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Abstract

The interaction of high-power (terawatt to petawatt) laser pulses with mat-

ter creates a plasma in extreme conditions, capable of sustaining huge elec-

tric fields (⇠ TV/m). These electric fields may be employed to accelerate

charged particles (electrons, protons, ions) to high energies (> GeV for

electrons, tens to hundreds of MeV/u for protons and ions). In general

these ultra-intense (> 1019 Wcm�2) laser pulses interact with a target,

which could be gaseous, liquid (electron acceleration) or solid (proton and

ion acceleration). The presented thesis investigates experimentally and nu-

merically the acceleration of protons and ions from ultrathin solid targets.

Laser-driven ion acceleration has become a vivid field of research in the past

two decades. In the well-understood Target Normal Sheath Acceleration

(TNSA) scheme, ions are accelerated through a large charge-separation field

at the rear side of the overdense plasma. These TNSA-generated ion beams

compare favourably with conventional acceleration techniques in terms of

emittance, brightness and pulse duration. Yet there are many obstacles

such as higher cut-o↵ energies and flux rates that have to be overcome to

make those laser-driven particle beams useful for applications such as fast

ignition or hadron therapy. Beside the TNSA scheme, other promising ion

acceleration regimes have emerged. Radiation Pressure Acceleration (RPA),

based on the momentum transfer from photons to electrons, o↵ers a much

better scaling and produces tens of MeV ions. Other schemes at the onset of

relativistically induced transparency like the Breakout Afterburner (BOA),

where the interaction changes from surface-dominated to volumetric, have

also emerged. While typical TNSA acceleration occurs in micrometre-thick

solid targets, both RPA and BOA dominate for ultrathin overdense targets

in the range of nanometres.



In the presented thesis, laser-driven ion acceleration from ultrathin targets

is explored. Experimental and numerical results from the interaction of

single and double laser pulse set-ups with ultrathin targets are presented.

The acceleration of ions in the RPA regime with single pulse interaction

is investigated, as well as the charged particle dynamics in the relativis-

tic transparency regime. Ion acceleration in a pre-expanded plasma with

two linearly polarised pulses and a novel scheme of collisionless shock ac-

celeration with double laser pulses of mixed polarisation is demonstrated.

In the latter case a first linearly polarised pulse expands the nanometre

overdense plasma, and the second circularly polarised pulse drives a strong

collisionless shock into the plasma. This results in an e�cient heavy ion

acceleration up to 100 MeV/u with relatively moderate laser intensities

(⇠1020-1021 Wcm�2). This scheme has been explored in the picosecond

and femtosecond regime and is shown to be highly sensitive to the target

and laser parameters. Finally, a parameter study for the VEGA Petawatt

laser system of the Pulsed Laser Center (CLPU) in Salamanca is presented.

The VEGA laser of the CLPU will produce 30 J/30 fs laser pulses with an

ultrahigh contrast and a peak power of 1 Petawatt. The obtained results on

single and double pulse plasma interaction are used to explore the capability

of the VEGA laser systems to e�ciently produce multi-MeV ion beams.
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1

Introduction

1.1 Background

The history of the Light Amplification by Stimulated Emission of Radiation (LASER)

started when Albert Einstein first explained the theory of stimulated emission in 1917

(1). After the development of the Microwave Amplification by Stimulated Emission of

Radiation (MASER) by Townes in 1953 (2), the first laser was created by Theodore

Maiman in 1960 (3), who used a solid-state flashlamp-pumped synthetic ruby laser in

his original experiment. Since then the peak powers and intensities have been con-

tinuously increasing. The invention of powerful techniques such as Q-switching (4)

and mode-locking (5) in the 1960s led to the generation of short pulses (femtosecond

to picosecond pulse duration) with high intensity. A breakthrough in laser technol-

ogy was achieved in 1985, when Donna Strickland and Gerard Mourou invented the

concept of Chirped Pulse Amplification (CPA) (6). By temporally stretching the pulse

prior to amplification and re-compression, the construction of the first ”table-top” laser

systems with ultra-high peak powers and ultra-short pulses in the picosecond and fem-

tosecond range was possible. Nowadays, state-of-the-art laser facilities can in general

be divided into laser systems delivering long pulses of the order of nanoseconds to pi-

coseconds with energies exceeding kilojoules up to megajoules and short pulses of the

order of femtoseconds with sub-kilojoule energies. Long pulses are most often used

for fundamental research in plasma physics, laboratory astrophysics, atomic weapons

development and inertial confinement fusion. Shorter pulses of the order of femtosec-

onds are used for the exploitation of X-ray sources, nuclear physics, fast ignition and

1



1. INTRODUCTION

laser-driven particle acceleration, whose study is addressed in this thesis.

The history of conventional acceleration started in the early 20th century. Rolf

Widerøe built and patented the linear accelerator (LINAC) in 1928 (7) and Ernest

Lawrence built the cyclotron in 1932 (8). In these machines the particles are accelerated

by fast oscillating electric potentials and are capable of generating hundred of MeV

proton and ion beams. A milestone in conventional proton acceleration was set with

the invention of the proton synchrotron in 1952, allowing acceleration to GeV energies.

Nowadays the largest and most powerful particle collider is the Large Hadron Collider

(LHC) at CERN, accelerating beams to 13 TeV of energy.

In the 1950s Vladimir Veksler proposed for the first time a plasma-based particle

accelerator (9) (before the first laser was created by Theodore Maiman in 1960). Toshiki

Tajima and John Dawson showed theoretically that wakefields in a plasma can be

driven by an intense laser pulse that is about half a plasma wavelength long, thereby

proposing the first Laser Electron Accelerator in 1979 (10). Nowadays electrons can

easily be accelerated to energies exceeding 1 GeV (11). Whereas electrons can directly

be accelerated to relativistic energies by the laser field with ”moderate” laser intensities

of the order of 1018 Wcm�2 (11), this is not the case for the ions. Direct laser-driven

ion acceleration requires intensities exceeding 1024 Wcm�2, which is at least two orders

of magnitude higher than intensities currently achievable by existing laser systems.

Therefore, laser-driven proton acceleration, which has become a vivid field of research in

the last two decades (12, 13, 14), always relies on the energy transfer from the electrons,

which are acting as a mediator. The irradiation of thin (primarily solid) targets with

powerful lasers leads to the acceleration of proton beams by electric fields exceeding

TV/m with particle energies up to hundred(s) of MeV over short (µm-scale) distances.

This stands in strong contrast to ion beams generated by conventional accelerators,

which are prone to breakdown voltages to about 100 MV/m and therefore accelerate

charged particles over hundreds of metres. Favourable features of laser-driven ion beams

include an extremely small e↵ective source size, brightness and short pulse duration.

In 2000 Snavely et al. (15) attracted international attention when they produced an

intense proton beam with a maximum energy of 55 MeV, with a single-shot based

experiment as proof-of-principle. Further developments, also in non-laser related fields

like target fabrication, led to a further increase as for example the generation of 67 MeV

protons by Gaillard et al. (16) in 2011 with a tailored cone target. Nowadays a number
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of laser facilities operate lasers in the petawatt range (1015W) allowing the laser-based

acceleration of particles (e.g. (15), (16), (17), (18), (19)). In the well-understood Target

Normal Sheath Acceleration (TNSA) mechanism, ions are accelerated through a large

charge separation field at the rear side of an opaque plasma. Typically in the TNSA

regime, micrometre thick solid targets are irradiated with intense lasers to produce ion

beams with unfavourable features such as low cut-o↵ energies and thermal spectral

shapes. More recently the field of laser-driven ion acceleration has somewhat shifted

to the study of laser interaction with thinner (nanometre) overdense and near-critical

targets (20, 21, 22, 23). The interaction of high intensity lasers with such ultrathin

targets shows up a promising route to a more e�cient ion beam generation in regimes

such as Radiation Pressure Acceleration (RPA) and Breakout Afterburner (BOA). Yet

there are still a number of caveats that have to be overcome, e.g. further increasing

particle energy, spectral and angular control of the beam, conversion e�ciency from

laser energy into the ion beam, possible activation issues, as well as stability of the

acceleration parameters. However, new experimental routes are emerging to overcome

these drawbacks (12, 14).

1.2 Motivation

There are many potential applications for laser-driven ion beams due to their unique

characteristics, including small source size, high degree of laminarity and ultra-short

duration at the source. In the following some potential applications are discussed.

1.2.1 Hadron therapy

Energetic ion beams generated by conventional accelerators are already frequently

utilised for the treatment of cancer. Robert Wilson proposed the radiological use of

fast protons in 1946 (24) and the first patients were treated in the 1950s by cyclotron-

generated proton beams. Naturally, with the advances in beam quality and achievable

energies, laser-driven ion beams have been suggested for the clinical use (25). Global

cancer rates increase significantly every year. More than 14 million people were di-

agnosed with cancer and more than 8 million cancer-related deaths occurred in 2012

(26, 27), clearly demanding a↵ordable and e↵ective treatment. While some cancers are

treatable with chemotherapy alone, others need radiotherapy and sometimes surgery.
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Chemotherapy and radiotherapy are two di↵erent approaches of treatment and used in

di↵erent ways. Chemotherapy refers to the treatment with drugs aiming to stop the

cancer cells from reproducing and dividing. It is usually given in a series of sessions

before an operation to shrink the tumour and weaken its attachment and is also used to

destroy left over cells after an operation. As with any type of medication, there are side

e↵ects and healthy tissue can be damaged. Radiotherapy is less severe than chemother-

apy. It uses radiation to destroy the cancer cells in a specific spot by damaging the

DNA of cancerous cells. The radiation can be directly applied to the tumour instead of

injecting drugs into blood vessels. Therefore radiotherapy is a more precise treatment,

because it is based on type, location and stage of the cancer. Electrons and �-rays are

widely utilised, but recently carbon ions and protons have been used for treatment.

While electron and photon beams are cost-e↵ectively generated, they deposit their en-

ergy continuously in matter, thereby causing unwanted damage to healthy tissue during

treatment. Opposing the pattern of energy deposition of ions shows a sharp peak, the

Bragg peak (figure 1.1). By selecting the initial energy of the ion beam, the dose can be

delivered localised to the tumour, sparing healthy cells. Therefore, radiation therapy

with fast ion beams is one of the most promising routes to cancer treatment in future.

To treat any cancerous tissue in the human body, proton or ion beams of around 200

MeV or 250 MeV/u, respectively, are needed (28). Depending on the tumour, a dose

between 2 Gy and 10 Gy (1 Gy = 1 J/kg) is necessary for a successful treatment (25).

This corresponds to roughly 2 ⇥ 1010 protons at 250 MeV stopped in one kilogram.

This could require several thousands of pulses depending on the number of particles

available per laser-generated pulse and on the volume of the tumour.

Nowadays, a number of large-scale medical accelerator centres exist, that use linear

accelerators, cyclotrons or synchrotrons to generate ion beams with tens to hundreds of

MeV energies for cancer treatment. One facility is the Heidelberg Ion Therapy Center

(HIT) in Germany (30), which uses a synchrotron seeded by a linear accelerator for the

generation of 221 MeV proton and 430 MeV/u carbon beams. HIT features a gantry

system (670 metric tons) to allow full rotation of the beam for patient delivery with

sub-millimetre precision. Since 2009, patients have been successfully treated with pro-

ton and carbon ion radiotherapy. However the building costs of the facility were high

(exceeding 115M euro), as well as infrastructure demands. The three-stories building

with a footprint of 5027 square metre has nearly the size of a football pitch; the gantry
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Figure 1.1: Bragg Peak - Dose deposition curves of X-rays, protons and carbon ions

in human tissue. While X-rays lose their energy continuously, protons and carbon ions

deposit almost their entire energy shortly before being stopped (Bragg peak).

Figure 1.2: Heidelberg Ion Therapy Center - Depiction of the Heidelberg Ion Ther-

apy Center (29). Ion beams are accelerated by a synchrotron to high energies and guided

and focused by magnets in vacuum tubes. Three independent beams enter the treatment

rooms and irradiate the patients.
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alone is 25 m long and 13 m in diameter and weighs 670 metric tons (figure 1.2). On

average 750 patients per year can be treated with the facility running at full capacity.

Laser-driven ion beams could pave the way to smaller treatment facilities due to the

acceleration lengths of a few µm opposed to several metres in conventional accelerators

(31, 32, 33, 34, 35, 36, 37, 38, 39, 40). This also allows the generation of the ion beam

closer to the patient, since a laser-driven system o↵ers advantages in terms of guiding;

it is easier to steer a laser beam with mirrors than a particle beam with heavy mag-

nets. Furthermore, laser-based facilities could be more a↵ordable and wider accessible.

However, the main drawbacks that have yet to be overcome by laser-driven ion beams

include achievable maximum energy, energy spread and reliability. Conventional ac-

celerators o↵er very stable beams, with a very small energy spread of less than one

percent, whereas laser-driven ion beams usually have a thermal spectrum and a energy

spread of up to 100 percent. Lastly, the number of protons produced in a single shot is

not high enough to treat the cancerous tissue (dependent on target volume), and up to

now no robust acceleration mechanism that can operate at a high repetition rate has

been demonstrated.

1.2.2 Inertial confinement fusion fast ignition

Laser-driven ion beams have also been proposed for the use in fast ignition with in-

ertial confinement fusion, relaxing the requirements to start the fusion process. With

increasing energy demands in the near future, the development of new energy sources

will become increasingly important. Fusion power could be one possible solution for

clean energy production.

The most promising fusion reaction uses a positively charged deuterium nucleus (one

neutron, one proton) and a tritium nucleus (two neutrons, one proton) to fuse them

into a heavier helium nucleus with two neutrons and two protons by overcoming the

repulsive electrostatic force. This reaction yields 17.6 MeV, but requires a temperature

of about 40 million Kelvin to overcome the Coulomb barrier and to start the ignition

process. The energy is converted into heat as the generated helium nucleus and the

extra neutrons interact with the material around them.

In principle, there are two distinct approaches to generate fusion power; magnetic

confinement fusion (MCF) and inertial confinement fusion (ICF).
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MCF relies on the use of magnetic fields to confine the hot fusion fuel in the form

of a relatively low density plasma (n
e

⇡ 1015 cm�3) for a rather long time (t ⇡ 1 s).

One type of magnetic confinement device is the tokamak in the shape of a torus.

In the process of Inertial Confinement Fusion (ICF), high-power laser beams are

used to compress and heat hydrogen isotopes to ignite the fuel pellet (see figure 1.3). In

the course of ICF the fuel pellet is compressed to ultra-high densities (1026 cm�3) and

heated within nanoseconds. In the direct ICF approach, several laser beams are focused

on a small spherical pellet (µm) containing deuterium and tritium. The rapid heating

by the laser beams causes the outer layer of the target to explode. Subsequently, the

remaining parts of the pellet are driven inwards in a rocket-like implosion, compressing

the fuel inside the capsule and forming a shock wave. This shock wave further heats

the fuel until a self-sustaining burn of the core. The fusion burn propagates outward

through the cooler, outer regions of the capsule much more rapidly than the capsule

can expand. Instead of magnetic fields in the MCF approach, the plasma is confined

by inertia, thus the term inertial confinement fusion.

There is another approach to ICF. In the indirect ICF approach, which is used

for example at the National Ignition Facility (NIF), laser beams are used to heat the

inner walls of a gold cavity (hohlraum), which contains the pellet. This creates an

extremely hot plasma, which in turn generates copious amount of soft X-rays. These

X-rays rapidly heat the outer surface of the fuel pellet, causing a high-speed ablation,

or blow-o↵, of the surface material and the imploding of the fuel capsule in the same

way as if it had been hit with the lasers directly. By symmetrically compressing the

capsule with radiation a central hot spot can be formed, where the fusion process can

set in. The plasma ignites and the compressed fuel burns before it can disassemble.

At NIF the fuel pellet is a spherical capsule of plastic with 2 mm diameter with

the deuterium and tritium being added as gas. The sphere is cooled to 18.6 Kelvins

(approximately -255�C), transforming the deuterium and tritium into a thin layer (70

µm) of ice inside the pellet. A total of 192 laser beams delivering 1.9 MJ energy are

then focused on both sides of the hohlraum within 20 nanoseconds. Therefore a total of

500 Terawatts of power is delivered inside the hohlraum starting the ignition process.

Fast ignition driven fusion by laser-driven particle beam has been identified as a path

to high-yield and high-gain for ICF (41, 42, 43, 44, 45, 46). The use of laser-generated

proton beams could facilitate the ignition process. In this case the fuel is compressed
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Figure 1.3: ICF direct and indirect drive - Direct-driven and indirect-driven inertial

confinement fusion. In the direct-drive the fuel pellet is directly heated by the laser pulses,

whereas the indirect-drive relies on secondary-generated X-rays, which heat the pellet.

conventionally by a nanosecond laser pulse and subsequently a laser-generated particle

beam delivers energy su�ciently rapidly to ignite the fuel at a much lower peak density

(see figure 1.4). A decrease in lower peak density requires much less driver energy

to compress the target. One of the biggest caveats of the fast ignition process is the

di�culty of depositing enough energy to ignite the hot spot in the pellet before the

pressure equilibrium can re-establish itself.
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Figure 1.4: Ion fast ignition - Fast ignition-driven fusion. A high-intensity laser pulse

is used to produce high-energetic protons from the interaction with a target, which are

then guided by a cone onto the pellet.

Although in principle a laser-driven electron beam could be used for the fast ignition

process, proton and other ion beams have the inherent advantage of depositing their

energy very precisely at the end of their range (Bragg peak). In this way a laser-
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generated proton beam directed onto the fuel pellet could ignite it. This beam needs

to carry E

ig

⇠ 10 kJ to ignite the compressed pellet. The required ion energy E

ki

depends on the fuel assembly, but is usually ⇠ 10 MeV for protons and ⇠ 400 MeV

for C. E
ig

and E

ki

define then the required number of beam particles, N
P

, which is

approximately ⇠ 1016 for protons and ⇠ 1014 for carbon ions (47).

1.2.3 Proton radiography

Owing to their unique properties in terms of spatial quality and temporal duration,

laser-generated proton beams have already been frequently utilised for radiography.

The protons emitted from a laser-irradiated target can be described as virtual, point-

like sources (48, 49, 50). Therefore targets placed in front of this source can be easily

imaged in high resolution. An image of the object can be obtained through the dif-

ferent attenuation curves of the ions or by scattering. The beams are also used to

diagnose electric and magnetic fields by the varying deflections of the produced ion

beams (51, 52, 53, 54, 55, 56, 57, 58, 59, 60). The large energy spread of laser-driven

ion beams combined with the ultra-short picosecond duration over which they are gen-

erated, proves useful for imaging applications. The di↵erent energies of the protons

allow a ”time-of-flight”-probing of the interaction in a time-resolved manner. Multi-

layered detectors like Radiochromic Films or CR-32 are used as detector material, so

each layer corresponds to the proton spatial intensity distribution for a di↵erent energy.

In this way, a high temporal resolution can be obtained. The magnitude of the electric

field can be inferred from the deflection of the probing beam imprinted with a mesh

pattern. Several radiographic applications with laser-generated proton sources have

been tested successfully. The proton sources have been used to image small physical

objects, meshes and foils (see figure 1.5). Proton probing can also be used to image

shock fronts propagating in overdense plasmas.
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Figure 1.5: Proton radiography - Radiography of a cylinder compression. 2D time-

resolved images at 0, 1.1, 1.7 and 2.1 ns (reproduced from (50)).

1.2.4 Production of radioisotopes for positron emission tomography

Laser-generated proton beams can be used for the production of short-lived isotopes

for positron emission tomography (PET). PET is an imaging modality that produces

three-dimensional images or maps of functional processes in the body. Images are

formed by detecting pairs of gamma rays that are emitted indirectly by a positron-

emitting radionuclide (tracer). Gordon Brownell, Charles Burnham and William Sweet

contributed significantly to the development of PET technology by demonstrating the

first annihilation radiation for medical imaging in the 1950s at the Massachusetts Gen-

eral hospital (61). For a PET scan a small amount of a short-lived radioactive tracer

is introduced into the patient, typically by intravenous injection. After some uptake

time, the tracer has accumulated in the patient and the concentration is measured by

the scanner. The radionuclide decays by emitting a positron (positive beta decay). The

positron travels a short (3-5 mm) distance before it annihilates with an electron, gen-

erating a pair of annihilation gamma rays (each 511 keV) that are emitted in opposite

directions. The image acquisition is then based on the external detection in coinci-

dence of the emitted gamma-rays. For a valid annihilation event to be processed, the

detection has to occur within a few nanoseconds at the detectors on either side. The

detector is commonly a scintillator that creates a light burst upon irradiation, which is

detected by a photomultiplier tube. The final count is detected after amplification and

determination of energy and spatial position.

Typically radionuclides with short half lives are used for PET scanning such as
11C (⇠ 20 min), 13N (⇠ 10 min), 15O (⇠ 2 min) and 18F (⇠ 110 min). Due to the

short lives of most radioisotopes, the tracers have to be produced in close proximity

to the PET imaging facility. Currently the majority of the isotopes are produced

by cyclotrons, which also limits the widespread use of PET due to the high costs of
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these machines. Laser-driven accelerators may provide a more compact and cheaper

alternative to cyclotrons to produce radioisotopes, allowing the on-site installations at

hospitals.

The generation of PET-isotopes has been investigated since the early 2000s. Spencer

et al. produced protons with energies up to 37 MeV with an ultra-intense laser (up to

1020 Wcm�2) to induce nuclear reactions in a secondary target to produce �+-emitting

nuclei of 11C and 13N (activity of order 200 kBq) (62). Fritzler et al. produced 10 MeV

protons with an intense laser (6 ⇥ 1019 Wcm�2) and numerical simulations supported

the generation of GBq sources of PET isotopes (63). In 2004 Ledingham et al. reported

how intense PET sources of 11C and 18F can be generated using a petawatt laser beam

(64). The investigation of laser-based PET-generation is still on-going. In Spain the

Laser Laboratory for Acceleration and Applications (L2A2) facility, that is currently in

the commissioning phase, will feature a 45 TW laser system capable of delivering pulses

with an ultrahigh contrast (1010:1 at 100 ps) at 10 Hz and one of the main research

lines will be the production of medical-imaging radioisotopes (65).
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1.3 Thesis structure

The presented thesis investigates laser-driven ion acceleration from ultrathin solid foils.

The work combines experimental and numerical results from particle-in-cell simulations

to discuss ion acceleration in overdense and near-critical plasmas with high-intensity

lasers.

In chapter 2 high-intensity laser interaction with matter and the relevant theoretical

background of laser-driven ion acceleration is presented.

Chapter 3 outlines the experimental and numerical methods, including information

on the used laser systems, targetry and diagnostics. The particle-in-cell method is

presented with relevant simulation remarks.

Chapter 4 discusses the experimental and numerical results for the interaction of a

single high-intensity laser pulse with thin solid targets. In detail the radiation pressure

dominated acceleration mechanism is explored with an in-depth parameter study. Also,

the electron dynamics in the relativistic transparency regime are studied.

The experimental results in chapter 4 and 5 were obtained from campaigns with

the Vulcan and Astra-Gemini laser systems at the Rutherford Appleton Laboratory

(Didcot, UK). These experiments were performed in collaboration with the group of

Professor Paul McKenna of the University of Strathclyde (Glasgow, UK).

In chapter 5 experimental and numerical results of the interaction of a double-pulse

laser set-up are presented. The first part focuses on the interaction with a double pulse

of linear polarisation. In the second part a novel acceleration scheme with a double

pulse set-up of mixed polarisation is proposed.

Chapter 6 applies the obtained results and, by combining with existing scaling laws,

gives estimations of achievable ion beam parameters with the VEGA Petawatt system.

Finally, chapter 7 concludes the results and gives an outlook for future direction of

laser-based ion acceleration.
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Relativistic laser-matter

interaction

This chapter gives an overview of the physical processes occurring during the interaction

of a high-intensity laser with matter, from ionisation, laser absorption, over propaga-

tion and subsequent ion acceleration. Most of this thesis is dedicated to the study

of an intense laser pulse impinging on thin solid targets. Only high-intensity lasers

are considered, which all have in common that they almost instantaneously ionise any

material upon irradiation. This means that usually the target is ionised before the

main part of the pulse arrives, subsequently the main part of the pulse always interacts

with a plasma. Ionisation with high intensity lasers di↵ers notably from low intensity

laser ionisation and the chapter begins with the processes governing ionisation at lower

intensities, to put it into context with the ultra-intense lasers utilised in the thesis.

2.1 Strong field ionisation processes

An adequate benchmark for the frontier of high-intensity laser interactions can be

derived from the field strength felt by the electrons in an atom. For simplicity the

Bohr model of the hydrogen model is considered (66). In that case, the electron sits at

a distance from the nucleus given by the Bohr radius, a
B

(in SI units)

a

B

=
4⇡✏0~2
m

e

e

2
= 5.3⇥ 10�11 m (2.1)
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with the Dirac constant ~, the permittivity in free space ✏0, electron mass m

e

and

elementary charge e. The electric field strength is then given by

E =
e

4⇡✏0a2
B

⇡ 5.1⇥ 1011 Vm�1 (2.2)

An electromagnetic field with a similar field strength would have an intensity, I
a

,

given by

I

a

=
✏0cE

2

2
⇡ 3.51⇥ 1016 Wcm�2 (2.3)

This means that any laser intensity, I

L

> I

a

will completely ionise the target.

However, even at lower intensities ionisation can occur via multiphoton e↵ects. In

principle, there are two regimes of interest separated by the Keldysh parameter � (67).

� =

s
E

ion

2�
pond

(2.4)

where E

ion

is the ionisation potential of the atom and

�

pond

=
e

2
E

2
L

4m!2
L

(2.5)

is the ponderomotive potential of the laser field. E

L

is the field strength of the laser

field, and !
L

is the laser frequency. If � > 1, this corresponds to multiphoton ionisation,

which dominates to intensities up to 1013 Wcm�2.

Multiphoton ionisation If the energy of a single photon is not high enough for

the ionisation of the atom, an electron can still gain enough energy to overcome the

potential barrier of the nucleus by the absorption of several lower frequency photons

in a process called multiphoton ionisation (see figure 2.1 (a)). The total energy that is

absorbed by the electron through virtual energy levels is

E

electron

= (n+ s)~! � E

bound

(2.6)

with n+ s = m being the sum of photons n, that are necessary for the ejection of the

electron, and s of additionally absorbed photons. E

bound

is the binding energy of the

electron to the core.

In case that there are no additionally absorbed photons (s=0), the process can be

described by perturbation theory, with the n-photon ionisation rate given by

W

n

= �

n

I

n

L

(2.7)
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Figure 2.1: Multiphoton and tunnelling ionisation - (a) In case of multiphoton

ionisation an electron gains energy by the absorption of multiple low-energy photons to

overcome the potential barrier. (b) At high intensities, the laser can also distort the atomic

potential allowing tunnelling ionisation.

with �

n

being the cross-section, which is decreasing with n. The process also has a

strong dependence on photon density of the incoming laser field; multiphoton ionisation

usually occurs at intensities above 1010 Wcm�2. In the case that s 6= 0, the electron

is excited by more photons than necessary, which results in the ejected electron having

a higher kinetic energy, visible as distinct peaks separated by the photon energy ~! in

the electron spectrum. This regime is known as above-threshold ionisation.

Tunnelling ionisation and barrier suppression For � ⌧ 1 and intensities above

1013 Wcm�2 (which are still below the direct ionisation threshold) the laser field be-

comes strong enough to distort the atomic potential. The external laser field can

strongly modify the previously purely Coulombic potential. This results in a signif-

icant lowering of the Coulomb barrier on side of the potential well to a value close,

but still slightly above the binding energy of the electron. Therefore the former bound

state is enabled to tunnel through this barrier with a finite probability. This is called

tunnelling ionisation (see figure 2.1 (b)).

At even higher intensities, between 1013 Wcm�2 and 1015 Wcm�2, the barrier is fur-

ther suppressed beneath the binding energy, so the electron can escape spontaneously.
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This process is called barrier suppression (BSI). The threshold or appearance intensity

for this process can be estimated by assuming a stationary homogeneous electric field

that is deforming the atomic potential as

I

app

= 4⇥ 109
⇣
E

ion

eV

⌘4
Z

2 Wcm�2 (2.8)

where E
ion

is the ionisation potential of the ion or atom with charge (Z-1). The simplest

case is hydrogen (Z=1) for which E

ion

= 13.61 eV, which corresponds to an appearance

intensity of 1.4⇥ 1014 Wcm�2. At intensities above 1018 Wcm�2 field ionisation (BSI)

is the dominant process for all but the most strongly bound electrons. Equation 2.8

underestimates the appearance intensity by more than a factor four for hydrogen-like

ions (68), however this simple estimation is useful and su�ciently accurate for many

applications.

Collisional ionisation Extending the idea of single electron ionisation to many elec-

trons, as it is the case in real laser-matter interaction, collisional ionisation mechanisms

also become important. When enough energetic electrons are excited through field ion-

isation, these electrons will subsequently ionise other atoms by collisional ionisation. In

case of a local thermal equilibrium the ionisation state can be determined by statistical

means and the relative ion populations are related by the Saha-Boltzmann equation,

assuming the radiative and absorptive events are equal (69). In case that the plasma

is produced by a short laser pulse, larger density and temperature gradients have to

be taken into consideration as well as radiation that can escape the plasma entirely.

Then the assumption of a local thermal equilibrium is not valid any more and the time-

dependent atomic rate equations need to be solved in order to determine the charge

distribution.

2.2 Motion of a single electron in a laser field

Now the motion of a single electron in the laser field is considered (70, 71). When a

laser beam is impinging onto a plasma, an electron will undergo relativistic dynamics

in the intense laser field. The particle motion is governed by the Lorentz force (in cgs

units)
d~p

dt

= �e( ~E +
~v

c

⇥ ~

B) (2.9)
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where p = �m

e

~v

e

is the relativistic momentum and � = 1/
p
1� v

2
e

/c

2 is the Lorentz

factor of the electrons. The laser field, approximated as a plane wave, propagating in

the z-direction can be described by

~

A(~r, t) = Re[ ~A0e
i�] (2.10)

where � = ~

k ·~r�!t is the phase of the light wave with ! and � being the frequency and

wavelength of the laser, respectively. k = 2⇡/� is the wave number and ~r and ~t are the

space and time variables. The generic position vector ~r is given as ~r = xx̂ + yŷ + zẑ.

In the case of linear polarisation (LP) ~

A0 = A0ex and ~

A0 = A0(ex ± ie

y

) for circular

polarisation (CP). The electric and magnetic fields are obtained by

~

E = �1

c

@

~

A

@t

(2.11)

~

B = r⇥ ~

A (2.12)

In the non-relativistic case (neglecting the v ⇥ B term of equation 2.9), the motion of

the electron derives to

~v = � ie

m

e

!

~

E (2.13)

where m

e

is the electron mass. Taking this as the quiver velocity, a threshold for

relativistic e↵ects can be defined, by equating the quiver velocity to the speed of light,

c. This dimensionless parameter, a0, is then given as

a0 =
v

c

=
eE

m

e

!c

(2.14)

For a0 < 1 the motion is assumed to be non-relativistic, whereas for a0 > 1 relativistic

e↵ects have to be taken into account. a0 can be related to practical parameters such

as the wavelength � = 2⇡c/! and the intensity, I, defined as the cycle-averaged value

of the modulus of the Poynting vector, ~S

I = h|~S|i =
D

c

4⇡
| ~E ⇥ ~

B|
E
=

c

8⇡
|E0|2 =

c

8⇡

⇣
m

e

!ca0

e

⌘2
(2.15)

which yields in practical units

a0 = 0.85
⇣

I�[µm]2

1018 Wcm�2

⌘ 1
2

(2.16)
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2. RELATIVISTIC LASER-MATTER INTERACTION

where for a wave of given irradiance I�2 the peak dimensionless amplitude of the electric

field is a0 for linear polarisation and a0/
p
2 for circular polarisation. This equation can

also be rearranged to give the irradiance in terms of a0

I0�[µm]2 = �

⇣
1.37⇥ 1018 Wcm�2

⌘
a

2
0 (2.17)

where � = 1 for linear and � = 2 for circular polarisation.

Now, the relativistic case is considered, where a0 exceeds unity and the magnetic

term of the Lorentz equation (2.9) cannot be neglected. The electron dynamics is thus

described by equation (2.9) to which the equation for electron energy is added.

d

dt

(�m
e

c

2) = �e~v · ~E (2.18)

By using the Lorentz equation (2.9) and equation (2.11) and (2.12), the relation

d

dt

(~p? � e

c

~

A) = 0 (2.19)

is found, where ~p? are the perpendicular vector components of the momentum. This

relation states the conservation of canonical momentum due to translational invariance

in the transverse plane. By substituting ~

A in the z-component of equation (2.9) and

(2.18), the momentum in propagation direction is derived to

p

z

=
~p

2
?

2m
e

c

=
1

2m
e

c

⇣
e

~

A

c

⌘2
(2.20)

From equation (2.19) and (2.20), it is evident that in case of ~A = 0 the momentum

components vanish, thus no net energy of the wave is absorbed by the electron. This

is in agreement with the so-called Lawson-Woodward theorem, stating that a charge

cannot be accelerated by a radiation field in vacuum extending over an infinite region

(as it is the case for a plane wave) (72, 73).

In the following the case of a monochromatic wave of frequency ! is considered.

