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Abstract

This thesis reports on experimental and numerical investigations of ion acceler-

ation driven by the interaction of short, intense laser pulses with ultra-thin, solid

targets in which relativistic transparency is induced. In particular, it explores

the multiple laser-ion acceleration mechanisms that take place over the duration

of the laser pulse. Investigating these acceleration mechanisms is important for

understanding the underlying physical dynamics and optimising laser-driven ion

acceleration.

The investigations featured in this thesis result from intense laser-solid in-

teractions conducted at the Rutherford Appleton Laboratory, using the Vulcan

Petawatt laser system. The first investigation explores the spatial-intensity profile

of the proton beam accelerated from thin (tens of nanometre) aluminium targets.

The beam of accelerated protons displayed a variety of features, including a low-

energy annular profile, a high energy component with a small divergence and

Rayleigh-Taylor-like instabilities. A particularly interesting observation is the

low-energy annular profile, which is shown to be sensitive to target thickness and

proton energy.

Numerical investigations using particle-in-cell (PIC) simulations exhibit the

same trends and demonstrate that the radiation pressure from the laser pulse

drives an expansion of the target ions within the spatial extent of the laser focal

spot. This induces a radial deflection of relatively low energy sheath-accelerated

protons to form an annular distribution. Through variation of the target foil

thickness, the opening angle of the ring is shown to be correlated to the point in

time during the laser pulse interaction at which the target becomes transparent

to the laser (in a process termed relativistic induced transparency). The ring is

largest when transparency occurs close to the peak of the laser intensity.

The second investigation focuses on the rising edge profile of the laser pulse and

the correlation between its temporal width and the resultant maximum proton
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energy. An important parameter to consider when irradiating nanometre-thick

foils is the laser contrast. However, the effect of the temporal width of the laser

pulse at 1% of the peak, where the intensity is ∼ 1018 Wcm−2, has not been

previously explored. Using CH targets with a fixed thickness, a range of proton

energies, from 20-70 MeV, are measured experimentally. The temporal width of

the laser pulse is measured using a second order autocorrelator and is used to

model the rising edge of the laser pulse on target. The temporal width at 50%,

10% and 1%, of the peak of the pulse, is measured. The measured proton energies

are found to strongly correlate with the temporal width at the 1% level, and as

the duration at this pulse width increased the maximum proton energy decreased.

Using particle-in-cell simulations, a detailed numerical investigation is carried

out to understand the effect the rising edge of the laser pulse has on proton

energies. By increasing the temporal width at 1%, the expansion of the target

increased, resulting in a less efficient acceleration of protons. Furthermore, by

inducing a small expansion in the target before the peak of the pulse arrives, the

hole boring mechanism of RPA can be optimised along the laser axis. However,

in the case where the temporal width at 1% is relatively larger, the hole boring

mechanism no longer dominates the interaction, as the target undergoes relativis-

tic induced transparency on the rising edge of the pulse, limiting the effect of hole

boring. Improving the laser contrast on the picosecond time-scale could result in

higher and stable proton energy.

iii



Acknowledgements

The completion of this thesis and work presented within could not have been

done without the help and support of a number of people.

First and foremost, I would like to thank my supervisor, Prof. Paul McKenna,

for his constant advice, guidance, encouragement and support throughout my

PhD and for giving me the chance to work in a friendly and stimulating environ-

ment. I will always be grateful to him for believing in me and offering me the

possibility of talking part in this cutting-edge research.

I would also like to thank Dr. Ross Gray for all his support during experiments

throughout my PhD and having patience when I did not understand concepts

straight away. Also, a big thank you to Dr. Martin King for his plasma physics

expertise, and helping perform and interpret the PIC simulations presented in

this thesis. Thanks to Remi for providing theoretical knowledge when I was

struggling to understand complex physics.

I would also like to say a massive thank you to the guys I had the pleasure of

sharing an office with, Bruno, Haydn, Matthew and Nick. The constant banter

and coffee breaks will be missed. I would additionally like to thank my friends

and colleagues in the group, Adam, Chris, Dean, Graeme, Katie, Rachel, Sam

and Zoe.

Also, I would like to thank the collaborators who I have worked with over

the past 4 years; Clare, Aaron, Deborah, Domineco, Satya and Marco at Queens

University Belfast, Oliver, George and Zulfikar at Imperical College London, Luca

from the Centro de Laseres Pulsados (CLPU) and David Carroll and David Neely

from the Central Laser Facility (CLF). I would also like to thank the CLF staff

and the Vulcan laser team, without whom the experimental campaigns providing

the data presented here would not have been possible.

Outside of PhD life I’d like to thank all my friends that had to deal with me

talking about physics for the past three years. A special mention to the united

iv



nation of jobbies group, Chris, Jonathan and Muneeb for all of the weekends away

travelling. JOBBY!!!! Also, Callum, Laura and Steven for providing countless

nights of alcohol and banter.

Finally, I would like to thank my family for their complete support throughout

my entire life and constantly encouraging me. Without you I would not be where

I am today.

v



Publications

1. Intra-pulse transition between ion acceleration mechanisms in intense laser-foil

interactions

H. Padda, M. King, R. J. Gray, H. W. Powell, B. Gonzalez-Izquierdo, L. C.

Stockhausen, R. Wilson, D. C. Carroll, R. J. Dance, D. A. MacLellan, X. H.

Yuan, N. M. H. Butler, R. Capdessus, R. Torres, M. Borghesi, D. Neely, and P.

McKenna. Physics of Plasmas 23, 063116, 2016

2. Laser contrast effects on laser-driven proton energies in the relativistic induced

transparency regime

H. Padda, M. King, R. J. Gray, A. Alejo, C. Armstrong, D. C. Carroll, R. J.

Dance, N. P. Dover, O. C. Ettlinger, A. Higginson, C. Scullion, R. Wilson, S.

Kar, Z. Najmudin, M.Borghesi, D. Neely, and P. McKenna. (In preparation)

3. Enhanced laser energy coupling to protons via a self-generated plasma channel

in the relativistic-transparency regime

H. W. Powell, M. King, R. J. Gray, D. A. MacLellan, B. Gonzalez-Izquierdo, L.

C. Stockhausen, G. Hicks, N. P. Dover, D. R. Rusby, D. C. Carroll, H. Padda,

R. Torres, S. Kar, R. J. Clarke, I. O. Musgrave, Z. Najmudin, M. Borghesi, D.

Neely, and P. McKenna. New Journal of Physics 17, 103033, 2015

4. Ion acceleration and plasma jet formation in ultra-thin foils undergoing ex-

pansion and relativistic transparency

M. King, R. J. Gray, H. W. Powell, D. A. MacLellan, B. Gonzalez-Izquierdo, L.

C. Stockhausen, G. Hicks, N. P. Dover, D. R. Rusby, D. C. Carroll, H. Padda, R.

Torres, S. Kar, R. J. Clarke, I. O. Musgrave, Z. Najmudin, M. Borghesi, D. Neely,

and P. McKenna. Nuclear Instruments and Methods in Physics Research Section

A: Accelerators, Spectrometers, Detectors and Associated Equipment 829, 163,

vi



2016

5. Angularly resolved characterization of ion beams from laser-ultrathin foil in-

teraction

C. Scullion, D. Doria, L. Romagnani, H. Ahmed, A. Alejo, O. C. Ettlinger, R. J.

Gray, J. Green, G. S. Hicks, D. Jung, K. Naughton, H. Padda, K. Poder, G. G.

Scott, D. R. Symes, S. Kar, P. McKenna, Z. Najmudin, D. Neely, M. Zepf, M.

Borghesi. Journal of instrumentation 11, 09, C09020, 2016

6. Laser accelerated ultra high dose rate protons induced DNA damage under

hypoxic conditions

P. Chaudhary, D. Gwynne, D. Doria, L. Romagnani, C. Maiorino, H. Padda,

A. Alejo, N. Booth, D. Carroll, S. Kar, P. McKenna, M. Borghesi, K.M. Prise.

Radiotherapy and Oncology, 118, S24-S25, 2016

7. Time of Flight based diagnostics for high energy laser driven ion beams

V. Scuderi, G. Milluzzo, A. Alejo, A.G. Amico, N. Booth, G.A.P. Cirrone, D.

Doria, J. Green, S. Kar, G. Larosa, R. Leanza, D. Margarone, P. McKenna, H.

Padda, G. Petringa, J. Pipek, L. Romagnani, F.Romano, F. Schillaci, M. Borgh-

esi, G. Cuttone, G. Korn. Journal of instrumentation 12, 03, C03086-C03086,

2017

vii



Role of the author
Throughout this PhD study, the author gained experience in the design, plan-

ning and implementation of experimental campaigns. The work presented in

this thesis primarily involved the use of the Vulcan Petawatt laser system at the

Central Laser Facility, but the author also contributed to experiments using the

Astra-Gemini laser system.

Chapter 5: The author played a key role during the the experimental cam-

paign. The target area operations were led by Dr. R. J. Gray (University of

Strathclyde) and Dr. H. W. Powell (University of Strathclyde). The author

was responsible for installing and running the Thomson parabola spectrometer,

dosimetry stack, and scanning image plate, with help from Dr. L. C. Stock-

hausen (CLPU) and Dr. H. W. Powell. Dr. B. Gonzalez-Izquierdo (University of

Strathclyde) set up the transmission diagnostic and helped with the collection of

data. The analysis and processing of the data from the Thomson parabola spec-

trometer, dosimetry stack and laser transmission diagnostics after the experiment

was carried out by the author. The author played a leading role in running and

analysing the initial 2D simulation study. Additional 2D and 3D simulations pre-

sented were carried out by Dr. M. King (University of Strathclyde) and analysed

by the author.

Chapter 6: The author played a central role in planning and running the main

experimental diagnostics. The target area operations were led by Dr. R. J. Gray

and Dr. R. J. Dance (University of Strathclyde). The author was responsible for

the installation of the key diagnostics of the campaign; three Thomson parabola

spectrometers and dosimetry stacks. The image plate and dosimetry stack were

scanned and analysed by the author. The 2D PIC simulations and initial analysis

was carried out by Dr. M. King and analysis was done by the author. The author

fully analysed the data presented in this thesis and contributed to writing the

publications resulting from this work.

viii



Contents

1 Introduction 1

1.1 Applications of laser-driven ion acceleration . . . . . . . . . . . . 3

1.2 Challenges for laser-accelerated ions . . . . . . . . . . . . . . . . . 7

1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Fundamentals of laser-plasma interactions 10

2.1 Fundamental principles . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Single electron in an intense laser field . . . . . . . . . . . . . . . 13

2.3 Ponderomotive force . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4 Laser induced ionisation . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 Plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.6 Laser interaction with the front surface of a solid . . . . . . . . . 23

2.7 Absorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.8 Fast electron transport . . . . . . . . . . . . . . . . . . . . . . . . 33

2.9 Plasma instabilities . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3 Laser driven ion acceleration 40

3.1 Target Normal Sheath Acceleration . . . . . . . . . . . . . . . . . 41

3.2 Radiation Pressure Acceleration . . . . . . . . . . . . . . . . . . . 47

3.3 Relativistic transparency regime acceleration . . . . . . . . . . . . 52

4 Methodology 59

ix



CONTENTS

4.1 High power laser technology . . . . . . . . . . . . . . . . . . . . . 60

4.2 Vulcan PW laser system . . . . . . . . . . . . . . . . . . . . . . . 69

4.3 Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.4 Simulation tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5 Intra-pulse transition between ion acceleration mechanisms 82

5.1 Experimental Set-up . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.3 Numerical PIC simulations . . . . . . . . . . . . . . . . . . . . . . 102

5.4 Comparison of experiment and simulation results . . . . . . . . . 113

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6 Laser contrast effects on proton energies in the transparency

regime 119

6.1 Experimental Set-up . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.3 Numerical PIC simulations . . . . . . . . . . . . . . . . . . . . . . 134

6.4 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . 145

7 Summary and Conclusions 147

7.1 Summary of main results . . . . . . . . . . . . . . . . . . . . . . . 148

7.2 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . 151

Bibliography 153

x



List of Figures

1.1 Example of dose deposition in tissue for 20 MeV electrons (blue),

10 MeV x-ray beam (red) and a single proton at 150 MeV (green). 4

2.1 kL, E and B of the plane wave are mutual perpendicular to each

other, and E and B are in phase . . . . . . . . . . . . . . . . . . . 13

2.2 Illustration of the radial intensity profile of the laser pulse and a

single electron drift due the resulting ponderomotive force [1]. . . 16

2.3 Emission angle of an electron interacting with a laser pulse. The

emission angle becomes closer to the laser axis as the γ factor

increases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Illustration of the multiphoton ionisation process. . . . . . . . . . 19

2.5 Schematic of barrier suppression ionisation. The electron can es-

cape the potential well of the atom by (a) is barrier suppression

leading to tunnelling ionisation, (b) is barrier suppression leading

to over-the-barrier ionisation. . . . . . . . . . . . . . . . . . . . . 20

2.6 (a) Intensity variation of the laser pulse (b) radial plasma electron

density profile (c) radial refractive index profile . . . . . . . . . . 27

2.7 Illustration of realtivistic self-focusing due to increase in the on-

axis refractive index resulting in the phase velocity of the laser

becoming slower on-axis . . . . . . . . . . . . . . . . . . . . . . . 27

xi



LIST OF FIGURES

2.8 Schematic of resonant absorption. The p-polarised laser pulse in-

jects electrons into the target at the reflected point of the laser

pulse. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.9 Schematic of vacuum heating where the electric field of the laser

pulse pulls electrons from the solid target and accelerated them

back into the target. . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.10 Schematic of j×B heating. Electrons are injected into the target

along laser axis and at twice the laser frequency. Adapted from [2]. 33

2.11 Schematic showing (a) the initial conditions of two fluids with dif-

ferent densities separated by a boundary and (b) a perturbed in-

terface with a peak and a trough moving in opposite directions

with the same velocity [3]. . . . . . . . . . . . . . . . . . . . . . . 36

3.1 Schematic showing a laser pulse interacting with the front surface

of a target and the formation of a sheath at the rear surface, re-

sulting in the ionisation and acceleration of the rear surface layers

of the target. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2 Example experimental measurement of the proton spectrum in the

TNSA regime. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3 (a) Illustration showing the energy dependence of the ion beam

divergence in the TNSA regime. (b) Experimental measurements

of the proton beam divergence using the Vulcan laser, adapted

from [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.4 Schematic of the (a) hole boring mode of RPA where the electrons

at the front side are compressed. (b) light sail mode of RPA . . . 48

3.5 Schematic showing the temporal evolution of the hole boring front,

with increasing time (a-c), with the electron density in blue, ion

density in green and the charge separation field generated in the

red dashed line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

xii



LIST OF FIGURES

3.6 Illustration of the Relativistic induced transparency process. At

t1, the rising edge of the laser pulse heats the plasma electrons

inducing an expansion of both surfaces. Due to the expansion of

the target and increasing laser intensity, at t2 > t1 the electrons are

driven forward into the target by the laser ponderomotive force.

At t3 > t2 the electron density continues to decrease due to the

plasma expansion and the increasing critical density results in the

plasma becoming relativistically transparent. The laser can then

propagate through the plasma which otherwise remain classically

overdense. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.1 Illustration of the stimulated laser transition. In the gain medium

electrons are excited from the ground level E1 to E2 where it decays

to a metastable state E3. At this stage a population inversion is

created and the laser transition occurs when the electron decays

from E3 to E4. Both E2 to E3 and E4 to E1 are radiationless

tranisitions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2 Schematic illustration of the CPA laser scheme. . . . . . . . . . . 62

4.3 Illustration of the spontaneous laser transition. In the gain medium

electrons are excited from the ground level E1 to E2 where it decays

to a metastable state E3. At this stage a photon is emitted without

being stimulatied by another photon and the electron decays to E4.

Both E2 to E3 and E4 to E1 are radiationless transitions. . . . . . 63

4.4 Regenerative amplifier setup . . . . . . . . . . . . . . . . . . . . . 65

4.5 Multipass amplifier setup . . . . . . . . . . . . . . . . . . . . . . . 66

xiii



LIST OF FIGURES

4.6 Schematic of an intense laser pulse incident on a plasma mirror.

The laser pulse with ASE and pre-pulse is directed on to the mirror

(A). The low intensity ASE and pre-pulse are transmitted (B) while

the main pulse is reflected from the plasma is generated on the front

surface of the mirror (C). . . . . . . . . . . . . . . . . . . . . . . . 68

4.7 Layout of the Vulcan laser and the two target areas [167]. . . . . . 69

4.8 Vulcan laser system and amplification chain . . . . . . . . . . . . 70

4.9 Composition of GAFCHROMIC a) HD-V2 and b) EBT2 film . . . 72

4.10 Typical stack set up and energy deposited as a function of material

depth. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.11 Top-down view of a Thomson parabola spectrometer . . . . . . . 74

4.12 Example of raw experimental data on an image plate detector

showing dispersed ions from a Thomson parabola spectrometer. . 76

4.13 (a) Schematic of the setup of the PTFE screen in front of the RCF

stack and (b) example of the experimental data . . . . . . . . . . 77

4.14 Schematic the camera set up to capture the transmission data in

1ω and 2ω outside the chamber. . . . . . . . . . . . . . . . . . . . 78

4.15 Example of the autocorrelation trace extracted from the near field

image. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.16 Schematic diagram showing the steps involved in a PIC simulation 80

