of these techniques can be found in (Davis 1996;Hutchinson

1989;Svelto 1989;Wilson & Hawkes 1987).

The implementation of Chirped Pulse Amplification (CPA) (Strickland & Morou 1985)
brought about a dramatic increase in the output power and focused intensities (Perry &
Mourou 1994). The highest power achieved to date is 10'> W, yielding intensities of
10> Wem™. Al of the highest power laser systems today incorporate this technique,
including VULCAN.

Over the past eight years or so, there have been two principal directions of high power
laser development. The first has been the realisation of table-top multi-terawatt CPA
systems using Ti: Sapphire as the gain medium where the large gain bandwidth enables
pulses to be generated in the 10-100 fs regime (Barty et al. 1996;Barty, Gordon, &
Lemoff 1994;Chambaret et al. 1996;Langley et al. 1999a;Langley et al.
1999b;Yamakawa et al. 1998;Zhou et al. 1995). The second is towards increased power
and focused intensity using large-scale, single pulse, high energy lasers operating in the
picosecond regime. Systems of this type usually employ Nd: glass as the amplifying
medium (D<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>