Recalling equation 2.10, the vector potential is given by

~

A = A0[x̂�cos�+ ŷ(1� �

2)1/2sin�] (2.21)

with � = ~

k · ~r � !t. �  1 is the polarisation parameter. For �= 1 or 0 the wave

is linearly polarised along x̂ or ŷ, respectively, while for ' = ±1/
p
2, it is circularly

polarised. Other values correspond to elliptical polarisation.
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2.2 Motion of a single electron in a laser field

When inserting equation (2.21) in the equations of motion, the phase � must be

considered as a function of the particle position, i.e. � = �[x(t), t]. It is convenient to

use � as the only variable. The derivative with respect to time is therefore obtained as

d�

dt

= @

t

�+ v

z

@

z

� = �! +
p

z

m

e

�

k = �! +
m

e

c(� � 1)

m

e

�

!

c

= �!
�

(2.22)

Thus the momentum derives to

~p = m

e

�

d~r

dt

= m

e

�

d�

dt

d~r

d�

= �m

e

!

d~r

d�

(2.23)

From this relation the particle trajectory can be obtained. From equation (2.19) and

(2.20) the vector components of the perpendicular momentum and the momentum in

the propagation direction are given by

~p? = (p
x

, p

y

) =
eA0

c

(�cos�, (1� '

2)1/2sin�) (2.24)

p

z

=
1

2m
e

c

(
eA0

c

)2[�2cos2�+ (1� �

2)sin2�] =
1

4m
e

c

(
eA0

c

2

)[1 + (2�2 � 1)cos2�] (2.25)

Therefore for a linearly polarised light, transversal oscillations are driven by !. The

motion in propagation direction is split into a longitudinal drift term and a longitudinal

oscillation (cos2�) driven by 2!. When averaging over an oscillation cycle, hcos2�i = 0

vanishes and the constant drift of the electron is given by

hp
z

i = 1

4m
e

c

(
eA0

c

)2 = m

e

c

a

2
0

4
= p

d

(2.26)

In the case of circular polarisation, 2�2 � 1 = 0 and p

x

= hp
x

i, i.e the high frequency

component driving oscillations in the longitudinal direction vanishes. This will be-

come important for the collisionless absorption mechanisms in a plasma, which will be

introduced in a later section. By using equation (2.23), the drift velocity derives to

v

d

=
a

2
0

a

2
0 + 4

c (2.27)

The trajectory is given by

x̂ = ��sin�a0 (2.28)

ŷ = (1� �

2)1/2cos� (2.29)

ẑ =
1

4
[��� (�2 � 1

2
)sin2�]a20 (2.30)
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2. RELATIVISTIC LASER-MATTER INTERACTION

The trajectories of an electron in a linearly polarised laser field for di↵erent intensities

are shown in figure 2.2. For circular light the trajectory is helicoidal. Since the electron

drifts at a constant velocity along z, transforming to a reference frame moving with

velocity V

z

= v

d

for circular polarisation the orbit is a closed circle. This is is also the

case for linear polarisation, where the electron orbit is closed in the frame where the

average velocity vanishes. This orbit is described by a ”figure of eight”.

Figure 2.2: Electron trajectories - Trajectories of an electron in vacuum in the given

optical fields of ultra-short linearly polarised plane electromagnetic waves representing laser

pulses with di↵erent dimensionless amplitudes a0 (equation 2.14) for the pulse duration

of ⌧0 ⇡ 24/! (10 fs for � = 800 nm); the laser is incident from the left as indicated by

the arrows. The maximum electron displacement perpendicular to the pulse propagation

is a0c/!, while the forward displacement (along the pulse propagation direction) is pro-

portional to a

2
0⌧0c. (a) The amplitudes are a0 = 0.05 and 0.5 (part of the trajectory), (b)

a0 = 0.5 and 1.5 (full trajectories). In each frame, the horizontal and vertical scales are

equal; however, note the di↵erence in the scales between the frames. At a0 = 0.05, the

intensity is much lower than the relativistic intensity, the perpendicular displacement is

much larger than the forward displacement in one period. At a0 = 1.5, the intensity is

relativistic (⇡ 3⇥1018 Wcm�2 at the laser wavelength of 1 µm), the forward displacement

in one period exceed the perpendicular one (reproduced from Daido et al. (12)).

2.2.1 Ponderomotive force

In the previous section the motion of single electrons in a monochromatic plane wave

was described. However, ”realistic” electromagnetic waves (laser pulses) are not per-

fectly monochromatic plane waves, but have finite width and duration. The laser pulse
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2.3 Laser propagation in a plasma

can be described by an envelope function, describing its transverse and longitudinal

profiles, multiplied by an oscillating function.

~

E(~r, t) = Re[ ~E
env

(~r, t)e�i!t] =
1

2
~

E

env

(~r, t)e�i!t (2.31)

~

B(~r, t) = Re[ ~B
env

(~r, t)e�i!t] =
1

2
~

B

env

(~r, t)e�i!t (2.32)

The envelope functions ~E
env

and ~

B

env

are supposed to vary with time on a scale slower

than the oscillation period T = 2⇡/!. It is assumed that the field (almost) averages

to zero over a period, i.e h ~E(~r, t)i ' 0, while for the envelope function h ~E
env

(~r, t) 6= 0.

Therefore two separate time scales are assumed, a slow and a fast one, suggesting to

describe the electron motion as a superposition of a slow term and a fast (oscillating)

term. The ”slow” motion can be described by a dynamic equation with a slowly-varying

force, which is named the ponderomotive force. It can be expressed as

~

f

pond

= � e

2

2m
e

!

2
rh ~E2(~r

s

(t), t)i (2.33)

with r

s

referring to the slow motion. In fact, the ponderomotive force is the negative

gradient of the previously introduced ponderomotive potential (equation 2.5).

~

f

pond

= �r�
pond

(2.34)

The ponderomotive potential can be seen as the cycle-averaged oscillation energy, which

is assumed to be a function of the oscillation centre.

�

pond

=
e

2

2m
e

!

2
h ~E2i (2.35)

The consequence of the ponderomotive force is that electrons are expelled from

regions of higher intensity. It is important to note that the force is charge-independent

(e2), therefore it also acts on other charged particles, e.g. ions. However, due to their

much higher mass, ions are generally assumed immobile and not a↵ected by this force.

2.3 Laser propagation in a plasma

In section 2.2, the behaviour of a single electron in the laser field has been considered. In

this section some fundamental aspects of the interaction of the laser with the plasma

electrons are introduced. It is noted that the ions in the plasma bulk are assumed
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2. RELATIVISTIC LASER-MATTER INTERACTION

immobile due to their much higher mass; when substituting the ion mass into the

equation 2.13, it can be seen that the quiver velocity is much smaller than the speed of

light. Also the electron temperature is initially assumed to be close to zero, since the

electrons are left with low energies during field ionisation.

The laser propagation in the plasma is determined by the dispersion relation

!

2
L

= !

2
p

+ c

2
k

2 (2.36)

where !
L

is the laser frequency and !
p

the plasma electron frequency, which is defined

as

!

p

=

s
4⇡n

e

e

2

m

e

(2.37)

where n
e

is the electron density of the plasma. The plasma frequency can be seen as the

frequency of the oscillations driven by any local charge imbalance between the negative

(electron) and positive (ions) charges in the plasma, for instance driven by the laser

field. Here, it is assumed that the electron temperature has risen su�ciently, so that

collisions can be ignored.

Therefore there are two counteracting e↵ects induced by the laser field. Firstly, the

electric field of the laser that drives electrons apart from the plasma ions periodically

with the laser frequency !
L

. Secondly, the restoring Coulomb forces of the plasma that

tend to bring the negative and positive charges together with the plasma frequency,

!

p

. Hence, if !
p

< !

L

the first term dominates and the laser can propagate through

the plasma. In this case the plasma is said to be underdense. Subsequently, in case

!

p

> !

L

, the restoring forces driven by the plasma frequency dominate and the laser

gets reflected of the plasma. In this case the plasma is overdense. The boundary

between the two plasma states is called the critical density and can be derived by

equating the laser frequency to the plasma frequency, which yields

n

c

=
!

2
L

m

4⇡e2
(2.38)

or in a more convenient way

n

c

= 1.1⇥ 1021��2
µm

cm�3 (2.39)

It is important to notice that the critical density depends directly on the laser

frequency, therefore a plasma that is underdense for a short wavelength laser can be

overdense for a long wavelength one (see table 2.1).
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2.3 Laser propagation in a plasma

Laser Typical pulse durations � (µm) n
cr

(cm�3)

KrF ns 0.248 1.8 ⇥ 1022

Ti:Sapphire fs 0.800 1.7 ⇥ 1021

Nd:Glass ps 1.054 9.9 ⇥ 1020

CO2 ns 10 1.1 ⇥ 1019

Table 2.1: Critical densities - The critical density depends directly on the laser wave-

length. Therefore a plasma that is underdense for a short wavelength laser can be overdense

for a long wavelength laser.

In the following, some important plasma length parameters are defined. The focus

of the present thesis lies on the interaction of intense laser pulses with thin solid targets,

which are initially overdense. For example, solid diamond-like carbon has a density ⇢

= 2.7 g/cm3, which translates to ⇠ 500n
cr

for � = 800 nm Ti:Sapphire laser. In most

cases, it is assumed that the laser pulse impinges on a plasma slab with a step-like

density profile. When the laser interacts with an overdense plasma, an evanescent

component will penetrate the plasma up to a characteristic length, where the laser

electric field has dropped by a factor 1/e. In the particular case of a step-like density

gradient, this collisionless skin depth, l
s

is defined by

l

s

=
c

!

p

(2.40)

In the interaction with solid targets, the laser pulse duration also plays an important

role. Since a ns laser pulse impinging on a overdense plasma allows more time of the

on-set of the pulse to drive plasma expansion, the main part of the laser pulse will

interact with a lower density plasma, whereas a short fs pulse can access much higher

density regions. Again, assuming an initially neutral target with a step-like density

profile, a plasma is created at the front surface upon irradiation with a characteristic

scale-length L, given by (66)

L

�1 =
���
d

dx

logn(x)
���
x=x

c

(2.41)

Assuming that the plasma expands isothermally, the density profile will take an expo-

nentially decreasing form n(x) = n0e
x/l with a well-defined scale length

L = c

s

⌧

L

(2.42)
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2. RELATIVISTIC LASER-MATTER INTERACTION

where ⌧
L

is the pulse duration and c

s

is the ion sound speed, given by,

c

s

=

r
Zk

B

T

e

m

i

⇡ 3.1⇥ 107

s⇣
T

e

[keV ]

⌘⇣
Z

A

⌘
cm s�1 (2.43)

where k

B

is the Boltzmann constant, T
e

is the electron temperature and Z and A are

the charge and the mass number of the plasma ions, respectively.

In the simulation of the interaction of high intensity laser pulses with solid targets

(as presented for example in section 4.1) the skin depth and scale length compete with

another characteristic length of the plasma, called the Debye length. It is defined as the

distance over which the plasma is shielding against externally applied electric fields.

The charged particles will redistribute in such a way to generate an oppositely-directed

electric field, to compensate for the externally applied field. This ensures that the

plasma maintains the quasi-neutrality. To first order, the electric field due to a charge

immersed in a plasma only interacts with other charged particles in the plasma within

a volume known as the Debye sphere, where the radius of the sphere is given by the

Debye length �
D

.

�

D

=

r
k

B

T

e

4⇡e2n
e

(2.44)

The Debye length defines the minimum distance over which charge neutrality is ensured

(i.e. charged particle essentially feels no electric field e↵ect from the other charges at

distances greater than �

D

). Additionally, the Debye length is also a measure of the

penetration depth of externally applied electromagnetic fields. For shielding e↵ects to

occur, the Debye sphere radius, hence the Debye length, must be much less than the

length of the linear dimension, L
ld

, of the plasma (i.e �
D

⌧ L

ld

).

2.4 Laser absorption in a plasma

Collisional absorption The absorption of the laser in a plasma is very complicated

as there are several mechanisms that depend sensitively on the laser intensity, pulse du-

ration, polarisation, angle of incidence, plasma density and scale length. The absorption

mechanisms can be divided into collisional and collisionless. At lower laser intensities

(I0 < 1015 Wcm�2), the collisional absorption or inverse bremsstrahlung heating is the

dominant absorption mechanism (66). In this case, the electrons transfer their energy
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2.4 Laser absorption in a plasma

to the plasma by collisions with the ions. The frequency of these electron-ion collisions

is given by

v

ei

/ Zn

e

T

3
2
e

(2.45)

with Z being the number of free electrons per atom (70). With short laser pulses

high densities can be accessed where the plasma is highly collisional, at least at mod-

erate intensities (low electron temperatures), so it can be expected that the inverse

bremsstrahlung contributes to the laser absorption. However, as it is evident from

equation (2.45), the collision frequency decreases for higher electron temperatures and

collisionless absorption mechanisms, which will be described in the next section, start

to dominate.

Collisionless absorption

2.4.1 Resonance absorption

Resonance absorption generally requires the incoming laser light to be p-polarised.

When the p-polarised light impinges on an oblique incidence onto the plasma, the

component of the electric field perpendicular to the surface can reach or tunnel into

the plasma. Thereby it is exciting oscillations at the critical surface, which then grow

over several laser oscillations. This e↵ect is maximised when the laser equals the plasma

frequency, hence the oscillations are rising resonantly. The energy transfer to the plasma

is due to the dampening of this excited wave by either wave breaking or collisions. The

degree of resonant absorption has been found to be dependent on the plasma density

scale length and is higher for longer scale lengths. This process dominates to intensities

up to 1017 Wcm�2. At higher intensities resonance absorption is still present, but other

mechanisms start to dominate.

2.4.2 Vacuum Heating - Brunel mechanism

Resonance absorption ceases to work for plasmas with a very short density scale length.

If the electrons undergo oscillations along the density gradient with an amplitude x
p

⇡
eE

L

m!

2 = v

os

!

(v
os

equivalent to the quiver velocity, equation 2.13), the resonance break

down in this amplitude exceeds the scale length L, that is v

os

!

> L. The p-polarised

laser is obliquely incident on the plasma front surface, but the electric field can not
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2. RELATIVISTIC LASER-MATTER INTERACTION

penetrate e�ciently past the critical surface. Instead, the electrons near the edge of

the plasma-vacuum interface are directly a↵ected by the incoming laser field. The

perpendicular component of the laser light drives out electrons, which start to oscillate

at the vacuum-plasma boundary. As the field reverses the electrons are accelerated back

into the plasma. Because the plasma is overdense and the laser can only penetrate the

plasma up to the skin depth l

s

, the electrons accelerated back into the plasma are

shielded from the laser field. Therefore they can penetrate deeper into the plasma,

where they eventually dissipate their energy through collisions.

2.4.3 Relativistic j ⇥ B heating

At higher intensities, above 1018 Wcm�2, the so-called~j⇥ ~

B heating becomes important.

Similar to the Brunel heating, an almost step like density gradient and linear polarisa-

tion of the laser beam is required. In this case the electrons are driven longitudinally by

the ~v⇥ ~

B term of the Lorentz force. A linearly polarised wave ~E = (0, E0(x)cos(!t), 0)

gives rise to the longitudinal force

~

f

x

= �m

4

@~v

os

(x)

@x

(1� cos(2!t)) (2.46)

The first part describes the electron acceleration in the direction of the laser propagation

and the second term describes the fast oscillation of the laser pulse in propagating

direction. The second term is responsible for the plasma heating similar to the Brunel

mechanisms at twice the laser frequency. The ~j ⇥ ~

B heating works for any polarised

light wave but circular, and is more e↵ective for normal incidence. In the case of a

circularly pulse the driving force has no oscillating component and the plasma heating

is suppressed, as it was shown in a previous section. This suppression is relevant in the

special cases where plasma expansion by the laser is not desired.

2.5 Relativistically Induced Transparency

When an intense laser pulse interacts with an overdense nanometre thin foil, the

plasma can become relativistically transparent during the interaction, which can al-

ter the dynamics of the charged particles. Relativistically Induced Transparency (RIT)

(74, 75, 76) occurs due to a combination of two simultaneously occurring processes.

Firstly, the plasma is heated by the laser pulse, thereby driving expansion, leading to a
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2.5 Relativistically Induced Transparency

broader plasma, which e↵ectively reduces the classical electron density. Secondly, the

critical density is relativistically corrected with increasing laser intensity. When the

electron density is lower than the relativistically corrected critical density, the laser can

propagate through the target (see figure 2.3). RIT can also occur if the laser longitu-

dinal ponderomotive force compresses the target, reducing its thickness to the order

of the plasma skin depth (77). This regime has proven promising for some emerging

acceleration mechanisms, including the so-called Breakout Afterburner (which will be

introduced in section 2.7.3). Because the laser is able to propagate through the tar-

get, it can couple more e�ciently to the hot electrons that have been generated at an

earlier stage of the interaction. Experimentally it is di�cult to monitor the on-set of

RIT, but cameras looking at the laser fundamental wavelength and second harmonic

can be used during experiments, which allows the measurement of light transmission

through the plasma, thereby giving an idea of the degree of RIT (see figure 2.4). These

experimental measurements can be benchmarked with simulations to verify that RIT

has actually occurred.

Incident 

Reflected 

Transmitted 

Overdense Relativistically transparent Underdense 
ne > ncr ne / γ < ncr ne < ncr (a) (b) (c) 

Figure 2.3: Relativistically Induced Transparency - Concept of relativistically in-

duced transparency. In (a) the plasma is classically overdense. (b) When the laser impinges

on the front surface, it drives plasma expansion and until (c) with the relativistically cor-

rected plasma density, the target becomes relativistically transparent

The threshold intensity for RIT can be calculated by equating the relativistically

corrected critical density with the electron density.

n

e

�

= n

c

(2.47)
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� =

r
1 +

a

2
0

2
⇡ a0p

2
(2.48)

a0 �
p
2
n

e

n

c

(2.49)

In practice the threshold intensity for RIT may seem somewhat lower than expected

from this equation because a pre-pulse may cause expansion of the plasma, reducing

the electron density encountered by the main pulse, and the main pulse itself reduces

the local electron density through the ponderomotive force.

Detector 

Opaque  
plasma 

Transparent 
plasma 

Detector 

Laser Laser 

Figure 2.4: Diagnostic RIT - The cartoon shows how RIT was experimentally diagnosed

during the campaigns with the Astra Gemini and Vulcan laser systems at the Central Laser

Facility. Two cameras were placed at the rear side of the chamber to measure reflected

light at the laser fundamental frequency and second harmonic.

Figure 2.5: Measurement RIT - Three images showing experimental measurements of

RIT. The light was reflected of an aluminium foil that was placed on top of the radiochromic

film stack. The measurements show that the on-set of transparency is highly sensitive on

the laser energy.
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2.6 Plasma instabilities

2.6 Plasma instabilities

When an ultra-intense laser is interacting with thin solid targets, instabilities can de-

velop. Sometimes these instabilities can have advantageous e↵ect, whereas other impede

the generation of ion beams. The following section will describe the two most relevant

instabilities that play an active role during thin foil laser interaction.

Rayleigh-Taylor instability The Rayleigh-Taylor instability (RTI) (78) is one of

the most prominent ones and occurs when perturbations develop if a light fluid is

pushed into a heavy fluid. A key signature of the RTI is the formation of bubbles and

spikes at the interface as the lighter fluid is propagating into the heavier fluid. In a

classical case the RTI can be seen as a heavier fluid pushing into a less denser fluid under

the influence of gravity. The bubbles and spikes are formed when the two fluids, which

were maintaining initially an equilibrium, experience a small perturbation which causes

pressure variations. This bubble-like structures can be imprinted in the spatial profile

of the ion beam. RTI can be counted to the hydrodynamic instabilities, also much like

the Richtmeyer-Meshkov instability (79, 80), and is therefore usually associated with

fluids. However the same perturbation can occur in a plasma. Therefore the light of

the laser is assumed as the lighter photon fluid and the plasma as the heavier fluid.

Streaming or Buneman-type instability The streaming or Buneman-type insta-

bility (81) can promote energy transfer from the accelerated electrons to the plasma

ions. When a beam of particles or a current drives through a plasma, in a way that

di↵erent species experience di↵erent drifts relative to one another, this is referred to as

streaming instability. The drift energy enables the streaming instability, such as the

Buneman instability, by exciting wave modes and transferring energy into oscillations.

This instability can act as a mediator between the electrons and ions, as proposed in

the Breakout-Afterburner ion acceleration mechanism (section 2.7.3) (82). In this case

a stream of electrons confined by a magnetic structure driven by the laser through the

relativistically transparent target has a significantly larger relativistic velocity to the

unmagnetised plasma ions (83). In the non-relativistic case the dispersion relation can

be derived from the linearised motions of equations and Poisson’s equation as

1 = !

2
pe

⇣
m

e

/M

i

!

2
+

1

(! � kv

e

)2

⌘
(2.50)
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where !
pe

is the electron plasma frequency, v
e

the electron drift and m

e

and M

i

the

electron and ion mass, respectively (84). For complex wave modes ! with a positive

imaginary part Im(!) the instability grows exponentially. The growth rate follows as

�

i

⇡ (m
e

/M

i

)1/3. In this case, the drift energy of the electrons can be transferred to

the plasma ions by exciting wave modes with a phase velocity that is comparable to

the velocity of the bulk ions, hence resonantly accelerating them.

2.7 Laser-driven ion acceleration

Laser-driven ion acceleration has been a vivid field of research for almost two decades.

The laser-plasma interaction is a very complex process, which depends on many laser

and plasma parameters like laser irradiance, target thickness and areal density. Whereas

electrons can already be directly accelerated to relativistic energies by the laser field

with ”moderate” laser intensities of the order of 1018 Wcm�2 (see equation 2.51), this

is not the case for the ions. Replacing the electron mass in equation (2.14) by the

proton mass, the relativistic threshold irradiance is given by

I0�[µm]2 = �

⇣
4.62⇥ 1024Wcm�2

⌘
a

2
0 (2.51)

where � = 1 for linear and � = 2 for circular polarisation. Therefore, currently avail-

able laser intensities of the order 1022 Wcm�2 are at least two orders of magnitude

below this threshold intensity. Hence, all currently investigated acceleration mecha-

nisms are based on the energy transfer from the electrons to the ions. A number of

di↵erent mechanisms have been identified theoretically and some of them have also

been experimentally evidenced. The interaction schemes can be divided into processes

involving the interaction with an overdense plasma (Target Normal Sheath Acceler-

ation, Radiation Pressure Acceleration), near-critical plasma (Breakout-Afterburner,

Radiation Pressure Acceleration) and underdense plasma (pure shock acceleration). In

the following sections, the most relevant acceleration mechanisms for the interaction of

a short laser pulse with an (initially) overdense solid target are presented. It is impor-

tant to note that it is not possible to draw an exact line between the on-set of di↵erent

accelerations mechanisms. Several schemes can act simultaneously or at di↵erent stages

of the interaction and similar ion energies with similar scaling can be achieved in di↵er-

ent regimes. Therefore it is sometimes not trivial to assign the dominant acceleration
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regime in simulations and especially in experimental studies. There are a number of

existing scaling laws and numerical results, which link the laser and target parameters

to the ion beam generation. This will be addressed in more detail in chapter 6 in the

context of the feasibility of ion acceleration experiments with the VEGA laser system.

2.7.1 Target Normal Sheath Acceleration

The Target Normal Sheath Acceleration (TNSA) is the most widely studied mechanism

and has been tested successfully in experiments and simulations (85, 86, 87). In the

TNSA scheme, a linearly polarised intense laser pulse is impinging on a relatively thick

solid target of the order of micrometres (as is shown in figure 2.6). The rising edge

of the laser pulse is usually intense enough to ionise the target, generating a plasma.

The laser energy is then absorbed at the front side of the plasma surface, thereby

generating copious amounts of hot electrons with temperature k
B

T . The energy can be

estimated by the absorption through the ~j⇥ ~

B heating to k

B

T = m

e

c

2(
p

1 + a

2
0/2�1)

(88). These hot electrons produced during the interaction then propagate through the

target, thereby setting up a large charge separation field of the order of TV/m at the

rear side. This drives field ionisation of the atoms located at the rear side. The extent

of the charge separation field is given by the Debye length (see equation (2.44))of the

hot electrons, at which electrics fields of the plasma are screened out. The ions that are

present at the rear side of the plasma are then subsequently accelerated to high energies

by this quasi-static sheath field. Electrons are continuously pulled back into the target

by the fields and replaced by recirculating hot electrons from the front side. This

sheath field is oriented normally to the target, and therefore the ions are accelerated

in the perpendicular direction regardless of the incidence angle of the incoming laser

pulse; hence the name Target Normal Sheath Acceleration. The electric field scales

with E

sheath

⇡ k

B

T

h

/e�

D

and extends over a length of a few micrometres. Protons are

preferentially accelerated by TNSA owing to their high charge-to-mass ratio and most

of the electron energy will be transferred to the protons, while they electro-statically

shield the sheath field to heavier ions. This prevents further ionisation of the bulk ions

and their acceleration. Usually the protons originate from surface contaminants on the

back side of the target. Heavier ions can also be accelerated by the TNSA mechanisms,

however this requires some target preparation, e.g. laser ablation of the rear side of the

target to remove hydro-contaminants (89).
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Figure 2.6: Target Normal Sheath Acceleration - Concept of the TNSA mechanism:

The incoming high-intensity laser produces copious amounts of hot electrons. The electrons

propagate through the micrometre thick overdense plasma and set up a strong charge

separation field at the rear side of the target. Protons, present as hydro-contaminants at

the back side, are subsequently pulled out and accelerated to high energies.
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2.7 Laser-driven ion acceleration

It is important to note that the plasma stays overdense throughout the interaction,

so the laser light is not pushing through the plasma and coupling to the electrons at

the rear side. Therefore TNSA is a surface-dominated acceleration mechanism. One

of the striking features of TNSA-generated protons is their ultra-low emittance and a

small source size of the order of 100µm (90). However, this is still much larger than the

currently achievable laser focal spots, which are of the order of 10µm. The di↵erence

can be caused by transverse spreading of the hot electrons by deflection in the field or

during the recirculation process. The sheath field does not extend perfectly in parallel

to the plasma rear surface. Instead the field builds radially, which also impedes the

generation of mono-energetic particle beams. The thermal spectrum therefore results

from the transversely inhomogeneous charge separation field, that extends over several

times the laser focus on the back side. Many scaling laws (e.g. (86) and (87)) have

been developed to estimate the obtainable final energies of the ions and usually the

maximum energy scales as E
max

/ T

h

/ a0 /
p
I

L

. The reachable energies with TNSA

lie within a range of a few tens of MeV up to more than a hundred MeV. There have

been experimental e↵orts to produce mono-energetic beams by tailoring the targets to

restrict the source of ions to a smaller volume. This leads to a more homogeneous

accelerating field, however the conversion e�ciency is very low.

Some acceleration can also occur at the front side of the target. However due to

the strong plasma expansion driven by the pre-pulse of the laser, the scale length is

significantly larger, which results in much smaller charge separation fields, resulting in

lower ion energies.

2.7.2 Radiation Pressure Acceleration

In recent years the acceleration of ions by means of the Radiation Pressure has been

emerging as a promising technique. In principle, the acceleration takes place by pushing

the whole plasma bulk by the means of the light pressure for a perfectly reflecting mir-

ror. In contrast to TNSA, which is a surface-dominated mechanism, Radiation Pressure

Acceleration (RPA) allows therefore the acceleration of the whole target volume, which

could drastically reduce the energy spread of the generated ion beam. Scaling laws for

the RPA predict a much more favourable scaling of E / I

2
L

opposed to the E / I

0.5
L

scaling in the TNSA regime (71, 91). The RPA mechanism can be divided into two

distinct regimes; Hole-Boring (92) in case of thicker plasmas (micrometre-scale) and
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Light-Sailing (93, 94) for thinner plasmas (nanometre-scale) (see figure 2.7). In the

following these two will be described.
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Figure 2.7: Radiation Pressure Acceleration - Hole-Boring (a): Plasma electrons in a

micrometre-thick overdense plasma are pushed steadily by the radiation pressure. The ions

are collisionless shock-accelerated in the formed strong electrostatic field. Light-Sailing (b):

In a nanometre-thin overdense plasma, the ions and electrons can be modelled as a moving

mirror that is propelled forward by the radiation pressure (like in the sailing paradigm).

2.7.2.1 Hole Boring

For thicker targets of the order of micrometres, the light pressure can give rise to the

so-called Hole Boring or collisionless shock acceleration (92). A laser with an intensity

of about 1019 Wcm�2 has an equivalent radiation pressure of tens of GBar. When

impinging on a thick target foil, this pressure can steepen the density profile and bend

the critical surface inwards and successively drill a hole in the overdense plasma (hole-

boring). This results in a snowploughing of the bulk electrons, until the material

pressure equals the radiation pressure. In this equilibrium state the velocity of the

accelerated ions can be derived by considering a pressure balance. An electron-free

area is generated behind the snow-ploughed electron spike. Assuming total reflection

of the incoming laser pulse from this electron spike, the ions left behind are then

pulled by the arising charge-separation field, forming an ion spike. The unperturbed

34



2.7 Laser-driven ion acceleration

ions impinging on these moving spikes are reflected, thus accelerated, by the electric

field between the spikes. At the turning points the ion velocity changes sign, and at

zero velocity the ion density tends to infinity. This is also the case for the electron

spike. Thus, an electro-static shock propagates into the plasma. In the case of highly

overdense plasmas, the unperturbed plasma electrons and ions are nearly all reflected

by the laser ponderomotive pressure and the longitudinal electric field between the two

spikes. Therefore circular polarisation is preferred as it suppresses the heating of the

plasma.

Unlike the ”light sail” case, which will be discussed in the following section, hole

boring has a quasi-stationary velocity because the radiation pressure is balanced by the

momentum change of the continuously reflecting particles of the unperturbed plasma,

mostly ions due to their larger mass. When the ions accelerated by the shock reach

the target rear surface, they can get an additional energy due to the charge-separation

field at the target rear side.

Figure 2.8: Hole-Boring - The ions are accelerated by reflection from the hole-boring

front, in the rest frame of the front.

In the simple non-relativistic case, the change in momentum of the photons, �p
photons
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in time, �t, in the instantaneous rest frame can be written

�p

photons

= (1 +R)
I

L

c

A�t (2.52)

with R being the reflection coe�cient of the surface, I
L

the intensity of the laser and

A being the area upon which the laser is incident.

For a plasma with ion density n

i

, the change in momentum of the ions in the

instantaneous rest frame can be written as

�p

ions

= 2m
i

v

hb

n

i

Av

hb

�t (2.53)

where n

i

Av

hb

�t is the total number of particles reflected within the time �t. The

plasma that is at rest in the lab frame approaches the plasma surface with �v

hb

in the

instantaneous rest frame. Hence, a beam of plasma is propagating at +v

hb

away from

the plasma surface to ensure particle number conservation. Equating 2.52 and 2.53

(assuming perfect reflectivity, R=1) gives the momentum balance in the instantaneous

rest frame by (95)

2n
i

m

i

v

2
hb

=
2I

L

c

, (2.54)

where n

i

and m

i

are the number and mass of the plasma ions, respectively. The

dimensionless pistoning parameter ⌅ is defined as

⌅ = I0/mi

n

i

c

3 = 1/⇢c3, (2.55)

where ⇢ is the mass density of the plasma. From equation 2.54 the non-relativistic ion

velocity or hole boring velocity, v
hb

, in the instantaneous rest frame can be determined

v

hb

=

r
I

L

n

i

m

i

c

=
p
c

2⌅ (2.56)

In the lab frame the velocity of the accelerated ions is twice the hole boring velocity,

i.e. v
i

= 2v
hb

(see figure 2.8)

v

i

= 2

r
I

L

n

i

m

i

c

= 2
p
c

2⌅ (2.57)

The non-relativistic ion energy ✏
i

in the lab frame is therefore given by

✏

i

=
2I

L

n

i

c

= 2m
i

c

2⌅ (2.58)
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In the relativistic case, the momentum balance of the plasma surface in the instan-

taneous rest frame is given by

2I
L

c

⇣1� v

hb

/c

1 + v

hb

/c

⌘
= 2�2

hb

m

i

n

i

v

2
hb

, (2.59)

where �
hb

= (1� v

2
hb

/c

2)�1/2.

The relativistic ion velocity in the instantaneous rest frame can be derived to

�

hb

=
v

hb

c

=

p
⌅

1 +
p
⌅
, (2.60)

The relativistic kinetic ion energy in the lab frame is calculated by using the appropriate

Lorentz transformation for the ion velocities and is given by

✏

i

= m

i

c

2
h1 + �

2
hb

1� �

2
hb

� 1
i

(2.61)

or in terms of the pistoning parameter,

✏

i

= m

i

c

2
h 2⌅

1 + 2
p
⌅

i
(2.62)

2.7.2.2 Light Sailing

When the target becomes su�ciently thin or the hole boring front is reaching the

target rear, the so-called Light Sailing phase begins. In this case the thickness becomes

comparable to or less than the skin depth. The target is accelerated as a whole by the

incoming radiation pressure (see figure 2.9). The light pressure P

R

can be related to

the laser intensity via

P

R

=
2I

L

c

(2.63)

This scheme is accessible with short laser pulses (⇠ 30 fs) with high intensity and an

ultra-high contrast (to prevent target destruction). The target foil is accelerated as

a whole purely by the pressure of light. Again, in the first stage, the laser energy is

mediated to the target electrons (ideally all of them) whereas the ions remain at rest

due to their higher mass. The charge separation field quickly rises and once it is strong

enough it pulls the ion layer as a whole, thereby accelerating them to high energies. In

the second stage, the electron and ion layer are ideally co-propagating with the laser

pulse, just like the light-sail paradigm. At the final acceleration phase, the ions moving
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Figure 2.9: Light-Sailing - The plasma slab is pushed as a whole by the radiation

pressure of the laser pulse, accelerating the ions.
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with nearly the same velocity as electrons take most of this energy due to their much

larger mass (12).

In the simple non-relativistic 1D case, the acceleration of the ions within a plasma

slab with total mass, M , and area, A, can be found using Newton’s second law and the

incoming radiation pressure P

R

.

dp

i

dt

= Ma =
(1 +R)I

L

c

A (2.64)

The mass can also be expressed in terms of the density, ⇢ and thickness d, of the target.

Therefore the acceleration is given by

a =
(1 +R)I

L

⇢dc

(2.65)

Approximating the temporal profile of the laser intensity as a Gaussian the ion veloc-

ity can be shown to scale linearly with intensity, and consequently the energy of the

accelerated ions scales as E / I

2
L

. Relativistically the Light Sailing acceleration is mod-

elled as a relativistically accelerated plasma mirror, taking into account the Doppler

downshift of the laser radiation experienced by the receding target. In the lab frame

the plasma mirror is undergoing acceleration, therefore for simplicity, the velocity at a

particular point during the acceleration is picked and used as the instantaneous velocity

of the frame in which the calculations can be performed. The momentum of the ions

within the plasma can be determined by equating the radiation pressure due to the

relativistically (Doppler) adjusted laser intensity with the gain in momentum of the

ions (96)
dp

dt

=
(1 +R)

c

(1� �)I
L

(1 + �)
(2.66)

This leads to an individual ion momentum given by,

p

i

= n

i

m

i

c

⇣
sinh( )� 1

4sinh( )

⌘
(2.67)

where  = 1
3sinh

�1
h

6It
m

i

n

i

I

d

c

2 + 2
i
.