5.1 Schematic illustrating the intra-pulse transition between different

ion acceleration mechanisms in a two species target. (1) TNSA

driven by energetic electrons early in the interaction, (2) a hole-

boring-RPA phase in which Al ions are accelerated into the back of

the expanding proton layer, giving rise to radial expulsion. (3) the

onset of RIT and electron energy coupling to the moving sheath

accelerated ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

xiv



LIST OF FIGURES

5.2 Schematic of the experimental set-up. The focussing laser is re-

flected off a plasma mirror to increase contrast, onto a nanome-

tre scale thickness target. The three main diagnostics: the ra-

diochromic film stack (RCF); with a PTFE layer (for transmit-

ted laser light); and a Thomson parabola, to measure the spatial-

intensity and spectral profile of the proton beam respectively. . . . 85

5.3 Example proton spatial-intensity profiles at stated energies from

the RCF stack for irradiation of a 40 nm Al target. The cross at

0◦ represents laser axis in black and at 10o indicates the position

sampled by the Thompson parabola diagnostic. . . . . . . . . . . 87

5.4 Example scan of the image plate used in the dispersion plane of

the Thomson Parabola spectrometer for, laser interaction with L

= 40 nm Al foil. A modulation in the proton track is observed. . . 88

5.5 Spectrum from the TP (black line) overlaid with a RCF (blue line)

for the same 40 nm Al target example data in figure 5.3 and 5.4. . 89

5.6 Measured spatial-intensity profile of the proton beam from an L =

10 nm Al target at Eprot = 2.7 MeV, for target rotation: (a) θL =

25◦ and (b) θL = 0◦. . . . . . . . . . . . . . . . . . . . . . . . . . 90

5.7 Transverse optical probe measurement of the rear surface expand-

ing plasma of a 40 nm Al target at (a) t = 10 ps and (b) t = 120

ps after the peak of the pulse. . . . . . . . . . . . . . . . . . . . . 91

5.8 Measured proton spatial-intensity dose profile for given proton en-

ergies (Eprot = 2.7-7.1 MeV) for a L = 10 nm Al target. . . . . . . 92

5.9 Vertical line-outs through the spatial dose profile of the proton

beam shown in figure 5.8 for Eprot = 2.7, 5.3 and 7.1 MeV. . . . . 93

5.10 Divergence angle ∆θ as a function of normalised proton (Eprot/Emax)

energy, from the experimental data for L = 10, 20, 40 and 80 nm. 94

xv



LIST OF FIGURES

5.11 Measured proton spatial intensity dose profile for given target

thicknesses, L = 10 - 400 nm Al for (Eprot = 2.7 MeV) . . . . . . 95

5.12 Vertical line-outs through the spatial dose profile of the proton

beam shown in figure 5.11 for L = 20, 80 and 100 nm. . . . . . . . 96

5.13 Opening angle angle ∆θ as a function of target thickness L for

linear (green) and circular (red) polarised laser light from the ex-

perimental data for fixed energy of Eprot = 2.7 MeV. . . . . . . . 96

5.14 Measured transmitted light (at 1ω) recorded with a CCD camera

imaging a PTFE screen placed in front of the RCF stack for: (a)

L = 10 nm; (b) L = 400 nm. . . . . . . . . . . . . . . . . . . . . . 98

5.15 Measured transmitted light as a function of target thickness (nor-

malised to the L = 10 nm result). . . . . . . . . . . . . . . . . . . 98

5.16 Low divergence component of the proton spatial dose profile for

given proton energies (Eprot = 8.5-14.5 MeV) for: (a) L = 10 nm;

(b) L = 40 nm; (c) L = 80 nm. . . . . . . . . . . . . . . . . . . . 101

5.17 Measured divergence angle ∆θ as a function of energy of the low

divergence component of the proton beam for L = 10, 20, 40 and

80 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.18 Percentage of transmitted light from the simulation as a function

of target thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.19 Example simulation results showing: (a) Ion densities for the L =

20 nm target at t = 700 fs: Red - Al11+ ions; Blue - protons. (b)

Angular projection of the ions, Red dashed line - Al11+ ions; Blue

solid line - protons, shown in (a). (c-d) same for L = 40 nm. (e-f)

same for L = 500 nm. . . . . . . . . . . . . . . . . . . . . . . . . 105

xvi



LIST OF FIGURES

5.20 Example simulation results showing: (a) Ion densities for an L

= 500 nm target at t = 700 fs: Red indicates Al11 ions; Green

indicates protons with energy in the lower quartile; Blue represents

the remainder, higher energy protons. (b) Angular profile of the

protons accelerated from the L = 500 nm target as a function of

time with respect to the peak of the pulse (t = 0). (c) and (d)

Same for L = 40 nm, for which relativistic transparency occurs at

t = 20 fs marked with the dashed line and the scales are the same. 108

5.21 Divergence angle ∆θ as a function of normalised proton (Eprot/Emax),

energy of the lower quartile from the simulation results for L = 20,

40 and 100 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.22 ∆θ as a function of target thickness L for P- (black) and C- (red)

polarised laser light from the simulation results integrated over the

lower quartile of the proton energy range. . . . . . . . . . . . . . . 109

5.23 3D PIC simulation (a) showing an example 3D plot of the total

energy sampled at 400 fs. Label B corresponds to the electrons

which show an energy enhancement as they are directly accelerated

by the laser resulting in a jet modulated by the laser frequency.

(b) Total electron energy in the 2D plane at x = 16 µm, marked

in (a). (c) Total proton energy in the 2D plane at x = 16 µm.

The feature labelled A corresponds to the annular component of

the proton beam expanding off-axis from the laser propagation. B

represents the region of enhancement from the energetic electrons

accelerated by the laser and forming the jet. . . . . . . . . . . . . 110

5.24 2D PIC simulation results showing the azimuthal (Bz) magnetic

field generated at the rear of the target of thickness (a) L = 500

nm and (b) L = 40 nm. . . . . . . . . . . . . . . . . . . . . . . . 112

xvii



LIST OF FIGURES

5.25 Comparison of experiment and simulation results for ∆θ as a func-

tion of L, for low energy protons (Eprot = 2.7 MeV in the experi-

ment and integrated over the lower quartile of the proton energy

range in the simulations). The simulation results scaled up by a

factor of two in target thickness (as determined by the difference

in Lopt) is also shown. . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.26 Comparison of experiment and simulation results of ∆θ as a func-

tion of normalized proton energy for given L. . . . . . . . . . . . . 114

5.27 Comparison of experiment and simulation results of transmission

through the foil as a function of L. . . . . . . . . . . . . . . . . . 115

5.28 Simulation results showing the temporal behaviour of the average

ring opening angle for different target thicknesses. The tempo-

ral profile of the laser intensity is also shown. Dashed vertical

lines are added to indicate the onset of transparency for the corre-

sponding target thickness. Note that the L = 500 nm target does

not undergo transparency. The dominant intrapulse acceleration

mechanisms are labelled at the top of the figure for the L = 40 nm

example case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.1 Schematic of the experimental set-up. The focusing laser pulse is

reflected off a plasma mirror to increase contrast, then focused onto

a nanometre thick target. The main diagnostics are a radiochromic

film stack (RCF) with a PTFE layer (for transmitted laser light)

and three Thomson parabola spectrometers, to measure the spatial

and spectral profiles of the proton beam, respectively. . . . . . . . 121

6.2 (a-b) Raw scans of the Thomson spectrometer image plates for

the same shot showing (a) 1st layer and (b) 2nd layer. (c) Proton

spectra extracted from (a) and (b) with the 1st layer in black and

2nd layer in red. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

xviii



LIST OF FIGURES

6.3 Third order scanning cross-correlator (Sequoia) contrast measure-

ment of the ps OPCPA pre-amplification stages (green) and the

contrast enhancement due to the plasma mirror (black). . . . . . . 123

6.4 (a) Example of the autocorrelator trace (green) with the Sequoia

trace (red) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.5 (a) Spatial-intensity profile of the proton beam in the RCF stack

and image plate at given energies, (b-d) displays the raw image

plate data as measured in the dispersion plane of the TP (e) the

spectra from the RCF and TPs. . . . . . . . . . . . . . . . . . . . 126

6.6 (a) represents the proton energy as a function of shot number for

each TP and (b) shows the transmission of the laser pulse from a

100 nm CH target. . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.7 (a) Example of three autocorrelation traces and (b) modelled input

and output of the autocorrelator pulse signals used to replicate the

laser pulse profile at the target based on the autocorrelator trace. 130

6.8 Schematic outlining the method used to model the laser pulse pro-

file (2) and the laser pulse on target after the plasma mirror (3)

using the Autocorrelator trace (1). . . . . . . . . . . . . . . . . . 131

6.9 (a) Input signal of three laser pulse traces modelled before the

plasma mirror and (b) the same traces used to model the laser pulse

at the target with the plasma mirror reflectivity measurements and

plotted alongside the Sequoia measurement. . . . . . . . . . . . . 132

6.10 Proton spectrum measured using TP 1, corresponding to the pulses

shown in figure 6.9. . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.11 Experimental results showing the proton energy as a function of

pulse duration at 50% (black), 10% (blue) and 1% (red) of the

peak intensity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

xix



LIST OF FIGURES

6.12 Example illustration of the laser pulse intensity profiles modelled in

the simulation for the rising edge of the laser pulse. The duration

of the pulse at the 1% level of the peak of the pulse is increased

from 1.3 ps to 1.55 ps. . . . . . . . . . . . . . . . . . . . . . . . . 135

6.13 Simulation results showing the maximum proton energy as a func-

tion of pulse duration at the 1% level with the three main example

cases labelled X, Y and Z. . . . . . . . . . . . . . . . . . . . . . . 136

6.14 Simulation results show the electron density at 0.25ncrit for case

X in red, Y in blue and Z in green at (a) t= -1100 fs (b) t= -900

fs (c) t= -700 fs and (d) t= -500 fs. . . . . . . . . . . . . . . . . 137

6.15 (a-c) Simulation results from case X, showing the ion density for

C6+, in green, and protons, in blue for: (a)t = -300 fs (b) t = 100

fs and (c) t= 700 fs. (d-f) represents the same time steps for case Z.139

6.16 Position of the proton front along the laser axis (Y= 0 µm) as

a function of time. The temporal profile of the laser intensity is

also shown in gray with dashed vertical lines added to indicate the

onset of transparency for the corresponding cases. The three cases

plotted as: X in red, Y in blue and Z in green. . . . . . . . . . . 140

6.17 Simulation results showing: (a) Ion densities and (b) kinetic energy

for the L = 100 nm target at 900 fs after the interaction of the laser

pulse peak for caseX: Green - C6+ ions, Blue - protons. (c-d) Same

for case Z . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.18 Energy-space plot of the proton beam denisty along laser axis for

(a) t = -300 fs, (b) t = 0 fs and (c) t = 600 fs for case X and (d-f)

same time steps for case Z. . . . . . . . . . . . . . . . . . . . . . . 142

xx



LIST OF FIGURES

6.19 Simulation result showing the energy distribution of the protons

across the Y dimension of the simulation for all studies carried out

(a) τ1% = 1.3 ps (b) τ1% = 1.4 ps (c) τ1% = 1.47 ps (d) τ1% = 1.52

ps and (e) τ1% = 1.55 ps with cases X, Y and Z labelled. . . . . . 143

6.20 Comparison of the experimental and simulation results of the pro-

ton energy as a function of the temporal width at 1% of the peak. 144

xxi



List of Tables

1.1 Proton beam requirements for three example applications [5]. . . . 7

6.1 Configuration of the three Thomson parabola spectrometers used. 122

xxii



Chapter 1

Introduction

Accelerators have been at the forefront of science since the 1920s, providing sci-

entists with the necessary tools to undertake research in many fields of physics

and understand the building blocks of matter itself. Presently, laboratory ac-

celerators are used to create conditions that occurred shortly after the big bang

enabling physicists to probe the deepest mysteries of the universe. Other uses of

accelerators include, serving as tools for medical and industrial applications and

nuclear energy.

Early particle accelerators such as the Cockcroft-Walton generator or the Van

de Graaff generator utilised static electric fields to accelerate particles to energies.

In the 1920s a Norwegian physicist, Rolf Wideroe first proposed the linear particle

accelerator using a series of oscillating electric fields to accelerate charged particles

along the beam line [6]. This device, known as a linac, accelerated particles up to

energies of keV. Around 10 years later Ernest Lawrence came across Wideroe’s

article and was intrigued by the concept of particle acceleration [7]. Lawrence

built an alternative accelerator which used a circular path with electromagnets

to guide particles along a circular path instead of a linear beam line. This device,

called a cyclotron, was only 10 cm in diameter and could be held in one hand. In

the present day, these accelerators have increased in size and still provide a lot of
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science for researchers.

Modern day accelerators are generally based on radio-frequency (RF) cavities

creating oscillating fields to keep particles in phase with the accelerating field.

However, the electrical breakdown which occurs in the metal walls of the cavity

which limits the maximum accelerating gradient possible to tens of MV/m. To

overcome this and increase the energy of particles, the spacing of electrodes and

thus the accelerator size is increased. The Large Hadron Collider (LHC) is a

synchrotron accelerator with a 27 km circumference. It is designed to acceler-

ate protons up to a maximum energy of 7 TeV to research fundamental particle

physics. For other applications such as medical oncology, proton energies of hun-

dreds of MeV are required and hence the accelerator size is typically in metres.

These large scale accelerator facilities result in huge financial cost of infrastruc-

ture.

A potential solution to the limitation of conventional accelerators is to use

plasma itself as a accelerating medium as it is already broken down. Tajima and

Dawson [8] proposed an intense laser-plasma accelerator for electrons where it

is possible to create electric fields up to hundreds of GV/m using Laser Wake

Field Acceleration (LWFA) [9]. The electron plasma wave acts as an accelerating

structure for injected electrons and experiments have since demonstrated electron

bunches of 4.2 GeV [10] from a centimetre of under-dense gas, with accelerating

gradients up to GV/m [9,11–15].

Using a solid target laser-generated hot electrons can produce a high electro-

static field of the order of ∼TV/m, resulting from a charge separation, which

can accelerate ions up to tens of MeV/per nucleon. The very first energetic ions

produced by a laser interacting with matter were reported by Linlor et al [16].

These early experiments produced protons with a maximum energy of 5 MeV

using a CO2 laser delivering pulses with a nanosecond duration [17]. The beams

of accelerated ions from these laser systems were found to have a broad energy
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spectrum with a sharp high energy cut off.

In the last two decades there has been a renewed interest in laser-driven ion

acceleration due to the development of chirped pulse amplification (CPA) [18] in

the late 1980s, resulting in the production of ultra-short (picosecond) and high

intensity laser pulses, (> 1018 Wcm−2) [19]. This increase in intensity resulted in

the energy of accelerated protons reaching 58 MeV in 2000 (Snavely et al [20])

with laser intensities of ∼ 1020 Wcm−2. Recently proton energies of 85 MeV

have been reported using micron thick, low density targets [21] and intensities of

∼ 1021 Wcm−2.

Ions accelerated via laser-solid interactions have unique properties such as ul-

trashort bunch duration (at source) and ultra low emittance [22,23]. Also, due to

low costs and compact size, laser accelerated ions are seen as an attractive source

for a range of applications, as discussed in the next section.

1.1 Applications of laser-driven ion acceleration

Hadron therapy

One of the most exciting potential applications of laser-driven ion acceleration

is hadron therapy. It is viewed as a potential alternative to x-ray radiotherapy

to treat cancerous tumours. Ions have a unique energy deposition characteristic,

as shown in figure 1.1. They deposit low levels of dose as they travel through

tissue and slow down until they reach the end of their path where they deposit

the remainder of their energy. This peak at the end of their passage is known

as the Bragg peak. By controlling the initial energy of the ions it is possible

to accurately control the depth to which they penetrate, targeting the tumour

and providing minimal dose to the surrounding healthy tissue. This treatment

could also be used for deep seated tumours, which in the past would have been

untreatable. For x-rays and electrons on the other hand, the highest dose is
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delivered at the surface of the body with the dose deposition decaying quickly

with depth within the body. This results in a significant dose being delivered to

healthy tissue, and can cause organ damage and growth of secondary tumours.
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Figure 1.1: Example of dose deposition in tissue for 20 MeV electrons (blue), 10
MeV x-ray beam (red) and a single proton at 150 MeV (green).

A number centres are already performing hadron therapy using conventional

accelerator technology, such as cyclotrons and synchrotrons, to provide the ion

beam [24, 25]. However, these accelerators require a considerable amount of in-

vestment and can cost up to £250 million per centre depending on the type of

facility. Due to this high cost, there is a great deal of interest in alternative meth-

ods, such as laser-plasma based accelerators, to produce high energy ions. For

laser-driven hadron therapy to be feasible, the ion energy must be in the range

of 250 MeV to penetrate to deep-seated tumours. Ion beams from laser driven

interactions could make the irradiation facility much more compact and less ex-

pensive in comparison [26–28]. Another method being proposed is to have the
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laser accelerated ion beam injected into a conventional accelerator, thus reducing

the size of accelerator needed to boost ions to the required energies [26, 27].

Fast ignition ICF

Fusion is widely considered to be an attractive energy source, due to the fact that

it is not carbon-based and unlike fission produces no long-lived waste products.

One method of confining a fusion plasma is inertial confinement fusion (ICF), in

which a capsule filled with deuterium and tritium (D-T) fuel is compressed to

release large quantities of energy through nuclear fusion. In the indirect drive

approach [29], the capsule is placed inside a metal cylinder (hohlraum) the inner

surface of which are irradiated by lasers. The laser energy is absorbed by the

holraum walls converting it into x-rays. These x-rays heat the capsule surface,

driving ablation and sending shock-waves into the capsule to compress it. The

fuel in the capsule is compressed until it ignites and energy is released during the

nuclear burn up of the fuel. However, studies have shown that the compression

of the capsule can be sensitive to instabilities, such as the Rayleigh-Taylor insta-

bility [1] and symmetry of irradiation, which makes it difficult to achieve uniform

compression.

Another approach, proposed by Tabak et al [30], is known as the fast ignition

approach, which relaxes the compression symmetry requirements. A larger gain

can be achieved by applying a final burst of energy to the capsule near the end

of compression, rather than using the same laser to drive the entire compression.

In this scheme the pellet is compressed by a large number of lasers pulses and

a separate high intensity laser pulse is used to deliver energetic particles to the

compressed pellet to ignite the fuel. Initially, electrons generated from high in-

tensity laser plasma interactions were proposed and the physics of fast electron

generation and transport was widely studied experimentally. However, the elec-

tron beams produced in experiments are found to be highly divergent and it is

5



CHAPTER 1. INTRODUCTION

difficult to couple the hot electron energy to the compressed plasma hot spot due

to electron transport effects such as filamentation [31]. This means that the in-

teraction needs to take place close to the hot spot to ensure a sufficient amount of

energy is deposited in the correct location. The use of cone-guiding has also been

investigated to improve electron energy transport to the compressed fuel [32,33].

An alternative approach has been proposed using accelerated protons from

laser-solid interactions to transport the energy to the compressed fuel [34]. The

proton source can be located away from the core but still deposit energy into the

hot-spot due to the deposition properties discussed earlier. A thin convex foil can

be encased in the cone and energetic ions can be generated when the laser pulse

interacts with the foil [32,35]. The beam of protons can be focussed on the tip of

the cone by curving the foil. Using protons instead of electrons avoids the issue

of electron transport physics, but requires higher laser drive pulse energy.

Proton radiography

Radiography using ions was first proposed in the late 1960s, where ion beams

generated from conventional accelerators were used to probe objects and measure

density fluctuations [36, 37]. Protons accelerated from laser-plasma interactions

can also be used for imaging applications due to their favourable characteristics

and was demonstrated by Borghesi et al [38].