Increasing the thickness above this optimum value leads to an increase in overall

mass of the target and therefore a reduction in the acceleration. However, below the

optimum the required balance between radiation pressure and the resultant charge

separation cannot be established and the electrons are stripped from the target, leaving

the remaining ions to undergo Coulomb explosion.
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The ions must be quickly accelerated up to relativistic velocities in order to sup-

press the development of instabilities. In case of longer pulses the Rayleigh-Taylor

instabilities destroy the foil, and the simple ”light sail” scenario is no longer valid.

The instability e↵ectively reduces the target areal density with time, which leads to

larger maximum energy, albeit the number of ions with this energy is much smaller.

As the foil becomes relativistic, the optimum condition cannot be always satisfied if

the areal foil density is constant, because in the boosted frame co-moving with the foil

the laser amplitude remains the same (it is relativistically invariant) but the dimen-

sionless areal density increases due to the laser frequency downshift. It turns out that

the gradually decreasing areal density can indeed provide larger ion energies and larger

e�ciencies. The relativistic ions obtained in the radiation pressure acceleration can be

further accelerated in the wakefield.

The laser polarisation is a crucial parameter. In the case of linearly polarised light,

the laser drives plasma expansion, which e↵ectively reduces the plasma density. For

ultra-intense interaction, this could lead to a near-critical plasma, in which case parts of

the laser light will propagate through the plasma. Light-Sailing RPA however requires

a highly overdense plasma. In the case of circular polarisation the Brunel heating,

resonance absorption and ~j ⇥ ~

B heating can be e�ciently suppressed and the plasma

can be accelerated as a whole. This is due to the vanishing longitudinal oscillating term

with 2!, as shown previously (see equation 2.25) Esirkepov et al. (97) showed that it

also possible to accelerate protons to relativistic energies with a linearly polarised laser,

however this requires an intensity above 1023 Wcm�2 (97). In this case the force of the

laser pushes and compresses the electrons into the target, which set up an ultra-high

charge separation field accelerating the ions rapidly within one laser cycle, making it

independent of the polarisation.

2.7.3 Breakout Afterburner

All aforementioned ion acceleration mechanisms have assumed the interaction of an

intense laser with an overdense plasma, which stays opaque throughout the entire in-

teraction. As explained previously, the interaction is fundamentally di↵erent when the

target goes relativistically transparent. The so-called Breakout Afterburner (BOA)

mechanism takes place at this stage. It has been proposed as a novel mechanism for

the e�cient acceleration of ions by Yin et al. (82, 98) and Albright et al. (99). Whereas
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Target Normal Sheath Acceleration is a surface-dominated mechanism, the interaction

in BOA changes to volumetric, since all electrons present in the bulk of the plasma can

couple to the laser that is propagating through the target. Analogously to the TNSA

mechanism, BOA requires a linearly polarized laser pulse that interacts with the ini-

tially overdense plasma. The di↵erent absorption mechanisms produce hot electrons

that propagate through the plasma and set up a sheath field (enhanced TNSA), while

the opaque bulk of the target provides cold electrons for the return current in the laser

conversion region, where they are subsequently converted to hot electrons. The skin

depth is increasing during the process, allowing more of the laser field to reach into the

plasma and provoke further hot electron generation. When the target is initially thin

enough (nanometre), eventually all of the bulk electrons are volumetrically heated and

introduce a huge longitudinal electric field (TV/m) in the target by means of a plasma

wave.

In figure 2.10 the BOA process is illustrated. In the initial TNSA acceleration

phase, the linearly polarised laser pulse generates copious amount of hot electrons, that

propagate through the target and set up the rear sheath field. There are two distinct

populations of electrons; laser-heated and cold background electrons. The acceleration

of the ions by the sheath field is modest compared to the later acceleration stages.

During the second ”enhanced TNSA” stage, almost the entire bulk of cold back-

ground electrons is converted into hot electrons (for ultra-thin targets). The plasma is

still overdense, but the skin depth becomes comparable to the target thickness, during

this on-set of relativistically induced transparency. At this stage, the entire layer of

electrons within the target oscillates in the laser field, reinforcing the electron heating

to a point where there are almost no cold electrons left. The ions experience an electric

field which consists of a space-charge separation from the sheath and a ponderomotive

drive from the laser. In su�ciently thin targets, the ions are accelerated as a solitary

bunch peaked around a well defined mean-energy.

In the Breakout Afterburner (BOA) phase, the plasma, turns classically underdense

and the laser can propagate through the plasma. This results in an enhanced longitu-

dinal electric field compared to the earlier stages of the interaction, that co-propagate

with the ions. The ions are accelerated as a bunch to high energies. The enhanced

electric field at this stage is attributed to the electron dynamics in the penetrated laser

field. According to plasma kinetic theory, a large relative drift between the electrons
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Figure 2.10: Breakout Afterburner - Concept of the Breakout Afterburner mechanism.

The acceleration occurs in several steps. See text for details.
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and ions gives rise to a Buneman-like instability (see section 2.6). While the electron

beam moves with relativistic speeds, the ions are assumed to be cold and slowly (non-

relativistic) moving. The Buneman-instability grows rapidly to reduce the relative drift

between the electrons and ions. The phase velocity of the Buneman instability is reso-

nant with the ions and results in an acceleration and eventual heating of the ions. The

streaming and momentum transfer from the electrons to ions results in the electrons

re-gaining their energy from the penetrating laser field. Therefore the instability can

be maintained for a longer period, reinforcing the energy transfer to the ions.

After the BOA phase, the non-linear interaction among the light wave and particles,

as well as possibly the relaxation of the ion distribution as a result of the Buneman

instability causes the ion distribution to lose its monoenergetic character and break into

smaller populations of lower energies. Finally the ions relax into an almost Boltzmann-

like distribution with high cut-o↵ energy, but low particle flux.
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3

Methods

In the following, the methods used in the scope of this thesis will be laid out. The

chapter is split into a description of the experimental techniques, including the laser

systems, diagnostics and targets used, and numerical methods. The latter will lay out

the fundamental equations of the particle-in-cell method and the assumptions made in

the presented simulations.

3.1 Experimental methods

In the framework of this thesis a number of experimental campaigns were conducted

with the laser systems Vulcan and Astra-Gemini of the Central Laser Facility at the

Rutherford Appleton Laboratory in Oxfordshire, UK. The Vulcan laser delivers rel-

atively long picosecond pulses with high energies (more than 500 Joules), whereas

Astra-Gemini generates short 30 femtoseconds pulses with energies up to 30 Joules.

Both belong therefore to the class of Petawatt lasers. The VEGA laser system that

is currently being installed in Salamanca delivers also 30 femtoseconds short pulses

with similar energies like Astra-Gemini. High-power laser systems generally comprise

a low-power front-end and one or more amplification stages. The front-end produces

typically a high repetition rate (⇠ MHz) train of ultra-short (⇠ tens of fs) pulses.

Pulses are picked from the train at lower repetition rate and subsequently amplified by

techniques such as Chirped Pulse Amplification (CPA) or Optical Parametric Chirped

Pulse Amplification (OPCPA).
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Chirped Pulse Amplification If the ultra-short pulses were directly amplified, they

would soon start to induce non-linear e↵ects down the amplifier chain and damage the

optical systems. In order to overcome this limitation the Chirped Pulse Amplification

(CPA) technique was introduced in 1985 by Donna Strickland and Gerard Mourou (6).

In principle, CPA follows three consecutive steps; stretching of the initially short laser

pulse, subsequent amplification to high intensity and re-compression of the pulse (see

figure 3.1). The seed pulse is stretched and dispersed into the frequency components

of the pulse over di↵erent optical path lengths using a pair of di↵raction gratings

(alternatively prisms or fibres can also be used to stretch the pulse). By stretching the

duration of the pulse the peak power is reduced and its energy can therefore be safely

amplified without producing any damage or non-linear e↵ects in the optics. Therefore

the frequency of the pulse becomes linearly time-varying and a chirp is produced. This

longer pulse can then be conventionally amplified in a regenerative (100) or multi-pass

laser amplifier (101). In the final stage, the pulse is re-compressed with another set

of dispersive optics. By using the CPA technique nowadays a number of laser systems

are able to produce ultra-short, high-intensity (1022 Wcm�2) laser pulses in successive

amplification stages, with peak powers in the petawatt range.

P
ow

er
 

Maximum power in the amplifiers 

Input pulse Output pulse Chirped pulse Amplified chirped pulse 

Stretcher Amplification Compressor 

Figure 3.1: Chirped Pulse Amplification - Illustration of the CPA concept: Stretching

of the initially short laser pulse, amplification to high intensity and re-compression of the

pulse.

Optical Parametric Chirped Pulse Amplification As shown above, Chirped

Pulse Amplification is used to generate laser pulses with high peak powers overcoming
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the limitations imposed by non-linearities and damage threshold of the laser optics.

However the amplification is a↵ected by gain-narrowing (102) which limits the pulse

bandwidth and therefore limits the shortest pulse length achievable. To overcome this

caveat, the Optical Parametric Chirped Pulse Amplification (OPCPA) was invented by

Dubietes et al. in 1991 (103).

In OPCPA the seed pulse is stretched and then amplified by an optical parametric

amplifier (OPA), where the energy of a high-energy narrow-band long-pulse from a

pump laser is parametrically transferred to the low-energy chirped seed pulse in a non-

linear crystal. This technique allows the amplification of laser pulses with a very large

bandwidth reducing the minimum pulse length possible. Also, as the pump laser is not

absorbed by the crystal, OPAs support higher average pump energies than most laser

media.

By combining the concept of CPA and OPA, pulses with high intensities and ultra

high peak powers can be achieved.

3.1.1 Laser systems

3.1.1.1 Vulcan

The Vulcan laser is a Nd:Glass laser system with a central wavelength of 1054 nm. It

provides eight beam lines, of which two can be operated either in short (⇠ 0.5 ps) or long

(⇠ ns) pulse mode, with the remaining six operating only in a long pulse mode. In the

experiments that were carried out in the framework of the thesis, only the Petawatt

arm of Vulcan was used operating in its short-pulse mode. It delivers around 500

Joules in half a picosecond, producing a peak power of a Petawatt, by using the optical

parametric chirped pulse amplification (OPCPA) technique. The system is capable of

delivering intensities up to 1021 Wcm�2 depending on the size of the focal spot. The

seed pulse is generated by a Ti:Sapphire Kerr-lens mode-locked oscillator. The crystal

passively mode-locks the pulse focusing the higher intensity laser light more than the

lower intensities. The seed pulse is stretched by a Ö↵ner stretcher to 2.4 nanoseconds,

before it is sent to the optical parametric amplifier (OPA). The pump lasers are Q-

switched frequency-doubled Nd:YAG lasers providing pulses of 532 nm with an energy

of 1 J in 15 ns. The amplification occurs in three stages to reduce the amount of

amplified spontaneous emission.
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Figure 3.2: Vulcan target chamber - Picture inside the Vulcan target chamber. In the

background, the f/3 o↵-axis parabolic mirror is seen. The target holder and plasma mirror

arrangement are seen in the centre. The white boxes on the left contain the Thomson

Parabola spectrometers.

The main amplification of the Petawatt combines Nd:silicate and Nd:phosphate

amplifiers. By using this combination the e↵ect of bandwidth narrowing can be reduced

and the wavelength is centred around � = 1054.5 nm. After passing through the

Nd:silicate rod amplifiers (high gain) pumped by flash lamps, the pulse follows through

the main Nd:phosphate rod and disc amplifiers. At the final stage of the amplification

the pulse energy is around 650 J. To improve the final compression of the beam and

the focus of the pulse, adaptive optics are used to correct any aberration picked up by

the thermal changes during the amplification. This is done by a wave front detector,

that detects the aberrations, and a deformable mirror using piezoelectrically controlled

elements which adjusts the beam profile. The amplified beam is then fed to the target

area (Vulcan Target Area Petawatt), where it is compressed under vacuum to a pulse

duration of about 0.5 ps. The diameter of the grating ensures that the laser fluence is

below the damage threshold of the following optics. The beam with a final diameter

of about 600 mm then enters the target chamber and after hitting a turning mirror

the beam is focused by a f/3 o↵-axis parabolic mirror (see figure 3.2) to a focal spot

of 5-7 µm. In order to extract information on the pulse contrast and final energy on
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the target, a leak through the back of the turning mirror is used to enable the use of a

second-order auto-correlator to measure the pulse duration. The energy throughput is

measured with calorimetry and usually found to be about 50% through the compressor.

3.1.1.2 Astra-Gemini

Astra-Gemini is a Ti:Sapphire laser with a central wavelength of 800 nm. It provides

two beams, that each deliver 15 J in pulses in about 30 fs at a repetition rate of 0.05 Hz

(i.e one shot every 20 seconds). The Gemini amplifiers use Ti:Sapphire crystals with

a small signal gain of around 4.2 per pass to achieve the output energy of 25 J. The

beam is mainly compressed by two gratings and a plane mirror. The bandwidth of the

Gemini beam is around 35 nm, which exceeds the height of the second grating after

dispersion by the first grating. Therefore the compressor uses a double pass, to correct

the spatial dispersion. The compressed pulse is steered onto a mirror, which directs

the beam to the interaction chamber (see figure 3.3).

Figure 3.3: Astra Gemini target chamber - Picture showing the outside of the Astra

Gemini target chamber.

The beam can be focused to a spot size of 3 µm at FWHM with an energy of about

2 Joules on target. The strong decrease in energy on target is due to the necessary

employment of plasma mirrors to increase the pulse contrast, and also to transport
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optics (see section 3.1.2 for an explanation of how plasma mirrors work). The double

plasma mirror arrangement enhances the intensity contrast to 1011 and 1010, at 1 ns

and 10 ps, respectively, prior to the peak of the pulse. The pulse can be focused using

an f/2 parabolic mirror, to a calculated peak intensity of about 7 ⇥ 1020 Wcm�2. A

deformable mirror is employed prior to focusing to ensure a high quality focal sport.

3.1.1.3 VEGA

The main laser system of Centro de Láseres Pulsados (CLPU) is the VEGA laser.

VEGA is a Ti:Sapphire system with a wavelength centred around 800 nm. The laser

will o↵er three independent outputs, at 20 TW (VEGA 1), 200 TW (VEGA 2) and 1

PW (VEGA 3) (parts of the amplification stage are shown in figure 3.4). Beside the

achievable peak power, the two most striking features will be the high repetition rate of

10 Hz (VEGA 1 and 2)/1 Hz (VEGA 3) and the extremely high contrast of 1010 : 1 at 1

ps. This will allow the study of laser interaction with ultrathin targets without the use

of plasma mirrors. The simultaneous outputs will also allow pump-probe experiments.

Figure 3.4: VEGA Petawatt - Picture of the on-going installation of the VEGA

Petawatt laser system. This shows the optical tables with parts of the amplification stage.

The front-end of the CLPU laser starts with the oscillator and uses a double-CPA
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architecture. Pulses are amplified by a regenerative amplifier and multi-pass amplifier

both pumped by a CFR 200 YAG laser carrying 13 mJ and 100 mJ, respectively.

The pulse is then fed into the first compressor, followed by a XPW for pulse contrast

enhancement. With an energy of 30-50 µJ, the pulse is passed through a dazzler and

subsequently amplified by another regenerative amplifier and mazzler (pumped by an

ULTRA laser with 13 mJ) to about 0.8 mJ. After pulse cleaning, the final amplification

in the front end is carried out by a multi-pass amplifier (pumped by a CFR 200 YAG

laser), generating an output pulse with 25 mJ, 1012 : 1 pulse contrast. The three

outputs of VEGA share the same output pulse. In the following the amplification

chain only of the Petawatt arm is described.

VEGA System Energy Pulse duration Wavelength Peak Power Repetition rate

VEGA 1 600 mJ 30 fs 800 nm 20 TW 10 Hz

VEGA 2 6 J 30 fs 800 nm 200 TW 10 Hz

VEGA 3 30 J 30 fs 800 nm 1 PW 1 Hz or single shot

Table 3.1: VEGA laser parameters - Overview of the VEGA laser system parameters.

All exits share the same front-end, thereby allowing the synchronisation of the di↵erent

outputs for pump-probe experiments.

After the first splitter (one beam to VEGA 1) the pulse with then 22 mJ is amplified

by a multi-pass amplifier (pumped by Propulse laser with 2.5 J) to 700 mJ. After the

next beam splitter (200 mJ through-put) the pulse is picked by Pockel cells D20 and

passes through a fast shutter. The 160 mJ beam is again amplified by two TITAN

3J pump lasers (together 7 J) to 2.4 J. After this stage, the beam passes through

another Pockels D50 cell preventing back reflection down the laser chain. The final

amplification from 2.2 J to 45 J is performed by 12 Titan 10 J (delivering together 120

J) pump laser. After the final compression a deformable mirror is employed for beam

quality enhancement. The final petawatt output pulse carries 30 J in 25 fs with a pulse

contrast of up to 1010:1. See table 3.1 for an overview of the VEGA parameters.
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3.1.2 Pulse contrast

No laser pulse is perfect. In practice an ultra-short femtosecond laser pulse is mounted

on a picosecond long pedestal, accompanied by a nanosecond long amplified sponta-

neous emission (ASE) and low intensity replicas of the main pulse at specific times

before and after the main laser pulse, the so called pre- and post-pulses (see figure

3.5). The intensity ratio between the ASE, the pedestal and the pre-pulses is called

pulse contrast and it has di↵erent values for each of these contributions. The typical

values range between 104 (poor contrast) to 1010 (high contrast). The pulse contrast is

a very important parameter and defines to which extent the target is perturbed before

the arrival of the main pulse (104). For the interaction of an intense laser with thin

targets, the pulse contrast plays a crucial role. At intensities above 1020 Wcm�2, the

accompanying pre-pulse and amplified spontaneous emission pedestals are often intense

enough to ionise or destroy the target prior to the arrival of the main pulse.
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Figure 3.5: Temporal structure of an intense ultra-short laser pulse - Typical

temporal structure of an intense ultra-short laser pulse, showing the di↵erent components

contributing to the contrast at the nanosecond to picosecond range. Leakage from the

regenerative amplifier; amplified spontaneous emission, picosecond pedestal and pre-pulses.
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Since the rising edge of the laser pulse significantly influences the induced plasma

heating, the interaction of ultra-intense laser pulses with solid targets and especially

with ultra-thin targets requires very high contrasts.

For relatively thick (few tens of µm) targets, scale length pre-plasma contributes

positively to the ion acceleration due to stronger main pulse absorption and self-

focusing, while the su�cient target thickness prevents rear surface deterioration. In

the case of nanometre foils, this is not the case and a low pulse contrast causes the

target to be destroyed before the arrival of the main pulse.

A common device to increase the contrast is a plasma mirror (105, 106), which acts

on the compressed pulse as a picosecond gated temporal switch and thus reflects only the

ultra-short high intensity pulse. A plasma mirror is created by focusing the high-power

laser pulse onto an optical flat material (usually made of glass). The ASE and pre-pulse

are not intense enough to ionise the material and are therefore transmitted through

the glass. The incoming pulse eventually reaches a critical intensity and the front

surface of the glass substrate is ionised. Thereby an overdense plasma is formed, which

reflects the main part of the pulse. This way the pulse is ”cleaned” of the unfavourable

pre-pulse and the contrast is significantly increased (see figure 3.6). However, this

improvement comes with a reduction in total laser energy on target. The ionisation

has to occur at a time-scale of picoseconds prior to arrival of the main pulse to suppress

the development of plasma expansion and instability growth, which would a↵ect the

quality of the transmitted beam. A single (or double) plasma mirror system provides

a contrast ratio improvement of the order of 102 (104) (107, 108). The pulse contrast

is often measured with delay-scanning cross-correlators such as Sequoia (Amplitude

Technologies) or recently with single-shot cross-correlators (109).

The Sequoia works by splitting the laser beam into two parts. One of them is

converted into the second harmonic in a non-linear crystal. The second-harmonic gen-

eration process yields a pulse that is relatively clean and free from additional pulses.

This cleaned pulse is mixed with the remainder of the original pulse in a second crystal

tuned for sum- or di↵erence-frequency generation. The contrast can then be mapped

as a function of the delay between the two pulses by one of two methods. In the first

one, one or both of the pulse fronts is tilted in order to give a spatially-varying delay,

thereby mapping a time window onto the spatial coordinate. Imaging the third har-

monic signal then yields a single-shot measurement of the intensity profile as a function
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of delay, which is most useful for laser systems with low repetition rates. In the second

method, the pulses are scanned through one another using an adjustable relative delay,

and the third harmonic signal recorded for each delay to give a plot of contrast versus

time (110).

Glass substrate Substrate ionisation Overdense plasma 

Incident 

Reflected 

Transmitted 

(a) (b) (c) 

Figure 3.6: Plasma mirror - Single plasma mirror set-up. (a) The ASE and pre-pulses

are not intense enough to ionise the glass substrate and are transmitted through. (b) The

rising edge of the pulse eventually ionises the substrate and turns it into an overdense

surface, (c) which reflects the cleaned pulse.

3.1.3 Targets

There are many di↵erent types of targets, overdense and underdense, that are commonly

used in laser plasma interactions. Overdense, solid targets usually include thin foils

(from few nanometres to micrometres), double layer targets and structured targets (thin

foils with nanogrooves, dots, etc.). Also, mass-limited targets and micro-assembled

targets (e.g. nanospokes, cones) can be used. Underdense targetry usually includes

aerogels, foams, droplets and gas jets (111, 112). However, it is important to recall that

the critical density, which divides underdense and overdense, depends on the wavelength

of the laser (see table 2.1). Hence, a dense gas jet that appears underdense for a

Ti:Sapphire laser (� = 800 nm), could be overdense for a CO2 (� = 10 µm) laser.

Gas targets usually consist of noble gases at high pressure (several tens of atmo-

sphere) expanded through a pulsed valve. Clusters are produced when mixing another
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gas (e.g. CO2) with the noble gas and expanding the mixture at high pressure through

a pulsed valve.

Solid targets can consist of any metal (Al, Cu, Ti, Au, etc.) (113) or plastic (Mylar,

PTFE, etc.). Diamond-like carbon (DLC) is frequently utilised for thin foil interaction.

DLC is an important form of amorphous carbon consisting of a mixture of sp3 and

sp

2 coordination. The beneficial properties of DLC are due to the sp

3 constituents

that make DLC mechanically hard, infra-red (IR) transparent and chemically inert.

High quality DLC coatings can rival crystalline diamond in terms of mechanical per-

formance. The hardness of crystalline diamond is approximately 100 GPa, its Young’s

modulus being approximately 1000 GPa. Furthermore DLC targets o↵er high resis-

tivity to radiation damage, thermal conductivity, as well as extreme heat resistance

(114). Therefore DLC combines the advantage of high mechanical strength with high

laser-induced damage threshold, which makes it an ideal candidate for laser interaction

with nanometre foils due to its lower contrast-demands.

The ideal thickness of thin foils for ion acceleration depends on many factors, espe-

cially on the desired regime of acceleration. The aforementioned TNSA mechanisms,

relying on hot electron generation and a sheath-field on the rear side, with long pulses

works best for micrometre thick targets, which provide more bulk electrons in absolute

numbers.

On the contrary, RPA works best for ultra-short pulses and ultra-thin targets.

However the optimum thickness is limited by the contrast parameters of the laser pulse

as well as the e↵ective areal density.

The dimensionless areal density is defined as

� =
⇣
n

e

n

nc

⌘⇣
d

�

⌘
, (3.1)

where n

e

is the plasma density, n
cr

the critical density, d the target thickness and �

the laser wavelength.

Chapter 6 includes estimations for the ideal target conditions in the interaction of

an ultra-short laser pulse with thin plasmas.

3.1.4 Diagnostics

In all the experimental campaigns a number of diagnostics were employed to monitor

the plasma and generated particle beams by the interaction. In the following sections
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the main diagnostics that were used are explained.

3.1.4.1 Thomson Parabola

The Thomson Parabola (TP) is a type of spectrometer that is used to analyse the

energy spectrum of multiple-species ion beams, separating the charged particles with

di↵erent charge to mass (q/m) ratios and di↵erent energies into di↵erent trajectories

(115). In the most basic layout it consists of an entrance pinhole to reduce the cross

section of the beam, a magnet and two electrodes, giving rise to parallel magnetic and

electric fields, and a detector (see figure 3.7). The incoming charged particle beam

passes through the fields, where it is deflected according to the Lorentz force. Due to

the deflection in the orthogonal direction by the magnetic and electric field, the beams

imprint as parabolic traces on the detector with a curvature that depends on their

energy and their charge-to-mass ratio (see figure 3.8 for sample ion tracks).

The choice of the dimensions of the TP is non-trivial, since the di↵erent ion species

tend to merge their paths, making it di�cult to distinguish them. The neutral particles

pass through the electric and magnetic field without any deflection, producing the so-

called zero-point. This zero-point serves as reference when producing the energy spectra

from the parabolic traces. The TP used in the experiments within the scope of this

thesis, used a yoked pair of permanent magnets for the generation of the magnetic field.

The field strength (⇠ 1 T) was measured with a Hall probe and the fringe fields have

been found to be negligible. Two copper plates with high-voltage supplies (each ⇠ 10

kV) were used to generate the electric field.

Ion beam B-field E-field 

Detector 

LB dB 

LE dE 

Figure 3.7: Thomson Parabola spectrometer - Geometry of the Thomson Parabola

spectrometer. The incoming ion beams are deflected according to the Lorentz force by the

parallel magnetic and electric fields and detected down-stream. The beams are separated

by their charge-to-mass ratio and imprint as parabolic traces on the detecting material
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Electric deflection 

M
ag

ne
tic

 d
ef

le
ct

io
n 

Zero point 

Figure 3.8: Thomson Parabola set-up and detection on MCP - Left: Picture

of the Thomson Parabola spectrometer set-up during the experimental campaigns. In

the foreground the permanent magnets and the electrodes (high-voltage supplied trough

the red cables) are seen. In the back the drums for holding the image plates are seen.

Right: Picture of sample parabolic ion tracks on a phosphor screen coupled to a MCP.

The ion beams are deflected by the magnetic and electric fields of the Thomson Parabola

spectrometer.

The shape of the parabolic traces can be derived analytically starting from the

Lorentz force (here given in SI units)

~

F = q( ~E + ~v ⇥ ~

B) (3.2)

Considering an ion beam travelling in the z-direction, with ~

E and ~

B fields oriented

in the x-direction, the displacement induced by the magnetic and electric fields can the

be derived by

x =
qE0LE

mv

2
z

⇣1
2
L

E

+ d

E

⌘
(3.3)

y =
qB0LB

mv

z

⇣1
2
L

B

+ d

B

⌘
(3.4)

where x and y are the displacements due to the electric and magnetic field, respec-

tively, of an ion with charge q, mass m and velocity v in the z-direction. The lengths
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of the magnetic and electric field parallel to the laser propagation direction are given

by L

B

and L

E

, respectively, and d

B

and d

E

are the distances between the end of the

fields and the detector plane.

The two equations can be combined and by eliminating the velocity component, the

parabolic deflection is obtained as

y

2 =
qB

2
L

2
B

mEL

E

(12LB

+ d

B

)2

(12LE

+ d

E

)
x (3.5)

The kinetic energy can then easily be derived at any position [x, y] on the detector

plane by using either the deflection of the electric field or the magnetic field. Although

both values should be consistent, normally the deflection by the magnetic field is used

to extract the final energy. With E

kin

= 1
2mv

2 and substituting in y from the above

equation, the energy of the ion is given by

E

kin

=
(qBL

B

)2

2m

⇣1
2
L

B

+ d

B

⌘2 1

y

2
(3.6)

These equations are derived for the non-relativistic case, which is su�cient for the

ion energies currently achieved in laser-plasma interactions.

The maximum dispersion defines the range of detectable energies. For most exper-

iments, a TP with high charge-to-mass and energy resolution is needed. There is in

principle no limitation in dispersion in the magnetic field, since the ions are deflected

orthogonally to the magnetic field due to the cross-product term in the Lorentz force.

However, there is a limit in the electric field, since the positively charged ions are de-

flected towards the negative electrode. For this reason, the incoming particle beam is

directed as close as possible to the negative electrode (without clipping of the beam) to

ensure maximum deflection. As mentioned previously, for the energy extraction of the

ions, the inhomogeneities of the electric and magnetic fields have been neglected. How-

ever numerical studies taking into account the inhomogeneous field components and

especially the fringe fields towards the edges, have shown that the dispersion does not

di↵er significantly. To increase the detectable range and resolution, in the experimen-

tal campaign with the Astra-Gemini laser system, a modified version of the Thomson

parabola was employed. In this design the magnetic field is still parallel to the beam

propagation, but the electrodes are placed in a wedged configuration (116). In this case

the separation between the copper plates increases along the beam propagation axis to
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increase the detectable energy range. The electric field components at any given point

can then be calculated according to

E

x

=
zV

(x2 + z

2)✓0
(3.7)

E

y

= 0 (3.8)

E

z

=
�xV

(x2 + z

2)✓0
(3.9)

where E

x

, E
y

and E

z

are the field components of the electric field V is the applied

voltage, ✓0 the angle between the plates and s

min

the minimum separation of the plates.

The distance between the vertex of the electrodes, coordinate origin, and the front of

the detector is z0

z0 =
s

min

tan(✓0)
(3.10)

The Thomson parabola can be coupled to a wide range of detectors. Examples for

o↵-line detectors include Columbia Resin 39 (CR-39) nuclear track detector or image

plates. Micro Channel Plates (MCP) coupled with a CCD camera can be used as

on-line diagnostics for high repetition laser systems.

The ion spectra are extracted with a custom-built Matlab graphical user interface.

By selecting the neutral zero point and specifying the magnetic field strength, the

parabolic traces can be fitted.

3.1.4.2 Image Plate

Image Plate (IP) detectors are commonly employed in the field of medicine, material

science and biology as an alternative to photographic X-ray plates. They are highly sen-

sitive for a broad range of ionising radiation, including electrons, gamma rays and ions

and thereby also often used in experiments to detect charged particles. In the experi-

ments conducted within the framework of this thesis the IPs were employed as detector

material for the Thomson Parabola ion spectrometer as well as stand-alone diagnostic

to measure the spatial intensity profile of the produced charged particle beams. For

this purpose, commercially available plates from Fujifilm were used. These IPs consist

of multiple layers. The top layer is a protective coating, followed by an active layer and

the polyester support film. The active layer contains a high-emission, phosphorescent
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material, precisely barium fluorobromide with a small fraction of bivalent europium as

a luminescence centre, formulated as (BaFBr:Eu2+), which in form of small crystals is

coated evenly on the supporting film. The europium ions are excited into a metastable

state, thereby trapping and storing the incident energy. To retrieve the data stored

on the IP, the plate has to be irradiated at 632.8 nm with a special readout scanner

(see figure 3.9) which excites the Eu ions to a higher energy state, which then returns

to the ground state by emitting a photon. This process is called photo stimulated lu-

minescence (PSL). The emitted photon is detected by the scanner and amplified by a

photomultiplier tube, which in turn converts it into an electric signal.

Figure 3.9: FujiFilm FLA-5000 scanner and white light source - This picture shows

the FujiFilm FLA-5000 scanner and the white light source for erasing the image plates in

the scanning room situated above the user control room of the Target Area Petawatt of

the VULCAN laser system at the Rutherford Appleton Laboratory

The scanner used in the scope of this thesis was the model FLA-5000 manufactured

by FujiFilm, capable of reading out with a resolution of 25-50 µm. In case that the

output signal is saturated the IP can be re-scanned until the PSL value falls below the

saturation level. There are a number of advantages of using the IP compared to other

detector material like the CR-39 nuclear track detector for example. These include the

high sensitivity (several tens times more sensitive than film), the large dynamic range

(104 to 105 over the 102 range of the photographic method) and the superior linearity,

60



3.1 Experimental methods

which ensures that the recorded PSL signal is proportional to the incident dose in the

entire detector range. Furthermore, the image plate can be reused after any remaining

information is erased by the irradiation with a high brightness white light source. The

response of IPs to the irradiation of high-energetic charged particle beams has been

studied extensively and calibration curves for electrons and ions can be found in the

existing literature (117, 118, 119, 120).

3.1.4.3 Micro Channel Plate

The micro channel plate (MCP) (see figure 3.10) is another particle beam diagnostic

tool. It is closely related to an electron multiplier, as both intensify single particles or

photons by the multiplication of electrons via secondary emission. A MCP is a slab

made from highly resistive material of typically 2 mm thickness with a regular array

of tiny tubes or slots (microchannels) leading from one face to opposite, densely dis-

tributed over the whole surface in order to increase the chances of an incoming particle

to hit the wall of the channel. The channel diameter varies usually between six and

ten micrometres depending on the resolution and are spaced apart by approximately

15 µm. The channels are parallel to each other and often enter the plate at a small

angle to the surface. Each microchannel is a continuous-dynode electron multiplier, in

which the multiplication takes place under the presence of a strong electric field. The

impact starts a cascade of electrons that propagate through the channel amplifying the

original signal by several orders of magnitude depending on the electric field strength

and the geometry of the micro-channel plate. After the cascade, the microchannel takes

some time to recover (or recharge) before it can detect another signal. This dead time

is given by the ratio of the output charge per channel over current per channel.

The electrons exit the channels on the opposite side where they are detected by

additional means. For example, the signal from the whole MCP may be integrated by

a single metal anode measuring the total current. In some applications however the

spatial information of the detected beam has to be preserved. In that case a phosphor

screen is placed behind the MCP to produce an image, which in turn is detected by a

CCD camera. In the experiments reported in this thesis a Hamamatsu model F2226-

14PGFX MCP coupled to a P43 phosphor screen was used. The image was recorded

with an Andor CCD camera.
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Figure 3.10: Microchannel plate detector - Working principle of a microchannel

plate. In the experiments reported in this thesis the Hamamatsu model F2226-14PGFX

(121) coupled to a P43 phosphor screen was used (121).
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3.1.4.4 CR-39

Columbia Resin Number 39 (CR-39) (122) belongs to the group of solid state nuclear

track detectors. It consists of an allyl diglycol carbonate polymer and is commercially

available. While being insensitive to the irradiation of photons and electrons, it is

highly sensitive to proton and ion beams. When an energetic ion beam collides with

the polymer structure, it leaves a trail of broken chemical bonds within the CR-39.

These have a characteristic diameter, which in turn is a direct measure of the particle

energy loss and therefore the diameter increases towards the Bragg peak and decreases

further down. After exposure, the CR-39 is etched in a six-molar alkaline solution

(NaOH) at a temperature of 80�C for about an hour to reveal the ion tracks. Because

of the di↵erence in the etching rate between the plastic and damaged regions, pits are

formed and the size of the hole grows with etching time. After the etching the pits

can be counted with a scanning microscope and as long as the signal is not saturated,

the number of pits corresponds to the absolute number of incoming ions, making it

advantageous for flux measurements. Despite the capability of measuring absolute

numbers of ions and being insensitive to the irradiation of electrons and photons, the

main disadvantage of CR-39 is the time-consuming post-processing. Furthermore, CR-

39 can only be used once, therefore it does not compare favourably with other detectors.

However, CR-39 can be used in conjunction with other detectors like radiochromic films

and image plates to give an absolute calibration of the number of incident ions.

3.1.4.5 Lanex screen

Lanex R� is a scintillating material, that can also be used for the detection of charged

particle beams. In the experimental campaigns reported in this thesis it has frequently

been employed in the electron spectrometer to monitor the electron yield. Like other

scintillating materials, Lanex emits light due to luminescence when struck by ionizing

radiation. A CMOS camera was pointed towards the Lanex screen and light-tightened,

to collect the emitted light.

3.1.4.6 Radiochromic film

Radiochromic Film (RCF) is a commonly used detector material for radiography imag-

ing and dosimetry measurements, but also finds wide application in laser plasma ex-
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periments as a dose measuring device for charged particle beams (123). In most of the

experiments reported in this thesis the Gafchromic R� HD-V2 Dosimetry Film (figure

3.11) was used, complemented with the EBT2 film for some shots. The dynamic dose

range of the HD-V2 film is between 10 Gy and 1000 Gy and it develops itself in real

time without any post-exposure treatment. The film can be used to cover a wide energy

range from 100 keV up to MeV and o↵ers a high spatial resolution to at least 5 µm.

Ac#ve&layer&–&8&μm&

Polyester&substrate&–&97&μm&

Figure 3.11: Gafchromic HD-V2 film - This shows the active layer and supporting

polyester layer of which the HD V2 film consists

Figure 3.12: Ion beam detection with RCF - Sample ion beam detected with a RCF

stack. The layers correspond to di↵erent energies according to their attenuation curves.

The active layer of the RCF consists of radiation-sensitive organic micro-crystal

monomers appearing yellow, which upon irradiation undergo a polymerisation to form

a dye of darker blue colour. The degree of the colour density depends on the absorbed

dose, therefore higher doses appear darker than light doses (see figure 3.12). The active

micro-crystal structure has a very small scale allowing extremely high micrometre reso-

lutions, which gives an accurate dose profile. For a precise measurement of the absorbed

dose, a calibration measurement with a well-known dose is required beforehand. Apart

from measuring the absorbed dose, the RCF films give the spatial profile of the ionising

particle beams, allowing detailed insight into the particle dynamics. When used in a

stack configuration, the RCF layers can be used to measure the energy distribution of
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the charged particle beams. Because ions lose their energy very precisely at the end

of their penetrating range due to the Bragg peak, a layered stack of RCF films can

be used to reconstruct the discrete energy spectrum with a data point per layer and

thereby also gives a very good indication of the maximum cut-o↵ energy of the charged

particle beam. The Bragg peak occurs due to a rapid increase in nuclear scattering at

low particle velocities. Depending on the desired measurement, the RCF films can be

separated with filter material to cover a larger range of energies. The highest resolution

stack is one just composed of active layers, hence each layer corresponding to a specific

energy. An example stack design that was used in the experiments reported in this

thesis is shown in table 3.2.

Figure 3.13: SRIM calculations - Simulation results from SRIM calculations. On the

left, 70 MeV protons are stopped in water. On the right, the penetration of 9.5 MeV

protons in a RCF stack is simulated.

In order to calculate the energies for each corresponding layer, the software pack-

age SRIM (Stopping Ranges of Ions in Matter) was used (124). SRIM is based on

a Monte-Carlo simulation method, using the binary collision approximation with a

random selection of the impact parameter of the next colliding ion. SRIM uses the

Bethe-Bloch formula, derived in the Born approximation, to calculate the stopping

power (energy over distance). Figure 3.13 shows the stopping range of 70 MeV protons

in 15 cm of water, which is often used as a test material in clinical studies.
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Material Purpose Thickness (µm) Stopping energy (MeV)

PTFE Reflector 115 -

Al Filter/Protective 13 -

HD V2 (1) RCF 105 2.7

Mylar Filter 100 -

HD V2 (2) RCF 105 5.3

Mylar Filter 300 -

HD V2 (3) RCF 105 8.5

Mylar Filter 400 -

HD V2 (4) RCF 105 11.6

Mylar Filter 500 -

HD V2 (5) RCF 105 14.5

Cu Filter 250 -

HD V2 (6) RCF 105 18.7

Cu Filter 250 -

HD V2 (7) RCF 105 22.5

Cu Filter 250 -

HD V2 (8) RCF 105 25.9

Cu Filter 250 -

HD V2 (9) RCF 105 28.9

Cu Filter 250 -

EBT2 (10) RCF 285 32.1

Cu Filter 250 -

EBT2 (11) RCF 285 35.1

Cu Filter 500 -

EBT2 (12) RCF 285 40.1

Table 3.2: Experimental RCF stack design - This shows a sample RCF stack design

that was used during the experiments.
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3.1.4.7 Optical transmission diagnostics

The energy of the portion of laser light transmitted through the target due to relativisti-

cally induced transparency was monitored both by optical spectrometer measurements

and by measuring the 2D spatial-intensity profile of transmitted laser beam on a PTFE

screen positioned behind the target, with an Andor CCD camera. The transmitted and

reflected light was recorded in the laser fundamental frequency and second harmonic

using inferential filters. Neutral density filters are used to dim the light and prevent

destruction of the CCD camera.

3.2 Numerical methods

A complete comprehensive understanding of any physical process requires the synergy

of theory, simulations and experiments. In the framework of this thesis, beside the

experimental work, particle-in-cell (PIC) simulations were performed to model the in-

teraction of a laser pulse with matter and the subsequent acceleration of ions. These

simulations were carried out with the OSIRIS PIC code.

OSIRIS is a three-dimensional, relativistic, massively parallel, object oriented PIC

code developed by UCLA and Instituto Superior Tecnico (IST), which has been used

for modelling plasma based accelerators (125).

For some simulations, additional calculations with the PIC code EPOCH have been

carried out by the University of Strathclyde to model the field-ionisation and to identify

the dominant ion species.

PIC codes are used to simulate many di↵erent phenomena, including the simulation

of charged particles propagation through a plasma. This is achieved by discretising the

plasma in a finite number of cells, solving Maxwell’s equations and then pushing each

particle to a new cell in position and momentum space via self-consistently calculated

fields. The simulations can be carried out in up to three dimensions. The presented

results in this thesis were obtained with 1D3V and 2D3V simulations. This means that

the configuration space is one- or two-dimensional, while the velocity space is three-

dimensional. While these plasmas are di↵erent from true one- or two-dimensional (i.e.,

1D1V or 2D2V) plasmas, they are widely used in PIC simulations because they can be

regarded as three dimensional models with some restrictions or translational symmetries

in relevant directions and they may include more physics of real three-dimensional
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plasmas than the true one- or two-dimensional (126). The enormous advantage of

using the particle-in-cell method instead of particle-particle interaction is the reduction

in computational resources.

In the particle-in-cell method, the forces are exchanged between the particles through

electromagnetic fields. In this case the field is represented by a regular array of mesh

points and the field values at particle positions are obtained by interpolating on an ar-

ray of mesh-defined values. The mesh defined densities for the calculation of the fields

are obtained by the opposite process of depositing the particle attributes to nearby

mesh-points.

3.2.1 Simulation method

In the following the main equations governing the transport of charged particles in a

plasma upon laser irradiation are explained.

Charged particles are pushed through the plasma by solving the Lorentz equation,

given in cgs units as
d~p

dt

= q( ~E +
~v

c

⇥ ~

B) (3.11)

with q

cgs

= q

SIp
4⇡✏0

, ~E
cgs
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cgs

= ~

B

S

q
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µ0
. The fields are given by

Maxwell’s equation, which in cgs units are

r · ~E = 4⇡⇢ (3.12)
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r · ~B = 0 (3.15)

with ⇢ being the charge density and ~j being the current density. The charge density

and current density can be represented as
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j(~x) =
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i

) (3.16)
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⇢(~x) =
nX

i=1

q

i

�(~x� ~x

i

) (3.17)

These equation are su�cient to describe a plasma and predict its behaviour within

the limits of classical physics. The Particle-in-cell code solves these equations in four

distinct steps (see figure 3.14).

Firstly, given an initial configuration of particles with certain positions and mo-

menta, the sources of the electromagnetic field are found, i.e. the current and the

charge density are deposited onto the grid. Secondly, the sources are used to advance

the electromagnetic fields in time by one time step via Maxwell’s equations. Thirdly,

the updated fields are used to evaluate the force on the particles. In the last step of

the loop, the equations of motion are integrated to move the charged particles.

Integra(on*of*
equa(ons*of*mo(on:*
moving*par(cles*

*
Fi*!*vi*!*xi*

Deposi(on:*
calcula(ng*current*

on*grid*
*

(xi*,*vi)*!*(ρg*,*Jg)*

Integra(on*of*field*
equa(ons:*upda(ng*

fields*
*

(ρg*,*Jg)*!*(Eg*,*Bg)*

Interpola(on:*
evaluta(ng*force*on*

par(cles*
*

(Eg*,*Bg)*!*Fi*

Figure 3.14: Particle-In-Cell loop - This shows the four steps of a Particle-In-Cell

simulation. See text for details.

Field solving The fields in OSIRIS are solved in three di↵erent steps, by using

Faraday’s equation 3.14 and Ampere’s equation 3.13 can be re-written as

@E

@t

= 4⇡j � cr⇥B (3.18)
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and
@B

@t

= �cr⇥ E (3.19)

Therefore only the current density ~j is required to advance the fields. The continu-

ity equation, which can be derived using Gauss equation, is used to ensure charge

conservation.

The rotational operator is replaced by a finite-di↵erence approximation on the mesh

and ~

E, ~B and ~j are defined on shifted meshes for higher accuracy. This means in 1D,

~

E and ~j are defined on points x
i

and ~

B on points x
i+ 1

2
.

At the beginning, ~E and ~

B are centred at time t

n

and ~j is centred at t

n+ 1
2
. The

magnetic fields are then advanced by a half time step ( ~Bn ! ~

B

n+ 1
2 ), the electric field

by a full time step ( ~En ! ~

E

n+1) and finally the magnetic field by another half time

step ( ~Bn+ 1
2 ! ~

B

n+1).

Particle push The fields as calculated above are then interpolated to a particle

position by weighting each field component linearly from the particle’s nearest grid

points for which each component of ~E and ~

B is known. The particle advancement

(updating the momentum) is done by solving the Lorentz equation with the Boris

pusher (127), using the field values interpolated at the particle initial position x

n. For

a relativistic generalisation of Lorentz equations ~u = �~v is used with the � being the

relativistic Lorentz factor. Hence the equation becomes

~̇u =
q

m

( ~E +
1

c

u

�

⇥ ~

B) (3.20)

To advance one full time step �t, the code starts from ~u

n� 1
2 and time-centred fields

~

E

n and ~

B

n are used. To advance the particles, the following four steps are executed

consecutively: First, half the electric impulse is added to obtain ~u

0. Second, ~u0 is

rotated with half the magnetic impulse, giving ~u00. Then the other half of the magnetic

impulse is added, before the remaining half of the electric impulse is given.

Explicitly this means:

1. ~u0 = ~u
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The updated momentum is used to update particle positions through
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3.2.2 Simulation details

The input deck provides all necessary information for the simulation, including the laser

and plasma parameters. The laser is defined by its dimensionless amplitude a0, which

represents the laser intensity, the spatial and temporal pulse shape, the pulse duration,

focal spot size, focal point, polarisation and pulse delay in case of multiple pulses. The

plasma is assumed to be pre-ionised. The spatial profile is defined by points in space

with assigned density values. The electron density has to match the ion density, to allow

the simulation to start. For step-like density profiles, the rise to the maximum value

occurs over several cells, to avoid miscalculation of the fields in the transit space. The

diagnostics for each particle species are also defined in the input deck. These include the

charge density and phase spaces. The diagnostics can also be specified as time-or space-

averaged quantities, which helps to reduce the size of the output data. The input deck

also defines the simulation space (box), as well as temporal and spatial resolution. In

the following some of the most important simulation details will be explained. Since the

interaction of a laser with an overdense plasma is always computationally demanding,

some compromise between realistic parameter choice, resolution and available resources

must be made.

3.2.2.1 Courant condition

The numerical stability of PIC simulations is limited in the time domain by the Courant

condition. In a 2D simulation with a box defined over xy-space, the maximum time

step must be

c�t <

1q
1

�x

2 + 1
�y

2

(3.23)
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where �x(y) =
L

x(y)

n

c,x(y)
, with L

x(y) being the length of the box in x(y)-direction and

n

c,x(y) being the number of cells along the x(y)-direction. The Courant condition re-

quires the time step �t to be shorter than the time required for an electromagnetic

wave to traverse a cell.

3.2.2.2 Particles per cell

To resolve the whole physics, an appropriate choice of particles per cell is very impor-

tant. For this reason, at initial higher densities, a higher number of particles per cell

is needed. This ensures that there will be enough particles per cell when the density

is significantly reduced compared to the initial density. This is especially important to

resolve the transition between overdense and underdense plasma regions.

3.2.2.3 Thermal velocity and temperature distribution

The initial electron temperature is defined by the thermal velocity and expressed in

terms of momentum, given by � ⇥ v. The relativistic kinetic energy (kinetic energy =

total energy - rest energy) is given by

K

E

=
p

p

2
c

2 +m

2
c

4 �mc

2 =
1

2
k

B

T (3.24)

Solving this for the momentum, p.

pc =

r
1

4
(k

B

T )2 + k

B

Tmc

2 (3.25)

Therefore since p = �mv,

�v/c =

q
1
4(kBT )

2 + k

B

Tmc

2

mc

2
(3.26)

For k
B

T = 1 keV and mc

2 = 511 keV, �v = 0.045c.

3.2.2.4 Spatial resolution

To capture the physics of the interaction, the cell size has to be chosen to resolve the

smallest inhomogeneities. This means that the cell has to be small enough to resolve the

following four scales: First, the laser wavelength has to be resolved. Second, the target

itself has to be resolved at all times. Third, the skin depth as defined in equation 2.40.
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As a rule of thumb, the cell size must be at least as small as the shortest skin depth

during the simulation. Note that this quantity is independent ot the initial electron

temperature. Fourth, the shortest Debye length (see equation 2.44) has to be resolved.

The initial Debye length can be increased by raising the initial temperature. It has

to be noted that a laser pulse can drive significant plasma expansion, resulting in a

decrease in electron number density, which also increases the Debye length. Therefore,

for the non-relativistic electron temperatures, i.e. k

B

T

e

< 511 keV the Debye length

is shorter than the skin depth. Not resolving the Debye length can result in numerical

heating. However, in the case of an ultra-short laser pulse interacting with the plasma,

the heating by the laser field occurs much faster than numerical heating.

3.2.3 Normalisation

Normalisation o↵ers tremendous benefits when running PIC simulations. Firstly, the

multiplication by several common constants, like m

e

, e and c can be avoided. By

expressing simulation quantities in terms of fundamental plasma quantities, the results

are general and not bound to specific units that may have been chosen. In laser-

plasma physics it is common to either normalise to the plasma frequency or to the

laser frequency. For underdense plasmas (plasma electron density is lower than critical

density), usually the plasma frequency is chosen as normalising frequency. Since in the

framework of this thesis, the plasma is mostly (initially) overdense, the laser frequency

was chosen as normalising frequency. Furthermore all quantities were normalised to

the electron mass, m
e

, the speed of light, c, and the electron charge, e. In cgs units

the corresponding values are m

e

= 9.109 · 10�28 g, e = 4.803 · 10�10 StatC and c =

2.998 · 10�10 cms�1. This means the that the quantities can be expressed in physical

(cgs) units by applying the following transformation.

• Position: x
sim

= !

L

c

x

phy

• Linear momentum: p
sim

=
p

phy

m

sp

c

= �v

c

= u

c

• Electric field: E
sim

= e

c

!

L

m

e

c

2Ephy

• Magnetic field: B
sim

= e

c/!

L

m

e

c

2Bphy
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where m

sp

is the mass of the considered species. In practical units the physical units

will relate to the simulation quantities as:

• Position: x [cm] = 2.998⇥ 1010x
sim

!

�1
L

[rad/s]

• Linear momentum: p [g cm/s] = 2.731⇥ 10�17msp

m

e

p

sim

• Electric field: E [GV/cm] = 1.704⇥ 10�14
E

sim

!

L

[rad/s]

• Magnetic field: B [gauss] = 5.681⇥ 10�8
B

sim

!

L

[rad/s]

For high kinetic energies p � m

sp

c, the relativistic energy is reduced to E ⇡
m

sp

c

2
p

sim

, where m

sp

c

2 is the rest mass energy for the species being considered.

Recalling the previous chapter, the dimensionless laser amplitude a0 (equation 2.14)

is used to express laser intensity.

3.2.4 Simulation remarks

Targets in higher dimensional simulations expand more rapidly and thus shorten the

time interval over which enhanced acceleration occurs; consequently, 1D simulations

tend to systematically over-predict ion energies. In 2D, the target could become trans-

parent to the laser earlier than in 1D because of transverse non-uniformity of laser

intensity and the combination of lateral expulsion of plasma from behind the laser spot

and self-focusing (98). Kinetic simulations of laser interaction with highly overdense

targets in higher dimensions is challenging, because of the initially small skin depth

and Debye length scales. However, as plasma and relativistic e↵ects take place, the

local skin depth and Debye lengths become larger during the later stages of the inter-

actions. This means the skin depth is well resolved during the main acceleration phase.

Also, the electron temperature changes from an initial keV level to MeV as the initially

highly overdense plasmas approach the critical density. This causes the Debye length

to increase significantly.

Another important aspect to take into account in the input deck is the choice of

number of particles per cell as it a↵ects the overall dynamics of the simulation. This is

because there might be initially enough particles at the beginning of the simulation, but

at a latter stage, despite the well resolved Debye length and skin depth, there could be

none. When modelling the interaction of an ultra-intense laser with thin solid targets,
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the on-set of transparency, which sensitively alters the ion acceleration mechanisms, is

highly dependent on the initial density. Therefore, a realistic value for the ion densities

in terms of the critical density has to be used as well.

75



3. METHODS

76



4

Single pulse interaction with thin

solid targets

In the early days of laser-driven ion acceleration research e↵orts were mostly focused

on the study of high-intensity lasers (> 1018 Wcm�2) impinging on micrometre thick

solid foils. Under these conditions, Target Normal Sheath Acceleration (TNSA) (128),

was found to be the dominant mechanism for the acceleration of the ions. In TNSA

models, ions are accelerated through a large charge-separation field at the rear side of

an opaque plasma, resulting in the generation of ion beams following a thermal energy

distribution with moderate cut-o↵ energies (around 50 MeV) (128).

TNSA is a relatively reliable technique, because it is experimentally easier to shoot

with a moderately intense (⇠ 1018 � 1019 Wcm�2) laser onto micrometre targets than

with ultra-high intensity (⇠ 1021 � 1022 Wcm�2) laser onto nanometre foils. It allows

the reproducible generation of multi-MeV ions, but the maximum energy scales with

intensity as E
max

/
p
I (91), which unfavourably compares to the proposed scaling in

other mechanisms such as Radiation Pressure Acceleration (E
max

/ I

2) (129).

Also TNSA-generated beams are not well-suited for the envisioned practical appli-

cations such as hadron therapy, because of their poor properties in terms of cut-o↵

energy, energy spread and flux rates. Hadron therapy for deep-seated tumours requires

energies of ⇠ 250 MeV for protons, ⇠ 400 MeV/u for carbon ions and an energy spread

below 1%. Opposed to this, TNSA generated ions beam have a thermal energy spec-

trum (with an energy spread up to 100%) and cut-o↵ energies around 50 MeV for

protons.
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Recently, e↵orts in laser-driven ion acceleration have therefore been drifting from

the TNSA regime (micrometre targets) towards other acceleration schemes with much

thinner targets (nanometres), which predict higher energies and more advantageous

scaling with laser parameters. One of the most promising mechanisms is laser-driven

ion acceleration by means of the radiation pressure (RPA) (96, 97, 130) which was

introduced in chapter 2 alongside other schemes such as the Breakout Afterburner

(BOA). BOA operates best at the on-set of relativistically induced transparency, and

therefore also depends very sensitively on the laser and target parameters (82, 98).

In the following, numerical and experimental results from the interaction of high-

intensity laser pulses with ultrathin solid targets are presented. In the first part, the

e�cient generation of ion beams in the RPA regime with an intense single laser pulse is

investigated in detail with PIC simulations, including a scan of several laser and target

parameters.

The RPA regime investigated in the simulations works best at the threshold of

relativistically-induced transparency (RIT). The on-set of RIT is not well understood

as it is accompanied by a complex electron dynamics that critically a↵ects the accel-

eration of ions. The second part of this chapter reports an experimental investigation

of the electron dynamics at the on-set of RIT, providing new insight into the collective

response of charged particles to intense laser fields over an extended interaction volume.

This influences the ion dynamics, which are mediated by the plasma electrons.

4.1 Radiation pressure dominated acceleration

The inherent brittle structure of nanometre foils demands a number of requirements

to be fulfilled for a stable and e�cient acceleration with ultra-thin foils. In the present

high-intensity regimes, where laser intensity exceeds values of 1021 Wcm�2, the pre-

pulse that usually accompanies the main pulse will be su�ciently intense to fully ionise

the target and cause the plasma to expand (131). In some cases the expansion could

cause the target to blow up before the arrival of the main pulse. In this case the main

pulse cannot couple e�ciently to the plasma electrons, which in turn drive the ion

acceleration. Radiation Pressure Acceleration (RPA) in the light-sailing mode operates

optimally with very short pulses (femtosecond pulses) interacting with nanometre-scale

solid targets. RPA may also work with longer laser pulses (picosecond range) (132),
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however the longer pulse duration would induce more plasma expansion, which has to

be taken into account when choosing the optimum target thickness.

Consequently, for longer pulse durations the experimentally observed optimum

thickness is larger than predicted by the empirical scaling law for the normalised elec-

tron areal density �
opt

⇡ 3 + 0.4a0 derived by Esirkepov et al. (133).

There are already a number of laser systems which can produce the required high-

intensity pulses, but lack in good contrast. This requires the use of contrast-enhancing

measures, e.g. plasma mirrors (134) during experiments, which significantly alters the

interaction. While the general pulse shape can usually be maintained, polarisation

can be a↵ected and more importantly the total energy throughput on target is much

lower (losses of up to 50% are not unusual). Therefore, advances in pulse cleaning

and contrast enhancement could immensely favour the condition of the interaction and

improve the production of laser-produced ion beams. Future laser-systems, including

the VEGA Petawatt laser at CLPU, will o↵er true petawatt laser power interaction with

targets with short pulses in the femtosecond range by o↵ering an ultra-high contrast of

more than 1012:1 at 1 ps.

As explained in a previous chapter, a circularly polarised laser pulse at normal inci-

dence can cause the radiation pressure acceleration to become the dominant mechanism

(135). Because of the missing oscillating term of the ~j ⇥ ~

B force, electron heating is

strongly suppressed. Also the other absorption mechanisms like Brunel heating and

resonance absorption are absent in the circular case. Instead, the electrons are com-

pressed to a highly dense layer in front of the laser pulse (snow-ploughing), creating a

charge separation field, which in turn accelerates the plasma ions. By a careful choice

of laser and target parameters, the radiation pressure ideally balances out the restor-

ing force given by the charge separation field. In this case the interaction changes

from surface-dominated to volumetric and the plasma bulk eventually propagates bal-

listically as a quasi-neutral plasma bunch, continuously gaining energy from the laser

field. In this manner, all ion species are accelerated to the same energy, theoretically

producing mono-energetic ion beams. This stands in stark contrast to sheath-driven

acceleration, which preferentially acts on hydro-contaminants present at the rear sur-

face of the target. In the RPA regime with a low electron temperature, a phase-stable

acceleration can be maintained, and the process is expected to lead to high conversion

e�ciencies (⇠ 3% for carbon ions) and much more advantageous scaling of maximum
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energy against laser intensity (E
max

/ I

2) compared to TNSA-produced beams (132).

The presented work was published in Nuclear Instruments and Methods A (136) and

SPIE conference proceedings (137).

The two-dimensional simulations of a laser impinging normally on a semi-infinite

slab of plasma were performed with the fully relativistic particle-in-cell (PIC) code

OSIRIS (125) for a Ti:Sapphire laser with a wavelength centred at � = 800 nm. This

corresponds to a laser frequency of !
L

= 2.5⇥1015 s�1. Therefore simulation units in the

time and space domains are converted to physical units by multiplying by 1/!
L

= 0.425

fs and c/!

L

= 127.57 nm. The longitudinal direction x1 is defined by the propagation

of the laser. The transversal direction is denoted as x2. The simulation box has a size of

x1 = 157.75 c/!

L

by x2 = 220.02 c/!

L

, which is equivalent to 20.12 µm times 28.07 µm.

The interaction is assumed to be quasi-1D, with the important physics occurring in the

longitudinal direction. Therefore the box is split in the x1 direction into 39133 cells and

in x2 direction in 168 cells. While the overall physical behaviour is accurately modelled

due to the quasi-1D approximation, the limited transverse resolution can suppress some

features, e.g. transverse instability development, which will be addressed later. The

pulse is modelled with a realistic duration of 40 fs at full width with a sin2 pulse

shape, which simplifies computing due to its sharp edges while being a good enough

approximation to a Gaussian pulse. The laser was focused down to a focal spot of

⇡ 5µm and focused on the plasma slab with normal incidence. The shape of the laser

pulse directly a↵ects the shape of the plasma density gradient at the front side of the

plasma.

The intensity was varied from moderate intensities, 1019 Wcm�2, up to intensities

of 1022 Wcm�2. The simulations were carried out for di↵erent targets, but presented

results are mainly from the interaction with diamond-like carbon (DLC) targets. It was

assumed that any pre-pulse would be of su�cient intensity to fully ionise the target

entirely. Therefore a fully ionised plasma slab with a step-like profile has been modelled,

with a sharp gradient over a few simulations cells. The fully ionised diamond-like carbon

targets with an initial temperature of 1 keV is modelled with a solid density of 460 n

cr

(close to DLC density at room temperature, ⇢ = 2.7 g/cm�3) (132). Further runs with

pure hydrogen and carbon bulk with a hydrogen contamination layer, as commonly

present in real experiments, were also performed. To ensure accurate simulations,
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4.1 Radiation pressure dominated acceleration

each cell initially contains 1000 particles, which is su�cient to observe the on-set of

transparency.

The choice of number of particles per cell (N
p

) is critical. Assuming the density to

be initially constant and equal to n0, an isolated particle would yield in the overlapping

cells a density ⇠ n0/Np

, which may be considered the smallest density value that can

be resolved accurately. A high number of particles per cell is therefore needed to resolve

large density gradients and describe low density regions. This is particularly necessary

in the case of plasma expansion and the on-set of relativistically-induced transparency.

Using many particles per cell also helps to reduce statistical noise and to take into

account tails of very energetic particles (71).

Several diagnostics were employed in the simulation including records of all electric

and magnetic fields, the charge density of all species, as well as several phase spaces.

The computational domain (i.e. the simulation box size) was chosen su�ciently large

(four times the FWHM of the laser pulse) so that the constraints at the boundaries

do not cause any unphysical behaviour in the area of interest. This was confirmed

by analysing the output and only a negligible amount of particles was found near the

boundary. In principle the stated times are given relative to t=0, when the laser pulse

impinges on the plasma.

4.1.1 Simulations with di↵erent intensities

The ion dynamics in the interaction of an ultra-intense laser with ultra-thin targets

are highly sensitive to the laser parameters. Whereas in the Target Normal Sheath

Acceleration model (which works best with micrometre thick targets), the maximum

cut-o↵ energy scales with intensity as E

max

/
p
I, Radiation Pressure Acceleration

models predict is much more favourable scaling with I

2. Therefore, a set of simulations

with aforementioned parameters and 40 nm targets was performed with a circularly

polarised laser pulse. The laser intensity was varied between 1021 Wcm�2 and 1022

Wcm�2. Because of the large computational requirements, a few runs with most realis-

tic and highest achievable resolutions were performed rather than a full limited-resolved

scan with a larger number of intensity values.

Figure 4.1 (a)-(d) shows the bunch compression of the ion charge density, with

the laser (I = 1022 Wcm�2) impinging from the left side of the simulation box at six

di↵erent time steps. The incoming laser drives the density to highly overdense values
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4. SINGLE PULSE INTERACTION WITH THIN SOLID TARGETS

(up to 8000 n

cr

at 4.1 (d)-(f)) and pushes the particles purely by its radiation pressure.

It is important to note that this process occurs in only a few femtoseconds, a time scale

much shorter than the pulse duration.

As it can be seen in figure 4.2, a change in intensity strongly modulates the

ion spectra and cut-o↵ energies, with a non-thermal ion energy distribution showing

some prominent population at the highest energies for the highest intensity simulation

(4.2(f)). The favourable scaling is confirmed by comparing the maximum energies. Dou-

bling the laser intensity results in a four-fold increase in cut-o↵ energy as can be seen

when comparing the spectra obtained at 5 ⇥ 1021 Wcm�2 (10 MeV/u cut-o↵ energy)

and 1022 Wcm�2 (40 MeV/u cut-o↵ energy), which is consistent with the predicted

E

max

/ I

2 scaling.

(a) (b) (c) 

(d) (e) (f) 

Figure 4.1: Bunch compression - This illustrates the compression of the ions induced

by a 40 fs circularly polarised laser pulse of I = 1022 Wcm�2 on a 40 nm thin DLC target

by the radiation pressure. The time evolution of the ion density is shown in (a)-(f) as the

circularly polarised laser impinges normally from the left side on the target. Note that the

colour scale is changing, because the di↵erence in initial density and maximum density is

very high.
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4.1 Radiation pressure dominated acceleration
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Figure 4.2: Intensity scan - Intensity scan for 40 nm carbon targets under other-

wise identical conditions (see text for details). The charge densities at three time steps

[(a),(d),(g)] and ion spectra [(b),(e),(h)] are shown. The time corresponds to the time after

the laser pulse impinges on the target. The ion spectra corresponds to the time step 34.8 fs.

The cut-o↵ energies increase significantly with increasing intensity. The light blue colour

in the bunch corresponds to high densities, whereas the purple colour indicates low density

regions. The line-outs [(c),(f),(i)] are the ion densities in the target centre. Note that the

scale of the colour bar changes.
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4. SINGLE PULSE INTERACTION WITH THIN SOLID TARGETS

4.1.2 Simulations with di↵erent thicknesses

The cut-o↵ energy of the ions also depends very sensitively on the target thickness. In

the simplified Light Sailing (LS) model it is assumed that the target acts as a perfectly

reflecting mirror and therefore all of the plasma ions are accelerated to the same velocity,

giving rise to a monoenergetic beam. This peak arises due to the finite width of the

laser pulse. It drives a cocoon deformation and transverse expansion of the targets.

This leads to the eventual breakthrough of the laser pulse and the termination of the

LS stage (138).

Considering the reflectivity of the plasma foil, the intensity threshold for self-induced

transparency can be defined in terms of the dimensionless laser amplitude as a0 =
p
1 + (⇡�)2 ' ⇡� for ⇡� � 1, where � is the dimensionless areal density defined in

chapter 3 (equation 3.1). Therefore the radiation pressure P

rad

on target

P

rad

= 2RI/c = 2m
e

c

2
n

c

a

2
0R ⇡ 2⇡2m

e

c

2
n

nc

�

2 (4.1)

becomes independent of a0 for a0 > ⇡�.

Three simulations with 20, 40 and 60 nm thin carbon targets with an impinging

laser pulse of intensity I = 1022 Wcm�2 under otherwise identical conditions as in

the previous section were performed. The maximum energy increases as the thickness

approaches the optimum around 40 nm. For thickness 20 nm, which is below the

optimum the target blows up and only a small number of ions reaches the highest

energies (4.3(i)).

The maximum radiation pressure is obtained for a0 < ⇡� and the reflectivity ap-

proaches unity. From this the optimum areal density and therefore target thickness is

determined by �

opt

' a0/⇡, which yields the highest ion energies (97). This can be

seen in figure 4.3. It is important to note that when the foil becomes relativistic, the

optimum condition cannot always be satisfied if the areal density is constant. This is

due to the fact that a0 remains constant in the boosted frame co-moving with the foil,

but the areal density �0 increases due to the laser frequency downshift. Therefore the

optimum condition becomes velocity-dependent

a ⇡ ⇡�

0 = ⇡

n

e

l

n

cr

�0

r
c+ V

c� V

(4.2)

with the mirror velocity, V . It has been shown that a gradually decreasing areal density

could even improve the energy cut-o↵ of the accelerated ions. This is also consistent
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4.1 Radiation pressure dominated acceleration
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Figure 4.3: Thickness scan - Target thickness scan for carbon targets under otherwise

identical conditions as in figure 4.2 (I = 1022 Wcm�2, circular polarisation. See text for

details). The charge densities at three time steps [(a),(d),(g)] and ion spectra [(b),(e),(h)]

are shown. The time corresponds to the time after the laser pulse impinges on the tar-

get. The ion spectra corresponds to the time step 34.8 fs. The cut-o↵ energies increase

significantly with decreasing target thickness and ion spectra shows stronger modulations

for the thinnest target. The light blue colour in the bunch corresponds to high densities,

whereas the purple colour indicates low density regions. The line-outs [(c),(f),(i)] are the

ion densities in the target centre. Note that the scale of the colour bar changes.
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4. SINGLE PULSE INTERACTION WITH THIN SOLID TARGETS

with the simulations. Various processes can facilitate the decreasing of the areal density.