As laser-driven protons have an exceptionally good emittance, due to the lam-

inarity of the beam and small source size, they can provide a very high spatial

resolution. Also, due to their short pulse length and broad energy spectrum, time

resolved measurements can be made due to the time of flight spreading of ions

with different energies. Proton probing has become a standard diagnostic for high

energy density physics experiments [39, 40]. Faenov et al [40] have used proton

radiography of a spider’s web and demonstrated resolution of structures less than

1 µm in size. This method has also been used to probe the sheath field and ex-
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pansion of the rear surface of targets [22]. This was carried out by using a second

target and laser pulse, which were perpendicular to the main interaction [22]. The

proton beams accelerated from the probe target expands and propagates past the

rear surface of the main target. The strong electric and magnetic fields generated

by the main interaction will cause deflections of the probe protons, which results

in a modification of the spatial-intensity profile of the beam. These laser-driven

proton beams have been implemented to probe plasmas in order to make tempo-

ral and spatial measurements of the electric and magnetic fields [41–44], plasma

channel formation [45] and the propagation of collisionless shocks [46].

Additionally, there are a number of other applications of laser-driven ions in-

cluding proton heating [47–50], radioisotope production, [51–55] and neutron pro-

duction [56]. A recent review paper by Schreiber et al [57], provides a detailed

outline of source development and potential application from laser-driven ion

acceleration.

1.2 Challenges for laser-accelerated ions

Laser-accelerated ions have a great deal of potential for a number of different ap-

plications. However, each application requires different ion beam characteristics.

The beam parameters required for each of the applications discussed so far are

listed in 1.1.

Application Key parameters
Hadron therapy Ep upto 250 MeV, high rep. rate, energy

spread < 1%
Fast ignition Ep 5-15 MeV, >10% efficiency, energy spread

< 20%
Radiography High flux, broadband, low emittance, Ep > 1

MeV

Table 1.1: Proton beam requirements for three example applications [5].
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The production of proton beams from micron-thick targets have been studied

extensively over the past decade and have ideal properties for applications such as

radiography [42]. It could potentially be used in-conjunction with conventional

accelerators by injecting ions into a cyclotron, boosting ion energies required

for hadron therapy [28]. However, the quality of these beams would need to

be improved with current laser technology such as increasing the intensity for

maximising the ion energy [5]. A number of studies have been carried out to

control the energy spectral width of the sheath accelerated beams but none have

been successful so far in creating an energy spread less than 1%.

A number of different acceleration mechanisms have been proposed, which will

be discussed in-depth in chapter 3, and investigated which promise improved

energy scaling with laser intensity, higher ion energies, monoenergetic beams

and higher (laser to ion energy) conversion efficiency. One of the proposals is

the radiation pressure acceleration (discussed in chapter 3) scheme where high

intensity lasers can be used to accelerate ions from an ultra-thin target [58–60]

or push a compressed layer of electrons, from the front surface, through a target

[61,62] giving high quality beams, where the ion energy in this regime scales with

intensity.

1.3 Thesis outline

The presented PhD work was intended to develop and explore advance approaches

of high intensity laser-driven ion acceleration using ultra-thin nanometre foils.

New pathways are crucial to push the current limits of laser-generated ion beams

towards parameters necessary for potential applications. In light of this, proton

acceleration from the Vulcan petawatt laser system was investigated, namely the

spatial-intensity profile of the beam and the effects the laser pulse rising edge, in

the picosecond range, has on ion energies. This work was conducted as part of the
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Advance Strategies for Accelerating Ions with Lasers (A-SAIL) project involving

several institutions throughout the UK.

This thesis begins with an introduction to the relevant fundamental physics

of laser-matter interactions in chapter 2. Chapter 3 presents a more detailed

discussion of laser-driven ion acceleration and the different mechanisms, as well

as a review of previous work and ongoing research in the field. A discussion of

the experimental methods, such as laser systems and diagnostics employed, and

a description of the PIC code used to carry out simulations to investigate the

underlying physics is presented in chapter 4.

Chapter 5 presents experimental results of laser-driven ion acceleration from

ultra-thin foils, carried out using the Vulcan petawatt laser system. Here the

spatial-intensity profile of the proton beam is investigated to diagnose intra-pulse

transition between different acceleration mechanisms. Chapter 6 presents an ex-

perimental investigation of the effects of the pulse rising edge intensity profile

on the picosecond range on laser-driven proton acceleration. In the final chap-

ter, results from chapters 5 and 6 are summarised and potential future work is

discussed.
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Chapter 2

Fundamentals of laser-plasma

interactions

This chapter gives a brief introduction to fundamental laser-plasma interaction

physics.

When an ultra-intense laser pulse interacts with a solid target, it ionises the

front surface of the target liberating electrons which are then accelerated to rela-

tivistic velocities in the laser field. The mechanisms and the fundamental princi-

ples of a single electron moving in a laser field, and propagation of a laser pulse

within a plasma are discussed. Whilst there are many aspects of laser-plasma

interactions, only the fundamentals and the most important in the context of

this thesis will be introduced in this chapter. These concepts are discussed in

far greater detail in existing literature, such as books by P. Gibbon [1], W. L.

Kruer [63] and A. Macchi [64].
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2.1 Fundamental principles

To understand the underlying interaction between a laser pulse and a solid, the

sensible place to start is with Maxwell’s equations of electromagnetism, equations

2.1 - 2.4. These equations can be used to describe the propagation of light as

an electromagnetic wave and the relationship between the electric and magnetic

fields of the laser pulse.

∇ ·E =
ρ

εo
(2.1)

∇ ·B = 0 (2.2)

∇×E = −∂B

∂t
(2.3)

∇×B = µoJ +
1

c2
∂E

∂t
(2.4)

where c, εo and µo terms are the physical constants for the speed of light in

vacuum, and the permittivity and permeability of free space, respectively. Also,

it should be noted that c =
√

1/εoµo. E and B represent the electric and

magnetic fields, and ρ and J are charge and current densities respectively.

In vacuum the laser pulse is free from charge, ρ = 0 and J = 0, therefore

equations (2.1) and (2.4) can be simplified to:

∇ ·E = 0 (2.5)

∇×B =
1

c2
∂E

∂t
(2.6)
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Using the vector identity ∇×(∇×A) = ∇(∇·A)−∇2A, it is possible to derive

a single differential equation to describe the propagation of light. Substituting

Faraday’s law (equation 2.3) and the simplified Gauss’ law for an electric field in

a vacuum (equation 2.5) into the vector identity gives:

∇× (∇×E) = ∇× (−∂B

∂t
) = ∇(∇ ·E )−∇2E (2.7)

Since the laser pulse is considered to be in vacuum the ∇(∇ ·E) term is elimi-

nated by equation 2.5 leading to the wave equation:

∇2E =
1

c2
∂2E

∂t2
(2.8)

A general solution of the wave equation is:

E = êxEo sin(ωLt− kLz) (2.9)

where Eo is the laser electric field amplitude and in this case points along the

x-axis. The laser pulse wave vector and angular frequency are described by kL

and ωL respectively, with the pulse propagating along the z-axis. Substituting

equation 2.9 into the wave equation (equation 2.8) the dispersion relation in

vacuum can be found:

ω2
L = k2

Lc
2 (2.10)

To obtain the relationship between the electric and magnetic fields the plane

wave equation, equation 2.9, can be substituted into Faraday’s Law, equation 2.3,

and evaluated to yield:

B =
1

c
êyEo sin(ωLt− kLz) (2.11)

Comparing equation (2.9) and equation (2.11) gives a simple relationship be-
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tween the electric and magnetic fields to show that they are orthogonal:

|B| = 1

c
|E| (2.12)

Thus, the k vector, E and B fields of the plane wave are perpendicular to each

other as shown schematically in the diagram below.

y

z

x

E

kL

B

Figure 2.1: kL, E and B of the plane wave are mutual perpendicular to each
other, and E and B are in phase

The intensity of the laser pulse can be found to equal the flow rate of electro-

magnetic energy per unit area, the Poynting vector. Taking the time average over

the fast oscillations of the laser field, the intensity is:

I =

⟨E× B

µo

⟩ =
εoc

2
E2

o (2.13)

2.2 Single electron in an intense laser field

As ions are too heavy to be directly accelerated by current laser systems, their

acceleration occurs due to a charge separation electrostatic field generated when

the laser field displaces the electrons. It is therefore important to understand

the mechanisms by which electrons are accelerated to explore ion acceleration.
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It begins by understanding the motion of a single electron in a electromagnetic

wave.

A free electron in the presence of an electromagnetic wave will oscillate due to

the Lorentz force driven by the electric and magnetic fields. The Lorentz force is

defined as:

FL =
dpe

dt
= −q(E+ v e ×B) (2.14)

where pe = γmev e is the electron momentum, me and v e is the electron mass and

velocity respectively and γ =
√
1 + (pe/mc)2 = 1/

√
1− (v e/c)2 is the Lorentz

factor. The electric and magnetic field amplitude can be related by equation 2.12,

|B| = 1
c
|E| (using Faraday’s law, equation 2.3).

The velocity of the electron can be described in two cases depending on the laser

intensity. For low intensities the electron motion is non-relativistic (v e << c),

as the electron motion is dominated by the electric field (qE) and therefore the

electron oscillates only along the laser polarisation direction. The contribution

to motion from the magnetic field can be considered to be negligible.

v e =
eEo

meωL

sin(ωLt− kLz) (2.15)

However, as the electron approaches the speed of light (v e ∼ c) the magnetic

component (qv e ×B) must also be considered causing the electron to be pushed

along the laser propagation axis with velocity.

v e =
e2E2

o

4m2
eω

2
L

cos(2ωLt− kLz) (2.16)

It should be noted that in the relativistic case, the electron oscillates at twice

the laser frequency compared to the non-relativistic case. The importance of the

relativistic effects when the electron oscillates close to the speed of light can be

simplified to the dimensionless light amplitude, ao:
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ao =
eEo

meωLc
= 0.85

√
ILλ2

L (2.17)

where IL is in units of ∼ 1018 Wcm−2 and λL is in µm. Two regimes can be

defined with ao < 1 corresponding to the non-relativistic regime and ao > 1 when

the electron oscillation becomes relativistic.

2.3 Ponderomotive force

The previous section discussed electrons in an infinite laser field, where they do

not gain energy as they return to their equilibrium position at the end of each

oscillation cycle. This is known as the Lawson-Woodward theorem and is used

to provide insight into how electron motion changes as relativistic effects become

important. However, a more realistic situation is discussed here where the laser

pulse is tightly focused and has a Gaussian profile, spatially and temporally. The

electron oscillates in the laser field, but every half cycle it is pushed out towards a

region of lower intensity. During the return cycle the electron experiences a weaker

restoring force resulting in the electron not returning to it original position, as

illustrated in figure 2.2. When averaged over many oscillations, this results in

electrons being pushed from regions of high intensity to regions of lower intensity

resulting in a net energy gain. This effect is created by the ponderomotive force.

For the non-relativistic case, the ponderomotive force is defined as:

Fp = − e2

4meω2
L

∇E2 (2.18)

In the non-relativistic regime the electrons experience the force along the electric

field. At relativistic intensities the electrons experience a drift motion in the

transverse direction. The relativistic ponderomotive force is found to be:
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Fp = −mec
2∇

√
1 + a2o/2 = −mec

2∇γ (2.19)

ILrL e-

e-

e-

e-

e-

Figure 2.2: Illustration of the radial intensity profile of the laser pulse and a
single electron drift due the resulting ponderomotive force [1].

The electron kinetic energy gained over the laser cycle can be expressed as the

ponderomotive potential [65].

Up = mec
2(γ − 1) (2.20)

Using the ponderomotive potential, the angle at which electrons are ejected

from the laser axis in the relativistic regime can be found. Momentum is trans-

ferred from multiple photons to the electron oscillating in the laser fields. Using

conservation of parallel momentum, the momentum gained by electron from pho-

tons and can be expressed as:

p∥ = nℏk =
nℏωL

c
=

Up

c
= mec(γ − 1) (2.21)

The relationship between p∥ and p⊥ is:

p∥ =
p2⊥

2mec
(2.22)
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thus giving the emission angle:

tan θ =
p⊥
p∥

(2.23)

or equivalently:

cos θ =

√
γ − 1

γ + 1
(2.24)

It is clear that there is a relationship between the ejection angle and the electron

energy as shown in figure 2.3. As the laser pulse becomes relativistic, γ increases

and causes the ejection angle to decrease (equation 2.24), which causes the ejected

electrons to propagate along the laser axis.
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Figure 2.3: Emission angle of an electron interacting with a laser pulse. The
emission angle becomes closer to the laser axis as the γ factor increases.
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2.4 Laser induced ionisation

Now that the motion of a single electron in a laser field has been discussed, the

next step is to look at the laser interaction with matter and how a plasma is

created. Initially the laser pulse ablated the target at low intensity and as the

intensity increases the ionisation process occurs. A process by which a solid target

is turned into a plasma. This process is not the main interest of this study, but

it is important to understand the initial steps that take place. This interaction

takes places when the amplified spontaneous emission (ASE) which precedes the

main laser pulse on the order of a few nanoseconds, comes into contact with the

solid target.

An estimate of the laser intensities required for ionisation is obtained by calcu-

lating the electric field strength that binds an electron to its atom. For example,

at the Bohr radius, aB, the electric field strength of an electron bound to a hy-

drogen atom, is given by

Ea =
e

4πϵoa2B
≈ 5.1× 109 V/m (2.25)

aB =
4πϵoℏ2

mee2
≈ 5.3× 10−11 m (2.26)

where ϵo is the permittivity of free space and ℏ is the reduced Planck’s constant.

Now we can equate the binding electric field with the laser intensity required to

ionise the hydrogen atom.

Ia =
ϵocE

2
a

2
≈ 3.51× 1016 W/cm2 (2.27)

Above this intensity the target material will begin to ionise and form a plasma

solely by the laser’s electric field.
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Multi-photon ionisation

In the case where the energy of a single photon is smaller than the ionisation po-

tential of the bound state, an electron can still gain enough energy to overcome

the potential barrier of the nucleus by absorbing several low energy photons in

a short time. This process is known as multi-photon ionisation. As more elec-

trons are stripped from the nucleus, it becomes more difficult to strip successive

electrons. The ionisation rate for n-th electron, Γn, is defined as:

Γn = σnI
n
L (2.28)

where σn is the cross section of this process, which decreases with the number

of photons required for ionisation, n. However, the ionisation rate increases with

IL, ensuring ionisation will occur at sufficiently high intensities.

V(x)

x

Ground state

Ionisation
potential

nhω

e-

Figure 2.4: Illustration of the multiphoton ionisation process.

If the energy of the photon is low then the electron will require a number of

photons with a total energy exceeding the ionisation potential to escape the atom.

The kinetic energy of the freed electron can be calculated by
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Ef = (n+ s)ℏωL − Eion (2.29)

where s is the excess number of photons absorbed and Eion is the ionisation

potential. It would require ≈ 12 photons to ionise the hydrogen atom using a

laser with 1.054 µm wavelength.

This mechanism occurs during the very early interaction between the laser pulse

and matter. As the intensity increases and the main pulse comes into contact

with the target, other mechanisms become important and begin to dominate the

ionisation process.

Tunnel and barrier suppression ionisation

Laser-driven ion acceleration schemes utilise a laser intensity that greatly exceeds

the threshold for hydrogen ionisation described in equation (2.27). The laser fields

superposition on the coulombic field between the electrons and nucleus causes the

Coulomb barrier to be suppressed. Thus ionisation can occur by escape of the

electron wavepacket over the barrier. There is also a finite probability of ionisation

occurring by the wavepacket tunnelling through the suppressed barrier as shown

in figure 2.5.
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(a) (b)

Figure 2.5: Schematic of barrier suppression ionisation. The electron can escape
the potential well of the atom by (a) is barrier suppression leading to tunnelling

ionisation, (b) is barrier suppression leading to over-the-barrier ionisation.
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The dominant ionisation mechanism (multiphoton or over the barrier) in a given

interaction is determined by the Keldysh parameter [66]:

K = ωL

√
2Eion

IL
(2.30)

When K >1 multi-photon ionisation dominates. However if K <1 then the

process is dominated by tunnelling and barrier suppression ionisation.

2.5 Plasma

In 1859 Sir William Crookes identified a new state of matter whilst studying

discharges in Crookes tubes. However it was first called a “plasma” in 1928 by

Irving Langmuir. A formal description is given by Francis Chen [67]:

“A plasma is a quasi-neutral gas of charged and neutral particles which exhibits

collective behaviour.”

This definition describes the plasma as being charge neutral on a macroscopic

scale where the number of positive and negatively charge particles are approxi-

mately the same. “Collective behaviour” means that the motion of particles are

not only dependant on local conditions, but are also driven by long range electro-

magnetic forces. As charges move around in a plasma, electric fields are generated

which drive currents and creates magnetic fields.

To technically define a plasma a number of criteria also have to be satisfied [67]:

• The dimension of the system must be much larger than the shielding distance

(The distance at which the local electric field can influence the particles).

• Many particles must exist within the shielding distance. The shielding is only

valid if there are enough particles contained within the plasma.

• The collision rate must be small compared to the characteristic plasma oscil-

lation frequency.

21



CHAPTER 2. FUNDAMENTALS OF LASER-PLASMA INTERACTIONS

Debye length

Since ions have a lower charge to mass ratio they are considered to be immobile

compared to the electrons inside the plasma, on the time-scale of the interaction

with a short laser pulse. Displacement of electrons creates a positively charged

background. The electrons will react to the potential of the ion, limiting the

separation and thus the distance the field acts over within the plasma. This

shielding distance is an important parameter for characterising a plasma and is

known as the Debye length, λD, and is given by:

λD =

√
εokBTe

e2ne

(2.31)

where kB is the Boltzmann constant, Te is the electron temperature and ne is

the electron density. The Debye length is used to determine the distance at which

an ion’s electric field is sufficiently shielded so that it will not have any effect on

the surrounding plasma particles.

Plasma frequency

Another key parameter is the frequency at which the electrons oscillate about

the ion background. If an electron is displaced from its rest position, an electric

field is created that will act to reverse the electron’s motion and pull it back to

its original position. The electrons will usually overshoot their original position,

resulting in an oscillation around the rest position with a characteristic frequency

known as the plasma frequency, ωp, given by:

ωp =

√
nee2

γmeϵo
(2.32)

We can also define the ion plasma frequency, ωpi in a similar way if we replace

ne and me with the ion density, ni and ion mass mi in equation 2.32.
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2.6 Laser interaction with the front surface of a

solid

As discussed earlier, the initial interaction of the laser pulse ionises the front

surface of the target. This results in the generation of front surface plasma which

expands into the surrounding vacuum. This expanding plasma plays a significant

role in the transfer of laser energy to the electrons, and will be discussed later

in this chapter. The distance over which the plasma expands during the laser-

plasma interaction is the plasma density scale length, L, and can be estimated

as:

L ≃ coτL (2.33)

where τL is the laser pulse duration and co is the ion speed of sound, which can

be expressed as:

co =

√
kB(ZTe + Ti)

mi

(2.34)

where Z is the ionisation state, Te is the plasma electron temperature, Ti is

the plasma ion temperature and mi is the ion mass. As the front surface plasma

expands outwards, the initial step-like density of the cold target changes to create

a density profile which exponentially decays with the plasma density scale length:

ne(z) = n0 exp

(
− z

L

)
(2.35)

z is the distance from the target front surface to the expansion front and n0 is

the initial electron density of the target. The scale length can be characterised

as the distance over which the electron density falls to 1/eN (eN = 2.718) of the

initial value.
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Laser propagation in a plasma

In the previous section the motion of electrons in a infinite plane wave is discussed,

as well as in a temporally and spatially inhomogeneous laser field. Now the

propagation of the laser pulse in a plasma, containing a large number of ions and

electrons, is considered. In section 2.4, the initial laser-solid interaction process

was discussed, but no comment was made regarding the laser propagation inside

the plasma, formed by ionisation at the front surface.