This includes instability development, which will be discussed in a following section,

and transverse foil expansion caused by the ponderomotive force.

Even a circularly polarised laser pulse cannot suppress all the heating mechanisms

driven by the oscillating part of the ponderomotive force. In multi-dimensional simu-

lations, collisionless absorption of the circularly polarised intense laser pulses normally

impinging on the overdense plasma can lead to the vacuum heating of the electrons at

the sharp vacuum-plasma interface. The suggested mechanism could lead to the heating

of plasma at the periphery of the laser spot rather than at its centre (139). Therefore a

small portion of the laser light still gets absorbed and drives some expansion, especially

in the transverse direction.

Figure 4.4 shows line-outs of the 2D charge density along the centre of the transverse

direction and their evolution in time for di↵erent values of intensity [(a)-(c)] and target

thickness [(d)-(f)] explored so far. It shows the increasing acceleration with increasing

intensity and decreasing target thickness. Furthermore it indicates the formation of the

monoenergetic features as observed in the corresponding energy spectra in figure 4.2(i)

and 4.3(f). The fine blue line above the bulk of the ion population in the interaction of

a I0 = 1022 Wcm�2 laser pulse with 40 nm target (see figure 4.4(c) and (e)) corresponds

to a distinct prominent population towards the end of the energy spectrum. This line

is not visible in the case of the interaction of a I0 = 1021 Wcm�2 laser pulse with 40

nm target (figure 4.4(a)), which is consistent with the observed spectrum. In the case

of the I0 = 1022 Wcm�2 laser pulse impinging on a 20 nm target it can be seen that the

increase in cut-o↵ energy comes along with a spreading of the prominent population

towards the end of the spectrum, as evidenced by the disintegration in multiple lines

at the charge density front (figure 4.4(f)).
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4.1 Radiation pressure dominated acceleration
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Figure 4.4: Acceleration comparison - Comparison of acceleration for the intensity

[(a)-(c)] and target [(d)-(f)] scan. Shown are line-outs through the 2D charge density

at the centred transverse position and its evolution with time. The fine light blue line

above the main population in the 40 nm, I0 = 1022 Wcm�2 simulation corresponds to the

monoenergetic feature that is observed in the energy spectra (see also main text).
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4. SINGLE PULSE INTERACTION WITH THIN SOLID TARGETS

4.1.3 Simulations with di↵erent polarisations

Another set of simulations was carried out to study the e↵ect of di↵erent laser po-

larisations. For the generation of fast electrons at a steep laser-plasma interface, an

oscillation force across the boundary is required. At normal incidence, this is the fast

oscillating 2!
L

component along the longitudinal direction of the ~j ⇥ ~

B force (intro-

duced in chapter 3, equation 2.46). In the case of circular polarisation, the 2!
L

term

vanishes and the electron oscillations are suppressed (140). On the contrary, a linearly

polarised pulse will generate a fast electron population with a temperature T

h

⇠ �

pond

(141). The high electron temperature causes the plasma to expand before a shock front

may be formed (4.5(c)). Simulations with linearly and circularly polarised laser pulses

were carried out to study the particle dynamics in each case.

The simulation with the linearly polarised pulse yet produces high-energetic par-

ticles, but the number of particles at these are energies are almost negligible (figure

4.5(d)). Furthermore, the spectrum shows no distinct peaks, suggesting that the ions

distribute in a rather thermal way, which is not favourable for applications such as

hadron therapy. Only at higher intensities exceeding I0 = 1023 Wcm�2, as shown by

Esirkepov et al. (97), the linearly polarised pulse can be used to accelerate ions in the

radiation pressure regime e�ciently.

On the contrary, a circular polarised pulse e↵ectively suppresses hot electron gen-

eration and as it can be observed in the charge density plots, an isolated distinct ion

population emerges at the rear side of the target (figure 4.6). By comparing the prop-

agation of both the electron and ion population, it can be seen that both layers are

compressed and co-propagate to higher energies. The di↵erent particle dynamics in-

duced with di↵erent polarisations are most prominently observed in the charge density

distribution. In the case of circular polarisation, the electron population stays highly

overdense while being pushed by the laser light (4.5(g)). The carbon ions are subse-

quently co-propagating with the electron sheet and the whole focal volume is radiation

pressure accelerated as a quasi-neutral plasma bunch. In this scenario all ion species

are accelerated to equal velocity.

Figure 4.7 and 4.8 illustrate the aforementioned dynamics clearly. In the case

of the circular polarised pulse (figure 4.7), the 2D charge density plot and line-out

[(a)-(b)] show how the electrons and ions are compressed and maintain the highly
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Figure 4.5: Polarisation comparison - Linear and circular polarisation comparison

for carbon targets under otherwise identical conditions (I = 1022 Wcm�2, 40 nm thick

target. See main text for details). The charge densities at two time steps and ion spectra

are shown for linear polarisation [(a),(b),(d)] and circular polarisation [(e),(f),(h)]. The

time corresponds to the time after the laser pulse impinges on the target. The ion spectra

[(d),(h)] correspond to the time step 34.8 fs. The linearly polarised laser pulse strongly

heats the plasma electrons and drives target expansion (c) to near-critical density values.

While high cut-o↵ energies are reached, the spectrum has a thermal shape with no sharp

peaks. The circularly polarised pulse e�ciently pushes the plasma inwards and drives a

compressed ion bunch (g) to high energies.
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Figure 4.6: Energy spectra - linear and circular - This shows the energy spectra of

the linear and circular polarised simulation runs. The monoenergetic peak in the spectrum

of the circular polarised run can be clearly observed. In case of the linearly polarised laser

pulse, the spectrum follows a thermal distribution without distinct peaks.

overdense nature of the plasma. This results in the volumetric acceleration of copious

amounts of bulk ions, as imprinted in the phase space (c) and clearly visible as distinct

prominent population towards the end of the energy spectrum (d). The behaviour of

the transversal electric field [(e)-(f)] is consistent with the other diagnostics. Because

the plasma stays highly overdense, the laser field gets reflected from the plasma surface.

Contrarily, in the linearly polarised case (figure 4.8), the laser pulse drives a sig-

nificant expansion as observed in the 2D charge density plot and line-out [(a)-(b)].

The subsequent disintegration of the plasma leads to an expanded phase space with

no distinct populations (c). The spectrum follows a thermal distribution, with only a

negligible fraction of ions carrying energies above 30 MeV (d). Since the plasma turns

underdense throughout the interaction, a part of the laser field is transmitted through

the plasma as seen in the transversal electric field diagnostic [(e)-(f)].

Front acceleration in the linearly polarised case In the case of a linearly

polarised laser, another energetic ion population at the front side of the plasma is

observed. In addition to the previously explained rear-surface acceleration, a smaller
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Figure 4.7: Overview of simulation run with circular polarisation - Overview

diagnostics of a simulation with 40 nm DLC target [(a) ion density, (b) lineout of ion density,

(c) phasespace, (d) energy spectrum, (e) transversal electric field, (f) lineout electric field].

The circularly polarised laser impinges with an intensity, I = 1022 Wcm�2. The diagnostics

correspond to time 36.92 fs after the laser impinged on the target. The red-dotted line in

the phase space indicates the initial position of the target. See main text for discussion of

the results.
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Figure 4.8: Overview of simulation run with linear polarisation - Overview diag-

nostics of a simulation with 40 nm DLC target [(a) ion density, (b) lineout of ion density,

(c) phasespace, (d) energy spectrum, (e) transversal electric field, (f) lineout electric field].

The linearly polarised laser impinges with an intensity, I = 1022 Wcm�2. The diagnostics

correspond to time 36.92 fs after the laser impinged on the target. The red-dotted line in

the phase space indicates the initial position of the target. See text for discussion of the

results.
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4.1 Radiation pressure dominated acceleration

charge separation field is generated due to the strong plasma expansion driven by the

leading edge of the laser (4.8(e)). This results in a significantly larger scale length,

causing a fraction of the bulk plasma ions to be accelerated in the opposite direction of

the incoming laser pulse. However the absolute energies of these front-side accelerated

ions are relatively low and they experience a strong angular spread.

4.1.4 Simulations with multi-layered targets

In real-life experiments, thin foil films are usually coated by a hydro-carbon or wa-

ter contamination layer. This is beneficial in the Target Normal Sheath Acceleration

scheme, since the protons present in the hydro-contamination layer are preferentially

accelerated owing to their high charge-to-mass ratio. The accelerated proton layer also

e↵ectively shields the plasma bulk ions from being accelerated at a range of the Debye

length (see chapter 3, equation 2.44). For an acceleration of heavier ions (e.g. carbon

ions), the contamination layers have to be removed by processes such as laser-ablation

(89).

The Radiation Pressure Acceleration model di↵ers from this as the acceleration

process is carried out rather volumetrically than surface-dominated, involving all ions

species of the plasma bulk throughout the interaction. In this manner, heavier ions

can be accelerated without the need of sometimes cumbersome target preparation.

Therefore another set of simulation was performed to study the acceleration process

with two ion species. In this case the target consisted of 40 nm carbon (C6+ ions) with a

5 nm hydrogen contamination layer. The circularly polarised laser pulse has an intensity

of 1022 Wcm�2 under otherwise identical conditions as used in the previous sections.

The dynamics of both ion species as observed in the charge density distribution are very

similar (4.9(a)-(d)). The electrons are compressed to a dense layer and co-propagate

with the C6+ ions and protons. The spectral features between the proton and C6+ ions

are very similar as it can be seen in figure 4.9(f). The similar dynamics observed in the

proton and C6+ ions distinguish the radiation pressure acceleration scheme from the

Target Normal Sheath Acceleration as explained previously.
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Figure 4.9: Multi-species simulation run - Interaction of a laser pulse with a 40 nm

carbon target with a 5 nm hydrogen contamination layer. The simulation parameters are

otherwise identical to the second run in Figure 4.3. (a)-(b) and (c)-(d) show the charge

densities at two di↵erent time steps for carbon ions and protons, respectively. A lineout

of the charge densities and energy spectrum are shown in (e) and (f). The similarity in

spectral features suggests an e�cient acceleration of both ion species. Note that the y-axis

in (f) is displayed with a logarithmic scale to facilitate comparison between both species.
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4.1 Radiation pressure dominated acceleration

4.1.5 Summary

In the first part of this chapter, the production of high-energy ion beams from the

interaction of ultra-intense laser pulses with ultra-thin targets has been numerically

investigated.

The simulations show signatures of the RPA model of ion acceleration, as imprinted

in the formation of shock fronts and non-thermal ion energy distributions showing some

prominent population at the highest energies. The cut-o↵ energies of these ion beams

scale favourably as E

max

/ I

2 as predicted by the RPA model. Simulations with

multi-species targets have shown that the RPA mechanism acts volumetrically on all

ion species in the plasma bulk, which favours the acceleration of heavier ions without

the need of extensive target preparation.

Therefore, short femtosecond, high-contrast laser systems like Astra-Gemini and

VEGA are well-suited to accelerate ions e�ciently in the radiation pressure dominated

regime. The spectral shape of the produced ion beams is strongly dependent on both

laser and target parameters. The highest energies are obtained with the thinnest tar-

gets, circular polarisation and the highest intensities.

From this it can be concluded that the RPA regime would be accessible to the

VEGA 3 laser at CLPU provided it can reach a pulse contrast larger than 1012 : 1 in

a time scale shorter than 1 ps, while keeping the intensity larger than 1021 Wcm�2.

In that case proton energies of 100 MeV and C6+ ions energies of 100 MeV/u could

be produced, with a potential for a sharp energy increase for higher laser intensities,

and a relatively higher population of high energy ions than TNSA-produced ion beams.

However, an increased transverse resolution in the simulations reveals the occurrence

of instabilities which hinder the generation of truly monoenergetic ion beams as it will

be shown in the next section.
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4. SINGLE PULSE INTERACTION WITH THIN SOLID TARGETS

4.2 Instabilities

During the interaction of an ultraintense laser with an overdense plasma, instabilities

can grow. A commonly observed instability is the Rayleigh-Taylor instability (RTI),

which occurs when a heavier fluid pushes against a lighter fluid (see chapter 2.6). In

the Radiation Pressure Acceleration regime, the laser light (light fluid) pushes against

the dense target (heavy fluid), and can be shown to be analogously Rayleigh-Taylor

unstable. The formation of the instability manifests as rippling and eventual breaking

up of the interface between the two fluids. These perturbations can grow in the form

of bubbles, visible in the spatial-intensity profile of the accelerated ions, and have been

observed theoretically and experimentally (78, 142, 143, 144).

The observation of the Rayleigh-Taylor instabilities (as imprinted in the form of

bubbles in the spatial profile) is an important confirmation of radiation-pressure driven

ion beams and allows to identify these direct laser-driven ion populations. The occur-

rence of RPA ion beams in the interaction of an ultraintense laser with an ultrathin

target was studied experimentally and numerically.

Experimentally, this was achieved by tilting the target with respect to the incoming

laser incidence. In this manner it was possible in an experimental campaign with the

Vulcan laser system to spatially separate the radiation-pressure driven ion beam (along

the laser axis) and sheath-driven ion beam (along the target normal) to study the

bubble structure. The signatures of RTI were investigated from the data recorded in

radiochromic film stacks and presented in the following.

The breaking up of the electron layer that pulls the plasma ions due to these in-

stabilities, reduces the e�ciency of the acceleration. It also causes a reduced number

of high-energetic ions and broadens the energy spectrum (78, 80). This was studied

numerically by performing particle-in-cell simulations with the OSIRIS code.

4.2.1 Experimental set-up

The Vulcan laser at the Rutherford Appleton Laboratory (described in section 3.1.1.1)

was used to investigate radiation-pressure dominated ion acceleration and study the

development of Rayleigh-Taylor instabilities. The laser delivers light with a central

wavelength � = 1.054 µm in pulses of (1.0 ± 0.2) ps, with a total laser pulse energy

E

L

= (200±15) J. The light is focused by an f/3 o↵-axis parabolic mirror on target. The
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Figure 4.10: Experimental set-up Vulcan - Experimental set-up used in the Vulcan

campaign in May 2013. The incoming laser pulse is turned and focused by a f/3 o↵-axis

parabolic mirror onto the target. A single plasma mirror set-up is used to increase the

pulse contrast. Sample electron and ion diagnostics are shown.

focal spot FWHM diameter was 7.3 µm, giving a calculated peak intensity, I
L

= 2⇥1020

Wcm�2. A flat slab of glass was placed in the converging beam a few centimetres before

the focus to create a plasma mirror that reflected the laser beam onto the target with

an enhanced contrast of 1010 : 1. Figure 4.10 shows the experimental set-up.

The target foils were Al with thickness, L, between 10 nm and 100 nm. The foils

were attached to a copper plate with a circular hole and placed on top of a pin (see

figure 4.11). Protons and carbon ions are produced from hydro-carbon contamination

layers on the target surfaces.

The target was mounted on a motorised rotating wheel with capacity to hold five

targets (figure 4.11). The motorised stage allows to change and align the target without

the need to open the chamber, thus sparing the lengthy process of letting up and

pumping down the vacuum interaction chamber. The chamber has an inner volume

of about 20 m3 and is covered with lead and PTFE and sits behind concrete walls for

radiation shielding purposes. During the laser shot the chamber is pumped down by

roughing pumps and turbo pumps to about 10�4 mbar or below.

The target was positioned either normally or angled at 30� with respect to the

incoming laser. This was achieved by pre-aligning the target outside the target chamber
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4. SINGLE PULSE INTERACTION WITH THIN SOLID TARGETS

Figure 4.11: Target pre-alignment - The picture shows the target wheel and alignment

stage. The targets were pre-aligned outside the target chamber to either normal incidence

or 30� with respect to the incoming laser pulse.

Figure 4.12: RCF stack front - The front of the RCF stack is shown. A protective

layer of aluminium is added to block low-energetic electrons and to reflect laser light at

the on-set of induced transparency. The red-dotted lines indicate the laser axis and target

normal for targets at 30�.
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4.2 Instabilities

Figure 4.13: Separation of sheath-driven and laser-driven ion populations -

Overview of the RCF stack and transmission diagnostic. Six layers of RCF corresponding

to di↵erent energies are shown. The red-dotted lines indicated the target normal and

laser axes. Two distinct ion populations can be identified, clearly separating sheath-driven

ions and radiation pressure-driven ions along the laser axis. The burn-pattern on the

aluminium foil confirms this. The transmission diagnostics shows that laser light is partially

transmitted.
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4. SINGLE PULSE INTERACTION WITH THIN SOLID TARGETS

in a target alignment rig (figure 4.11). Radiochromic film (RCF) stacks were used

to record the spatial profile of the proton beams. For the same reason, all o↵-line

diagnostics were placed on motorised mounts allowing to record up to five laser shots

without opening the chamber. The RCF stack (6.4 cm ⇥ 5.0 cm) was positioned 7.5

cm from the target. A slot in the stack provided a line-of-sight to other diagnostics

(e.g. Thomson Parabola spectrometer). A real-life picture of the front side of the stack

(bottom part, top part looks identical) is shown in figure 4.12.

4.2.2 Experimental results

When the target normal was positioned at 30� from the incoming laser two distinct

proton beams were recorded in the radiochromic film stacks, one along the laser axis

and one along the target normal. This can be seen in figure 4.12 and 4.13. In figure

4.13 the dark areas show the spatial distribution of protons in the beam. Each layer

of the RCF stack corresponds to a di↵erent energy. Stacks with di↵erent filtering were

used to adjust the detection to predicted proton energies. An example stack design is

shown in table 3.2.

The existence of two distinct proton beams points to the presence of two di↵erent

acceleration mechanisms. The target normal beam is characteristic of TNSA, whereas

the beam along the laser axis can be directly associated to RPA protons. Therefore

it was possible to separate the ion beams originating from the di↵erent acceleration

mechanism. As stated above, the formation of a bubble structure due to the devel-

opment of Rayleigh-Taylor instabilities is an important signature of RPA-driven ion

beams. These structures are clearly visible in the spatial intensity profile and confirm

the RPA origin of this ion beam.

As previously stated, the RCF stack consists of various layers of active material to

allow also some energy resolution measurements along with the spatial profile. A set of

reference bubbles at di↵erent layers of the RCF diagnostics was selected and measured

in size, in order to identify the origin of the instability formation.

As it can be seen in figure 4.14 the size of the bubbles stays roughly constant

through multiple layers. The preservation of the structure implies that it is reasonable

to assume that laminar beam propagation is maintained due to the charge neutralising

presence of co-propagating electrons (90).
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Figure 4.14: Rayleigh-Taylor instability - Four layers of the RCF stack down-stream

are shown. The bubble formation on the right side indicates the development of Rayleigh-

Taylor instabilities. The sizes of three reference-bubbles are measured to investigate the

growth-rate.

Layer 1 – 7.21 MeV Layer 1 – 7.21 MeV 

10 nm 40 nm 

Figure 4.15: Bubble size comparison - The first layer of the RCF stack shown for a

10 nm and 40 nm thick Al foil. The bubble size increases for decreasing target thickness.
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The formation of the instabilities depends on the target thickness. The bubble size

is larger for thinner targets, as it can be observed when comparing the 10 nm and 40

nm target as seen in figure 4.15.

The cut-o↵ energy of the sheath-driven ion beams is also very sensitive to the

incoming laser energy. Higher laser energies lead to higher cut-o↵ energies, which can

be attributed to the reinforced energy transfer to the plasma bulk electrons, which then

traverse the target and set up the sheath-field. A monoenergetic proton dot surrounded

by ring is observed (see figure 4.15). This ring structure will further be addressed in

the next chapter.

4.2.3 Simulations

The transverse instabilities were also studied with two-dimensional particle-in-cell sim-

ulations with varying transverse resolution. The simulation box and parameters are

identical to the presented scaling simulations in section 4.1. The laser is circularly

polarised with an intensity of 1⇥1022 Wcm�2. A 40 nm thick purely hydrogenic target

with n

e

= 460n
cr

was used for the simulation. Due to the high computational require-

ments of the high-resolution run, the target was placed closer to the left border of the

simulation box (see figure 4.16) without a↵ecting the physical behaviour of the simu-

lation. Two snapshots of the proton charge density and corresponding energy spectra

are shown in figure 4.16. The top row corresponds to the simulation run with 168 cells

in the transverse direction and the bottom row a run with an eight-fold increase in

cells, 1344 in total, under otherwise identical conditions. Both simulations follow the

characteristic dynamics of the RPA mechanism as explained in section 4.1. At the late

stage of the interaction, the rippling at the charge density front can be clearly observed,

which eventually leads to the break-up of the density front (figure 4.16(c)). Since RTI

develops in the transverse direction, the simulation with eight-fold increase in number

of cells in the transverse x2-direction should highlight the signature (i.e. rippling of the

surface) of the instability.

While the overall dynamics are in principle maintained in the high resolution, it can

be seen that the charge density in the envelope of the density profile stays overdense,

whereas for the lower resolution runs, it approaches near-critical values quicker. The

higher resolution run shows a proton spectrum with a larger modulation than the
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Figure 4.16: High-resolution simulation run for instability study - Comparison of

a low-resolution [(a)-(b)] and high-resolution [(c)-(d)] 2D simulation. The transverse cell

number is eight-fold increased from 168 to 1344 with otherwise identical parameters. The

high-resolution run reveals the instability development in more detail (c).
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spectrum obtained with the lower resolution one (figure 4.16). The evolution of the

proton charge density in time is also shown as a 3D picture in figure 4.17.

Figure 4.17: 3D visualisation of high-resolution run - 3D plot showing the evolution

of carbon ion charge density in time. Clearly the acceleration and instability development

as evidenced in the rippling of the density front are observed.

In summary, the development of transverse instabilities was numerically studied

with OSIRIS particle-in-cell simulations. It confirmed the existence of bubble structures

as experimentally observed, which are a key signature for radiation-pressure accelerated

ion and proton beams.

To suppress the transverse RTI in the RPA regime, the use of elliptically polarised

lasers has been proposed (145). A moderate ~j ⇥ ~

B heating of the elliptically polarised

pulse can thermalise the local electrons, inducing a transverse di↵usion of ions and

resulting in the stabilisation of the short-wavelength perturbations of RTI. This could

lead to an improved ion beam, whose beam divergence is not severely a↵ected by the

transverse smoothing mechanism (145).
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4.3 Electron dynamics during relativistic transparency

4.3 Electron dynamics during relativistic transparency

As stated in section 2.7, with the currently available laser systems, a direct acceleration

of the ions is not possible. Therefore the laser energy is always transferred to the ions

via the plasma electrons. This makes the study of the electron dynamics during laser-

plasma interaction necessary.

In the following, the collective response of plasma electrons to intense laser fields

over an extended interaction volume in the onset of relativistically induced transparency

is presented. As it was shown previously, RIT is a particularly important factor in the

frame of radiation pressure acceleration as it sets a limit to the intensity with which

an electron density shock front can be driven. It also underpins a range of other in-

tense laser-plasma physics, including high energy x-ray generation (Bremsstrahlung

(146), synchrotron (147, 148) and betatron (149) production), high-harmonic genera-

tion (150), high-field physics (151) and the production of intense magnetic fields (152).

The results presented in this section were published in the New Journal of Physics

(153).

The behaviour of ponderomotively-driven electrons during the interaction of an ul-

traintense laser pulse with thin solid targets is studied, which is important for the

development of promising new ultraintense laser-driven ion acceleration mechanisms

involving ultrathin targets. One interesting mechanism is the so-called Breakout Af-

terburner (as introduced in section 2.7.3). Numerical studies of Yin et al. predicted an

asymmetry in the collective response of electron in the interaction of an ultraintense

laser with nanometre foils (98).

This asymmetry in the collective dynamics is demonstrated experimentally, as the

plasma turns relativistically transparent. The 2D spatial-intensity profile of the accel-

erated electrons changes from an ellipse aligned along the laser polarisation direction

in the case of limited transparency, to a double-lobe structure aligned perpendicular

to it when a significant fraction of the laser pulse co-propagates with the electrons.

The temporally-resolved dynamics of the interaction are investigated via particle-in-

cell simulations. These numerical results were obtained with the particle-in-cell code

EPOCH (154) and were carried out by the group of Professor Paul McKenna of the

University of Strathclyde.
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Figure 4.18: Electron and proton spatial-intensity distributions - (a)-(d) 2D

spatial-intensity distribution of the electron beam, for energy > 5 MeV, as measured with

imaging plate, for: (a) L = 800 nm with polarisation in the x-axis; (b) L = 40 nm with

polarisation in the x-axis; (c) L = 40 nm with polarisation in the y-axis; and, (d) L = 10

nm with polarisation in the x-axis. The laser polarisation axis is shown as a red line. (e)

Modulation in the electron signal as a function of ✓ (angle of the laser polarisation) at 10

mm radius, corresponding to the lobe centre. (f)-(g) 2D spatial-intensity distribution of

the proton beam, at ⇠ 1 MeV (f) and ⇠ 3 MeV (g), for L = 10 nm and polarisation on

the x-axis (the same laser shot as the electron distribution in (d))
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4.3 Electron dynamics during relativistic transparency

Figure 4.19: Target electron density evolution - (a) Schematic illustrating the target

electron density evolution and induced transparency. (b) Schematic showing the laser

foil interaction and the position of the electron and proton spatial-intensity distribution

detector.
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Figure 4.20: Laser pulse transmission and peak electron density - (a) Comparison

between experiment and simulation results for the transmitted percentage of the laser as

a function of target thickness. (b) Evolution of the peak electron density in the PIC

simulation (at any position across the evolving electron density profile.) for L = 10 nm

and 40 nm. The laser pulse temporal profile is shown in the background for reference. (c)

Electron density (in units of 100 n

e

/n

cr

) and (d) laser electric field (in units of TVm�1)

along the laser propagation (z) axis as a function of time, for L = 10 nm; (e) and (f) are

the corresponding plots (same units) for L = 40 nm; (g) evolution of the laser Poynting

flux and the electron Lorentz factor 600 nm from the target rear surface for L = 10 nm;

(h) corresponding plots for L = 40 nm.
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In a foil target, electrons are driven forward from the region of the critical den-

sity n

cr

, beyond which the laser light cannot propagate, by the first component of

the ponderomotive force (section 2.2.1), with a 2! oscillation induced by the second

component(155). In the specific case of targets in which relativistically induced trans-

parency (RIT) occurs, the transmitted part of the laser pulse also ponderomotively

drives a significant electron momentum in the perpendicular (radial) direction.

The RIT process (in detail explained in section 2.5) is illustrated schematically in

4.19, which also shows the longitudinal propagation of a ponderomotively-driven lo-

cal region of enhanced electron density ahead of the laser pulse (156). Transparency

changes the nature of the interaction from surface-dominated to volumetric (22), such

that the collective electron response to the laser field continues over an extended dis-

tance.

An understanding of the charged particle dynamics in the RIT regime is particularly

important for the development of the Break-Out Afterburner (BOA) (82) and RIT-

acceleration (RITA) (156), and for schemes for which it is harmful, such as radiation

pressure acceleration (RPA) (157), which is most e↵ective just before transparency

occurs.

Usually, the beam of electrons expelled by the ponderomotive force of an intense

laser with a symmetric intensity profile has also a cylindrical symmetry along the laser

propagation axis. However, in a theoretical study of BOA featuring 3D particle-in-cell

simulations, Yin et al. (20) predicted an asymmetry in the collective response of the

electrons in thin foil targets undergoing RIT.

A variation in the electron response to the laser ponderomotive force scaling as

cos(2✓), where ✓ is the angle between the electron radial momentum vector and the

polarisation axis, is predicted to lead to the formation of electron density lobes in

the direction orthogonal to the laser polarisation and propagation axes. Although

signatures of an annular profile in BOA-ion acceleration had been reported (158, 159),

the predicted azimuthal asymmetry in the electrons had not been measured directly.

Results from one of the experimental campaigns with the Astra Gemini laser demon-

strate this asymmetry in the collective electron response to the radial ponderomotive

force during RIT, as manifested in the formation of lobe structures in the spatial-

intensity profile of the beam of electrons accelerated. The electron dynamics is shown,

both experimentally and via PIC simulations, to be highly sensitive to the polarisation
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Figure 4.21: Electron spatial profiles - This shows the electron spatial profiles as

imprinted on image plates for p-polarised laser light impinging on 40 nm and 10 nm Al

foils. The polarisation axis is varied, thereby controlling the elliptic beam profile of the

electrons
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of the drive laser pulse and the degree of transparency induced. These results highlight

the potential to control the collective electron dynamics, the formation of resulting elec-

trostatic fields, and hence the spatial intensity profile of the beam of ions accelerated

by these fields.

4.3.1 Experimental set-up

The Astra-Gemini Ti:Sapphire laser at the Rutherford Appleton Laboratory was used

to produce pulses of 800 nm with typical duration, ⌧ = 40 fs (FWHM). For some shots,

the laser pulse duration was varied in the range 40-160 fs by adding group velocity

dispersion to the pulse via an acousto-optic modulator. A double plasma mirror set-

up in-built in the Astra-Gemini transport system, enhanced the intensity contrast to

⇠ 1011 and ⇠ 109, at 1 ns and 10 ps, respectively, prior to the peak of the pulse. The

pulse was focused using an f/2 o↵-axis parabolic mirror, to a spot size of 3 µm (FWHM),

yielding a calculated peak intensity, I, of 7⇥ 1020 Wcm�2. The pulse delivered ⇠ 2 J

of energy on-target (i.e. the energy after the plasma mirrors and transport optics). A

deformable mirror was employed prior to focusing to ensure a high quality focal spot.

The laser light was linearly polarised, with the direction of polarisation varied using

a thin mica �/2 wave-plate. The target was an aluminium foil, with thickness, L, varied

in the range of 10-800 nm. It was placed in the laser focus, with the target normal in

the direction of incidence of the laser.

Up to 15 targets were mounted on a motorised target wheel, allowing to change and

align the target without the need to open the chamber (inner volume ⇠ 5 m3). The

Astra-Gemini laser can in principle deliver a shot every 20 seconds, however the actual

shot time is limited by the target alignment procedure, which can take up to 20 minutes.

The targets are aligned with a retro-focusing system or white light illumination of the

front surface and the use of a focal spot camera.

Due to the higher shot rate compared to the Vulcan system described in the previ-

ous section, primarily on-line diagnostics (such as a Thomson Parabola spectrometer

coupled to a micro-channel plate with a phosphor screen and CCD camera) were em-

ployed (see section 3.1.4). All o↵-line diagnostics (such as Radiochromic Film stacks)

were also mounted on motorised mounts for the same reasons stated above. During

laser shots, the vacuum chamber was kept at a pressure of 10�4 mbar accomplished by

roughing and turbo pumps.
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The energy of the laser light transmitted through the target (due to RIT) was mon-

itored both by optical spectrometer measurements and by measuring the 2D spatial-

intensity profile of the transmitted laser beam on a PTFE screen positioned behind

the target, with a CCD camera. The energy transmission as measured by both diag-

nostics was calibrated by comparing the recorded signal to the energy measured on a

calorimeter on shots for which there was no target in the beam path.

The 2D spatial-intensity profile of the beam of ponderomotively accelerated elec-

trons by the laser pulse was measured 3 cm downstream from the target using passive

stacked layers of Fujifilm image plates (IP), interleaved with iron filters 1, and in sep-

arate shots, in real-time using a Kodak Lanex screen detector, with equivalent iron

filtering. The 2D spatial-intensity and spectral profile of the beam of accelerated pro-

tons was simultaneously measured using stacked layers of radiochromic film, placed

immediately in front of the IP stack, filtered for energy selection with thin layers of

Mylar and copper. The stacks were centred on the laser propagation (z-) axis, as

illustrated in figure 4.19.

4.3.2 Experimental results

Figure4.18 shows representative measurements of the spatial-intensity profiles of both

the electron and proton beams, and exhibits the most salient features of the experimen-

tal results. The only laser pulse parameter varied for this data set is the direction of

polarisation (⌧ = 40 fs and I = 7⇥ 1020 Wcm�2). For L = 800 nm, for which induced

transparency does not occur, the electron beam is circular and relatively small. For L

= 40 nm, a larger number of electrons are detected and the beam is highly elliptical,

with the major axis parallel to the laser polarisation. This is clear when comparing

figures 4.18 (b) and (c) and 4.21, for which the laser polarisation vector is along the

x-axis and y-axis, respectively. Similar polarisation-sensitive electron beam ellipticity

has been previously observed in laser-underdense plasma interactions(160) (but not

with overdense targets) and indicates strong electron interaction with the laser electric

field.

Figure 4.18(d) shows the corresponding case for polarisation in x and a L = 10 nm

target, for which a double-lobe structure, centred on the laser propagation axis and

oriented in the axis perpendicular to the laser polarisations, is measured. In figure

1
RCF stacks with varying filtering were used, see table 3.2 for example stack design
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4.18(e) the electron signal at a radius corresponding to the peak of the lobes is plotted

as a function of ✓ (angle with respect to the polarisation axis). The variation in the

distribution has a cos(2✓) dependence, which is in good agreement with the theoretical

predictions of Yin et al. (20). The double-lobe structure in the electron density arises

due to the plasma response to the propagating laser field. Although the radial pon-

deromotive force is axisymmetric, as described in (20), a cos(2✓) variation arises in the

collective response of the electrons to the combined radial force and the laser E-field

(the angular variation arising from a dot product in the momentum component terms).

The double lobe structure is only measured for the thinnest targets explored (L =

10 nm). Figure 4.18(f) and (g) shows the corresponding proton beam profile at two

proton energies sampled. Generally with decreasing target thickness the proton beam

becomes more structured, with evidence of hollowing for L = 10-40 nm. The highest

proton flux is typically measured o↵-axis, which is a signature of BOA-ion acceleration

(158, 159). At low proton energies radial spoke features are also clearly observed for

L = 10 nm, and the prominence of this feature also decreases with increasing L. By

considering the magnitude and evolution of the charge separation-induced electrostatic

fields, as determined from numerical simulations discussed in the next section, it is

calculated that the measured double-lobe electron distribution could give rise to proton

lobes separated by ⇠ 6 mm at the position of the RCF detector. The features observed

in figure 4.18(g) are separated by about this scale, but a double-lobe structure is not

clearly observed. The separation of the expected proton lobes will increase with the

duration of the electrostatic field and hence the drive laser pulse. The theoretical study

in which a double-lobe ion distribution is predicted was performed for laser pulses with

⌧ > 150 fs (20).

Figure 4.20(a) shows the measured percentage of laser light transmitted as a func-

tion of L. Only a few percent is transmitted for L = 40 nm, rising to ⇠ 10% for L =

20 nm and ⇠ 30% for L = 10 nm. The measured changes to electron and proton beam

profiles are thus shown to be correlated with the onset of RIT.

4.3.3 Simulations of the onset of RIT

To investigate this correlation in more detail, 2D3V simulations were performed using

the fully relativistic electromagnetic PIC code EPOCH by the Strathclyde group. Full

3D PIC simulations at the required spatial and temporal resolutions and solid density

113



4. SINGLE PULSE INTERACTION WITH THIN SOLID TARGETS

requires high performance computing resources much beyond those available for this

study. However, 2D3V simulations enable core aspects of the collective e↵ects governing

RIT and the resulting electron dynamics to be explored. The simulation grid comprised

a total of 7.2 million cells with ten particles per cell and a spatial resolution of 0.5 ⇥
0.8 nm. The laser had a Gaussian profile both temporally and spatially. The target

consisted of two species, electrons and Al13+ ions at a density n

e

/n

cr

= 447. In order

to resolve the Debye length, the initial electron and ion temperatures were T

e

= 10

keV and T

i

= 40 eV, respectively. Simulations were performed as a function of laser

polarisation, target thickness (10, 20 and 40 nm), laser intensity (up to 6⇥1020 Wcm�2)

and pulse duration (⌧ = 40-160 fs). The simulation plane is y-z, the laser is incident

along the target normal (z-axis) and propagates only 200 nm in vacuum before reaching

the target front surface (laser light therefore reaches the target 1.5 fs after the start of

the simulation, ensuring interaction with an initially solid density target).

The predicted onset of transparency occurs at a target thickness of 20 nm, in good

agreement with the experimental results figure 4.20(a), although the percentage of

transmitted light is higher than that measured for the 10 nm thick target case. Simula-

tions for L = 40 nm exhibit minimal transparency. As shown in figure 4.20(b), for this

case the peak electron density increases by more than a factor 2 in response to the laser

ponderomotive drive, and decreases to �n
c

only very later in the laser pulse (which is

included as a background plot). By contrast, for L = 10 nm significant transparency

occurs as the peak density decreases to �n
cr

on the rising edge of the laser pulse. The

temporal evolution of the electron density and the laser electric field along the laser

propagation axis (y=0) are shown in figure 4.20(c) and (d), respectively, for L = 10

nm, and in figure 4.20(e) and (f), respectively, for L = 40 nm. The e↵ects of radiation

pressure are observed in both cases, with the L = 10 nm target becoming transparent

after 30 fs. The L = 40 nm case remains overdense throughout the simulation time.

The evolution of the electron Lorentz factor and the Poynting flux (which is a

measure of laser energy) at an example distance of 600 nm downstream from the initial

rear surface of the target, are shown in figures 4.20(g) and (h), for L = 10 nm and 40

nm, respectively. For the L = 10 nm case transparency occurs after ⇠ 30 fs, and the

Lorentz factor increases by more than a factor of two in response to the transmitted

laser pulse. There is no appreciable increase in the electron Lorentz factor downstream

for the L = 40 nm case. The results presented in figure 4.20 all involve polarisation in
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4.3 Electron dynamics during relativistic transparency

the plane of the simulation box. These results confirm that for the parameters of the

experiment, significant transparency occurs for L = 10 nm and that the propagated

portion of the laser pulse continues to act on the accelerated electrons over an extended

volume at the target rear.

Figure 4.22: Electron beam density and Poynting flux - (a)-(d) Experimental

results: 2D spatial-intensity distribution of the electron beam density (in arbitrary units)

for energy > 5 MeV, as measured with a Lanex screen, for: (a) ⌧ = 40 fs; (b) ⌧ = 80 fs; (c)

⌧ = 120 fs, and (d) ⌧ = 160 fs. The laser is polarised along the x-axis in all four cases and

the target thickness is 10 nm; (e)-(j): simulation results: (e) electron density (in units of

100 n

e

/n

cr

) and (f) laser electric field (in units of TVm�1) along the z-axis as a function

of time, for a ⌧ = 160 fs pulse; (i) evolution of the laser Poynting flux and the electron

Lorentz factor 600 nm downstream from the target rear surface for a ⌧ = 80 fs pulse; (j)

corresponding plots for a ⌧ = 160 fs pulse.

To further confirm that the degree of RIT occurring defines the spatial-intensity

distribution of the electron beam, both the experiment and simulation studies were ex-
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4. SINGLE PULSE INTERACTION WITH THIN SOLID TARGETS

panded to investigate the sensitivity to the laser pulse duration, for fixed laser energy

and target thickness L = 10 nm. Figures 4.22(a)(d) show that the orientation of the

major axis of the resulting elliptical electron beam (measured on the Lanex screen)

changes from being aligned perpendicular to the laser polarisation for a ⌧ = 40 fs pulse

to being parallel for ⌧ = 160 fs. Corresponding simulation results for the temporal

evolution of the electron density and laser electric field along the laser propagation

axis are shown in figures 4.22(e)(h) for two example cases, ⌧ = 80 fs and 160 fs. The

Poynting flux and Lorentz factor (as for the ⌧ = 40 fs results in figure 4.20(g)), are

shown in figures 4.22(i) and (j), for ⌧ = 80 fs and 160 fs, respectively. In all cases

the laser polarisation vector is in the plane of the simulation. The simulations con-

firm that the degree of transparency decreases with increasing pulse duration, because

of the decreasing peak laser intensity. These results, when considered together with

those in figure 4.20, demonstrate that the orientation of the electron spatial-intensity

distribution is sensitive to the degree of laser light transmission.

In the discussion so far, the onset of transparency is described in terms of the

combined e↵ect of the increasing electron Lorentz factor, on the rising edge of the

laser pulse, coupled with the thermal expansion of electrons into vacuum resulting in

a reduced peak electron density, such that laser pulse propagation can occur part way

through the interaction (74, 75). This physical picture is rigorously true for infinite

plasmas. In the case of target thickness comparable to the plasma skin depth, the

transparency conditions are modified due to additional e↵ects such as the longitudinal

ponderomotive force at the plasma interface (161). Vshivkov et al. (77) derive the

conditions for relativistic transparency in a thin slab of overdense plasma as a0 �
!

2
p

L/2c!, where ! and !

p

are the laser and plasma frequency, respectively, L is the

target thickness and a0 is the light amplitude (equation (50) in reference (77)). For the

parameters of the present experiment, this condition is satisfied only for L < 20 nm

(with the terms on the right side equal to a0 for L = 70 nm). Thus the obtained results

are also in good agreement with the analytical model of RIT in thin plasma slabs (77).

Also the role of light pressure compressing the electrons in the thin target such that

the e↵ective target width as seen by the laser becomes of the order of, or less than the

skin depth has been considered. Whereas this can contribute to inducing transparency

in thin foils in the case of circularly polarised laser light, due to the constant light

pressure and reduced electron heating, in the case of linear polarisation and the other
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4.3 Electron dynamics during relativistic transparency

laser and target parameters considered here the presented simulations indicate that RIT

occurs predominately through plasma expansion reducing the peak electron density.

Figure 4.23: Temporal evolution of electric field and electron density - PIC

simulation results showing the temporal evolution of (a) E
x

, the laser E-field (in TVm�1

and (b) the electron density (in units of n
e

/n

cr

), along the y-axis, at 600 nm downstream

from the rear surface of a L = 10 nm target; (c) example 2D profile of the electron density

at 35 fs, just after RIT has occurred (in units of 100n
e

/n

cr

); (d) time-integrated electron

density profile along the y-axis (at 600 nm from the rear surface) for the two polarisation

directions.

4.3.4 Modelling axial asymmetry in the plasma response to RIT

Detailed numerical investigation of the asymmetry in the collective electron response

to the onset of transparency requires high resolution 3D simulations with an initially

solid density target, which were computationally too demanding. However, the 2D3V

EPOCH code used employs a 2D simulation plane with 3 field and velocity components,
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4. SINGLE PULSE INTERACTION WITH THIN SOLID TARGETS

which enables aspects of the asymmetry to be explored by comparing the 1D electron

density profiles along the y-axis in simulation runs with the polarisation parallel (y-

polarised) and perpendicular (x-polarised) to the simulation plane.

In figure 4.23 the electron response for the L = 10 nm case is explored. Figures

4.23(a) and (b) show the temporally-resolved E-field of the transmitted laser light and

the electron density, respectively, as measured 600 nm downstream from the target

rear surface. The laser is polarised in the x-axis (i.e. perpendicular to the plane of the

simulation), and, as before, t = 0 corresponds to the start of the simulation. Electrons

ponderomotively driven forward (longitudinally) by the laser pulse are ejected first from

the target and detected downstream after about 20 fs. This population is relatively

small in number compared to the dense population which arrives later and as a result

shows up as a relatively weak signal along the y = 0 axis in figure 4.23(b). Before the

target undergoes RIT it is driven forward by laser radiation pressure, to a maximum

on-axis displacement of ⇠ 300 nm. After 30 fs the target is relativistically transparent

and the reminder of the laser pulse is transmitted, as shown in figure 4.23(a). Figure

4.23(c) shows an example 2D profile of the target at 35 fs (just after RIT has occurred).

The simulations reveal strong radial expulsion of the electrons due to the radial

ponderomotive force of the transmitted laser light and a longitudinal oscillation of

the electrons in response to the 2! component of the ponderomotive force, which re-

sults in bunches of electrons being ejected forward towards the diagnostic point down-

stream. As shown in figure 4.23(b), the density distribution of the radially expelled

electrons (detected 600 nm downstream after 40 fs) is modulated at 2!. Temporally

integrated electron density profiles for the cases in which the distribution is sampled par-

allel and perpendicular to the laser polarisation vector are compared in figure 4.23(d).

The double-peak feature observed perpendicular to the laser polarisation (x-polarised),

which changes to a more uniform distribution for the parallel case (y-polarised), is

qualitatively consistent with the experimental results in figure 4.18(d).

4.3.5 Summary

In summary, the dynamics of electrons in a relativistically transparent foil driven by a

linearly polarised laser field were studied in this section. The onset of RIT for a 20 nm

thin target was reproduced with particle-in-cell simulations for given laser parameters

and target characteristics. RIT occurs mainly due to plasma expansion, which agrees
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4.3 Electron dynamics during relativistic transparency

with the analytical model. The orientation of the spatial intensity distribution of

the electrons is correlated with the degree of laser light transmission. The collective

dynamics of electrons in a relativistically transparent foil driven by a linearly polarised

laser field is experimentally shown to exhibit a cos (2✓) dependence, as manifested

in a double lobe formation in the electron density distribution. This was predicted

theoretically by Yin et al. (98) and reproduced with particle-in-cell simulations. The

degree of structure in the proton beam, the the form of radial spokes in the beam is

also found to be correlated to the onset of transparency, showing signatures of the BOA

acceleration model.
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5

Double pulse interaction with

thin solid targets

From the early days of laser acceleration research there has been a continuing e↵ort to

further understand and harness the rich variety of phenomena that arise in the laser-

plasma interaction, by varying in a controlled manner the myriad of parameters that

determine them. These include the target size, shape, and composition (16, 162), the

geometry of the interaction (163) and laser parameters (intensity, polarisation, pulse

duration, and pulse shape) (91, 132, 164, 165).

Among the latter the use of a controlled pre-pulse has been proposed as an e↵ective

way to tailor and optimise the target density profile (166, 167). For instance, an intense

enough pre-pulse may initiate an expansion of the target so that some time afterwards

the main pulse may encounter a near critical density plasma. Such near critical density

plasmas are particularly well suited for sustaining the hole boring mechanism of ion

acceleration (92, 168).

In the following chapter, the investigations of ion acceleration using double laser

pulse schemes are presented.

Experimental campaigns were carried out with ultrathin solid aluminium targets to

study the feasibility of enhanced acceleration of ions with a double laser pulse set-up

(both pulses linearly polarised). The results led to the investigation and proposal of a

novel scheme of acceleration using a double pulse with mixed polarisations (linear and

circular).
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5. DOUBLE PULSE INTERACTION WITH THIN SOLID TARGETS

Extensive simulations with the particle-in-cell code OSIRIS were performed in order

to find the best practical conditions for this new accelerations scheme.

The first part of the chapter presents an enhanced proton acceleration in the rela-

tivistic transparency regime. It includes experimental results from one of the campaigns

carried out with the Vulcan laser and numerical results obtained with the particle-in-

cell code EPOCH by the Strathclyde group. The presented work was published in the

New Journal of Physics (169). In the second part of the chapter, the results obtained

with the OSIRIS code are presented. These simulations were firstly carried out for long

picosecond pulse durations to allow comparison to the experimental and numerical re-

sults presented in the first part, and then extended to a feasibility study with short

femtosecond pulses.

5.1 Ion acceleration in a pre-expanded plasma

As discussed in previous chapters, the interaction of an intense-laser with ultrathin

targets may generate ion beams by a variety of mechanisms. An enhanced energy

coupling is mediated by a self-generated plasma channel, leading to absorption over

an extended length of near-critical density plasma. The final maximum ion energy in

the vicinity of the channel can be increased, and this increase is highly sensitive to the

intensity profile of the rising edge of the laser pulse, which varies the extent of overlap

between the channel and the expanding proton layer.

5.1.1 Experimental set-up

The experimental results were obtained with the Vulcan Petawatt laser (described in

section 3.1.1.1). Figure 4.10 shows the experimental arrangement. Beside the normal

single shot operation as employed in the previous set of measurements, the pulse was

also configured to deliver double pulses separated by a delay of 1.5±0.1 ps.

This mode was achieved by introducing a pre-pulse after the first stage of pre-

amplification and before the pulse stretcher, using a polariser and polarising beam

splitter to control the energy. Therefore the first pulse e↵ectively acts as a controlled

pre-pulse with a variable intensity ratio. The rest of the experimental arrangement,

focusing system, plasma mirror, target mount and beam diagnostics, were the same as

described before in section 4.2.
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5.1 Ion acceleration in a pre-expanded plasma

Taking into account the beam losses on-route to the target by optics and plasma

mirror, a total of 200 J energy was delivered on target. The measured focal spot at

FWHM diameter was 7.3 µm, which combined gave a peak intensity, I
L

, of 2 ⇥ 1020

Wcm�2 (a0 = 13) in the single pulse case. In the double pulse case the energy was

divided between the first and second pulse, therefore the total intensity was the same.

Figure 5.1: Laser contrast - (a) Third-order autocorrelation measurement of the rising

edge profile of the laser pulse (black line); modelled contrast enhancement due to plasma

mirror (red line). (b) Same plot as the modelled contrast enhancement in (a), but on a

linear intensity axis and scaled to view the picosecond rising edge of the pulse

Due to the relatively long pulse duration of Vulcan, the amplified spontaneous

emission can drive significant plasma expansion before the arrival of the main pulse.

In order to remove the unwanted ASE and improve the contrast of both the wanted

pre-pulse and the main pulse a plasma mirror has been employed. It was placed after

the o↵-axis parabola. In figure 5.1 an example temporal contrast is shown made of the

pre-amplifiers, stretcher and compressor systems using a third order cross-correlator

(Sequoia) (see section 3.1.2 for details). This detailed scan was made with low power

pulses and represents the inherent intensity contrast of the laser pulses, i.e. without

plasma mirrors. The contrast enhancement produced by the plasma mirror cannot be

measured using the same scanning technique due to the requirement to operate the

plasma optics with full power pulses and therefore in single-shot mode. Therefore, the

calculated pulse intensity profile after the plasma mirror, as modelled using measure-

ments of the plasma mirror reflectivity as a function of peak intensity (170), is shown in

123



5. DOUBLE PULSE INTERACTION WITH THIN SOLID TARGETS

figure 5.1. The corresponding plot in the picosecond region of the laser pulse is shown

in figure 5.1(b) on a linear axis.

To quantify changes to the intensity on the rising edge the parameter I
RE

is used,

which is the intensity 1.5 ps before the peak of the main pulse. With the plasma

mirror, I
RE

⇠ 0.04I
L

. The addition of a variable intensity pre-pulse increases I
RE

up

to a maximum value of 0.2 I

L

. Example on-shot autocorrelation measurements in the

single and double pulse modes are also shown in figure 5.1(b), together with a reference

Gaussian pulse.

Figure 5.2: Experimental set-up - Experimental set-up (top) and example optical

probe images (bottom) of rear-surface plasma expansion for a L = 40 nm target after 10

ps and 120 ps. Features consistent with channel formation and ring-like expansion are

labelled C and A, respectively.

The laser either impinged normally or with an incidence angle, ✓
L

of 30� with

respect to the target normal. The laser was linearly polarised (p-polarisation for the 30�

incidence case). The oblique incidence angle was chosen to be su�ciently large to clearly

separate the proton beam components directed along the target normal (i.e. TNSA) and
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5.1 Ion acceleration in a pre-expanded plasma

Figure 5.3: Proton spatial-intensity profiles - Proton spatial-intensity profiles in the

range 5-7 MeV. (a) [✓
L

= 0�, I
Re

= 0.04 I

L

, L = 10 nm]; (b) [✓
L

= 0�, I
Re

= 0.1 I

L

, L

= 10 nm]; (c) [✓
L

= 30�, I
Re

= 0.1 I

L

, L = 40 nm]; (d) [✓
L

= 30�, I
Re

= 0.2 I

L

, L = 40

nm]. The red cross marks the laser propagation axis and the circles mark the radii at 15�

and 30�. See text for details on labels A, B and C.
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5. DOUBLE PULSE INTERACTION WITH THIN SOLID TARGETS

along the laser axis (i.e. RPA in expanded plasma), while ensuring complete collection

of all components on the detector. A schematic of the experimental arrangement is

shown in figure 4.10 and 5.2.

The target foils consisted of aluminium with thickness, L, varying between 10 and

40 nm. As it was found in the experiments, in both cases relativistically-induced trans-

parency occurs to di↵erent extents. Protons and carbon ions arise from hydro-carbons

on the target surfaces. The transparency was measured at the back side of the chamber

(i.e. on the right side of the chamber in figure 4.10), collecting the transmitted light

with two CCD cameras at the back side of the chamber, that is, in front of the target

from the point of view of the incident laser. The cameras were fitted with interference

filters at the laser fundamental wavelength and second harmonic respectively. It was

found that the laser energy transmission was typically a factor of 2.5 higher for the 10

nm foils compared to the 40 nm case. Some shots with 100 nm and thicker aluminium

have not shown any transparency.

Various diagnostics were employed to monitor the charged particle dynamics. The

spatial-intensity distribution of the protons accelerated by the various acceleration

schemes was measured in coarse energy steps using a stack of radiochromic films (RCF),

positioned 7.5 cm behind the target (sample stack composition is shown in table 3.2.

The dimensions of the RCF were 6.4 cm ⇥ 5.0 cm.

A slot in the RCF stack provided a line-of-sight to a Thomson parabola spectrometer

(see section 3.1.4.1) (171) with calibrated image plate detectors (172). This was used

to measure the charge-to-mass (q/m) ratio of the di↵erent ion species and the energy

spectra of the ions accelerated along a sample angle of 8� from the laser axis. The low

energy threshold of the Thomson Parabola for protons was 5 MeV and the spectral

measurements were background-subtracted.

The plasma expansion depends sensitively on the initial target thickness as well as

the incoming laser parameters. A transverse optical probe was used to monitor the

plasma expansion profile by shadowgraphy (173), Mach-Zehnder interferometry (174)

and Nomarski interferometry (175). Example probe interferograms are shown in figure

5.2. The figures shows features in the plasma expansion which are consistent with the

proton beam measurements and simulations.
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5.1 Ion acceleration in a pre-expanded plasma

5.1.2 Experimental results

In figure 5.3 representative measurements of the spatial-intensity profile of the proton

beam are shown for both normal and 30� incidence, di↵erent pre-pulse intensity ratios,

I

RE

= 0.04I
L

(single pulse) and I

RE

= 0.1 � 0.2I
L

(double pulse), respectively and

target thickness L = 10 nm and 40 nm.

The red cross marks the laser axis, and each dotted circumference marks the inter-

section of the RCF with 0� and 30� aperture cones originating a the point of interac-

tion. The [✓
L

= 0�; I
RE

= 0.04I
L

; L = 10 nm] in figure 5.3 (a) is dominated by an

annular ring profile with divergence half-angle of ⇠ 12�. A similar feature has been ob-

served with diamond-like carbon foils undergoing relativistically-induced transparency

(158, 176). Signatures of this feature are referred to as ’A’ in the following text.

As shown in figure 5.3(b) for [✓
L

= 0�; I
RE

= 0.1I
L

; L = 10 nm], when increasing

I

RE

, bubble-like structures are formed, which are referred to as feature ’B’. These are

attributed to transverse instabilities (78) and clearly observed in the ring.

As described in chapter 4.1 a radiation pressure driven acceleration mechanism

produces a particle beam in the direction of the laser whereas the TNSA produces a

beam in the direction of the target normal. Therefore, if both mechanisms coexist in

the interaction it is possible to distinguish their contributions by tilting the target with

respect to the incoming laser, hence creating two angularly separated particle beams.

This can be seen in figure 5.3 (c) and (d).

Figure 5.3(c) shows the proton beam profile obtained after tilting the target by 30�,

with I

RE

= 0.1I
L

and L = 10 nm. The bubbles only occur along the incoming laser

axis which is consistent with the prediction that they only appear in case of radiation

pressure accelerated protons, but not for sheath-accelerated protons. The ring however

is centred along the target normal axis in all shots.

An enhanced region of proton density and maximum energy is observed near the

edge of the ring at an angle of 15-20� from the laser axis. This feature is labelled ’C’

in figure 5.3. This feature is more clearly observed for the 40 nm targets [✓
L

= 30�;

I

RE

= 0.2I
L

; L = 40 nm]. Feature ’C’ moves around from shot-to-shot within an

approximately 10� angular range. On many shots it overlaps with the localised region

of the ring, giving rise to an arc-shaped population of higher energy protons on the RCF,
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and in other shots, where it does not overlap the ring, it is approximately circular as

shown in 5.3(d).

Due to the movement of feature ’C’ it was not possible to measure the corresponding

proton spectrum with a fixed spectrometer sampling a small angular range. Instead,

the spectrum in the region of this feature was obtained from the RCF stack and is

shown in figure 5.4. Corresponding spectra measured using the spectrometer at 8� are

shown in figure 5.4. Both sets of measurements show an extension of the spectrum to

higher energies as the pulse intensity ratio is increased, highlighting an overall enhance-

ment in ion energies in the angular region between the laser axis and target normal.

The largest enhancement is measured in the region of feature ’C’. In order to explain

these phenomena a set of PIC simulations were performed, which are presented in the

following section.

Figure 5.4: Energy spectra - Proton energy spectra in the region of feature ’C’, as

measured using the RCF stack (right), for three example I
RE

(all for ✓
L

= 30� and L = 40

nm. Left: Corresponding proton energy spectra as measured using the Thomson parabola

spectrometer at 8� to the laser axis.)

5.1.3 Simulations

The underpinning physics was investigated by performing 2D and 3D PIC simulations

with the EPOCH code (154) with parameters chosen to be comparable with the exper-

iment.

The simulation box for the 2D runs was 175 µm ⇥ 65 µm, using 26000 ⇥ 3840 mesh

cells and 50 particles per cell. The target is angled at 30� to the laser axis and was
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initialised as a 40 nm thick layer of Al11+ with an ion density of 60 n

cr

, with 8 nm thick

hydrocarbon contamination layers with 60 n
cr

H+ and 20 n
cr

C6+ on both surfaces. Test

simulations with the EPOCH code incorporating an ionisation model showed that for

the explored parameter range, the predominant ionisation state reached in aluminium

and carbon is q = +11 and +6, respectively. The initial electron temperature was set

to 10 keV. The laser pulse had a Gaussian temporal envelope with a FWHM of 0.5 ps

and was focused to a Gaussian intensity profile with FWHM 6 µm. The peak intensity

was 2 ⇥ 1020 Wcm�2. The rising edge profile was varied by using a pre-pulse of same

duration with peak-to-peak separation of 1 ps. I

RE

was varied up to 0.5 I

L

, reducing

the peak intensity to keep the energy fixed.

Due to computational restraints, the numerically intensive 3D run used a 60µm

⇥ 20µm ⇥ 20µm simulation box with 3000⇥360⇥360 cells. To compensate for the

reduction in resolution and box size, the target consisted of the equivalent of 20 nm

Al11+ at a density of 60n
cr

, expanded to a Gaussian profile with a peak density of 5n
cr

(informed by the 2D results). Similarly the H+ and C6+ layers were expanded to peak

densities of 5n
cr

and 1.67n
cr

, respectively. The initial electron temperature was 10 keV.

The two laser pulses were again focused to 6 µm, but the pulse durations were reduced

to 0.2 ps (FWHM) with a 0.5 ps separation, to make the 3D simulations feasible. Test

simulation with pulse durations from 0.2 to 0.8 ps showed similar behaviour in all cases

for which relativistically-induced transparency occurs. Example results are shown in

figure 5.5 and 5.6 for the 2D and 3D simulations, respectively. The electrons heated

at the target front side propagate through the plasma and create a Debye sheath at

the back of the target that accelerates the protons in the target normal direction. The

higher q/m species expand faster that the lower ones. This results in the layering of

the ion species in the beam, where the protons take the lead. RIT occurs near the

peak of the pulse, which drives additional electron heating over the target volume. As

shown in figure 5.5(b,f), electrons are heated over a radius of tens of micrometres at the

target rear. This occurs because the radial ponderomotive force due to the propagating

part of the laser pulse drives the electrons radially outwards. This behaviour is clearly

observed in the 3D simulations and is consistent with previous observations (82, 153).

As discussed in the context of BOA (82, 158), in addition to a general enhancement in

the acceleration electric field, energy exchange from the electrons to the ions can occur

via relativistic Buneman-like instabilities (99) (see section 2.6).
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Figure 5.5: 2D simulation results - Top row: 2D PIC results showing (a) electron

density and magnetic field (inlet), (b) mean electron energy, (c) ion density (protons -blue;

C6+ - green; Al11+ - red) and (d) mean ion energy, all for I
Re

= 0 at an example time of

1 ps. The laser is incident from the left along the Y = 0 axis. The dotted lines mark the

laser and target normal axis. Bottom row: Same for I
Re

= 0.2 I

L

at the same time relative

to the peak of the main pulse.

Figure 5.6: 3D simulation results - 3D PIC results showing (a) an example 3D plot

of the total electron energy at 0.4 ps, and 2D maps of the total (b) electron and (c)

proton energies in the Y-Z plane at X = 16 µm. At this relatively small distance from the

target the channel (C) is on-axis and overlaps with one side of the expanding proton ring

distribution. At larger distances it steers o↵-axis as shown in figure 5.5(f)
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In agreement with the experimental results, the simulation exhibit a ring-like proton

distribution centred along the target normal, labelled ’A’, in figure 5.5(c,g). This

feature is not directly induced by the additional heating or radial expansion of the

electron population (which is centred along the laser axis), but is produced by the

RIT-boosted acceleration of heavier (C and Al) ions into the expanding TNSA proton

population (this is discussed in the following section). The transverse optical probe

measurements in figure 5.2(d) show a region of enhanced density either side of the

target normal, consistent with a ring (labelled ’A’). A comparison of probe images at

di↵erent times with respect to the peak of the laser pulse shows that this ring feature

expands outwards.

A salient feature of the simulation results is the observation that the onset of RIT is

accompanied by the formation of an energetic electron jet extending into the expanded

ion layers - feature ’C’ in figures 5.5 and 5.6. The jet is bounded by a magnetic field,

which is shown in the inset of figure 5.5(a) for the region around the target bounded

by the rectangular box. Jet-like current filaments of this type can be produced in

magnetised channels or magnetic vortex-driven current structures generated when fast

electrons are turned around in the sheath field formed at the rear of the plasma slab

(177). A plasma channel or jet-like feature extending from the rear of the target is

observed experimentally in the transverse optical probe measurements of figure 5.2(d),

at early times after the interaction (at 10 ps). Due to the co-propagation of the trans-

mitted part of the laser pulse with the jet, direct acceleration of electrons occurs over

an extended distance, resulting in electron energies significantly higher than the sur-

rounding plasma, as shown in both the 2D and 3D simulations (e.g. figure 5.6(a)).

Note that electron bunching is observed within the jet at the laser frequency, as clearly

observed in figure 5.6(a).

The additional electron energy is in turn coupled to protons in the vicinity of the

jet. Figure 5.7 shows a plot of the longitudinal component of the electric fields induced

by the particles (i.e. with the laser field removed) for the simulation reported in figure

5.5(a-d). The electrostatic fields formed at the interfaces between the three ion species

layers produces a bu↵ering acceleration e↵ect (167, 176) over the full angular range.

Discontinuities in these fields occur where the carbon ions, further accelerated by the

RIT-driven volumetric heating of plasma electrons, are driven into the proton layer

and produce the measured proton ring. Also, a strong longitudinal electric field is
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produced along the plasma jet and extends into the proton layer. This field overlaps

with the highest energy protons (c.f. figure 5.5(d)) and typically occurs at one side of

the expanding proton ring.

Figure 5.7: 2D simulation results - (a) 2D PIC results showing the longitudinal electric

field for I

Re

= 0 at an example time of 1 ps. The dashed region mark the extent of the

front and rear of the proton layer and the field driven by the jet is observed to extent into

it; (b) Spectral power as a function of wave number k along the solid line in (a), which

marks the region along the jet at which the highest energy protons are produced (as shown

in figure 5.3(d)); (c) Analytic solutions to the linear dispersion relation for the Buneman

instability, as discussed in the text. The maximum wave growth occurs at k
max

.

Initially directed along the laser axis, after tens of micrometres the jet steers by 10

to 15� due to the local asymmetry in the plasma density arising from the target tilt.

This results in the highest energy protons being produced in a narrow o↵-axis region,

amongst a broader angular distribution of lower energy ions, as shown in figure 5.5(d)

and (h) and in figure 5.6(c). This is fully consistent with the experimental results for

which the highest energy protons are measured in the RCF at or near the edge of the

proton ring (feature ’C’ in figure 5.3(c) and (d)). The simulations show that the jet

radius increases towards the limit of the expanded plasma because the magnetic field

strength decreases due to the lack of background electrons to provide a neutralising

return current.

5.1.4 Energy transfer to ions

Although a magnetised channel or vortex structure may account for the production

of the electron jet, the parameters are unsuitable for accelerating ions via the mag-

netic vortex acceleration scheme (178). That scheme requires a well-defined localised
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5.1 Ion acceleration in a pre-expanded plasma

magnetic field structure, such as produced at a plasma boundary, which moves in a

non-uniform plasma producing a localised moving longitudinal electric field structure.

In the case as described in the previous sections, the expansion characteristics of the

target produce non-localised magnetic and electric field structures. To explore the en-

ergy transfer between the electrons and ions a Fourier analysis was performed along the

longitudinal electric field in the region of maximum proton energy enhancement and

in the vicinity of the electron jet (shown by the line in figure 5.7(a)), to measure the

spatial structures present. Figure 5.7(b) shows a strong spatial structure in the region

of wave numbers, k, between 2 ⇥ 105 and 4 ⇥ 105 m�1 which grows over time after

the target has gone transparent. This structure appears to be correlated to the rela-

tivistic Buneman instability. Using mean proton and electron plasma frequencies, !
p

,

and velocities, v, along the analysis line the following linear equation for the Buneman

instability is solved:
!

2
pi

(! � kv

i

)2
+

!

2
pe

(! � kv

e

)2
= 1 (5.1)

This results in the dispersion relation shown in figure 5.7(c). The real solutions

correspond to waves that can propagate due to the coupling of the plasma oscillations

of the di↵erent particle populations. Instabilities grow in the region where there are

complex solutions to the dispersion equation. It can be seen that the maximum growth

occurs at k

max

⇠ 3.2 ⇥ 105m�1 (given by the imaginary component of the complex

solution). These dispersion solutions are indicative of a set of fixed plasma frequencies

and velocities, whereas in the simulation these values are evolving. Nevertheless, this

approximation is in good agreement with the spatial structure growing in the simula-

tions. This suggests that the energy transfer mechanism from the electron jet to the

protons is related to the Buneman instability.

5.1.5 Sensitivity to the rising edge intensity profile

The measured maximum proton energy of feature ’C’ increases with I

RE

, as shown

in figure 5.8(a), doubling over the range I

RE

= 0.04 � 0.2I
L

. Both the 2D and 3D

simulations also exhibit an increase over this range. Compared to experiment, the

predicted energies are higher in the 2D and lower in the 3D case, but these absolute

values depend on the laser pulse duration and simulation times (which are shorter for
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the more computationally intense 3D runs). With an increasing I
RE

the expanded near-

critical density plasma becomes more favourable for extended jet formation, resulting

in higher laser energy coupling to electrons, as shown in figure 5.8(a). The case I
RE

= 0

corresponding to an idealised laser pulse, is an exception. Higher proton energies are

predicted because limited ion expansion prior to RIT results in the jet extending over

the full dense proton layer, as shown in figure 5.5(a-d) (where the proton front reaches

X=60µm and the jet extends beyond this). Energy coupling to protons is particularly

e↵ective in this scenario.