When an electron is displaced from the ion background an electrostatic restoring

force, Fe, given by:

Fe = me
d2r

dt2
= −qE (2.36)

where r is the displacement vector. In a quasi-neutral medium it can be assumed

that the charge is ρ ≈ 0 and recalling Faraday’s law equation 2.3 and Amperes

law equation 2.4 the wave equation for a plasma is defined by:

∇2E =
1

c2
∂2E

∂t2
+ µ0

∂J

∂t
(2.37)

Substituting for J = −ene
dr
dt
, the current density and the simple plane wave so-

lution, equation 2.9 into the plasma wave equation, the plasma dispersion relation

is defined as:

ω2
L = k2c2 + ω2

p (2.38)

Hence,

k =
ωp

c

(
ω2
L

ω2
p

− 1

) 1
2

(2.39)

When ωL = ωp equation 2.39 tends to zero and the laser does not propagate in

the plasma and is reflected. From this condition a density can be defined above
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which the wave vector becomes imaginary. This is the critical density, ncrit, and

is defined as:

ncrit =
meϵoω

2
L

e2
(2.40)

It can also be given in practical units as:

ncrit =
1.11× 1021

λ2
L[µm]

[cm−3] (2.41)

where λL is the laser wavelength. When ne > ncrit the laser will not propagate

into the plasma. This regime is known as overdense. When ne < ncrit the laser will

propagate through the plasma and interact with the electrons. This is known as

the underdense regime. In this thesis, we initially deal with solid density targets

and therefore the interaction is in the overdense regime. For a 1.054 µm pulse

(the Vulcan Petawatt system) the critical density is 1× 1021 cm−3. For example,

an aluminium target has an electron density of ≈ 800ncrit. Equations 2.40 and

2.41 are valid for non-relativistic laser intensities.

When the laser intensity is high, the electron quiver velocity becomes relativis-

tic. The critical density equation must take into account the relativistic increase

of the electron mass and thus becomes:

n
′

crit = γncrit =
γmeϵoω

2
L

e2
(2.42)

The presence of the Lorentz factor,γ, acts to increase the mass of electrons as

they oscillate in the laser field at relativistic velocities. The relativistic critical

density is higher than the non-relativistic critical density, allowing the laser pulse

to propagate through targets which are classically overdense. This is known as

relativistic induced transparency [68].

The laser field is able to penetrate beyond the relativistically corrected critical

density surface as the evanescent electric field is defined as:
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EL(z) = EL(ze)exp(−
z

ls
) (2.43)

where ze is the position of the critical surface and ls is the skin depth, which is

generated beyond the critical surface by the laser field. ls is defined as:

ls =
c√

ω2
p − ω2

l

(2.44)

For a solid target with ne ≫ ncrit, ls ≃ c/ωp.

Laser self-focusing

The plasma refractive index, nr is a function of the plasma frequency ωp and the

laser frequency ωL, as follows:

nr =

√
1−

(
ω2
p

γω2
L

)
(2.45)

It can also be written in terms of the plasma density, ne, and the critical density,

ncrit, as:

nr =

√
1−

(
ne

γncrit

)
(2.46)

As the laser pulse propagates through the plasma, the electrons experiencing

high intensities will be expelled to region of lower intensities due to the pondero-

motive force. With respect to the propagation axis of the laser pulse, the electrons

will be pushed radially outwards, resulting in a radial density gradient where the

lowest density corresponds to the region of the highest laser intensity. This will

consequently result in a refractive index profile with a maximum corresponding

to the laser axis, as shown in Fig. 2.6. This radial variation in refractive index

results in ponderomotive self focusing.
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Figure 2.6: (a) Intensity variation of the laser pulse (b) radial plasma electron
density profile (c) radial refractive index profile

At relativistic intensities, the velocity of the electrons in the oscillating electric

field of the laser pulse tends to the speed of light and the relativistic increase

in the electron mass must be taken into account. Since the frequency of plasma

electrons scales with the electron density and the inverse of electron mass as

discussed earlier, if the mass of the electrons was to increase this will result in

a decrease of the electron frequency and increase in the refractive index of the

plasma.

x

vp

Figure 2.7: Illustration of realtivistic self-focusing due to increase in the on-axis
refractive index resulting in the phase velocity of the laser becoming slower

on-axis
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Therefore, relativistic self-focusing can also occur due to an increase in the on-

axis refractive index caused by a reduction in plasma frequency when electron

motion becomes relativistic. Self-focusing is caused by the phase velocity of the

laser becoming slower on-axis, causing the laser wavefront to bend, as shown in

figure 2.7.

Relativistic induced transparency

As discussed earlier the laser pulse can only propagate up to the critical density

of a plasma. At this point the pulse is either reflected or absorbed, see section

2.7.

Initially when the laser pulse irradiates the front surface of tens of nanometer

thick foil, it heats and displaces the electrons at the front surface. As the pulse

accelerates the electrons, they reach relativistic velocities causing an increase

in their mass due to the Lorentz factor, γ. At the critical surface there is a

interplay between the electron density and the critical density. The electron

mass is increased by the Lorentz factor and as the electrons are accelerated the

electron density decreases. The critical density is increased by the Lorentz factor.

As discussed in the previous section the corrected refractive index depends on the

ratio between the electron density and the critical density (ne/γncrit), resulting

in the refractive index being reduced. This enables the laser pulse to propagate

further into the target. Also the skin depth (equation 2.44), at which the laser

field decays evanescently beyond the critical surface, increases because the plasma

frequency is reduced by the Lorentz factor. When this relativistically corrected

skin depth is comparable or greater than the target thickness, the laser pulse will

be transmitted.

At peak intensities achievable with current state-of-the-art laser technology,

some degree of target expansion is required for RIT to occur. The reduction in

the ne, together with the relativistic increase in the critical density, results in the
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criteria (nc/n
′
crit < 1) for relativistic self-induced transparency being met. The

onset of relativistic self-induced induced transparency has been investigated in

detail with ultra-fast temporal resolution by Palaniyappan et al [69–71].

To achieve relativistic induced transparency at solid density higher intensity

lasers are required. For example, for fully ionised aluminium, a Lorentz factor of

γ =780 would be required and thus ao ≈ 1100 or IL ≈ 1024 W/cm2.

2.7 Absorption

A Significant topic of importance in laser-solid experiments is how the energy of

the laser pulse is absorbed in the overdense target. The incident laser pulse can

only propagate up to the critical density. The energy transfer from the laser to

the electrons, and subsequently to the ions, depends upon a number of different

parameters such as; laser intensity, polarisation and angle of incidence. Collisional

and collisionless absorption processes occur. At the intensities discussed in this

thesis, ∼ 1020 W/cm2, the electron motion is in the relativistic regime. At this

intensity where the electron motion is relativistic and the mean free path of the

electrons is large, collisionless absorption processes, tend to dominate.

Inverse bremsstrahlung

When a electron collides with another charged particle it de-accelerated and emits

radiation, this is know as bremsstrahlung radiation. Inverse bremsstrahlung is the

opposite phenomenon where the electron is accelerated by the laser electric field

resulting in a transfer of energy from the photons to the electrons. Typically,

the electron will not gain energy as it will experience an equal and opposite

acceleration in the oscillating field of the laser pulse. However, if the electron

collides with an ion during the oscillation, energy will be transferred from the

electron to the ion, resulting in a net loss of energy by the laser through collision.
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This mechanism typical dominates at intensities < 1014 Wcm−2 [1].

Resonance absorption

At laser intensities in the range of 1014−1017 Wcm−2 and the front surface of the

target has a plasma scale length is greater than the laser wavelength, resonance

absorption mechanism dominants the absorption process. Also, it requires a

linearly polarised laser pulse with its electric field perpendicular to the target

density gradient interacts with a target at an oblique incidence (θL) [1]. At

higher intensities resonance absorption is still present but is no longer dominates

the absorption process.

ncritcos2(θL)

EL

ncrit

EL

Electron Beam

Figure 2.8: Schematic of resonant absorption. The p-polarised laser pulse
injects electrons into the target at the reflected point of the laser pulse.

The laser pulse propagates through the expanding plasma where it is constantly

refracted by the increasing electron density. At ncritcos
2(θL), due to refraction

then laser pulse is reflected and its electric field oscillates normal to the critical
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surface. This is explained by considering the dispersion relation shown in equation

2.38 but modifying the laser k-vector transverse to the density gradient to include

the incidence angle which becomes ky = (ωL/c)sin
2θ. The dispersion relation can

be rearranged to give:

ω2
L = ω2

p + ω2
L sin

2 θ (2.47)

The electric field component normal to the target surface can tunnel through

beyond ncritcos
2(θL), as it decays evanescently, to resonantly drive a plasma wave

at the laser frequency at the critical surface. The resulting plasma wave can then

transfer its energy to the plasma via wave breaking or damping effects.

Vacuum absorption

A similar mechanism, known as vacuum heating, begins to dominate the ab-

sorption process [72], when the plasma scale length is much less than the laser

wavelength. Absorption takes place when the laser pulse cannot penetrate past

ncritcos
2(θL) [1]. The electrons oscillate in the electric field of the laser but due to

the sharp transition from solid to vacuum plasma waves cannot be excited. In-

stead the electrons are pulled from the solid target into vacuum by the first half

period of the electric field and then accelerated back into the overdense plasma

by the second half period. When the electrons pass beyond the ncritcos
2(θL), the

electric field has a weaker influence as it is only able to penetrate a skin depth be-

yond the critical surface. This results in a net energy gain for the electron as the

restoring force of the laser on the electrons is weaker. This injects a population

of fast electrons into the target.
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Figure 2.9: Schematic of vacuum heating where the electric field of the laser
pulse pulls electrons from the solid target and accelerated them back into the

target.

j x B absorption

Another mechanism by which electrons are accelerated by the laser fields is j×B

heating. It is the dominant mechanism at relativistic intensities (≥ 1018 W/cm2),

where the velocity of the electrons is close to the speed of light and the magnitude

of the v×B component of the Lorentz force (equation 2.14) becomes comparable

to the electric field component. This mechanism was first proposed by Kruer

and Estabrook in 1985 [73]. The electron motion due to the v ×B component is

directed along the propagation direction of the laser and thus the electrons are

injected at twice the laser frequency which can be expressed by:

F =
−me

4

∂v2osc(x)

∂x
(1− cos(2ωLt)) (2.48)

where vosc is the electron quiver velocity. The first term acts to ponderomotively

drive electrons away from region of high intensity and the second term is the

j × B component in which the electron oscillates at twice the laser frequency.
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This is for a linearly polarised laser pulse and is most efficient at target normal.

In the case of a circular polarised pulse, the oscillating component goes to zero

and reduces the heating of electrons in the plasma.

γncrit

E

B

k

F=                       (1-cos2ωt)
−m ∂v2   (x)  
   4  ∂x

osc

2ω
e-

Figure 2.10: Schematic of j×B heating. Electrons are injected into the target
along laser axis and at twice the laser frequency. Adapted from [2].

It should be noted that j × B heating is considered the dominate absorption

mechanism at peak intensities in this study but the other processes are still

present but to a lesser extent. In the next section the propagation of the ac-

celerated electrons inside the target is discussed.

2.8 Fast electron transport

The previous section described the mechanisms by which the laser pulse transfers

energy to the electrons [74]. Although the laser pulse cannot propagate beyond

the critical surface, the hot electrons produced by absorption processes still prop-

agate into the solid target, generating a mega-ampere (MA) current [75]. The

electric field generated by such a current are of the order of ≈ TV/m, which
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acts to stop the current propagation within a distance of a few microns from the

fast electron source. In order for the fast electron current to propagate a rela-

tively colder, return current is generated to maintain local charge quasi-neutrality

(jf + jr ≈ 0 where jf and jr are forward and return current densities). The maxi-

mum value of the current that can propagate without generating a magnetic field

to reverse the flow of electrons is given by the Alfvén limit [76]:

Imax =
βγmec

2

e
= 1.7× 104βγ (2.49)

where β = v/c, v is the electron velocity and γ = (1 − β2)−0.5. For an 1 MeV

electron beam the Alfvén limit is found to be ∼ 47 kA. This value is considerably

less than the predicted magnitude of the fast electron current and experimentally

values considerable larger than this are known to propagate. The magnitude of

the return current must be large enough to bring the fast electron current below

the Alfvén limit in order for the fast electrons to propagate.

For the laser and target parameters in this thesis, the fast electrons injected into

that target can be considered to be collisionless as their mean free path is much

larger than the thickness of the target. However, the return current propagating

in the opposite direction is affected by collisions and as a result the fast electrons

are indirectly affected. The hot electron propagation is also affected by the self-

generation of resistive magnetic fields this will affect the collimation of the fast

electron beam. The magnetic fields also act on the fast electrons directly through

filamentation [49,50].

Once the fastest electrons have reached the rear surface of the target, no return

current can be drawn to enable further propagation and a charge separation field

of the order of TV/m is generated. Such field leads to the reflection of the slower

electron propagation when it reaches the target rear and may be also be induced

at the front surface. This effect is known as electron recirculation and takes

place over the duration of the laser pulse [77–79]. This effect increases as target
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thickness is decreased since the distance electrons have to travel from the front

to the rear surface of the target is reduced [77].

2.9 Plasma instabilities

The plasma generated when high intensity laser pulses interact with solids is

generally subjected to a variety of instabilities. For ultra thin foil there are a

number of instabilities that can occur over the interaction. Some can result in

an energy exchange between particles, such as the streaming instability, where

co-propagating electron-ion and ion-ion beams transfer energy between particle

species [3,67]. Also, instabilities such as the Rayleigh-Taylor can be detrimental.

For laser-driven ion acceleration, Rayleigh-Taylor instability has been shown to

cause poor ion beam quality in the radiation pressure regime [80] and also in

the direct drive ICF where the fuel capsule is inefficiently compressed [1]. The

following section gives a summary of the relevant instability mechanisms and the

roles they play in laser driven ion acceleration. A full theoretical description of

these and of other plasma instabilities can be found in textbooks by P. Gibbon [1],

W. L. Kruer [63] and T. J. M. Boyd and J. J. Sanderson [3].

Rayleigh-Taylor instability

The most prominent instability in nanometer thin foils is the Rayleigh-Taylor

instability (RTI), where low density material accelerates a high density material

and vice versa. The interface between both materials is subject to the RTI, where

perturbation grows. The low density material penetrates into the high density

material forming bubbles, whilst the high density material forms spikes as it

travels through the low density material [67]. Some examples of such instabilities

include mushroom cloud from a nuclear explosion, where low density gas is accel-

erated and pushed against higher density gas regions above the explosion centre
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and supernova explosions where the heavy elements are ejected and accelerated

into the interstellar medium surrounding the star. RTI is investigated intensively

in inertial confinement fusion, where the instability can result in high amplitude

perturbations which lead to inefficient compression of the fuel capsule.

Perturbations that occur at the interface between two densities are due to

pressure differences being applied, such as acceleration of one fluid into the other

leading to the growth of ripples. These ripples arise from the interchange between

the high and low densities as suggested in Fig. 2.11.

a

ρ1

ρ2
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ρ2
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Figure 2.11: Schematic showing (a) the initial conditions of two fluids with
different densities separated by a boundary and (b) a perturbed interface with a
peak and a trough moving in opposite directions with the same velocity [3].

When a low density fluid is accelerated into a high density fluid, the boundary

between both of them becomes unstable and the growth rate of the instability

increases exponentially [3]:

ξ = ξoe
√
Akat (2.50)

where A = ρ1−ρ2
ρ1+ρ2

, ρ1 and ρ2 are the heavy and light fluid densities, respectively,

k is the mode number of the perturbation and a is the acceleration.

If the acceleration, a, is directed from ρ2 onto ρ1 the situation is stable with the

instability growth rate given by a decaying exponential. However, in the opposite

case, where the less dense fluid is accelerated into the heavier fluid, the growth
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rate increases exponentially leading to the formation of the characteristic bubbles

and troughs.

RTI is also observed when intense radiation pressure from a laser pulse inter-

acts with nanometer thin foils [60, 81]. The instability has been observed in the

spatial-intensity measurement of laser-accelerated proton beams, where so called

“bubbles” were observed [80]. In the case of laser-plasma interactions, the laser

photons are the light fluid and the dense fluid is the target electrons. Pertur-

bations on the target front surface can occur from either the structure of the

surface or rippling of the critical density surface which act to seed the instability.

As discussed earlier, the electrons in the regions of high intensity along laser axis

are radially accelerated, resulting in a lower density and regions of higher photon

pressure. As a result, the ion population will have the spatial profile of electrons

imprinted onto it through the electrostatic field, resulting in a ion beam with

bubble structures [80,81]

Streaming instabilities

Streaming instabilities occur when a beam of particles is driven through a plasma

resulting in populations of particles with some relative velocity. The beam of

particles injected into the plasma are considered to be the fast population with

a background of slow particles. Excitation of wave modes between the streaming

species will result in a transfer of energy.

The beam of particles streaming into the plasma generates an unbalanced space-

charge separation field, where the electric field growth will act to decelerate the

fast particles and accelerate the background particles [82]. The small disturbance

in the system will result in the propagation of a plasma wave and will act to

accelerate some of the particles in the beam and decelerate others towards the

initial perturbation point. This will result in a particle density fluctuation, and if

correctly phase matched, the initial perturbation will be enhanced. This results
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in a growth of the density fluctuations and a longitudinal electrostatic wave which

enables energy transfer between the particles [3].

This type of instability has been identified as a possible energy transfer mech-

anism between electrons and ions in the relativistic transparency regime [83]. In

this case, the electrons are driven by the laser pulse through the target which

has become relativistically transparent and have a larger velocity than the TNSA

ions. A resonant energy transfer can take place between electrons and ions. This

type of two stream instability is known as the Buneman instability [84].

In a simple non-relativistic case, where the electrons stream through back-

ground ions, the dispersion relation can be described as [3]:

1 =
ω2
pi

ω2
+

ω2
pe

(ω − kve)2
(2.51)

where ωpe is the plasma electron frequency and ωpi is the plasma ion frequency.

For the relativistic case where the Buneman instability plays a role, the growth

rate is given by [3]:

Γmax =

√
3

2
√
2

(
Zme

mi

)1/3

ω2
pe (2.52)

Both equations are representative of a fast electron population streaming with

a cold ion background. The concept of the relativistic Bunemann instability

as a possible mechanisms for the transfer of energy from volumetrically heated

electron and the TNSA ions in ultra-thin foils undergoing RIT was introduced

by Albright et al [83, 85]. This mechanisms has been identified as a possible

energy transfer between transfer mechanism in the Break-out Afterburner ion-

acceleration mechansim, which is discussed in the next chapter.

In another study, King et al introduced the possible role of ion-ion two stream-

ing [86]. Using particle-in-cell simulations it is shown that if a population of ions

can be accelerated where it can propagate through a slow propagating ion popu-
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lation, an energy exchange can occur. For ion-ion two streaming the dispersion

relationship described in equation 2.51 can be written as:

1 =
ω2
pf

(ω − kvf )2
+

ω2
ps

(ω − kvs)2
(2.53)

where subscripts f and s represent the fast and slow ion population, respectively

[86]. In a scenario where radiation pressure acceleration (see chapter 3) and RIT

take place during the interaction, the relativistic electron stream can be included

in the dispersion relation to give:

1 =
ω2
pf

(ω − kvf )2
+

ω2
ps

(ω − kvs)2
+

γ−1ω2
pe

(ω − kve)2
(2.54)

leading to a energy exchange between three different particle population [86].
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Chapter 3

Laser driven ion acceleration

The previous chapter presented an overview of fundamental physics occurring

during the interaction of an intense laser pulse with an overdense plasma. This

chapter focuses on the mechanisms which drive ion acceleration and the proper-

ties of the resulting ion beams. A brief overview of laser-driven ion acceleration is

presented, with a description of the different mechanisms that have been investi-

gated and developed. A comprehensive summary of laser-plasma ion acceleration

can be found in two review papers by Daido et al [5] and Macchi et al [87].

Ion acceleration was first studied in the 1960s using CO2 lasers with intensities

< 1017 W/cm2 and pulse lengths in the nanosecond regime. However, since the

development of CPA laser systems (see chapter 4) producing ultra-shot pulses and

the resulting higher laser intensities, there has been a renewed interest in laser-

driven ion acceleration due to high flux ion beams and multi-MeV ion energies

obtained from the interaction with overdense plasmas.

Electrostatic fields are required to accelerate protons and heavier ions. These

fields are set-up by the charge separation between electrons and ions. The elec-

trons have much lower mass than the ions and gain energy from the laser field

and in turn are driven forward resulting in charge separation with an associated

electrostatic field. Essentially the electrons act as a mediator to transfer energy
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from the laser to ions. The acceleration gradient in a laser-plasma interaction is

much larger than that found in conventional radio frequency methods [8].

In order for the laser pulse to accelerate ions to relativistic velocities, the in-

tensity of the laser pulse would need to be greater than ≥ 1024 W/cm2. With

current technology the peak intensities being achieved are approximately 2 orders

of magnitude lower than this [88]. However, future multi-petawatt laser facilities

such as ELI may make it possible to reach these intensities.

3.1 Target Normal Sheath Acceleration

e- sheath

p+

hot e- from front surface

Reflected 
laser light

Figure 3.1: Schematic showing a laser pulse interacting with the front surface of
a target and the formation of a sheath at the rear surface, resulting in the

ionisation and acceleration of the rear surface layers of the target.

The most widely investigated laser-ion acceleration mechanism is target nor-

mal sheath acceleration (TNSA) [5, 87]. As discussed in chapter 2, when the

high intensity laser pulse interacts with the target front surface, part of the laser

energy is absorbed and accelerates electrons through various absorption mecha-

nisms. These hot electrons are accelerated from the front surface into the bulk of
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the target material. When they reach the target rear, the sufficiently energetic

electrons break out into the vacuum and form a charged cloud. This leaves the

bulk of the target positively charged generating a strong quasi-electrostatic field,

∼TVm−1, at the rear of the surface. Expansion of the front surface can also occur

due to ionisation of the front surface, producing an electron sheath expanding in

the opposite direction to the laser propagation. The strength of the rear side

electrostatic field can be estimated as:

Esheath ≃ kBTe

eλd

(3.1)

using typical parameters, electron energy kBTe=1 MeV and λD=1 µm, Esheath

≃1 TVm−1

As discussed in chapter 2, the majority of the fast electrons within the target

experience recirculation, in which they will be reflected by the sheath field formed

at both surfaces [20]. As the electrons reflux between both surface fields, they act

to increase the strength of the fields, resulting in enhancing the ion acceleration

process [77].

In the level of vacuum typically achieved in large interaction chambers all tar-

gets have a thin layer of contaminant hydrocarbons on both surfaces. This con-

sists of water vapour and possibly hydrocarbon compounds from vacuum pumps,

which typically lead to the acceleration of energetic hydrogen, oxygen and car-

bon ions from the sheath field. Due to their high charge-to-mass ratio (q/m),

protons are efficiently accelerated by the sheath field [20]. However, there are

typically multiple ion species accelerated from the target, creating a layering of

the ion layer expansion with the highest q/m ions ratio being accelerated first.

The direction of the resulting ion layer expansion is centred on the normal to

the target rear surface and this is why this acceleration mechanism is known as

target normal sheath acceleration [20,89].

A number of models have been developed to predict TNSA energy scaling and
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the number of ions in the bunch. The most well known model is the Mora

model [90]. This is a 1D plasma expansion model which uses collisionless plasma

expansion to predict the position and velocity of the ion front. It assumes that

the ions are cold and initially at rest with a sharp boundary with the vacuum,

while the electron density, ne follows a Boltzmann distribution:

ne(z) = neo exp

(
− eΦ

kBTe

)
(3.2)

e is the electric charge and Φ is the electrostatic potential. The electric field at

the ion front is found to be:

Efront ≈
2Eo

(2 exp(1) + ω2
pit

2)1/2
(3.3)

exp(1) is Euler’s number. Equation (3.3) can be integrated using dvfront/dt =

ZeEfront/mi to find the maximum ion front velocity:

vfront = 2cs ln τ +
√
τ + 1 (3.4)

where τ = ωpit/
√
e exp(1) and cs is the ion sound speed. From this the maximum

cut off energy can be found:

ϵmax ≃ 2εo[ln(2τ)]
2 (3.5)

where εo = ZkBTe. The analytic solutions also predict an exponential decreasing

energy spectrum given by:

dN

dϵ
=

(
ni0cst√
2ϵϵo

)
exp

(
−
√

2ϵ

ϵo

)
(3.6)

where t is the acceleration time and ϵ is ion energy. A full derivation and further

details can be found in [90]. However, the Mora mode is limited to idealistic

conditions and general assumptions such as a Boltzmann distribution of electron
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energies and single electron temperature. Also, the dynamics of the model are

in 1D and therefore limited to resolving 1D features in the proton spectrum. In

order to obtain a complete picture of TNSA, 3D particle-in-cell simulations must

be performed. An example experimental measurement of a proton spectrum in

the TNSA regime is shown in figure 3.2.
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Figure 3.2: Example experimental measurement of the proton spectrum in the
TNSA regime.

The rear surface sheath electrostatic field has been shown to have a Gaussian

distribution in the transverse direction by Romagnani et al [22]. This was mea-

sured using a laser driven proton beam to probe the electric field on another target

irradiated by a separate laser pulse. The resultant ions accelerated in the sheath

field are directed away from the rear surface along the target normal direction.

As the ions experience a Gaussian transverse distribution in the magnitude

of the accelerating field, ions located in the centre of this distribution will be

accelerated faster than those at a larger radius from the centre. This will result

in a Gaussian shaped ion front as shown schematically in figure 3.3 (a).
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Figure 3.3: (a) Illustration showing the energy dependence of the ion beam
divergence in the TNSA regime. (b) Experimental measurements of the proton

beam divergence using the Vulcan laser, adapted from [4].

Due to the spatial-intensity distribution of the acceleration field, the highest

energy ions originate at the central region of the field, while the lowest energy

ions are produced in regions of larger radii, as illustrated in figure 3.3 (a) [91].

However, low energy ions are still produced in the centre. This results in the

beam decreasing divergence with increasing ion energy, as shown in figure 3.3

(b).

The sheath area can be estimated from the divergence angle, θ, of the hot

electron population traversing the target (assuming a fixed divergence angle) [92]:

Ssheath = π(rL + L tan θ)2 (3.7)

Where rL is the radius of the laser focal spot and the thickness of the target is

given by L.

Ions beams generated in the TNSA regime have been extensively studied ex-

perimentally [20,93–97] and numerically [78,98–101]. Early experiments focussed

on the origin of the ions, with some arguing that they originated from the front

surface [93,102,103] and propagate through the target, while others claimed that
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they are generated from the rear surface of the target [20, 104, 105]. By cleaning

each surface separately, with an ion gun, Allen et al [106] found that the ions

originate from both the front and rear surface of the target. Later, this was con-

firmed by Fuchs et al [92,107] who also showed that the number of ions generated

from the rear surface dominates over that of the front surface.

By machining structures into the rear surface of the target, Cowan et al. [108]

mapped the target rear surface into the spatial intensity profile of the proton

beam. This method can be used to measure the size of the source as the elec-

trostatic sheath field follows the contour of the target surface. This was done

by using targets with equally sized grooves on the rear surface and counting the

number of grooves reproduced in the spatial profile of the proton beam [108,109].

For target thicknesses from 5 µm to 100 µm, a source size of a few hundred mi-

crons was found. Another method of measuring the ion source size is to place a

metallic mesh at a given distance between the target and detector [38]. The grid

will imprint on the detector and it can be interpolated back to the target to get

a source size.

For the TNSA mechanism, the maximum ion energy is linked to the laser in-

tensity and the pulse duration. Experimental measurements of the maximum

proton energy as a function of laser pulse duration and intensity using various

laser systems are summarised in Borghesi et al [97]. For pulse durations less than

150 fs the maximum energy was found to scale as ∝ Iλ2, while for pulse durations

between 300 fs and 1 ps it was ∝
√
Iλ2. Until recently the highest proton energies

measured from a laser-foil interaction were 58 MeV from a 100 µm plastic foil

target [20]. However, using low density CH foils with a target thickness of 900

nm, Wagner et al [21], observed 85 MeV protons. This maximum energy is nearly

50% higher than the energy achieved in 2000 by Snavely et al [20]. More in-depth

reviews of TNSA can be found in two review papers by Daido et al [5] and Macchi

et al [87] where they discuss the progress of laser driven ion acceleration.
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3.2 Radiation Pressure Acceleration

Recently, the radiation pressure associated with very intense laser pulses has

received a great deal of attention due to its predicted ability to produce ion

beams with a mono-energetic spectrum and low divergence. Theoretical studies

carried out by Esirkepov et al [58] and Robinson et al [60] have shown that for

sufficiently high laser intensities, radiation pressure acceleration dominates over

TNSA in the acceleration of ions [110]. The radiation pressure from a laser pulse

directly accelerates electrons in the focal spot, setting up electrostatic fields due

to charge separation which results in the acceleration of ions.

Radiation pressure acceleration (RPA) has two distinct mode. The first is hole

boring, where the laser irradiates the front surface of the target and pondermo-

tively drives the electrons at the critical surface into the target causing profile

steeping. The displaced electrons create an electrostatic field which accelerates

the ions. The second phase is light sail, where if the target is sufficiently thin,

the compressed electron layer reaches the target rear side whilst the laser drive

is still present, enabling a whole section of the target to be accelerated.

The radiation pressure exerted on the target can be approximated by [111]:

Prad = (2R + A)
IL
c

(3.8)

Where A is the coefficient of absorption, R is the coefficient of reflectivity of the

laser pulse from the target and IL is the laser intensity. Note that R+A+T = 1

where T is the coefficient of transmission.

Initially it was thought that it would require IL ∼ 1023 Wcm−2 [58] for RPA

to be the dominant mechanism for the acceleration of ions. However it has been

suggested that by using circularly polarised laser pulses, a similar effect can be

seen at IL ∼ 1021 Wcm−2. At this intensity and polarisation the pondermotive

heating of the electrons and subsequent expansion of the target is suppressed and
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the electrons are compressed and driven into the target [60, 112–114]. The key

features of the mechanism are a favourable ion energy scaling, E ∝ I2L compared

to E ∝ I
1/2
L for TNSA. The resultant RPA ion beam is also predicted to be

mono-energetic [58].

Hole Boring mode

In the Hole boring mode of RPA the laser interacts with an overdense plasma as

illustrated in figure 3.4 (a).

e-

p+

e-

p+

(a) (b)

Figure 3.4: Schematic of the (a) hole boring mode of RPA where the electrons
at the front side are compressed. (b) light sail mode of RPA

During the initial interaction, the plasma thermal pressure is greater than the

radiation pressure. However, as the laser intensity increases the radiation pres-

sure dominates over the plasma thermal pressure and the electrons are pushed

forward into the target, creating a density spike in the electron population. As

the electrons are quickly piled up in front of the laser pulse, the target ions remain

immobile and a charge separation field is generated. This field acts to accelerate

the ions [115]. The compressed electron layer driven by the laser forms an elec-
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trostatic shock which propagates through the target with ions accelerated by the

charge separation field, as shown in figure 3.5. The shock front reflects bulk ions

preceding it, resulting in them being accelerated.
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Figure 3.5: Schematic showing the temporal evolution of the hole boring front,
with increasing time (a-c), with the electron density in blue, ion density in green

and the charge separation field generated in the red dashed line.

Early 1D PIC simulations, Wilks et al [61] derived the velocity of the critical

surface due to the radiation pressure to find the hole boring velocity. Using

conservation of energy and momentum between the laser and particles accelerated

by the hole boring front, gives the following expression for non-relativistic hole

boring [61]:

vHB

c
=

√
ncrit

ne

ILλ2

2.74× 1018
Z

A

me

mp

(3.9)

where ncrit is the electron critical density, ne is the electron density, IL is the

laser intensity, λ is the laser wavelength, Z is the ionisation state, A is the mass

number and me and mp are the electron and proton mass, respectively.

For relativistic intensities, this equation predicts vHB to be greater than the

speed of light. A relativistically corrected hole boring model has been developed

by Robinson et al [62, 115,116]:
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vHB

c
=

√
Ξ

1 +
√
Ξ

(3.10)

where Ξ = IL
nimic3

In this case the vHB is dependent on the laser intensity, the target ion density

and ion mass. The model also estimates the maximum ion energy obtained after

acceleration:

εmax = mic
2

(
2Ξ

1 + 2
√
Ξ

)
(3.11)

The hole boring mode lasts up until either the laser pulse has ended or the hole

boring front has reached the rear of the target [99].

The monoenergetic properties and favourable energy scaling of the hole boring

mode has been demonstrated experimentally. Studies by Haberberger et al [117]

and Palmer et al [118], where CO2 laser systems were used to produce a mo-

noenergetic ion beam from a near critical density gas jet plasma. These beams

have been attributed to hole boring from the front surface driving a shock and

accelerating the bulk ions. Using microsphere targets, Henig et al [119] measured

protons up to 8 MeV accelerated from the initial hole boring front. Hole boring

is the dominant mechanism in micron thick targets at sufficiently high laser in-

tensities. For nanometre-thin targets the dominant ion acceleration mechanism

transitions to the light sail mode of RPA.

Light Sail mode

For tens of nanometre thick targets, radiation pressure acceleration occurs in

the light sail mode, where the whole target volume may be accelerated. All of

the electrons within the focal spot of the laser pulse are accelerated forward by

radiation pressure, accelerating the ions whilst the target propagates forward with

the laser pulse, as illustrated in figure 3.4 (b). This mode of RPA is expected
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to dominate over the hole boring when the compressed electron layer is pushed

out of the target whilst the laser pulse is still present. As discussed earlier, using

a circularly polarised laser to inhibit front surface expansion, allows signatures

of RPA can be observed in ultra-thin foil targets at present day laser intensities

[5, 87].

As was the case with the hole boring mode ions are accelerated by the strong

charge separation field set up when the radiation pressure accelerates electrons

from the focal spot of laser pulse. The velocity of the target which is accelerated

under radiation pressure can be calculated using the conversation of momentum

between the target and the laser pulse is given by:

vls =
(2R + A)τacc

ρL

IL
c

(3.12)

Where ρ is the plasma density, L is the target thickness and τacc is the acceleration

time of the target, which is a fraction of the laser pulse duration. As this is the

non-relativistic case, the ion energy is found to scale with intensity squared,

Ei ∝ I2L.

Also, equation 3.12 indicates that the maximum energy is obtained from the

thinnest foils and lowest densities. The plasma must remain overdense for radia-

tion pressure to efficiently apply pressure and the electrons and ions must remain

in unison. If the target is too thin then electrons will be quickly accelerated away

from the ions and the electrostatic pressure in the plasma cannot balance out

the radiation pressure from the light. Too thick and its inertia prevents efficient

acceleration. The optimum thickness for the target can estimated by:

L ≈

√
(2R + A)ϵoIL

cn2
ee

2
(3.13)

Despite the high ion energies found in numerical simulations, the ability to

replicate these results in the laboratory was found to be difficult. Simulations
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carried out were either in 1D or featured a laser pulse with a flat top profile with

a transverse intensity gradient [60]. It is found that when using a laser pulse

with a transverse intensity gradient the target surface buckles and the surface is

no longer normal to the incident laser radiation which results in electrons being

heated [113]. As the electrons are heated, the plasma will expand giving rise to

TNSA-like processes discussed in section 3.1, and transparency processes, which

will be discussed later in this chapter.

Dollar et al. [120] showed that in thicker targets, electron heating is suppressed.

However, for thinner targets it was found that there was no difference in the elec-

tron temperature between circular and linear polarisation. The spectra from ac-

celerated carbon ions did show quasi-monoenergetic features similar to the results

obtained by Henig et al. [121]. In recent experimental studies using a picosecond

laser pulse with ultra-thin foils, Kar et al [122] have shown evidence of a narrow

energy spread in the ion spectra. Using Thompson parabola spectrometers to

measure the spectral features and radiochromic film for the spatial profile of the

proton beam, a narrow ion beam with a divergence of 13o was observed [122].

It has been shown that thin foils can become unstable due to the Rayleigh-

Taylor like instability when irradiated by a high intensity laser, which prevents

the ions being accelerated efficiently [61, 123, 124]. This has been observed ex-

perimentally also, where clear bubble-like modulations in the accelerated proton

beam were measured [80].