Figure 5.8: Numerical and experimental energy comparison - (a) Comparison of

the maximum proton energy in the experiment and in the 2D and 3D simulations, and

total electron energy in the region of the channel 3D simulations, as function of I
Re

. (b)

Temporal evolution of the maximum proton energy and total electron energy behind the

target. Solid line corresponds to L = 40 nm with RIT; dotted line corresponds to L = 40

nm with the laser pulse truncated immediately prior to RIT; dashed line corresponds to L

= 800 nm with the full laser pulse (no RIT)

Figure 5.8(b) shows the evolution of the total electron energy, which rapidly in-

creases when RIT occurs at 0.6 ps, and decreases as the laser pulse decays and energy

is transferred to fields and ions. There is a corresponding increase in the proton ac-

celeration (significant change in the slope at 0.8 ps), resulting in an overall maximum

energy enhancement of a factor of ⇠ 3 over the TNSA-protons set in motion before

RIT occurs. The increase is a factor ⇠ 2 over TNSA driven by the full laser energy on

a target which does not undergo RIT. Even with a relatively small inherent I
RE

level
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5.1 Ion acceleration in a pre-expanded plasma

of a few percent of I
L

, the proton layer expands significantly before RIT occurs and

thus the jet is formed mainly within the lower q/m ion layers.

5.1.6 Summary

In summary ion energy enhancement in ultrathin foils undergoing relativistic induced

transparency was investigated in this section using a double pulse laser scheme. It is

shown that TNSA, RPA and transparency-enhanced/BOA acceleration can all occur,

at di↵erent stages in the laser pulse interaction with the target. The individual mech-

anisms can be investigated angularly separating the ion beams produced by tilting the

target foil with respect to the incident laser. Also, the highest energy ions are mea-

sured in a narrow angular range and result from additional acceleration driven by a

transparency-induced jet of high energy electrons. In the absence of an ideal drive laser

pulse with a very sharp picosecond rising edge, a controlled target expansion tailoring

of the rising edge intensity profile produces an extended plasma jet and thus better

energy coupling to the expanded proton population.

2D and 3D PIC simulations performed with the EPOCH code revealed a novel three-

stage mechanism: 1) sheath expansion 2) hole boring shock wave acceleration, and 3)

energy transfer by two-stream instabilities. The latter causes a resonant energy transfer

between the ions species at the later stage of the interaction. The process begins with

the arrival of a first lower energy laser pulse, which heats the target electrons, driving

plasma expansion and TNSA. Ions of di↵ering charge-to-mass ratios expand at di↵erent

rates, resulting in a spatial layering of ion species. As expansion continues and the

sheath field decays, the second, more intense laser pulse propagates into the near-critical

(but still overdense) plasma. A layer of target electrons is ponderomotively compressed

and driven forward, inducing a strong longitudinal electrostatic collisionless shock wave

which reflects the Al ions forward. These fast SWA-ions begin to stream through

the slower expanding Al layer, resulting in the growth of an electrostatic field due to

the well-known ion two-stream instability (99). As this field grows in time there is a

resonant energy exchange between the two ion populations whereby the wave eventually

reaches a saturation point in which a component of the fast aluminium population

begins to decelerate resulting in an acceleration of the slower aluminium ions. This

acceleration would, ordinarily, result in the dampening of the electric field. However,

due to the onset of self-induced transparency at a critical point on the rising edge of
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the laser field of the main pulse, the field of the propagating laser pulse volumetrically

heats the electron population in the expanded particle layers, resulting in an increase

in the ion acoustic velocities and thus an additional increase in particle expansion and

shock velocities. When the fast SWA-aluminium ion population streams through the

expanded carbon ion layer further streaming instability grow due to the existence of

multiple populations with di↵ering relative velocities. Importantly, one such instability

occurs when the accelerated aluminium ions reach the expanded proton layer.

The results also highlight the importance of diagnosing and controlling the intensity

contrast, not only in the tens of picosecond to nanosecond temporal range explored

previously (162, 179), but also on the picosecond rising edge of the laser pulse. This

task is non-trivial and requires significant investment. However, given the demonstrated

importance of the pulse picosecond rising edge profile and the fact that ultrathin foil

targets are used in a number of new laser-acceleration schemes, in particular RPA and

BOA, this step is important for the development of future applications of laser-ion

sources.
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5.2 Ion acceleration with double laser pulses of mixed polarisation

5.2 Ion acceleration with double laser pulses of mixed po-

larisation

In the previous section it was shown that a linearly polarised laser pre-pulse could create

a near-critical plasma in which the coupling of the linearly polarised main pulse energy

to the electrons would be enhanced. This idea was extended to study the di↵erences

with a circularly polarised main pulse. In this case the second pulse would drive a

shock in the near-critical density plasma instead of a RIT-enabled volumetric heating

and subsequent jet formation. The e�ciency of the hole-boring process increases as

the density of the plasma is reduced to just above the critical density (180). Previous

works have exploited the pre-pulse that often accompanies a high power laser pulse to

somehow prepare the plasma and optimise its conditions for the acceleration of ions,

but in these schemes laser pulses of the same polarisation were used (166, 167).

In the work presented in the following, simulations with the particle-in-cell code

OSIRIS were firstly carried out for linearly polarised double pulses in the picosecond

regime. These simulations were compared to the experimental and numerical results

from EPOCH presented in the first part of the chapter in order to validate them.

The polarisation of the main pulse was then changed to circular to test the idea

proposed above in a set of conditions similar to the ones used in the previously reported

experiments. Simulations with femtosecond pulses were then carried out to investigate

the feasibility of this new scheme with Ti:Sapphire lasers. In order to find the optimum

conditions, simulations with di↵erent pulse durations, pulse delays and target thickness

were performed.

5.2.1 Simulations

One-dimensional simulations were performed with the fully-relativistic particle-in-cell

(PIC) code OSIRIS. The Vulcan laser parameter set was used for the picosecond regime

calculations. Therefore the wavelength was set at 1054 nm. The laser pulses had a sin2

pulse envelope with a duration of 800 fs FWHM each and were delayed by 1 ps. Both

pulses were focused to a diameter of 7.3 µm. The pre-pulse and main pulse carried

intensities of 0.2⇥ 1020 Wcm�2 and 1.8⇥ 1020 Wcm�2, respectively.

For the femtosecond regime, a Ti:Sapphire laser (800 nm wavelength) with pulse

durations between 40 fs and 100 fs FWHM was used. The pulse delay was varied

137



5. DOUBLE PULSE INTERACTION WITH THIN SOLID TARGETS

between 250 fs and 750 fs. Both pulses were again focused to a diameter of 7.3 µm.

The pre-pulse and main pulse carried intensities an order of magnitude higher, but kept

the same 10:1 intensity ratio, i.e. 0.2⇥1021 Wcm�2 and 1.8⇥1021 Wcm�2, respectively.

The layered target consists of aluminium, carbon and hydrogen. Field ionisation

simulations showed that the dominant charge state of aluminium is Al11+. Carbon

and hydrogen are assumed to be fully ionised. The plasma is modelled as a plane slab

of plasma with a step density profile of n
al

= 660n
cr

, n
c

= 120n
cr

and n

p

= 60n
cr

.

The initial electron temperature is set to 1 keV, while ions are assumed to be cold.

All simulations are performed with a realistic mass to charge ratios m

Al

/q

Al

= 4471,

m

C

/q

C

= 3645 and m

p

/q

p

= 1836. The laser pulses always impinged normally onto

the plasma slab.

The simulations were carried on a grid line with 450099 cells. The box is 361

µm long. Each cell contains initially 5000 particles and they are pushed with a time

step of 0.00263887 fs. The energies in the figures have been extracted according to

E

i

= (� � 1)m
i

c

2, where � is the relativistic factor of the ions.

5.2.2 Acceleration in the picosecond regime

Linear-linear double pulse Figure 5.9 shows the phase space (a-d) and longitudi-

nal electric field (e-h) at four times corresponding to the peak of the first pulse (0.8 ps

after the start of the simulation), the peak of the main pulse (1.8 ps), the trailing edge

of the main pulse (2.5 ps) and a later stage of the interaction (5 ps). The first pulse

drives initially an expansion of the plasma (a), with the second pulse intensifying this

e↵ect and further lowering the density of the plasma. The plasma goes transparent at

an early stage and allows the rest of the pulse to propagate through. The longitudinal

electric field shows that a large component of the laser field propagates through the

relativistically transparent plasma (f-g), e↵ectively coupling to the heavy-ion species.

Here one can clearly see the initial expansion, a shock-driven ion component, and the

energy transfer. The layered structure of the ion beam is maintained throughout the

expansion and acceleration [(a) and (d)]. After the pulses have passed, the protons at

the rear side of the target are driven to high energies (h). Similar spectra have previ-

ously been observed in the Breakout Afterburner (BOA) regime (98). The ion spectra

draws many analogies to the BOA case. This is manifested in the multicomponent

shape of the spectra (figure 5.9), where the leading species (protons) reach energies
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Figure 5.9: Overview linear-linear simulation - picosecond regime - Overview of

the linear-linear double pulse run with picosecond-range pulses. The phase spaces at four

time steps [(a)-(d), inlets in (a) and (b) show dynamics in more detail] are shown with their

corresponding longitudinal electric field values [(e)-(h)]. The charge densities and energy

spectra at the last time step are displayed in (i) and (j), respectively. See text for details.
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5. DOUBLE PULSE INTERACTION WITH THIN SOLID TARGETS

of 49 MeV, followed by the carbons with 49 MeV/u, and finally the Al ions with 48

MeV/u (h).

Linear-circular double pulse After the conditions of the simulations were validated

by reproducing the two-stream instability process with linearly polarised double pulses,

the polarisation of the main pulse was made circular while maintaining the rest of

the parameters the same. With this mixed polarisation a remarkable enhancement is

observed in the acceleration of the heavy ions. The spectrum in figure 5.10(j) shows

a prominent feature around 25 MeV/u with an energy spread of around 20%. This

feature was absent in the case of the linear-linear double pulse (see figure 5.9(j)).

In the phase space plots in figure 5.10(a)-(d) it can be seen that after the expansion

driven by the first linearly polarised pulse (a), the di↵erent ion species maintain their

layering. While the plasma density is still fairly overdense, the circularly polarised

main pulse launches a strong shock wave that further accelerates the slower ions (b).

As the plasma continues to expand, it becomes underdense, letting part of the laser

pulse to be transmitted through. The formation of the shock wave is also manifest in

the plots of the longitudinal electric fields in figure 5.10(f)-(g). At its strongest (1800

fs after the rising edge of the first pulse impinges on the target (f)), the longitudinal

electric field peaks at around 10 TV/m. At the trailing edge of the pulse, the shock

wave accelerated Al11+ ions punch through the leading ion layers, eventually overtaking

the protons. This suggests this mechanism could be particularly e�cient for heavy ion

acceleration. This stands in stark contrast to the linear-linear case as evident when

comparing the energy spectra in figure 5.13, where no preferential acceleration of the

heavier ions can be observed.

The density plot in figure 5.10(i) at almost 5 ps after the impinging of the first

pulse, shows that the accelerated bunch of Al11+ stays slightly overdense (⇠ 2.5 n

cr

),

whereas in the linear-linear case, the plasma at the same stage of the interaction was

completely transparent (see figure 5.9(i)).
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Figure 5.10: Overview linear-circular simulation - picosecond regime - Overview

of the linear-circular double pulse run with picosecond-range pulses. The phase spaces at

four time steps [(a)-(d), inlets in (a) and (b) show dynamics in more detail] are shown

with their corresponding longitudinal electric field values [(e)-(h)]. The charge densities

and energy spectra at the last time step are displayed in (i) and (j), respectively. See text

for details.
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Intensity scaling In order to further investigate this mechanism, a set of simulations

was performed with di↵erent intensities of the main pulse and a constant pre-pulse of

intensity 0.13 ⇥ 1020 Wcm�2 under otherwise identical conditions. Figure 5.11 shows

that, when increasing the main pulse intensity from 1.15⇥ 1020 Wcm�2 to 2.30⇥ 1020

Wcm�2 and 3.45⇥1020 Wcm�2, the energy of the Al11+ bunch increased from 25 MeV/u

to 80 MeV/u and 150 MeV/u, respectively. That means, the maximum ion energy

scales approximately linearly with the laser intensity as predicted for the hole-boring

mechanism of ion acceleration for low values of the dimensionless pistoning parameter

(⌅ ⌧ 1) The pistoning parameter is defined as ⌅ = I0/mi

n

i

c

3, where n

i

= n

e

/Z

i

is the

ion density (95, 181). The energy spread of the Al11+ bunch can be as narrow as ⇠
10%.
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Figure 5.11: Al energy spectra - intensity scan - Al energy spectra for a linear-

circular double pulse set-up. The intensity of the first pulse is kept constant at 0.13⇥ 1020

Wcm�2. The intensities of the second pulse are 1.15 ⇥ 1020 Wcm�2, 2.30 ⇥ 1020 Wcm�2

and 3.45⇥ 1020 Wcm�2.
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Circular-circular double pulse For comparison with the other set-ups, a simula-

tion with a circular-circular double pulse set-up was performed (see figure 5.12). In

this case, the first pulse drives almost no expansion and only a minimal increase in

energies is observed (see figure 5.12(a)). When the second pulse rises a strong shock

wave is driven into the target (b), producing a distinct population of ions. Since no

plasma expansion is enabled by electron heating during the interaction of the first laser

pulse, the plasma stays overdense throughout the interaction. The second pulse gets

almost fully reflected and the di↵erent layers are strongly compressed (i). Overall the

ion energies are much lower than in the linear-circular case, making this set-up less

favourable for the production of high-energy ion beams. However it has to be noted,

that the ion spectra shows a distinct population of heavy ions at lower energies (around

⇠ 10 MeV/u in (j)), which could be useful for the generation of low-energy beams.
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Figure 5.12: Overview circular-circular simulation - picosecond regime -

Overview of the circular-circular double pulse run with picosecond-range pulses. The phase

spaces at four time steps [(a)-(d), inlets in (a) and (b) show dynamics in more detail] are

shown with their corresponding longitudinal electric field values [(e)-(h)]. The charge den-

sities and energy spectra at the last time step are displayed in (i) and (j), respectively. See

text for details.

144



5.2 Ion acceleration with double laser pulses of mixed polarisation

Energy [MeV/u]
10 20 30 40 50 60 70 80

C
ou

nt
s 

[a
.u

.]

×104

0

0.5

1

1.5

2
Energy spectrum at 4898.58 fs

Al11+

C6+

H+

Energy [MeV/u]
10 20 30 40 50 60 70 80

C
ou

nt
s 

[a
.u

.]
×104

0

0.5

1

1.5

2
Energy spectrum at 4898.58 fs

Al11+

C6+

H+

Energy [MeV/u]
10 20 30 40 50 60 70 80

C
ou

nt
s 

[a
.u

.]

×104

0

0.5

1

1.5

2
Energy spectrum at 4898.58 fs

Al11+

C6+

H+

circular-circular!

circular-circular!

linear-linear!

linear-linear!

linear-circular!

linear-circular!

(a)! (b)! (c)!

(d)! (e)! (f)!

Figure 5.13: Double pulse comparison - picosecond regime - Comparison of phase

space and energy spectrum of circular-circular [(a),(d)], linear-linear [(b),(e)] and linear-

circular [(c),(f)] simulation runs. Except the di↵erent polarisations, the simulations were

performed under identical conditions.

5.2.3 Acceleration in the femtosecond regime

The results of the simulations with double pulses of mixed polarisation in the picosecond

regime reveal a promising route to e�cient heavy ion acceleration, which gives rise to

high energies with moderately intense laser pulses. It does not have the stringent

pulse contrast requirements as demanded by other acceleration mechanisms, but relies

on the introduction of a controlled pre-pulse. However the implementation of this

scheme in practice is currently not achievable. In the previously reported experiments

the double pulse was generated at the front end of the laser system before the pre-

amplification. The only practical way nowadays to combine two laser pulses with

di↵erent polarisations and such short delay is by using two separate amplification lines.

Currently that possibility is o↵ered only by a few Ti:Sapphire laser systems working

in the femtosecond regime, like Astra-Gemini at the Rutherford Appleton Laboratory

and, in the future, the VEGA system at CLPU.

Without the guidance of the double pulse experiment reported in section 5.1 di↵er-

ent parameters (pulse duration, pulse delay, and target thickness) had to be scanned.
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The objective was to identify the conditions that reproduced the phenomena observed

in the picosecond-long mixed polarisation double pulses, that is, plasma expansion to

near-critical densities followed by shock acceleration, using femtosecond pulses instead.

In order to compensate for the shorter pulse duration the intensity of the pulses

was an order of magnitude higher than in the picosecond case.

The first pulse drives a layered plasma expansion similar to the long pulse case (see

figure 5.14(a)) for 100 fs FWHM pulses, impinging on a 40 nm thin target. Calculations

performed with shorter pulses (not shown here) do not give the plasma enough time to

expand, and give rise to lower quality ion beams.

The target thickness is also critical and its optimum value is related to the pulse

duration. If the target is too thick, the short duration of the first pulse is not su�cient

to e↵ectively heat the bulk of the target and prepare it for the arrival of the second.

Figure 5.15 shows the interaction with a 100 nm target. Although the first pulse drives

some plasma expansion (a), it can be seen in the phase space plot at 641.32 fs that

the induced shock is much weaker compared to the 40 nm case (see figure 5.14(a)),

resulting in much lower energies of the heavier ions as visible in the late-stage phase

space plots (d) and energy spectrum (j).

On the other hand, a target too thin disintegrates quickly, diminishing the e↵ec-

tiveness of the second pulse shock and impeding the acceleration of heavy ions. In case

of a 20 nm thin target (see figure 5.16(b)-(d)) the phase space plots indicate that the

plasma disintegrates quickly and no shock accelerating structure can be established.

The optimum target thickness for 100 fs FWHM mixed polarisation double pulses

with the intensities mentioned above was found to be around 40 nm (see figure 5.14),

providing the most suitable conditions for an e�cient heavy ion acceleration.

In order to reproduce the mechanism observed in the long pulse case, the circularly

polarised main pulse has to arrive at a time when the plasma density has relaxed

enough for the shock wave to be formed e�ciently while being still slightly overdense.

The optimum delay was found at around 500 fs. For shorter delays, e.g. 250 fs, the

plasma does not have enough time to expand (streaming e↵ects after the first pulse

has passed further lower the density) in order to create the necessary conditions for the

shock-induction by the second pulse. A longer pulse delay, e.g. 750 fs, was found to

provide similar conditions like the 500 fs in the case of 40 nm targets. It is expected
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5.2 Ion acceleration with double laser pulses of mixed polarisation

that there is an upper limit for the pulse delay given by the continuously decreasing

charge density due to free-streaming e↵ects of the plasma.

Figure 5.17 shows the charge density evolution of the plasma during the interaction

with the mixed polarisation double pulse in the picosecond regime (under the conditions

specified in 5.10) and in the femtosecond regime under the best conditions found (100

fs pulse duration, 500 fs pulse delay, 40 nm thin target). The energy ratio between the

main pulse and the pre-pulse is 10:1 for both picosecond and femtosecond regime.

It can be seen, from the similarity of both plots, that the best conditions found

in the femtosecond regime manage to reproduce the same density evolution as the

picosecond regime albeit in a shorter time scale, i.e expansion of the plasma from solid

to near-critical, followed by the formation of a shock wave peaking at a density of

⇠ 130n
cr

.

Similarly to the picosecond regime case, the shock wave created by the 100 fs long

circularly polarised main pulse drives the aluminium ions to higher energy. This can

be seen in the phase space plots from 641.32 fs onwards (after the arrival of the second

pulse) in figure 5.14(b)-(c). The aluminium ions appear to be free streaming after the

pulses have passed. As compared with shorter pulses, the 100 fs FWHM circularly

polarised pulse drives a stronger shock wave in the plasma, and some peaks can be

observed in the density profile. In the later stages of the interaction, the charge density

relaxes again, as seen in 5.17. Further energy transfer to the heavier ions could be

facilitated by two-streaming instabilities.

The energy spectrum in figure 5.14(j) features a prominent population of Al11+

ions around 70 MeV/u with an energy spread as narrow as 15%. The most-energetic

ions reach energies up to 120 MeV/u, however the number of particles reaching this

energy is almost negligible. The carbon ions originating from the contaminant layer

are accelerated to up to 40 MeV/u. The spectrum is very similar to the picosecond

case shown in figure 5.10(j). Both spectra feature the characteristic leading population

of aluminium ions followed by the carbon ions. This feature is entirely lost in case

of the 20 nm target (figure 5.16(j)) due to the not suitable preparation of the plasma

by the first pulse. The spectrum in case of a 100 nm target (figure 5.15(j)) shows a

monoenergetic peak albeit at much lower energy (around 10 MeV/u).

Conclusively, the proposed mechanism appears to be very e↵ective for the accelera-

tion of heavy ions, i.e. Al11+ in this particular case. While heavy ions can in principle
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Figure 5.14: Overview linear-circular simulation with 40 nm target - femtosec-

ond regime - Overview of the linear-circular double pulse run with femtosecond-range

pulses and a 40 nm thick target. The phase spaces at four time steps (a-d) are shown with

their corresponding longitudinal electric field values (e-h). The charge densities (i) and

energy spectra (j) at the last time step are displayed on the bottom. See text for details.
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Figure 5.15: Overview linear-circular simulation with 100 nm target - femtosec-

ond regime - Overview of the linear-circular double pulse run with femtosecond-range

pulses and a 100 nm thick target. The phase spaces at four time steps (a-d) are shown

with their corresponding longitudinal electric field values (e-h). The charge densities (i)

and energy spectra (j) at the last time step are displayed on the bottom. See text for

details.
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Figure 5.16: Overview linear-circular simulation with 20 nm target - femtosec-

ond regime - Overview of the linear-circular double pulse run with femtosecond-range

pulses and a 20 nm thick target. The phase spaces at four time steps (a-d) are shown with

their corresponding longitudinal electric field values (e-h). The charge densities (i) and

energy spectra (j) at the last time step are displayed on the bottom. See text for details.
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Figure 5.17: Charge density evolution in femtosecond and picosecond regime -

Charge density evolution of the Al-ions with time from the interaction with double pulses

of mixed polarisation in the (a) picosecond and (b) femtosecond regime.

be also accelerated in the TNSA regime, this usually requires careful target preparation

by resistive or laser heating ((12) and references here-within) and the achieved ener-

gies are fairly low (⇠ 10 MeV). Alternative schemes, i.e. RPA, as discussed in section

4.1, show up an alternative route to stronger acceleration, however the laser intensity

requirements are very high (> 1022 Wcm�2). Therefore, the proposed scheme with a

double pulse of mixed polarisation, is highly attractive for heavy ion acceleration with

moderate intensities (1020 - 1021 Wcm�2). It has to be noted that these simulations

were carried out in one dimension. For further studies, higher-dimensional (and compu-

tationally much more demanding) simulations should be performed, which could alter

the dynamics. Multidimensional e↵ects that could arise were discussed in section 3.2.4.

5.2.4 Summary

A new mechanism for the e�cient acceleration of heavy ions has been proposed. By

using a double pulse set-up, high-energetic particles (up to ⇠ 150 MeV/u) with mod-

erate intensities (⇠ 1020 Wcm�2 in picosecond regime, ⇠ 1021 Wcm�2 in femtosecond

regime) can be generated. The ion spectra is very narrow (energy spread as narrow as

10%) and an e�cient acceleration of heavier ions (Al11+ and C6+) is observed as evi-

denced by the overtaking of the ions compared to the protons. This idea was motivated

by experimental work towards ion acceleration with a double pulse with a fixed delay.

While experimentally a linear-linear double pulse set-up was used, one-dimensional

PIC simulations were performed with mixed polarisations (linear - circular). While a
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5. DOUBLE PULSE INTERACTION WITH THIN SOLID TARGETS

linearly polarised pre-pulse is an ideal driver for plasma expansion, a second circularly

polarised main pulse can drive a strong shock into the plasma thereby accelerating

heavy ions to high energies. This novel scheme has been firstly demonstrated with

one-dimensional simulations using picosecond long pulses, and a parameter study has

shown that this mechanism is also accessible with femtosecond pulses.
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6

Ion acceleration with the VEGA

laser

6.1 Introduction

One of the motivations of the research reported in this thesis was to study the feasibility

of carrying out laser-driven ion acceleration with the newly commissioned laser system

VEGA at the Centro de Laseres Pulsados (CLPU). The investigations reported in the

previous chapters provided insight into the sort of opportunities that such a system af-

fords and the challenges it has to face. Among the first, one can mention the radiation

pressure acceleration mechanism that can in principle produce beams of high-energy

(>100 MeV/u) ions with low energy dispersion (< 10%) (see section 4.1). The chal-

lenges include the coexistence of several acceleration mechanisms (TNSA, RPA, BOA)

within the same interaction (see section 5.1), and the development of instabilities in

the plasma (see section 4.2).

In the present chapter the capabilities of the VEGA laser system, that is currently

being installed at the CLPU, to accelerate ions, are analysed. The VEGA laser system

has some unique characteristics that could be exploited to make a major contribution

to the development of laser-driven ion acceleration techniques. These characteristics

are:

• High laser energy (up to 30 J)

• Ultra-short pulse duration (down to 30 fs)
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6. ION ACCELERATION WITH THE VEGA LASER

• Ultra-high peak power (up to 1 PW)

• High beam quality (Strehl ratio > 0.9 with deformable mirror at the output)

• High focusing intensity (> 1021Wcm�2 [a0 > 22])

• Ultra-high pulse contrast (ASE < 10�12 at 100 ps; pre-pulse < 10�9 at 11 ns)

• High repetition rate up to 10 Hz at 20 TW and 200 TW; up to 1 Hz at 1 PW)

• Three (fully synchronised) independent laser outputs of increasing power

As it has been discussed in previous chapters, the laser-based ion beam generation

is a complex process and the di↵erent acceleration mechanisms depend very sensitively

on the laser, target parameters and condition of the interaction. Also no clear line

can be drawn between the on-set of the di↵erent acceleration mechanisms and it is

di�cult to unambiguously distinguish the signatures of each scheme. In principle, a

variety of acceleration regimes can be accessed with the VEGA laser, but the ultra-high

contrast and short pulse length makes the system especially apt for ion acceleration in

the RPA Light-Sailing and Hole-Boring (collisionless shock acceleration) regime. For

TNSA, longer and more energetic pulses are preferred.

The deformable mirror of VEGA 3 would be useful to produce near-di↵raction

limited focal spots (down to r0 ⇠ 1µm) and ultra-high intensities, as well as optimising

the beam profile at the focus. The high repetition rate of the laser (up to 10 Hz at 20

TW and 200 TW; up to 1 Hz at 1 PW) suggests an implementation for applications

which require a high-average proton and ion current. While solid targets are not ideal

for the use with high-repetition rate, further targetry developments could pave the

way for a successful implementation in the future. Moreover, an important aspect of

a repetitive proton source is its stability. Regarding this, a laser pulse with the high

contrast ratio achieved by a double CPA laser system with a saturable absorber, like

VEGA, provides not only a higher maximum energy, but also a more stable operation

of the proton source as compared with the set-ups that employ plasma mirrors.

The three fully synchronised independent laser outputs of VEGA make it possible

to implement schemes of cascaded acceleration and double pulse set-ups. The novel

scheme of collisionless shock acceleration with double pulses of mixed polarisation (i.e.

linear pulse followed by circular) as introduced in section 5.2, could be experimentally

implemented in VEGA, taking advantage of its independent synchronisable outputs.
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6.2 Estimations of ion acceleration in VEGA

Parameter Symbol Unit VEGA 1 VEGA 2 VEGA 3

Laser Energy W

L

J 0.5 4 30

Laser Pulse Duration ⌧ fs 30 30 30

Laser Power P0 PW 0.02 0.13 0.94

Focal Spot Radius r0 µm 5 5 5

Confocal Parameter b µm 196 196 196

Laser Intensity

(Gaussian Profile) I0 W/cm2 1.4E+19 1.1E+20 8.3E+20

Laser Intensity (Flat Top) I0 W/cm2 2.0E+19 1.6E+20 1.2E+21

Table 6.1: VEGA laser parameters - Overview of achievable laser parameters with the

VEGA laser system. Values are given for all three independent outputs VEGA 1, VEGA

2 and VEGA 3.

In the following the parameters achievable by each of the phases of VEGA will be

considered separately. The corresponding powers and intensities are shown in table 6.1.

These assume Gaussian pulses of 30 fs FWHM, focused down to a focal spot of radius 5

µm FWHM either with a Gaussian of a flat top spatial profile. It has to be mentioned

that this is a conservative estimation. With the appropriate focusing system, corrective

optics and alignment the focal spot could be reduced even further.

The potential performance of VEGA in laser-driven ion acceleration can be esti-

mated in terms of maximum ion energy, conversion e�ciency and shape of the energy

spectrum. These were determined using scaling laws found in the literature and ob-

tained through experimental measurements, PIC simulations, and analytical models

based in di↵erent mechanisms.

6.2 Estimations of ion acceleration in VEGA

6.2.1 Target Normal Sheath Acceleration

According to the 1D TNSA model by Mora et al. (86), the ion energy at the expansion

front at time t can be estimated as

✏
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= 2Z
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e

 
ln
h
!

pi

tp
2e

N

+

s⇣
!

pi

tp
2e

N

⌘2
+ 1
i!2

(6.1)

Here T

e

is the electron temperature 1, !
pi

= (4⇡Z
i

n

e0e
2
/m

i

)0.5 is the ion plasma

1
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b
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6. ION ACCELERATION WITH THE VEGA LASER

frequency, n
e0 is the electron density in the unperturbed plasma and e

N

= 2.71828 is

Euler’s number.

In order to estimate the maximum ion energy, a few approximations may be made.

The Mora model of TNSA assumes an isothermal plasma expansion and the hot electron

temperature is assumed to be equal to the ponderomotive potential (182, 183, 184, 185,

186)

T

e1 =  

pond

= m

e

c

2
hq

1 + a

2
0 � 1

i
(6.2)

However, for a shorter scale pre-plasma, which corresponds to higher contrast

shorter duration laser pulses like those of VEGA, the hot electron temperature at

intensities > 1019 Wcm�2 is significantly lower than the ponderomotive temperature,

and can be estimated as (88)

T

e2 ⇡ 0.47m
e

c

2
a

2/3
0 ⇡ 0.22 MeV(I18�µm)

1
3 (6.3)

Equation 6.1 predicts infinite ion energies for t ! 1, therefore a limit to the

acceleration time has to be introduced. A usual estimation is that the acceleration

time is limited by the pulse duration ⌧0 as (187)

t

acc

⇡ 1.3⌧0 (6.4)

In order to get the cut-o↵ energy from equation 6.1, the electron temperature T

e

, a

limit to the acceleration time t

acc

, and the ion plasma frequency !
pi

are needed. The

total number of electrons n
e0 in the sheath volume is estimated by

n

e0 =
N

e

c⌧0⇡r
2
s

(6.5)

The total number of electrons N
e

in the sheath is taken as the laser energy divided

by the electron temperature and multiplied by a conversion e�ciency ⌘ from laser

energy into hot electrons that is estimated empirically as

N

e

=
⌘W

L

T

e

(6.6)

The conversion e�ciency, ⌘ is given by

⌘ = 1.2⇥ 1015
⇣

I0

Wcm�2

⌘0.74
(6.7)

as conversion factor.
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6.2 Estimations of ion acceleration in VEGA

with maximum value ⌘ = 0.5 at I0 > I0⇤ ⇡ 5.7⇥ 109 Wcm�2 (188, 189)

The sheath volume is approximated as cylindrical. The sheath radius is estimated

from the focal spot radius, the target thickness, and a half-divergence angle of the

electron beam inside the target which is estimated as,

r

s

= r0 + l tan✓, (6.8)

where r0 is the focal spot radius, l is the target thickness, and the half-divergence angle

of the electron beam inside the target ✓ is of the order of several to a few tens of degrees

(✓ = 8� (162), ✓ = 25� (190)). The length of the sheath is approximated as the pulse

duration times the speed of light.

These approximations provide reasonable accurate estimations to the interaction of

relatively long pulses (300 fs to a few ps) focused up to intensities of mid-1019 Wcm�2

onto relatively thick (> 10µm) targets. A not too high pulse contrast is also required

to produce a relatively large scale pre-plasma on the front side of the target (191).

Therefore the estimations made with these models for the conditions of VEGA must

be taken with special caution.

Table 6.2 shows the estimated achievable parameters with VEGA 1, VEGA 2 and

VEGA 3 with 10 µm thick solid targets with n

e0 = 7.7 ⇥ 1021 cm�3. In general the

highest proton energies are achieved with the smallest focal spot r0 and target thickness

l, but the minimum thickness is limited by the laser contrast.

The previous equations give the ion energy which can be achieved in a typical

experiment with ’normal’ (⇡ 106:1 at 1 ps) pulse contrast choosing appropriate target

and irradiation conditions. For ultra-high contrast lasers and sub-µm targets, the

equations can still be used, but in this case the maximum energy of bound electrons

di↵ers from the other equation and needs to be measured or taken from simulations.