3.3 Relativistic transparency regime accelera-

tion

So far, the laser-driven ion acceleration mechanisms described (TNSA and

RPA) require the target to remain overdense during the interaction with the laser
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Figure 3.6: Illustration of the Relativistic induced transparency process. At t1,
the rising edge of the laser pulse heats the plasma electrons inducing an

expansion of both surfaces. Due to the expansion of the target and increasing
laser intensity, at t2 > t1 the electrons are driven forward into the target by the
laser ponderomotive force. At t3 > t2 the electron density continues to decrease
due to the plasma expansion and the increasing critical density results in the
plasma becoming relativistically transparent. The laser can then propagate

through the plasma which otherwise remain classically overdense.

pulse. In reality, accelerating ions while an ultra-thin foil target remains intact

is difficult to achieve, as the target undergoes expansion due to the rising edge of

the laser pulse. As discussed in chapter 2, the target may become relativistically

transparent during the interaction as the density of the target decreases while the

critical density increases due to the γ Lorentz factor. This effect can be labelled

relativistic self induced transparency (RSIT) [125]. It is a hybrid of self induced

transparency (SIT), where the target density drops below a fixed laser critical

density, and relativistic induced transparency (RIT), where the relativistically

corrected critical density of the laser pulse is larger than the electron density. For

example, for a fully ionised aluminium target, a Lorentz factor of γ =780 would
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be required such that the critical density defined by the laser pulse would be

equal to the solid density of the target, which corresponds to a ao ≈ 1100 or IL

≈ 1024 W/cm−2. However, realistically due to target expansion, the target can

become underdense at lower intensities than this. The relativistically corrected

plasma critical density is defined as:

n
′

crit = γncrit =
γmeϵoω

2
L

e2
(3.14)

As discussed in chapter 2, an overdense plasma is defined as the case when the

plasma frequency is higher than the laser frequency, ωp > ωL, which in terms

of the target critical density can written as ne > n
′
crit. The critical density is

corrected due to the Lorentz factor as the laser intensity increases resulting in an

increase in the electron mass. Typically at the peak of the pulse, ne is observed to

drop below n
′
crit (ne < n

′
crit) and at this point, the overdense plasma will become

relativistically underdense and the remainder of the laser pulse can propagate

through the plasma. Figure 3.6 shows an illustration of this process. The onset

of relativistic induced transparency has been investigated in detail with ultra-fast

temporal resolution by Palaniyappan et al [69–71].

The acceleration of ions in the transparency regime plays a role in the context

of this thesis as the targets used in the experimental study are in the thickness

range of 10-1000 nm. Laser-driven ion acceleration using ultra-thin foil targets

is a complex process where multiple mechanisms can take place [126–128]. If we

take a step back before transparency occurs, the mechanisms described earlier in

this chapter (TNSA and RPA) will take place on the rising edge of the laser pulse

while the target is still considered overdense. A number of studies have been

carried out to show a significant enhancement of the maximum proton energies

in the transparency regime [129–131], which will be discussed in this section.

When the target undergoes transparency it reduces the efficiency of ion acceler-

ation through the RPA mechanism, as this requires the target to be intact. The
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radiation pressure expression can be rewritten as:

Prad = (1 +R− T )
IL
c

(3.15)

Using equation 3.15 it can be shown that the transmission of part of the laser

pulse inhibits the radiation pressure acting on the target. However, as the trans-

mitted laser pulse propagates through the target, it can volumetrically heat target

electrons, generating strong longitudinal electrostatic fields to enhance sheath ac-

celerated ions. This enhancement has been observed in a number of simulation

studies using ultra high contrast laser pulses and nanometre scale targets [99,132].

In 2006, simulation and theoretical studies by Yin et al [133,134] and Albright

et al [83,85] introduced the term laser ‘break-out afterburner’ (BOA) to describe

the enhanced acceleration of TNSA ions during transparency. The precise mech-

anism by which energy is transferred to boost ion acceleration is still under active

investigation. Albright et al [83,85] suggest that this proceeds via the relativistic

Buneman instability this can occur [84] due to the comparable drift velocity be-

tween the electrons and ions [83], as discussed in section 2.9. It should be noted,

that the simulations carried out showed a self-cleaning effect on multi-species tar-

gets. This effect is when the protons are ‘self-cleaned’ from the rapid expansion

of the target, arising due to their higher charge-to-mass ratio, during the TNSA

phase. The volumetric heating of electrons thus mainly affects the remaining

heavier plasma ions. Analytically, the maximum ion energy in the BOA regime

is [135,136]:

ϵmax ≃ (1 + 2α)qTe (3.16)

This maximum ion energy is shown to scale with electron temperature and the

fitting parameter α, which is estimated to be 3 [83, 85]. In this regime, it is

necessary for the target to undergo transparency close to the peak intensity of
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the pulse for efficient acceleration.

Experimentally, studies performed in the relativistic transparency-enhanced-

acceleration or BOA regime have shown a considerable enhancement of the max-

imum energy of carbon ions and protons [137–139]. Studies by Jung et al [138]

using an ion wide angle spectrometer (iWASP) [140], demonstrated maximum

ion energies occurring off-axis, with an angle between 5o and 15o. The energy of

the C6+ ions off-axis was shown to be a factor of 2 higher than the ions observed

along the laser axis. These results showed good agreement with simulations by

Yin et al [141], where the highest energy ions were emitted off-axis rather than

on-axis in two lobes. This is a two stage process which starts with the laser

ponderomotive force causing a depletion of electrons in the centre of the laser

focus. This results in an azimuthal electron structure [142], which imprints in the

ion beam, resulting in high energy ions being accelerated off-axis. An analytical

model, based on experimental results, has also been developed by Jung et al [143]

in the BOA regime for the ion energy scaling and is expressed as:

ϵmax ≈ 5τ 0.28acc (ao − 1) (3.17)

Where τacc is the laser pulse duration in units of femtoseconds. It should be noted

that this model only assumes a single species and charge state. This scaling law

is also used to derive an expression to find the optimum target thickness (in units

of nanometre) for a laser system:

L ≈ 9.8× 10−10I
13/24
L τacc/ne (3.18)

This expression depends on the target density, ne, when the peak of the laser

pulse interacts with the plasma and ne is considered a free parameter. Also, laser

contrast is not implemented in the model. Similar studies by Henig et al [131],

tested the effect of target thickness on ion acceleration in the transparency regime.
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Carbon ions with peak energies up to 14 MeV/u from a 30 nm DLC target were

observed. Also, by doubling the pulse energy the maximum energy of carbon ions

increased up to 42 MeV/u [144].

Another mechanism that has been reported to take place in the relativistic

transparency regime but for thicker, micrometre targets, is the the relativisti-

cally induced transparency acceleration scheme (RITA) [145]. In this scheme,

unlike the BOA mechanism, the ion acceleration enhancement is a result of the

target’s front surface undergoing transparency. In the RITA scheme, the laser

pulse produces a plasma due to the expansion of the target’s front surface by

heating the electrons. The heavy ions are considered to be immobile in this case.

As the rising edge of the laser pulse increases, it ponderomotively drives relativis-

tic electrons forward creating a dense build up of electron density just beyond the

relativistically corrected critical surface. This effect is referred to as a snowplow,

as the laser is pushing the electrons forward over the duration of the pulse. As the

electrons are driven forward, a charge separation field is generated between the

ions and electrons. This electrostatic potential propagates behind the snowplow

and could be used to produce quasi-monoenergetic ion bunches. The peak energy

of these bunches could be adjusted by the controlling the rise time of the laser

pulse and the density gradient [145]. However, if the laser pulses rising edge time

is too short or the expansion of the plasma density is too long, then the snowplow

effect will not form. This will result in less efficient acceleration of ions.

A number of recent experimental studies using ultra-thin (nanometre) targets

have demonstrated a new understanding of electron and ion dynamics by varia-

tion of fundamental laser parameters, such as the polarisation [146, 147] and by

inducing a controlled prepulse [126]. Using a 40 fs (FWHM) laser pulse and a 10

nm aluminium target, Gonzalez-Izquierdo et al [146] demonstrated for the first

time that an ultra-intense laser pulse can induce a relativistic plasma aperture

which results in diffraction of the transmitted laser light, which ponderomotively
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changes. A double lobe feature in the electron spatial profile was measured and

demonstrated to be controllable by varying the polarisation of the laser pulse.

The effects on laser-accelerated protons were also investigated in a follow on

study [147]. The diffraction features observed in the electron beam due to the

laser polarisation are mapped into the spatial profile of the proton beam by in-

ducing modulations in the longitudinal electrostatic field.

Experiments carried out using picosecond laser systems, have shown ion accel-

eration enhancement by using a controlled prepulse before the main pulse arrives

at the target [126]. It was shown that along with the TNSA and RPA mech-

anisms, a high energy proton component is produced when the target becomes

relativistically transparent. By placing the target at an angle with respect to the

laser axis, Powell et al [126] separated the TNSA and RPA accelerated proton

beams to discover that the laser axis component is enhanced. Using 2D and 3D

PIC simulations it was found that a plasma jet is formed at the target rear. This

jet is confined along the laser axis due to the formation of azimuthal magnetic

fields which guide it into the expanded layer of accelerated protons. The portion

of the laser pulse which is transmitted through the plasma directly accelerates

electrons trapped within this jet. This results in a similar two streaming effect

between the electrons and ions as reported by Palaniyappan et al [71].
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Chapter 4

Methodology

The previous two chapters have outlined the theory and fundamental physical

concepts of high power laser-plasma interactions and ion acceleration mecha-

nisms. In this chapter the methods and techniques employed in the experimental

and numerical studies are discussed. A range of diagnostics are required to exper-

imentally characterise the interaction, which enables the properties of the plasma

to be probed. Modelling techniques are utilised to understand the complex pro-

cesses of the physics.

The basic concept of laser physics was laid down by Einstein in 1917 when

he predicted that an atom could decay from an excited state via spontaneous

or stimulated emission. In 1960 the first functioning optical laser was built by

Theodore Maiman [148]. Through various developments in laser technology in

the past five decades the laser energy has increased whilst pulse duration has

decreased, to the point where intensities beyond 1021 Wcm−2 are available. In-

creasing the laser power requires either reducing the pulse duration or increasing

the energy in the laser pulse. High power laser-plasma experiments such as the

ones presented in this thesis are often preformed at large facilities where large

teams are employed to develop and maintain the laser systems. The experiments

themselves are often performed by a group of visiting researchers and can last
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from a few weeks to months depending on the complexity of the experiment. The

first week or two of such experiments are typically spent setting up the beam-

line, defining and referencing the target position, often referred to as the target

chamber centre (TCC), and installing and aligning diagnostics to TCC.

In this chapter we will discuss the laser systems used to produce high intensity

pulses, diagnostics used to obtain experimental results and the numerical codes

used to interpret the data presented in chapters 5-6.

4.1 High power laser technology

Prior to the 1960s, optics were the basis of a relatively small set of industries

related to optical instruments, cameras, microscopes and scientific applications.

The invention of the laser changed this dramatically, although at first it was

generally regarded that ‘the laser is a solution in search of a problem’ as there

were few applications. Now we have lasers in everyday use in communication

networks (fibre optics), barcode scanners and laser cutting.

The term laser is an acronym which stands for Light Amplification by Stimu-

lated Emission of Radiation. The amplification of light by stimulated emission

relies on the creation of a population inversion in the gain medium, meaning that

the population is greater in the upper level than in the lower level. Typically this

includes a 4 energy level configuration, illustrated in figure 4.1, with an external

energy source, typically a flash lamp, which is used to ‘pump’ a sufficient number

of electrons from the ground level E1 to an excited level E2. These electrons

then rapidly decay to a metastable state E3 without the emission of a photon.

The energy loss here is considered to non-radiative and is transferred to other

atoms in the system. The transition from E3 to E4 is the lasing transition, where

photons are emitted coherently. This is due to the long lifetime of E3, which

allows a population inversion. After the electron has emitted a photon, another
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radiationless transition occurs from the lower laser level E4 to the ground level

E1.

E1

E2

E3

E4

Radiationless 
transiton 

Radiationless 
transiton 

Pump
transiton Pump

energy 

Stimulated 
emission 

Figure 4.1: Illustration of the stimulated laser transition. In the gain medium
electrons are excited from the ground level E1 to E2 where it decays to a

metastable state E3. At this stage a population inversion is created and the
laser transition occurs when the electron decays from E3 to E4. Both E2 to E3

and E4 to E1 are radiationless tranisitions.

During the initial years after the first laser was built, the development was

rapid, with the development of new lasing materials that resulted in improved

gain characteristics and optics with higher damage thresholds, which enabled

an increase in laser energy. However, the progress of the laser slowed down

significantly in the 1970’s as laser systems reached the upper limits of optical

damage thresholds. At the time, a method was proposed to overcome the intensity

limit by increasing the beam diameter of the laser pulse to below the damage

threshold. However, increasing the size of optics eventually becomes expensive,

which limits the size of the facility that can be built. Thus, the laser systems were

restricted to an intensity of ≈ 1016 Wcm−2, with pulses delivered in nanosecond

duration with an energy of a kilojoule. Finally, a solution was found in the mid

1980s when the intensity barrier was overcome with the development of chirped
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pulse amplification (CPA).

Chirped Pulse Amplification

CPA technique was first introduced by Strickland and Mourou [18]. It rev-

olutionised laser technology, enabling relativistic intensities, greater than 1018

Wcm−2 for λ = 1 µm lasers to be reached [149]. To reach relativistic intensities

when focused onto a target, the initial nJ energy seed pulse must be amplified

to 100’s J to reach the intensities required of a petawatt laser system. CPA was

designed to avoid and overcome the damage threshold of the components in the

optical systems, in particular the gain medium. The pulse is stretched in time

before the amplification by using a pair of diffraction gratings and the intensity

of the pulse is reduced as illustrated in figure 4.2.

Oscillator

Pair of di�raction
grating (stretcher)

Pair of di�raction
grating (compressor)

Ampli�er

Stretched pulse

Stretched ampli�ed
pulse

High power
shot laser

Figure 4.2: Schematic illustration of the CPA laser scheme.
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The different wavelengths in the system get dispersed in time by the grating.

The pulse is then passed through the gain medium and amplified resulting in

a high energy but long pulse durations. A second pair of gratings are used to

compress the pulse as close to the original pulse length as possible. Development

of CPA allowed the generation of high intensity pulses and petawatt laser systems.

Amplified Spontaneous Emission

As discussed earlier, electrons are pumped in the gain medium to an excited state

and when more electrons exist in the excited state compared to the ground state,

a population inversion is achieved. Stimulated emission occurs when an electron

decays from an excited state to the ground state when stimulated by a coherent

laser photon [150]. However, if a photon does not stimulate the excited electron,

it can decay to the ground state spontaneously and emit an incoherent photon,

as illustrated in figure 4.3.
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E3

E4

Radiationless 
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Radiationless 
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Pump
transiton Pump

energy 
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Figure 4.3: Illustration of the spontaneous laser transition. In the gain medium
electrons are excited from the ground level E1 to E2 where it decays to a
metastable state E3. At this stage a photon is emitted without being

stimulatied by another photon and the electron decays to E4. Both E2 to E3

and E4 to E1 are radiationless transitions.
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This results in a flux of incoherent emission which precedes the peak of the pulse

and is be amplified along with it in the amplifier. The amplified spontaneous

emission (ASE) can stretch to many nanoseconds before the main pulse. Due

to its random nature ASE can seriously alter the physics when the laser pulse

irradiates a solid target. With laser intensities in this thesis reaching up to 1020

Wcm−2, the pedestal could have an intensity of the order of 1014 Wcm−2, above

the threshold for ionisation of matter. For micron-thick targets, the pedestal

results in pre-expansion of the target and a density gradient at the front surface.

However, nanometer thin targets can be destroyed before the peak of pulse arrives

due to this pedestal. The ratio between the peak of the pulse and the pedestal is

known as the ‘laser contrast’ and is an important parameter.

Minimising the ASE level of the laser pulse is of key importance to the next

generation of intense laser pulses. This can be done by pulse cleaning and am-

plification techniques such as optical parametric amplification (OPA) in the laser

chain, or by employing a plasma mirror in the beam. OPA cannot be achieved

by population inversion in a conventional gain medium. Therefore spontaneous

emission does not occur and the pulse can be pre-amplified without increasing the

ASE level until the main amplification stage. A typical method to clean the ASE

up to a nanosecond before the main pulse is to gate it using a Pockels cell. How-

ever, when the pulse is temporally re-compressed, a pedestal is still present and

therefore the level of ASE needs to be minimised at an early stage. A detailed

discussion of amplification methods and OPA is presented in the next section.

Additionally, sources of unwanted lasing can arise in the laser chain from internal

reflections, giving rise to prepulses in the temporal profile of the laser pulse. This

is minimised by implementing wedged shaped optics in the laser chain to redirect

the reflection of the laser pulse.
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Amplification

There are typically several stages of amplification in a CPA system. After the

initial seed pulse has been stretched there will be one or more amplifiers in which

the gain occurs. If the gain is high, this can act to enhance ASE as well as the

stimulated emission. However, having a gain media with less energy pumped

in to it, and the seed pulse making a number of passes, can help to reduce the

amplification of the spontaneous emission [150].

Input
beam

Output
beam

TFP Faraday
rotator

TFP
Gain medium

Pockels cell

Cavity 
mirror

Cavity 
mirror

λ/2 wave plate

λ/4 wave plate

Figure 4.4: Regenerative amplifier setup

A common method of amplification used is the regenerative amplifier and can

be used in the oscillator and pre-amplification stage [150]. Here the initial pulse is

injected into the optical cavity through a half-wave plate polariser, which changes

the pulse polarisation by 45◦, and a Faraday rotator, which rotates the polarisa-

tion again by an amount depending on its pulse length. The pulse is then passed

through a second thin-film polariser (TFP) which reflects or transmits the pulse

depending on its polarisation. A schematic of the set-up is shown in figure 4.4.

If reflected, the pulse enters the Pockel cell where it behaves like a quarter-wave

plate when voltage is applied and will be reflected from the cavity mirror. A

second pass reverses the polarisation such that it will be transmitted through
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TFP and amplified with each pass of the gain medium. Once the laser pulse has

made the required number of passes, a second voltage is applied to Pockel cell

which rotates it back to its original polarisation and is reflected out of the cavity.

However, in the case where no voltage is applied to the Pockels cell then the linear

polarised light will be reflected out of the cavity by the TFP in one round trip.

The Faraday rotator acts as an optical switch changing the polarisation to the

condition for reflection from the TFP and to the next stage in the laser system.