The optimum laser pulse duration (to achieve maximum ion energy) using pulse energies

of 0.5 -15 J, focused down to a spot of radius r0 ⇠ 1 µm, onto ⇠ 10 µm thick targets in

the TNSA regime, is between 80 and 600 fs. Therefore the parameters of VEGA are far

from the the optimum for TNSA. In the TNSA regime with lasers of moderate contrast

the angle of incidence has a small e↵ect on the ion acceleration(191). However in the

case of a high-contrast laser pulse, the ion energy in the target normal direction does

depend on the laser incidence angle (192). 3D PIC simulations (193) show that there is
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6. ION ACCELERATION WITH THE VEGA LASER

Parameter Equation Symbol Unit VEGA 1 VEGA 2 VEGA 3

Laser Energy W

L

J 0.5 4 30

Laser Intensity I0 W/cm2 1.0E+19 1.0E+20 1.0E+21

Ponderomotive Energy

(linear polarisation) �

pond

MeV 0.4 2.0 7.3

Hot Electron Temperature 6.2 T

e1 MeV 0.4 2.0 7.3

Hot Electron Temperature 6.3 T

e2 MeV 0.4 0.9 2.0

Acceleration Time 6.4 t

acc

fs 39 39 39

Target Thickness l µm 10 10 10

Half-divergence angle q

� 15 15 15

Sheath Radius 6.8 r

s

µm 8 8 8

Conversion E�ciency

into Hot Electrons 6.7 ⌘ 0.14 0.50 0.50

Number of Hot Electrons 6.6 N

e

1.0E+12 6.2E+12 1.3E+12

Density of Hot

Electrons in the Sheath n

e0 cm�3 6.1E+20 3.8E+21 7.7E+21

Proton Plasma Frequency !

pi

s�1 3.3E+13 8.0E+13 1.2E+14

Ion (C6+) Plasma Frequency !

pi

s�1 2.3E+13 5.7E+13 8.2E+13

Max. Proton Energy with T

e1 6.1 ✏

p,max

MeV 0.2 5 29

Max. Proton Energy with T

e2 6.1 ✏

p,max

MeV 0.2 2 8

Max. Ion (C6+) Energy with T

e1 6.1 ✏

i,max

MeV 0.7 17 110

Max. Ion (C6+) Energy with T

e2 6.1 ✏

i,max

MeV 0.7 8 31

Table 6.2: Estimations of TNSA acceleration with VEGA - Overview of achievable

parameters with the VEGA laser system in the TNSA regime.
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6.2 Estimations of ion acceleration in VEGA

an optimum incidence angle at which the ion energies can be significantly greater than

those at normal incidence.

6.2.2 Light-Sailing RPA

A high-irradiance laser pulse with su�ciently large focal spot interacting with a thin

foil pushes forward the electrons due to the radiation pressure (97). This acceleration

mechanism approaches an ideal one and, if instabilities (see section 2.6) do not have time

to develop, it can produce a quasi-monoenergetic ion spectrum. In RPA, the optimum

relation between the laser amplitude and the electron areal density is a0 ⇡ ⇡�. For

the intensities achievable with each of the phases of VEGA, these optimum values are

displayed in table 6.3 (assuming circular polarisation). Assuming the electron density

of a fully ionised diamond-like carbon (DLC) target n
e

= 460n
cr

, these areal electron

densities correspond to the target thickness also shown in table 6.3.

Parameter Equation Symbol Unit VEGA 1 VEGA 2 VEGA 3

Laser Intensity I0 W/cm2 1.0E+19 1.0E+20 1.0E+21

Normalised Laser Amplitude

(circular polarisation) 2.16 a0 2 5 15

Optimum Areal

Electron Density 3.1 �

opt

0.5 2 5

Optimum Target Thickness

(for fully ionised DLC) l

opt

nm 1 3 8

Maximum Proton Energy 6.9 ✏

p,max

MeV 2 14 102

Maximum Ion (C6+) Energy 6.9 ✏

i,max

MeV 5 45 376

Conversion E�ciency Protons 6.10 ⌘ 0.06 0.16 0.37

Conversion E�ciency

Ions (C6+) 6.10 ⌘ 0.03 0.09 0.23

Table 6.3: Estimations of RPA light-sailing acceleration with VEGA - Overview

of achievable parameters with the VEGA laser system in the RPA laser light-sail regime.

The ion energy and e�ciency in the optimum case (a0 ⇡ ⇡�) can be estimated

according to (97) by

✏

⇤
i,max

⇡ 2m
i

c

2 (⇡µaN)2

1 + 2⇡µaN
(6.9)

⌘

⇤ ⇡ 2⇡µaN

1 + 2⇡µaN
(6.10)

where N = c⌧/� is the number of cycles in the pulse (for VEGA N=11), and

µ = m

e

Z

i

/m

i

. With the parameters of VEGA in the optimum case (a0 = ⇡�) this
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model predicts the maximum ion energies shown in table 6.3. 2D PIC simulations show

that the idealised ’light sail’ model gives a good approximation for the maximum ion

energy; however, it overestimates the e�ciency (93).

6.2.3 Hole-Boring RPA

If an overdense target is relatively thick, it cannot be treated as a thin foil as in the

’light sail’ regime. However the plasma is still pushed forward by the radiation pres-

sure acceleration. In this hole-boring regime the 1D model predicts a monoenergetic

ion spectrum. However in real-life multi-dimensional e↵ects like instability develop-

ment can cause the spectra to broaden. A circularly polarised pulse normally incident

to the target is advantageous for the mechanism of hole boring, as in this case the

plasma is heated less e↵ectively (135, 194, 195). This mechanism is determined by the

dimensionless piston parameter ⌅ (see equation 2.55) The maximum kinetic ion energy

is given by equation 2.61 and conversion e�ciency given by this model are

⌘ = 2
p
⌅/(1 + 2

p
⌅) (6.11)

The ion energies are higher for smaller densities. However, the model is applicable

for n

e

> (1 + a

2
0)

1
2
n

cr

⇡ a0ncr

as it assumes total laser pulse reflection rather than

relativistic transparency of a thick plasma. Assuming a near-critical density target of

n

e

= 20n
cr

, the parameters of VEGA predict the values shown in table 6.4.

Parameter Equation Symbol Unit VEGA 1 VEGA 2 VEGA 3

Laser Intensity I0 W/cm2 1.0E+19 1.0E+20 1.0E+21

Normalised Laser Amplitude

(circular polarisation) 2.16 a0 2 5 15

Pistoning Parameter (Protons) 2.55 ⌅ 6.50E-05 6.50E-04 6.50E-03

Pistoning Parameter (C6+) 2.55 ⌅ 3.20E-05 3.20E-04 3.20E-03

Maximum Proton Energy 2.61 ✏

p,max

MeV 0.1 1.2 10

Maximum Ion (C6+) Energy 2.61 ✏

i,max

MeV 0.7 7 65

Conversion E�ciency Protons 6.11 ⌘ 0.02 0.05 0.14

Conversion E�ciency Ions (C6+) 6.11 ⌘ 0.01 0.03 0.1

Table 6.4: Estimations of RPA hole-boring acceleration with VEGA - Overview

of achievable parameters with the VEGA laser system in the RPA hole-boring regime.

Ion acceleration attributed to collisionless shocks has been reported by Henig et al.

(196) (protons up to 8 MeV using 0.6 J, 45 fs, 20 TW, 1020 Wcm�2 laser irradiating
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overdense micro-sphere targets) and Wei et al. (197) (helium ions up to 13 MeV using

180 J, 0.5-0.7 ps, 0.25 PW laser irradiating an underdense gas jet target).

6.2.4 Experimental data under conditions achievable in VEGA

Experimental data collected from the literature performed under conditions similar to

those achievable by each of the phases of VEGA, that is sub-100 fs pulses and energies

lower than 0.5, 4, and 30 J is presented in table 6.5, 6.6 and 6.7, respectively. In

the majority of experiments performed up to now from solid matter, the acceleration

regime was close to the TNSA one. In this regime, the proton energy is proportional to

the hot electron temperature, which in turn in the relativistic intensity regime is often

proportional to the square root of intensity. Some proton energies significantly above

the general trend have been obtained with ultra- high-contrast lasers, nanometre-scale

foils, or by use of novel target techniques. The e�ciency strongly depends upon other

laser parameters and shooting conditions, especially the contrast ratio (198) and target

thickness (91, 191, 198, 199, 200); higher contrast pulses and thinner targets tend to

provide greater conversion e�ciencies. On the other hand, the conversion e�ciency into

relatively low-energy ions can be increased by positioning the target out of focus, in

which case the e↵ect of larger spot area prevails over the e↵ect of smaller intensity (201).

The interaction with thinnest targets is the most promising route for ion acceleration

from solid matter.

Reference W

L

⌧ I0 Contrast Target d Angle Energy

(J) (fs) (W/cm

2
) (µm) (

�
) (MeV/u)

Spencer et al. (202) 0.2 60 7.00E+18 1.00E+06 Mylar 23 0 1.5

Spencer et al. (202) 0.2 60 7.00E+18 1.00E+06 Al 12 0 0.9

Oishi et al. (164) 0.12 55 6.00E+18 1.00E+05 Cu 5 45 1.3

Neely et al. (198) 0.3 33 1.00E+19 1.00E+10 Al 0.1 30 4.0

Fukuda et al. (203) 0.15 40 7.00E+17 1.00E+06 CO2+He 2000 0 15.0

Okihara et al. (204) 0.12 50 3.00E+18 1.00E+04 PTFE 75 0 5.0

Table 6.5: Experimental results with VEGA 1 parameters - List of experiments

that were performed with similar parameters like the VEGA 1 output.
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Reference W

L

⌧ I0 Contrast Target d Angle Energy

(J) (fs) (W/cm

2
) (µm) (

�
) (MeV/u)

Kaluza et al. (162) 0.85 150 1.30E+19 2.00E+07 Al 20 30 4.0

Ceccotti et al. (205) 0.65 65 5.00E+18 1.00E+10 Mylar 0.1 45 5.3

Yogo et al. (206) 0.71 55 8.00E+18 1.00E+06 Cu 5 45 1.4

Yogo et al. (163) 0.8 45 1.50E+19 2.50E+05 Polymide 7.5 45 3.8

Nishiuchi et al. (207) 1.7 34 3.00E+19 2.50E+07 Polymide 7.5 45 4,0

Henig et al. (132) 0.7 45 5.00E+19 1.00E+11 DLC 0.0054 0 13.0

Zeil et al. (208) 3 30 1.00E+21 2.00E+08 Ti 2 45 17.0

Nishiuchi et al. (209) 7.5 40 1.00E+21 1.00E+10 Al 2 45 12.0

Table 6.6: Experimental results with VEGA 2 parameters -List of experiments

that were performed with similar parameters like the VEGA 2 output.

Reference W

L

⌧ I0 Contrast Target d Angle Energy

(J) (fs) (W/cm

2
) (µm) (

�
) (MeV/u)

Carroll et al. (192) 5 50 7.00E+20 1.00E+10 Al 0.1 0 7.5

MacKinnon et al. (17) 10 100 1.00E+20 1.00E+10 Al 3 22 24.0

Patel et al. (210) 10 100 5.00E+18 1.00E+07 Al 20 0 12.0

Prasad et al. (211) 12 50 5.00E+20 1.00E+10 Al 0.05 - 6 35 12.0

Ogura et al. (212) 7.5 40 1.00E+21 1.00E+10 SUS 2 45 40.0

Kim et al. (213) 27 30 1.00E+21 1.00E+11 Polymer 0.1 7 45.0

Green et al. (214) 10 45 1.00E+21 1.00E+10 Al 0.5 30 30.0

Bin et al. (215) 10 50 2.00E+20 1.00E+09 CNF 1 0 20.0

Table 6.7: Experimental results with VEGA 3 parameters - List of experiments

that were performed with similar parameters like the VEGA 3 output.
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6.3 Requirements for ion acceleration with VEGA

In order to obtain the maximum benefit from the unique characteristics of VEGA in

terms of laser-driven ion acceleration, a series of experimental requirements must be

taken into account.

6.3.1 Laser pulse parameters

The highest laser intensity is required to achieve larger ion energies in most acceleration

regimes. This demands the use of o↵-axis parabolic mirrors with the shortest focal

length possible (in practice f/2 or f/3). A wave front quality control with a deformable

mirror helps to achieve the smallest focal spot (near di↵raction limited) and highest

intensity. The deformable mirror is also necessary to achieve the super-Gaussian or flat-

top-like focal spot shapes required in the radiation pressure dominant regime of proton

acceleration. The shape of the laser focal spot and target material a↵ect the shape of

the resulting proton beam too. Di↵erent polarisations on target are required to study

its e↵ect on the laser absorption by the plasma and employ the optimum. The TNSA

mechanism benefits from a p-polarisation on target, whereas RPA requires a circularly

polarised laser beam. A circularly polarised high power laser beam is achieved with a

large-aperture �/4 plate. A variable pulse duration (within a certain range) is beneficial

to study the e↵ect of the pulse duration on several acceleration mechanisms and fine

tune the optimum duration whenever possible.

6.3.2 Pulse contrast

The preceding light may cause damage to the solid target before the intense main

laser pulse arrives (see section 3.1.2). For relatively thick targets a few tens of µm

scale pre-plasma can contribute positively to the ion acceleration because of stronger

main pulse absorption and self-focusing, while the su�cient target thickness prevents

rear surface deterioration. For this reason, a controllable pre-pulse or pedestal with

variable delay and intensity is useful as well as for the novel scheme proposed in section

5.2. However, for most of the acceleration regimes, a low pulse contrast reduces the

plasma fields which accelerate ions. Especially in the RPA light-sail regime, a sharp

step-like density profile is required for the most e�cient acceleration (as described in

section 4.1). Also in the TNSA regime, a sharp plasma boundary at the target rear
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side is required. Therefore, the laser contrast should be su�ciently high such that the

target rear side remains unperturbed before the arrival of hot electrons. If the target is

mainly perturbed by the ASE, the necessary ASE contrast for a given target thickness

and material and ASE duration may be estimated as (216)

C

ASE

= 8000
I0

Wcm�2

µm

�0
⌧

3
ASE

⇣
↵Pa

⇢0l(l � c

s

⌧

ASE

)

⌘ 3
2

(6.12)

where ↵ ⇠ 1.4 is an empirical constant, Pa represents pascal (pressure unit), c
s

is the

ion sound velocity, l the scale length and ⇢0 is the original material density. Assuming a

duration of the ASE of ⌧
ASE

= 0.5 ns and a 6 µm aluminium target, the ASE minimum

contrast would be 2⇥ 106 , 2⇥ 107 and 2⇥ 108 for 1⇥ 1019 Wcm�2, 1⇥ 1020 Wcm�2

and 1⇥ 1021 Wcm�2, respectively.

For the implementation of the radiation pressure acceleration regime, the front

target surface should not be perturbed before the interaction with the main pulse. The

contrast requirement is:

C =
I0⌧pre

F

DT

(6.13)

where ⌧
pre

is the duration of the pre-pulse and F

DT

is the damage threshold. This is

in practice an even higher constraint on the pulse contrast.

The specifications of VEGA o↵er an ultra-high pulse contrast without the need

of external contrast-enhancing devices. However, if it was needed, a single or dou-

ble plasma mirror set-up could provide a contrast ratio of the order of 102 or 104,

respectively (106).

6.3.3 Targets

Many di↵erent types of targets, overdense and underdense, are commonly used in laser-

plasma interaction experiments. These include thin foils (from few nm to µm), double

layer targets, foam and foam-foil targets, tape targets and gas jets.

Materials used for solid targets are usually metals like aluminium, copper or gold,

or plastics like Mylar and PTFE. Excellent results were obtained with diamond-like

carbon (DLC), which was also used in the framework of this thesis to simulate the

interaction with high intensity pulses (see section 4.1).
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For future experimental e↵orts and to make use of the high-repetition rate of the

VEGA Petawatt, gas targets could become increasingly interesting. They usually con-

sist of noble gases at high pressure expanded through a pulsed valve. Clusters are

produced when mixing another gas with the noble gas and expanding the mixture at

high pressure through the pulsed valve.

For ultra-thin solid foils sometimes the areal electron density (see equation 3.1) is

more important than the thickness itself, whereas for micrometre targets this is usually

not the case. The existence of an optimum target thickness is due to the geometrical

factor (size of the sheath) (162, 191), the hot electron circulation (17, 217) and the

stronger laser absorption in a partly expanded, near-critical density target (218, 219).

For laser systems with a typical contrast of ⇠ 107, the optimum thickness is of several

to a few tens of µm, as determined by the on-set of rear target side damage due to

the ASE (see equation 6.12). For short pulse laser systems with contrast ⇠ 1010 like

VEGA the optimum target thickness is several tens to hundred nm determined by the

target perturbation on the picosecond and sub-picosecond time scales.

Electron confinement e↵ects lead to a larger hot electron density and therefore

enhanced ion acceleration in the TNSA regime if the transverse size of the target is

small enough. Further, a small transverse size of the target or light-ion or proton layer

(dot) encourages a quasi-monoenergetic ion beam generation.

So-called mass-limited targets (MLT) could provide benefits under a wide range

of experimental conditions. These benefits are larger hot electron densities and tem-

peratures and more uniform hot electron distribution, which leads to increased proton

energies and conversion e�ciencies. It also generates a smaller proton beam divergence.

Ideally, the target should completely be isolated, by levitating or injecting into the in-

teraction region, for example a droplet target (220), or by employing thin support wires

or spokes (221). Flat-top cone targets (222) may perform significantly better than thin

foils in terms of maximum proton energy and conversion e�ciency, however their fab-

rication and characterisation is much more demanding. In principle, all ultra-thin foils

and complex targets like MLT, foam targets, etc. cannot be easily transported due to

their fragility and require an in-situ target fabrication.

In order to use solid targets with the high-repetition rate o↵ered by VEGA a means

of delivering targets should be developed, which is highly non-trivial. It requires the

mass production of targets, fast delivery into the interaction region, alignment into
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focus and disposal of debris that otherwise may destroy adjacent targets and damage

the focusing optics.

6.3.4 Plasma and particle beam diagnostics

In order to obtain a thorough understanding of the laser-target interaction during

acceleration it is necessary to employ as many diagnostics as possible, including not

only ion beam diagnostics (see section 3.1.4), but also full characterization of the laser

pulse before and after the interaction (i.e. reflected, transmitted or scattered radiation

parameters (223, 224), possible non- linear e↵ects such as harmonics generation (134,

225, 226, 227), measurements of electron properties (228, 229, 230, 231, 232), time-

resolved optical imaging (233), characterization of plasma densities and fields using

interferometry (175, 234) or proton imaging/deflectometry (52), x-ray diagnostics (235)

and so on.

For the characterisation of the charged particle beam, filtered stacks of nuclear

track detectors such as CR-39 (236) or radiochromic films (RCFs) (237, 238, 239) are

used as inexpensive 2D detectors without magnetic or electric fields. If the proton

energy is larger than several MeV, the activation technique is also applicable for the

stacked detectors (131, 240, 241). The activation technique can provide a very high

dynamic range due to a high saturation level (242). Nuclear activation diagnostic can

be selectively sensitive to some of the ion species (243, 244). These detectors are not

a↵ected by the powerful electromagnetic pulse (EMP) produced in the interaction,

but they are o↵-line. In order to match the particle beam diagnostics with the high

repetition rate of the laser, on-line electronic devices with a fast read-out time have to

be used. This in turn requires a means to protect or screen out the electronics from

the EMPs.

2D electronic detectors which provide short (a few seconds) readout times have

been demonstrated: fast scintillator coupled to a CCD (116, 245) or micro-channel

plate (MCP) coupled to a phosphor screen (as used in the conducted experimental

campaigns, see section 3.1.4) and CCD (246, 247, 248, 249). The CCD should typically

have a low noise and large gain, i.e. a suitable choice may be a cooled electron-multiplied

CCD. Further, although the time gating is not absolutely necessary, it helps one to dis-

criminate signals produced by protons, ions, electrons and X-rays (to all of which the

scintillators and MCPs are sensitive), due to the di↵erent flight times, typically in the
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nanosecond time scales for the protons and ions. The signal caused by electrons in

these detectors can also be suppressed by magnets. The scintillators with di↵erent

emission colours can be stacked to obtain several channels with di↵erent ion energies

(250). The conventional technique, which was also used in the conducted experimental

campaigns, to precisely identify the ion species as well as their energy spectra is the

Thomson Parabola ion energy analyser (115, 116, 246, 248, 251, 252). It works with

nuclear track detectors (e.g. CR-39), imaging plates (IP) (119, 253, 254), RCFs or

MCPs as the recoding detector. Modified versions with angled electrodes have been

used as high-resolution, high-dispersion Thomson Parabola for >100 MeV/nucleon ion

energies (116) (see section 3.1.4.1). A TOF ion spectrometer (206, 255), due to its

simple and fast readout, can be used as a real-time diagnostic with high repetition rate

lasers. The measurement of the properties of electrons which are generated simultane-

ously with ions is also very important for understanding of proton and ion acceleration

driven by intense lasers as has been demonstrated in chapter 4. Ideally, one should

measure the electron spectrum and spatial distribution in the interaction region us-

ing, e.g., Thomson scattering (256, 257, 258), bremsstrahlung radiation (259, 260),

optical transition radiation (229, 230, 232), Cerenkov radiation (261), or optical probe

reflectometry (262). Some information can also be extracted analysing the spectra of

electrons left at the target; the electron spectra can be obtained in this case with a

magnetic electron energy analyser coupled with a scintillator or IP (117, 228, 263, 264).

6.4 Summary

Existing analytical scaling laws and numerical data were used to investigate the capa-

bilities of laser-driven ion acceleration with the VEGA laser system at CLPU. While the

TNSA is generally a robust and reliable mechanism, it works best for pulses between

80 fs and 600 fs and is therefore far from ideal for the VEGA system with its ultra-

short (30 fs) pulse duration. Much more attractive in terms of ion acceleration, is the

interaction with ultra-thin solid targets in the nanometre range. The most promising

results are predicted in the radiation-pressure dominated regime, namely light-sailing

with nano-foils and hole-boring with low-density targets (e.g. aerogels or foams (265)).

In the light-sailing RPA, analytical scaling laws predict energies up to 102 MeV

and 376 MeV/u from the interaction with 8 nm thin fully ionised diamond-like-carbon
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targets with an conversion e�ciency of 0.37 and 0.23 for protons and carbon ions,

respectively (see table 6.3). Due to the delicate nature of nanometre thin solid films,

the contrast requirements are extremely stringent. A pulse contrast of up 1012 : 1

can be demanded, which also makes VEGA a good candidate given its high contrast

without the need of employing external contrast-enhancing devices. The numerical data

presented in section 4.1 showed that the maximum energy scales as E
max

/ I

2, which

coincides with the prediction by the light-sailing model and highlights the importance

to achieve the highest laser intensities. With appropriate focusing VEGA can reach

intensities up to 1022 Wcm�2, which makes the exploration of the light-sailing regime

attractive.

Hole-boring RPA could also be an attractive regime to be explored with the VEGA

laser. As seen from table 6.4, energies up to 10 MeV and 65 MeV/u and conversion

e�ciencies up to 0.14 and 0.1 for protons and carbon ions, respectively. The energies

are dependent on the pistoning parameter ⌅ (see equation 2.55), and increase with

smaller densities. Therefore the experimental study with aerogels or foam targets of

reduced density with VEGA could yield high-energy ion beams.

Experimental set-ups like the one shown in section 5.1 allow the angular separation

of ion beams originating from di↵erent acceleration processes (e.g. TNSA, RPA and

BOA), facilitating the individual study. Such set-ups could also be implemented at the

CLPU with the VEGA laser.

Finally, referring to section 5.1 and 5.2, VEGA is well suited to explore ion ac-

celeration by the introduction of a controlled pre-pulse due to its individual outputs.

As shown in section 5.2, a double pulse set-up with mixed polarisation could lead to

generation of high-energy (> 100 MeV/u) ion beams with moderate intensities (⇠ 1021

Wcm�2 for VEGA parameters) and an energy spread as narrow as 10%, which also

makes it very attractive for practical applications as discussed in section 1.2.
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Conclusion and outlook

7.1 Conclusion

The presented thesis reports an investigation on laser-driven ion acceleration from ul-

trathin targets. The main objectives of the investigation were finding the conditions

of the laser-plasma interaction that maximise the ion energy and minimise the energy

spread in the generated ion beam, getting them closer to the parameters required to

applications such as hadron therapy. The e↵ects that determine and limit the ion beam

parameters achievable in the interaction of high intensity laser beams with solid target

were characterised. This includes an understanding of the on-set of relativistically-

induced transparency, electron transport in the plasma, development of instabilities

and occurrence of multiple acceleration mechanisms. Furthermore estimations about

the performance of the VEGA laser system in laser-driven ion acceleration were ob-

tained and a set of requirements in order to optimise its scientific exploitation was

established. Therefore experimental and numerical data from the interaction of high

intensity lasers with ultrathin solid targets was obtained. In particular, single pulse

and double pulse laser schemes were investigated.

Numerical study of single laser pulse interactions with ultrathin solid

targets

It has been shown that ions can be e�ciently accelerated to 100 MeV/u in the Radiation

Pressure Acceleration scheme using short femtosecond pulses with circular polarisation.

The beam production also depends sensitively on the target thickness and composition.

169



7. CONCLUSION AND OUTLOOK

Optimum acceleration conditions were found for 40 nm thick diamond-like carbon foils.

However there are a number of caveats that have to be overcome. High-resolution sim-

ulation runs revealed the development of transverse instabilities that have also been

observed experimentally. Bubble-like structures are imprinted in the spatial density

profile of the ion beams, which indicates the formation of Rayleigh-Taylor type insta-

bilities.

Experimental investigation of electron dynamics at the on-set of Rela-

tivistically Induced Transparency

Beside the Radiation Pressure Acceleration mechanism, other schemes at the on-set

of relativistically induced transparency have emerged, e.g. the Breakout Afterburner.

Since the intensities of currently existing laser systems are not high enough to accelerate

ions directly, the energy is always mediated via the plasma electrons. A thorough

understanding of the electron dynamics is therefore required. The collective dynamics

of electrons in relativistically transparent foils driven by a linearly polarised laser field

was experimentally shown to exhibit a cos(2✓) dependence, where ✓ is the angle between

the electron radial momentum vector and the polarisation axis. This is manifested in a

double lobe formation in the electron density distribution. It has been shown that the

electron beam profile is sensitive to the laser polarisation direction and the percentage

of the laser energy that is transmitted through the target.

Experimental investigation of double pulse interactions with ultrathin

solid targets

In the framework of this thesis, also the interaction of double laser pulses with solid

targets has been studied. Many ion acceleration mechanisms depend sensitively on

the scale-length of the plasma. A first pulse can prepare the plasma to maximise the

acceleration by the second pulse. An energy enhancement in ultrathin foils undergoing

relativistically-induced transparency was investigated. In the case of a double pulse

with two linearly polarised pulses the evolution between several acceleration mecha-

nisms occurs over the duration of the laser pulse and the underlying phenomena can be

investigated by angularly separating the di↵erent ion beam components. It was shown

that the target expansion, controlled by varying the rising edge of intensity profile,
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produces an extended plasma jet, which in turn allows better energy coupling to the

proton population.

Numerical investigation of ion acceleration with double pulses of mixed

polarisation

With the use of particle-in-cell simulations, a novel acceleration scheme with double

pulses of mixed polarisation was identified that can operate in the femtosecond and

picosecond pulse duration regime. In case of femtosecond pulses a first, moderate

intensity linearly polarised pulse heats up the electron population causing the overdense

target to expand, dragging the ions behind and preserving quasi-neutrality. After a

time delay of around half a picosecond, a second pulse of higher intensity and circular

polarisation, drives a collisionless shock in the pre-expanded and near-critical plasma

that e�ciently accelerates the remaining ions. This scheme predicts the generation of

>100 MeV/u heavy-ions with intensities of 1021 Wcm�2.

Performance of VEGA in laser-driven ion acceleration and experimen-

tal requirements

Finally, the obtained results and existing scaling laws were used to estimate the capa-

bilities of the VEGA laser system in terms of ion acceleration. The ultra-short pulse

duration, ultra-high intensity and the high contrast make VEGA an ideal system to ac-

celerate ion the in the Radiation Pressure Acceleration scheme. Furthermore the three

independent outputs allow the implementation of double-pulse set-ups, which could

provide a pathway to e�cient heavy-ion acceleration. Therefore the VEGA system is

suitable for laser-driven ion acceleration, but e↵ort is needed in terms of experimen-

tal set-up, target fabrication and optimisation, and diagnostics, to achieve ion beams

which are useful for applications.

7.2 Outlook

At the present stage, the performance of a standard few µm-thick solid foil, irradi-

ated with ’normal’ (⇠ 106:1) contrast laser pulses has been studied extensively and

understood relatively well (89). The general conclusion obtained from experiments and

simulations is that the use of thinner targets and higher pulse contrast is advantageous
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in terms of high maximum ion energy. Many ideas and techniques have been tested

including the use of various advanced targets (16), circular polarization (132) (section

4.1), contrast improvement techniques (266), multi-pulse and multi-stage acceleration

etc (166) (section 5.1 and 5.2).

Many models and simulations predict the generation of ion beams with energies well

in excess of 100 MeV with already achievable laser energies and intensities (⇠ 1021 - 1022

Wcm�2) (section 4.1 and 5.2). However the experimentally obtained energies are not

quite as high as the theoretical predicted energies. In particular there is the Radiation

Pressure Acceleration light-sail that predicts the formation of quasi-monoenergetic (few

% energy spread) ion beams with an energy of hundreds of MeV and a high e�ciency,

but inducing light-sail experimentally has proven very challenging.

Achieving the final stage of RPA is one of the most important immediate goals

in the field of laser-driven ion acceleration; it includes tailoring of the laser pulse and

target, avoiding or exploiting instabilities, finding optimum conditions, etc. Achieving

(quasi-) monoenergetic ion beams is essential for some of the proposed applications of

laser-driven ion sources such as hadron therapy. It involves achieving and optimising

the acceleration mechanisms that predict monoenergetic spectra (92, 93, 267) and/or

developing monochromatisation techniques for the ion beam (Phase rotation (268),

laser-driven microlens (269), or permanent magnets and solenoids (270, 271, 272, 273)).

The interaction with gas and liquid targets will allow the use of laser pulses at a

higher repetition rate. Therefore e�cient acceleration mechanisms in the interaction

of laser pulses with near-critical plasma will have to be identified and experimentally

demonstrated.

The density of an originally solid target can also become close to the critical den-

sity or even underdense due to the pre-pulse or ASE irradiation (in few µm-thick tar-

gets) (274) or picosecond/femtosecond pedestal (in nanometre-thick targets) (218, 219),

which further requires the demonstration of ion acceleration mechanisms in the under-

dense or near-critical regime.

A promising route is to use a pulsed high-pressure gas jet as target. A self-

replenishable gas jet is ideal for applications where repetitive ion acceleration is re-

quired. Moreover, it is less demanding in terms of laser energy and pulse contrast,

and it o↵ers several additional advantages like adjustable density, contamination-free

composition, and debris-free operation. In any case it is necessary to find the optimum
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density profile, to demonstrate the scalability of the acceleration in near-critical plasmas

to larger laser powers, and to search for conditions which lead to quasi-monoenergetic

ion spectra.

Combining several techniques of laser-driven ion acceleration is also a potentially

interesting line of research. For example, it is desirable to combine a clean (ultra-high

contrast) laser pulse, focused to a sub-µm spot, with a nanometre-thick double-layer

target or mass-limited targets (MLT).

Advances in laser-driven ion acceleration rely as much in the optimisation and

development of novel target as in the laser technology itself. The general trend is to use

thinner targets (which in turn require higher contrast pulses) and complex targets which

typically comprise several components and have several geometrical parameters (275).

Finding an optimum design for given laser parameters is a di�cult task and should

include analytical models, extensive simulations (276) and experiments. Without such

optimization the high potential of complex targets cannot be fully exploited.

Another path for the optimization and control of laser-driven ion acceleration is the

active tailoring of the driving laser pulses (optimisation of temporal shape on di↵erent

time scales, spatial profile, polarisation, etc.) Much theoretical and experimental work

is necessary to fully exploit the possibilities of available lasers. Another possibility

which up to now has received relatively little attention in experiments is the employ-

ment of multi-pulse irradiation schemes (see section 5.1 and 5.2). Beam splitting and

recombination (167)) may increase the maximum proton energy and the conversion

e�ciency. Moreover, the low-energy parts of the proton spectra in the target normal

direction may be suppressed at the optimal delays.

Cascaded (two stage) proton acceleration with two targets also allows spectrally

controlling the proton beam (277). The central part of the proton beam accelerated

from the first target and stretched by the time of flight dispersion is subsequently

modified by the transient fields of a second target. Thus, a part of the spectrum,

controllable with the optical delay between the two laser pulses, may be suppressed;

part of the protons from a particular spectral region can be additionally accelerated,

while the others are decelerated. Further development of multi-pulse and/or multi-stage

techniques may allow ion or proton acceleration with relatively small energy bandwidth

and narrow beam divergence up to higher energies without increasing the total laser

energy (278, 279).
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In particular, mechanisms like the proposed collisionless shock acceleration with

a double pulse laser set-up with mixed polarisation in section 5.2 are promising for

future direction. The scheme has been demonstrated numerically with one-dimensional

particle-in-cell simulations, and should therefore be tested in two-dimensional or three-

dimensional simulations, and demonstrated experimentally (e.g. with Astra Gemini or

VEGA).

Also the field of beam diagnostics has to be further explored. The measurement

of ion beam properties in the multi-100 MeV/nucleon energy range is a potential issue

due to smaller deflection by fields of the detectors and an expected strong background

caused by simultaneously generated electrons, x-rays, neutrons, electromagnetic pulse,

etc. The energy range of detectors presently used with laser-driven sources should be

extended (115), or detectors used with conventional accelerators should be appropri-

ately modified. Furthermore, the detectors should ideally provide ’on-line’ capability in

order to cope with the increasing repetition rate available in current high-power lasers.

At the moment-laser driven ion sources have some limitations (e.g. in terms of

maximum energy and energy spread) which prevent their use in applications such as

hadron therapy. However, the obtained experimental and numerical results have shown

that there are a number of feasible acceleration schemes, leading to the generation of

high-quality ion beams.
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A Kemp, M Allen, A Blažević, J C Gauthier, M Geißel,

M Hegelich, S Karsch, P Parks, M Roth, Y Sentoku,

R Stephens, and E M Campbell. Spatial Uniformity of

Laser-Accelerated Ultrahigh-Current MeV Elec-

tron Propagation in Metals and Insulators. Phys-

ical Review Letters, 91(25):255002, December 2003. 157

[191] J Fuchs, P Antici, E d’Humières, E Lefebvre, M Borgh-

esi, E Brambrink, C A Cecchetti, M Kaluza, V Malka,

M Manclossi, S Meyroneinc, P Mora, J Schreiber, T Ton-
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