Input beam

Output
beam

Gain medium

Pump beam Pump beam

Figure 4.5: Multipass amplifier setup

Another technique commonly used to amplify the laser pulse is the multipass

amplifier [150]. The pulse is passed through the gain medium several times by

reflection from a series of mirrors, as illustrated in figure 4.5. Since the gain

medium is not located within a cavity, a single pass gain may be much higher

than in a regenerative amplifier (where the medium has to be pumped harder).

An advantage that a multipass amplifier has over a regenerative amplifier is that it

introduce less material in the path of the pulse and does not introduce a prepulse.

However, the overlap between the signal and pump pulse is not as good as in a

regenerative amplifier and thus efficiency is not as high.

Both techniques are typically used in the pre-amplification stage of a CPA laser
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system. As it is necessary for laser-solid interactions to have a high contrast laser

pulse, and due to the nature of amplification of the stimulated and spontaneous

emission using these methods, other techniques are required to minimise the ASE

of laser pulse such optical parametric amplification.

Optical parametric chirped pulse amplification

OPA is typically used in the pre-amplification stage of a laser system to amplify

the seed pulse from the oscillator. OPA is a different approach to amplify the

pulse and is now commonly incorporated into CPA systems in a method known

as optical parametric chirped pulse amplification (OPCPA) [150, 151]. The am-

plification takes place within a crystal that exhibits χ2 non-linearity. This means

there is a parametric transfer of energy between a weaker signal pulse and the

stronger pump pulse. If both pulses are matched in phase then the pump pulse

is converted to the same frequency, ωp, as the signal pulse, ωs. Through the χ2

interaction, the pump and signal pulses produce a third wave, the idler wave, with

a frequency ωi which is equal to the difference between the pump and signal:

ωi = ωs − ωp (4.1)

All of the energy from the pump pulse is converted to light in the form of

the signal and idler waves, resulting in no thermal energy being deposited in the

gain medium. This eliminates the problems caused by thermal lensing in the

amplifiers and ASE from the laser pulse. OPA provides a number of advantages

over conventional amplification methods. No energy is stored within the medium

itself and amplification can only take place when the pump and signal pulse are

present. Another advantage is that OPCPA does not suffer from reduction in

the bandwidth and can support amplification over a large bandwidth, which is

necessary to produce short pulses [150].
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Plasma mirror

The intensity contrast of the laser beam plays a vital role in high power laser-solid

interactions. Some techniques can be implemented in the laser chain to improve

the contrast, however it is never completely eliminated. As the pedestal of the

laser pulse may be a factor of 106-107 lower than the peak intensity of the pulse,

when focused onto a target.

A B

C

Main pulse

Plasma mirror

ASE and prepulse

Re�ected main pulse

Transmitted 
ASE and prepulse

Figure 4.6: Schematic of an intense laser pulse incident on a plasma mirror.
The laser pulse with ASE and pre-pulse is directed on to the mirror (A). The
low intensity ASE and pre-pulse are transmitted (B) while the main pulse is
reflected from the plasma is generated on the front surface of the mirror (C).

To enhance the contrast by minimising the effect of ASE and any prepules in

the laser pulse, a plasma mirror can be implemented into the beam path [152].

A plasma mirror is normally comprised of an anti-reflection coated, optically

flat dielectric substrate that is placed in the beam path. The results presented

in chapter 5 and 6 utilise a plasma mirror positioned in the focusing beam, as

shown in figure 4.6.

The principle operation of the plasma mirror hinges on the transition from a

highly transmissive medium to a reflective one. The focal spot of the beam is

adjusted so that the intensity of the ASE is too low to generate a plasma on
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the surface of the glass. When the rising edge of the main pulse exceeds ∼1014

Wcm−2 the glass is quickly ionized, forming a thin overdense plasma layer on the

front surface of the plasma mirror [152]. The plasma generated reflects the high

intensity part of the main pulse improving the contrast by a factor of ∼102. The

concept of the plasma mirror is illustrated in figure 4.6.

4.2 Vulcan PW laser system

The Vulcan laser system is located at the Central Laser Facility within the Ruther-

ford Appleton Laboratory in Oxfordshire. It delivers pulses into two target areas,

Target Area West (TAW) and Target Area PetaWatt (TAP). A schematic of Vul-

can is shown in figure 4.7. The results reported in this thesis, were obtained on

experiments performed using TAP, where a short pulse PW beam with 600 J is

delivered in a nominal pulse length of 600 fs centred at a wavelength of 1.054 µm.

Additionally, a second beam can be used to deliver a nanosecond pulse of up to

300 J of energy.

Target Area 
Petawatt (TAP)

Target Area 
West (TAW)

Laser 
chain

Ti:Sapphire 
Oscillator

Figure 4.7: Layout of the Vulcan laser and the two target areas [167].
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Figure 4.8: Vulcan laser system and amplification chain

An illustration of the short pulse laser beam is outlined in figure 4.8. The TAP

laser pulse begins with a Ti:Sapphire oscillator capable of producing 200 fs pulses

with nJ energy and a bandwidth of 15 nm. This seed pulse is directed to the

picosecond OPCPA stage where it undergoes pre-amplification and is stretched

to 3 ps with an energy of 70 µJ [153]. After pre-amplification, the seed pulse un-

dergoes further stretching to 4.5 ns and is then directed to the 3 stage nanosecond

OPCPA for further pre-amplification, where the energy is increased from 70 µJ

to tens of milli joules [154]. After the 3 stage OPCPA, the pulse is injected into

the amplification chain, which consists of neodymium doped glass (Nd:glass) rods

and disks. These rods and disks are pumped using a large number of flash lamps,

increasing the energy of the pulse to ∼600 J. After the Nd:glass amplifiers the

pulse is expanded in a vacuum spatial filter to a diameter of 60 cm and is then
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sent into the compressor to re-compress it from 4.5 ns to ∼600 fs [155]. The pulse

is then directed to the target chamber and where it is focused down to a ∼ 6 µm

focal spot using a 60 cm diameter f/3.1 off-axis parabola.

4.3 Diagnostics

The previous section discussed the technology and equipment required for the

laser to reach the target. This section will describe some of the methods and

diagnostics implemented in understanding the laser-plasma interaction processes

taking place. The field of laser-plasma diagnostics is too large to be covered in

this thesis. However an overview of the different diagnostics used in the field can

be found in a review paper by M. Roth [156]. The main diagnostics used in this

thesis are the Thomson parabola spectrometer, radiochromic film with stacked

filters, a laser transmission diagnostic and a second order autocorrelator.

RadioChromatic film

One of the most robust and common diagnostics used in laser driven ion accelera-

tion experiments is Radiochromic film (RCF). RCF is a self developing dosimetry

film which can be used to measure the spatial characteristics and energy of the

ion beam. The film is typically made up of a surface layer, an active layer and a

clear polyester layer. The active layer consists of a colourless chemical monomer

which when exposed to ionising radiation reacts to form an optically dense poly-

mer. For the experiments described in this thesis GAFCHROMIC HD-V2 and

EBT2 are used and their composition is shown in figure 4.9. The most significant

difference between these types of film is that EBT2 is much more sensitive to

lower proton fluxes.
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Figure 4.9: Composition of GAFCHROMIC a) HD-V2 and b) EBT2 film

RCF is a simple passive diagnostic which enables instantaneous measurement

of particle spatial profile-intensity dose distribution. However, it does require 24

hours for it to develop fully. It is usually stacked with a number of layers with

filters between each layer to measure the energy spectrum of the proton beam.

The stack typically consists of a front aluminium layer, to stop heavy ions, to

prevent the RCF being exposed to any transmitted laser light and to shield it

from any debris from the target. The film is layered in a stack configuration with

filters, such as copper, placed in between each layer of film, as illustrated in figure

4.10(a). Using different types of material or thickness of specific filters, the energy

sampled by the RCF layer can be adjusted if required. Protons above a few MeV

energy will stop in the first few layers of the stack, whilst higher energy protons

stop further into the stack, with earlier layers acting as energy filters. Also, a

stack composed of these films presents a limited maximum energy resolution of

2 MeV due to the thickness of each film. As protons are absorbed in material

they present a distinctive response curve called a Bragg peak, illustrated in figure

4.10(b). This peak is due to the increasing scattering cross section between

protons and the RCF film, as the energy of protons decrease.

A calculation of the energy deposited in the active layer for a given proton

energy can be made using the SRIM (Stopping Range of Ions in Matter), Monte

carlo software [157]. Using the data for ion stopping, the energy deposited in the

72



CHAPTER 4. METHODOLOGY

Stack depth 

En
er

gy
 d

ep
os

ite
d 

 

2.7 MeV
5.3 MeV

8.5 MeV
11.3 MeV

Target

Proton beam

FiltersRCF layersAl �lter(a)

(b)

Figure 4.10: Typical stack set up and energy deposited as a function of material
depth.

active layer for a range of ion energies can be calculated.

RCF does not give absolute particle numbers, only dose, and therefore it has

to be calibrated to a known source every time it is scanned. For the RCF used

in this thesis, the calibration for protons was carried out using RCF that was

irradiated using the cyclotron at the University of Birmingham, delivering well-

characterised proton beam currents. The calibrated RCF is scanned using the

same scanner and software setting, thereby giving an absolute dose of the proton

energy deposited in the RCF.

Thomson parabola ion spectrometer

A Thomson parabola ion spectrometer is used to measure the energy spectra

of different ion species within a small solid angle [158–161]. It uses parallel

magnetic and electric fields to disperse ions, that enter a pin-hole, according
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to their velocity and charge-to-mass ratio (q/m). This is a particularly useful

diagnostic of laser-plasma interactions as a number of ion species are accelerated

from the foil. Thomson parabola ion spectrometers use an electric field generated

by a potential difference across a pair of electrodes to separate ions according to

their q/m and a magnetic field generated by a pair of permanent magnets, held

within a yolk to minimise fringe fields to cause deflection of the ions, proportional

to their energy. Both fields are perpendicular to the initial direction of travel of

the ions. The set-up of the Thomson parabola spectrometer is illustrated in figure

4.11.

Incoming 
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Neutral particles
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plate

LB LE

dB
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dE

Figure 4.11: Top-down view of a Thomson parabola spectrometer

The Lorentz force equation can be used to calculate the ion dispersion assuming

that the fields are uniform and there are no fringe fields. The dispersion due to

the magnetic (Bo) and electric fields (Eo) are shown below, where DB and DE

are the deflections due to the magnetic and electric fields respectively

DB =
qBoLB

mvz

(
1

2
LB + dB

)
(4.2)

DE =
qEoLE

mv2z

(
1

2
LE + dE

)
(4.3)

where vz is the velocity perpendicular to the fields. LB and LE are the lengths of

the magnetic and electric fields along the axis defined by the ion initial direction
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of propagation. dB and dE are the drift distances from the magnetic and electric

fields, respectively.

The ions accelerated from the laser-plasma interaction are non-relativistic. Ions

with different q/m form separate parabolic traces at the detector plane, with the

energy determined by the length from the point of zero deflection. Towards higher

energies, the ion tracks are closer together and can merge. As these tracks begin

to merge it is no longer possible to resolve the maximum energy and distinguish

each species by q/m. A number of alternative methods can be used to resolve

the maximum energy and increase the charge to mass resolution. One method

is to increase the magnitude of the electric field. However, there is a limit to

the potential difference that can be sustained across the electrodes before break

down occurs. Another method is to increase the length of the plates so that the

ions feel the effect of the field over a longer distance, but the low energy ions will

begin to collide with the plates causing a discharge. However, Carroll et al [162]

presents the idea of angling one of the electrodes and Gwynne et al [163] shows

that the shape of the electrode can be optimised. Finally the drift distance from

the end of the electrodes to the detector can be increased so that the ions have a

longer distance to travel and will result in an enhanced separation.

Image plate

The detector used in the Thomson parabola spectrometers used in the experi-

ments presented in this thesis is image plate (IP). An example of the parabolic

traces obtained is shown in figure 4.12. IP is a reusable film that is sensitive

to a range of ionising radiation and was developed for medical purposes such as

X-ray radiography [164]. The active layer in the IP consists of phosphor, crystals

of europium doped barium fluorohalide phosphor (BaFBr:Eu2+) and has a grain

size of 5 µm, coated onto a plastic support layer.
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Figure 4.12: Example of raw experimental data on an image plate detector
showing dispersed ions from a Thomson parabola spectrometer.

When a charged particle is absorbed in the active layer, electrons from the

Eu2+ are excited to a metastable state. The electrons can only be released if

the plate is illuminated by a laser, typically in the optical wavelength. When

the trapped electron is released it will emit a photon at ∼ 400 nm by photo-

stimulated luminescence (PSL) [164]. The PSL photons are then detected by a

photomultiplier. As the metastable state decays and emits a photon, the original

signal is lost and therefore it is possible to erase the IP by scanning it multiple

times or exposing it to a bright light source.

IPs can be used as detectors for a number of different diagnostic instruments,

such as X-ray spectrometers, electron spectrometers and as discussed in the pre-

vious section Thomson parabola spectrometers. A disadvantage of IP is that it

records all these signals simultaneously which can make the identification of a
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particular signal a difficult task. However this can be avoided by using the cor-

rect shielding on the diagnostic. Also, IPs typically have to be scanned relatively

soon after being exposed to the signal, usually within a few hours, as the excited

electrons can spontaneously decay. When using IPs they have to be carefully

calibrated. In order to calibrate the flux for a Thomson parabola spectrometer

California resin 39 (CR-39), a nuclear track detector which enables absolute ion

numbers to be measured, can be used. Calibration measurement for IPs have

been made for protons [165] and carbon ions [166].

Laser transmission diagnostic

An important measurement in the investigation of laser-driven ion acceleration

from ultra-thin nanometer targets, is the transmitted laser light arising due to

target-transparency. The transmitted laser light from the target is intercepted

by a Polytetrafluoroethylene (PTFE) screen which is placed ∼ 6 cm from the

target rear and in contact with the RCF stack, as illustrated in figure 4.13 with

an example of the experimental data.

Target

RCF 
stack

Transmitted
laser light

Laser

PTFE 
layer

 

 

6 cm

(a)

(b)

Figure 4.13: (a) Schematic of the setup of the PTFE screen in front of the RCF
stack and (b) example of the experimental data
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Two CCDs (Charge-Coupled Devices) are placed outside the chamber, which

measure the intensity of the transmitted beam in fundamental and 2nd harmonic,

as illustrated in figure 4.14. Light is directed to the CCDs using a large aperture

mirror and directed through a window to avoid the path of the focussed laser

beam. This is due to the inherent electromagnetic pulse (EMP) generated in

petawatt laser-solid interactions. The imaging system itself consists of a lens

coupled with a beam splitter and two CCD cameras ensuring that the images are

both identical. By selection of the appropriate interferometric filter, the cameras

measure the spatial-intensity profile of the light at 1ω and 2ω. These filters are

placed in front of each camera together with appropriate neutral density (ND)

filters to decrease the amount of incoming light in order to avoid saturation and

damage to the CCD camera.

1ω

2ω

Lens

To chamber

Figure 4.14: Schematic the camera set up to capture the transmission data in
1ω and 2ω outside the chamber.

Single-shot autocorrelator diagnostic

The temporal profiles of pulses shorter than a few nanoseconds are difficult to

measure using typical photodiodes. A simple method to temporally measure such

a pulse is to use a single-shot autocorrolator [150]. Here, two copies of the pulse,

with one delayed in time, are directed into a non-linear crystal with a small angle

between their axes of propagation. The beam is then passed through a focusing
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lens and the signal that is propagating along the optical axis is recorded by CCD

camera. A small hole is cut in the reflecting mirror before the target chamber

and a small portion of the beam is picked off. This is then directed to a number

of laser diagnostics [167]. A particularly useful diagnostic for this thesis is the

near field second order autocorrelator, in which the temporal profile of the laser

pulse is measured by taking a line-out across the the captured image. However,

the resolution of this autocorrelator is of the order of 100 fs. The autocorrelator

can be used to give an indication of the temporal width on the rising edge of the

pulse, which is discussed in chapter 6. An example of a trace is shown in figure

4.15.
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Figure 4.15: Example of the autocorrelation trace extracted from the near field
image.

4.4 Simulation tools

Simulations are an important tool for understanding experiment results, since

the interaction being studied are only picosecond in duration and hence measure-

ments cannot easily be made. Also not all parameters in a dense plasma can be

measured. Even though a range of diagnostics are utilised on the experiment,
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the majority of the data is recorded as a time integrated measurement. To gain

a full understanding of the fundamental underlying physics numerical modelling

is required. These simulations can be used guide experimental design and help

with the interpretation of experimental measurements.

PIC codes

Particle-in-cell (PIC) simulations were utilised to investigate the underlying physics

of the experiment. PIC codes utilise the kinetic description of a plasma, where it

considers the plasma as a collection of particles interacting with the various fields

assoicated with the electromagnetic radiation and those induced in the plasma.

It offers a good compromise between the amount of detail and calculation time

required but are limited by the number of particles and the duration of the in-

teraction that can be modelled in realistic time scales. In PIC simulations the

particles are gathered into macro-particles and results in the simulation being

less computationally demanding. The basic calculation routine of a PIC code is

shown in Fig. 4.16.

Initial conditions

Particle position

Density and current 
on grid

E and B �elds 
on grid

E and B �elds 
on particles

Particles mapped 
to grid

Calculate the
Lorentz force 
on particles

Solve Maxwells 
equations

Particles moved 
according to the 

Lorentz force

Figure 4.16: Schematic diagram showing the steps involved in a PIC simulation
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The initial conditions, such as the laser parameters and particle distributions

are defined by the user and is typically based on the experiment parameters or

a simplified version of these. For every grid point the current and charge den-

sity distribution is calculated and mapped onto the simulation grid. By solving

Maxwell’s equations the electric and magnetic fields can be calculated at each

grid point. The value of these fields at the particle position is calculated by

interpolation and the resulting motion is calculated by the Lorentz force. This

procedure is repeated for each time step until the simulation is completed. The

variables that the user is interested in, such as particle density, particle kinetic

energy or the electric and magnetic fields are saved in separate output files at

each time step.

With any simulation is it important to avoid numerical aberrations and this

can be done by introducing time steps. The PIC code used in this thesis is

EPOCH [168], a open source fully relativistic PIC code. An advantage of EPOCH

is that users can make alterations to the code to suit their needs. It also has many

other features which can be added on such as collisional and QED models.
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Intra-pulse transition between

ion acceleration mechanisms

Multiple acceleration mechanisms can take place during the temporal evolution

of the interaction of ultra intense laser pulses with thin foils, depending on the

laser and target parameters, as shown schematically in figure 5.1. Early in the in-

teraction, when the intensity is ∼ 1018 W/cm2, target normal sheath acceleration

(TNSA) is the dominant acceleration mechanism. Fast electrons are transported

through the target from the front to the rear side, where they form an electro-

static field, accelerating ions into a divergent beam with a thermal spectrum [89].

As the intensity increases to ∼ 1020 W/cm2 on the rising edge of the pulse, ra-

diation pressure acceleration (RPA) becomes increasingly important. A layer of

electrons at the target front side is compressed and driven forward, setting up an

electrostatic field which accelerates ions [58]. Compared to TNSA this mechanism

is predicted to result in higher ion energy with a narrow energy spread [122,169].

However, in the case of ultrathin foils, the remaining target electron population

thermally expands, resulting in a decrease in electron density ne. At the same

time, the critical density, ncrit of the laser pulse increases due to the relativistic

corrected gamma factor, γ. At some point in time when γncrit > ne the laser
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pulse will propagate through the plasma. The onset of transparency will occur

in ultra thin foils reducing the effectiveness of RPA [170]. The transmitted laser

pulse will volumetrically heat the electrons resulting in an energy enhancement

of the TNSA ion population; this effect is known as transparency-enhanced ion

acceleration or break-out afterburner (BOA) [133, 138]. In the BOA scheme en-

ergy transfer is stated to occur between the electrons and ions, propagating in the

same direction, through the relativistic Buneman instability [83]. The Buneman

instability is a two stream instability that occurs when the electrons are driven by

the laser pulse with a similar velocity to the plasma ions, giving rise to a resonant

energy transfer from the electrons to the ions. Alternatively ion acceleration can

result from further heating of electrons in the sheath. The multiple ion accelera-

tion mechanisms that occur over the course of the interaction between the laser

pulse and the foil are shown schematically in figure 5.1.

TNSA

Al11+ H+

RPA

Time

RITLaser
pulse

Transmitted
pulse

Figure 5.1: Schematic illustrating the intra-pulse transition between different
ion acceleration mechanisms in a two species target. (1) TNSA driven by
energetic electrons early in the interaction, (2) a hole-boring-RPA phase in
which Al ions are accelerated into the back of the expanding proton layer,
giving rise to radial expulsion. (3) the onset of RIT and electron energy

coupling to the moving sheath accelerated ions.

This chapter presents a characterisation of the intra-pulse transition from the

radiation pressure dominated to the relativistic transparency regime in ultra-thin

foil targets. The resulting spatial-intensity profile of the measured proton beam
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is used to probe the intra-pulse dynamics and investigate the transition between

acceleration mechanisms. Numerical PIC simulations are used to understand the

temporal interaction and assist in the interpretation of the experimental mea-

surements. The study focuses on the generation of a ring in the proton beam.

We note that ring features in the beam of accelerated protons have been observed

previously in experiments using Vulcan petawatt laser system. With thick foils

(tens of microns) Clark et al [93] attributed a measured ring in the spatial profile

of the proton beam to magnetic fields forming on the rear surface of the target

created by the fast electron transport inside the target. MacLellan et al [49, 50]

reported ring features in beams from several hundred micron thick targets, arising

from self-generated resistive magnetic fields within the target. For thick targets

fast electron transport physics plays a key role, whereas this is not the case for

the ultra-thin targets investigated here.

5.1 Experimental Set-up

The experiment was performed using the Vulcan petawatt laser, as described in

chapter 4. The Vulcan petawatt laser delivers pulses with duration of t=(0.8±0.2)

ps at FWHM, which were focused to a spot diameter of 8 µm (FWHM) using a f/3

off-axis parabola. A single plasma mirror was employed to increase the intensity

contrast from 108 to ∼ 1010 at ∼ 40 ps prior to the peak of the pulse [126].

This resulted in an on-target laser pulse energy of EL = (200 ± 25) J, giving

a calculated peak intensity, IL = 2 × 1020 W/cm2. The laser polarisation was

switched between linear and circular by inserting a λ/4 wave plate in the focusing

beam, while the laser focus was aligned to near-normal incidence onto Al foil

targets with a thickness, L, varied between 10 nm and 400 nm.
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Transmission camera

Target
Plasma
Mirror

RCF 
stack

TP 1
0o Laser axis

H+ 
beam

Laser

PTFE 
layer

6 cm 128 cm5 cm

Figure 5.2: Schematic of the experimental set-up. The focussing laser is reflected
off a plasma mirror to increase contrast, onto a nanometre scale thickness

target. The three main diagnostics: the radiochromic film stack (RCF); with a
PTFE layer (for transmitted laser light); and a Thomson parabola, to measure

the spatial-intensity and spectral profile of the proton beam respectively.

A range of techniques were used to diagnose laser-plasma interaction. Measure-

ment of the 2D spatial-intensity distribution of the beam of accelerated protons

was achieved using a stack of RCF dosimetry film with dimensions of 6.5 cm ×

5.0 cm. This enabled the spatial-intensity distribution to be measured in discrete

energy bands for proton energies (Eprot) ranging from 2.7 to 45 MeV. The stack

was positioned 6 cm from the rear of the target, as illustrated in figure 5.2.

The percentage of laser light transmitted through the target was measured for

the fundamental harmonic by imaging a thin PTFE scatter screen positioned at

the front of the stack. The fluorescence of the screen generated by the transmitted

laser light, was imaged using a CCD camera. In order to calibrate the transmitted

light on the PTFE screen, the screen was illuminated using the laser without a

target in place. The images taken in this shot were used as a reference, enabling

conversion of the images taken during normal shots, into laser energy transmitted

through the target.

The RCF had a horizontal slit cut through the centre of the stack to provide a

line-of-sight to a high resolution Thomson parabola spectrometer (TP) which was
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placed at 10◦ with respect to laser axis. The TP was placed at 10◦ to allow other

diagnostics to have a line of sight to the target. The dispersed ions from the TP

spectrometer were recorded on standard BAS-TR2025 (TR) type image plate,

calibrated for extraction of the total ion flux. This image plate has no protective

layer in front of the active phosphorous layer. This enabled the spectrum of

protons and heavy ions to be determined, with a low energy detection threshold

of 5 MeV for protons. Early in the experiment, when carrying out preparatory

shots, slotted CR-39 was placed in-front of the image plate. This provided an

absolute calibration for the image plate in terms of ion numbers and confirmation

of the effective magnetic field strength when solving for the ion energy. The

minimum energy needed for a proton to be transmitted through the CR-39 was

determined using SRIM [171]. The TP was placed 134 cm from the rear of the

target, with a 200 µm pinhole at the entrance giving a solid angle of 17.5 nSr.

5.2 Experimental results

Using the RCF stack, characteristic spatial-intensity signatures of individual ion

acceleration mechanisms can be resolved. It will be shown below that this enables

the transition between mechanisms to be investigated.

Figure 5.3 shows an example of proton spatial-intensity profiles from the laser

pulse interacting with a L = 40 nm target. At low energies (Eprot = 2.7 - 8.5

MeV) the proton beam is dominated by a ring, labelled feature A. This feature

is present for all targets for which RIT occurs and has been reported in previous

studies in the RIT regime [80, 126, 172]. At high proton energies the annular

structure is no longer present and the profile is dominated by a narrow high

density distribution, feature B, for energies Eprot = 11.6 - 40.1 MeV. This high

energy component of the proton beam has also been reported by Powell et al [126]
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Figure 5.3: Example proton spatial-intensity profiles at stated energies from the
RCF stack for irradiation of a 40 nm Al target. The cross at 0◦ represents laser

axis in black and at 10o indicates the position sampled by the Thompson
parabola diagnostic.

and similar features are observed by Palaniyappan et al [71], and is explained by

the formation of a plasma jet during transparency. In some cases feature B can

be seen within the annular profile at low energies. From this example, we can

see that there are multiple processes leading to different populations of protons

which have different spatial-intensity characteristics. Previous studies have been

carried out to separate each component of the proton beam and to distinguish

between these proton populations [126,173].
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The spectral profile of the proton beam was recorded by the TP and an example

of a raw Thomson spectrometer image plate scan is shown in figure 5.4. It should

be noted, that both figure 5.3 and figure 5.4 are from the same shot for a L = 40

nm target. The spectrum from the RCF and TP is shown in figure 5.5 with the

TP spectrum (black line) and RCF spectrum (blue line).
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Figure 5.4: Example scan of the image plate used in the dispersion plane of the
Thomson Parabola spectrometer for, laser interaction with L = 40 nm Al foil.

A modulation in the proton track is observed.

As the proton beam is sampled by the RCF stack at discrete energies, a number

of points can be extracted to form a spectrum. This enables a full spectrum of

the different proton acceleration components to be determined. The spectral data

extracted from the RCF is shown to be consistent with the data from the TP in

figure 5.5. Both diagnostics have a different low energy cut off, 2.7 MeV and 5

MeV for the RCF stack and TP respectively.
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A clear break or modulation can be seen in the proton track in the TP image in

figure 5.4, where low energy and high energy components can be distinguished.

This modulation is also seen in the proton spectrum in figure 5.5. Typically the

spectra measured from micron-thick targets exhibit an exponential drop, for a

sheath accelerated beam. Referring back to the RCF data shown in figure 5.3,

for the energy range of 2.7 - 8.5 MeV, the annular profile (feature A) is observed.

However at energies greater than 8.5 MeV the ring is no longer visible and the

collimated structure (feature B) can be seen. This transition from the annular ring

structure to the collimated structure may explain the break in the TP spectrum

as this could be produced by two different populations of accelerated protons.

The low energy spectrum resembles a low energy TNSA profile, whilst the high

energy component has a broad plateau-like spectrum. Similar broad ion spectra

have been reported by Kar et al [122].
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Figure 5.5: Spectrum from the TP (black line) overlaid with a RCF (blue line)
for the same 40 nm Al target example data in figure 5.3 and 5.4.
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Studies by Powell et al [126] and Wagner et al [173] have shown that by irra-

diating the target at an angle, the different components of the proton beam can

be separated. In order to compare this result with previous work, two shots were

taken, one keeping the target at an angle of incidence θL = 0◦ and the other at θL

= 25◦. The first layer of the RCF stack, Eprot = 2.7 MeV, is displayed in figure 5.6.
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Figure 5.6: Measured spatial-intensity profile of the proton beam from an L =
10 nm Al target at Eprot = 2.7 MeV, for target rotation: (a) θL = 25◦ and (b)

θL = 0◦.

In figure 5.6(a) θL = 25◦ and (b) θL = 0◦. Here we are interested in the

direction at which the annular proton ring propagates with respect to target

angle. 0◦ indicates laser axis direction in figure 5.6. In figure 5.6 (a) the centre

of the ring is at θ = 25◦, whereas in (b) the centre of the ring is close to θ

= 0◦. This demonstrates that the centre of the ring component of the proton

beam is directed along target normal and therefore it is formed during the sheath

acceleration phase of the interaction. The high energy component of the beam is

always found to be directed along the laser axis.

A third feature that is observed in the spatial profile of the beam is bubble-like

structure, which can be seen in figure 5.6 (a) close to the laser axis. These have

been observed in previous studies by Palmer et al [80] and Powell et al [126]

using nanometer thin targets and are interpreted as arising due to a Rayleigh-
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Taylor (RT)-like instability [80]. In this scenario, the photons act like a light

fluid and the plasma acts like the dense fluid. It was found by Palmer et al [80]

that as the target thickness is reduced, the instability growth rate increases, with

the 5 nm-thick diamond like carbon (DLC) target showing the highest degree of

instability growth. Small density perturbations lead to a local increase in the laser

intensity and therefore radiation pressure, which drives the instability. Although

this feature is not the focus of this chapter, bubble-like structures were observed

in shots taken on L < 20 nm Al targets, with structures also observed with L =

40 nm Al target foils.

A

(a)

B

(b)

Figure 5.7: Transverse optical probe measurement of the rear surface expanding
plasma of a 40 nm Al target at (a) t = 10 ps and (b) t = 120 ps after the peak

of the pulse.

Another diagnostic which can be used to measure a ring-like expansion in the

plasma due to density modulation is the transverse optical probe as shown by

Powell et al [126]. This diagnostic was initially planned to be used on this exper-

iment. However, due to time constraints and difficulties obtaining good quality

images no useful data was obtained using the traverse optical probe. Figure 5.7

shows a measurement made by our group on a previous experiment with the

same laser parameters and targets [126]. The transverse optical probe enables a

measurement of the plasma expansion at a fixed point in time. An example of
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optical probing of the expanding plasma at t = 10 ps after the peak of the pulse

interacts with the target is shown in figure 5.7(a). Evidence of a plasma channel

can be seen expanding into vacuum, labelled B. A later time measurement in

figure 5.7(b) shows that this process is independent of the ring expansion and oc-

curs on a faster time scale. Figure 5.7(b) shows the rear expansion of the plasma

at t = 120 ps after the peak of the pulse interacts with the target. The label

A highlights features consistent with the annular ring-like expansion and thus

with the experimental observations of a ring in the corresponding proton beam.

The annular ring profile dependence on target thickness and proton energy is

discussed below.
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Figure 5.8: Measured proton spatial-intensity dose profile for given proton
energies (Eprot = 2.7-7.1 MeV) for a L = 10 nm Al target.

As discussed earlier, the ring profile measured in the proton beam was observed

for targets with a thickness L ≤ 200 nm and detected up to a maximum proton

energy of 8.5 MeV. For higher energies, the annular structure is no longer visible
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and a population of low divergence, high energy protons is measured and will be

discussed later. The proton ring is centred approximately along target normal

for all shots. The opening angle of the structure is observed to vary with target

thickness and proton energy. An example of the annular ring profile as a function

of proton energy is shown in figure 5.8 for a L = 10 nm Al target.

For a fixed thickness of L = 10 nm, the opening angle ∆θ of the inner part of

the ring is observed to increase with Eprot. This increase was also measured for L

= 20 and L = 40 nm targets. The corresponding dose profile along the vertical

axis was sampled and is shown in figure 5.9. By taking a vertical line-out of the

dose profile, it can be seen that the peaks of the beam are increasing in angle

with increasing proton energy. The excluded region corresponds to the horizontal

slit which was cut through the center of the stack in order to provide line of sight

to additional diagnostics.
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Figure 5.9: Vertical line-outs through the spatial dose profile of the proton
beam shown in figure 5.8 for Eprot = 2.7, 5.3 and 7.1 MeV.
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Figure 5.10: Divergence angle ∆θ as a function of normalised proton
(Eprot/Emax) energy, from the experimental data for L = 10, 20, 40 and 80 nm.

The quantitative data obtained from the experimental investigation of the di-

vergence angle as a function of proton energy is displayed in figure 5.10 for L =

10-80 nm. The proton energy was normalized to the maximum proton energy

of the detected annular component of the beam. The energy dependence of ∆θ

is shown to increase with target thickness for L<40 nm, whilst for the thicker

targets, such as L = 80 nm, the divergence angle does not follow this trend and

instead remains constant throughout the RCF layers as Eprot increases.

Ring divergence as a function of target thickness

The annular proton beam size is also observed to have a dependence on target

thickness, L. Observing the first layer of the RCF stack, Eprot = 2.7 MeV, the ring

profile was measured for L = 10 - 200 nm, as shown in figure 5.11. The ring is no

longer observed for L ≥ 400 nm Al target. However it should be noted, that since

the maximum measured proton energy decreases with increasing L, and as the

ring is only produced in the low energy population, it is possible that it exists at

energies below the lower detection threshold (equal to 2 MeV) of the RCF stack.
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In figure 5.11 it can be seen that the ring profile in the proton beam increases

with target thickness. For L = 10 - 40 nm, radial instabilities, which appear as

spoke-like structures, can also be observed in the spatial-intensity profile.
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Figure 5.11: Measured proton spatial intensity dose profile for given target
thicknesses, L = 10 - 400 nm Al for (Eprot = 2.7 MeV)

Figure 5.12 shows the vertical line outs for L = 20, 80 and 100 nm targets

which show that the size of the ring profile is increasing. Again the excluded

region represents the horizontal slot which was used to provide line of sight to

additional diagnostics. Although the line-out is not as smooth as shown in figure

5.9 the peaks of each target thickness can be measured. The opening angle of

the profile is seen to increase with target thickness from 20 to 80 nm. However

it decreases for L = 100 nm. To quantify the ring profile observed in figure 5.12,

the divergence angle is plotted as a function of target thickness in figure 5.13.
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Figure 5.12: Vertical line-outs through the spatial dose profile of the proton

beam shown in figure 5.11 for L = 20, 80 and 100 nm.
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Figure 5.13: Opening angle angle ∆θ as a function of target thickness L for
linear (green) and circular (red) polarised laser light from the experimental data

for fixed energy of Eprot = 2.7 MeV.

Figure 5.13 displays the full range of targets irradiated with a linear and circular

polarised laser pulse in green and red, respectively. It can be seen that the

opening angle of the annular proton beam increases for foils L < 80 nm and that

the largest divergence angle is observed for L = 80 nm. Also, it should be noted
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that as a plasma mirror is placed in the focussing laser beam line to enhance the

contrast, the orientation of the electromagnetic field will be altered slightly due

to absorption in the plasma mirror. Therefore, the polarisations are considered

to be close to linear and circular polarisation.

For 80 < L < 200 nm the angle of the ring remains approximately constant and

for L = 400 nm the ring is not observed above 2.7 MeV. For circular polarised

pulses the divergence angle also increases with target thickness, up to L = 100

nm. Due to beam constraints and a limited number of shots, only three target

thicknesses were irradiated using a circular polarised laser, L = 10, 40 and 100

nm. For 10 and 20 nm, the opening angle of the annular structure is larger

for the circular polarised case than the linear. This is likely to result from the

reduced heating of plasma electrons with circular polarised light. Although we

are irradiating the target at θL = 0o there are two absorption mechanisms at

play for linearly polarised light, vacuum heating and j×B heating. Even though

vacuum heating is optimised at an oblique incidence angle it will play a role in

the energy the electrons absorbed from the laser even at near-normal incidence.

Whereas, for the circular polarised light the dominant mechanism is j×B because

the oscillating term of the ponderomotive force vanishes and the electron heating

effect is reduced. The opening angle of the annular profile of the proton beam

in figure 5.13 is larger for the circular polarised light than the linear polarised

light. In both polarisation cases, the plasma will expand, however the degree of

expansion will be smaller for circular polarised light. Further evidence can be seen

for the 100 nm target, where for circular polarised light the target is too thick for

hole boring to efficiently accelerate heavy ions. Overall, both laser polarisations

result in the same trends, where we see the ring opening angle increases with

target thickness, L.

Figure 5.14 shows the raw images of the transmitted linearly polarised laser

light for L = 10 and 400 nm. The light observed is normalised to the maximum
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number of counts measured for the 10 nm case. For the example shown in figure

5.14 it is clear that the maximum transmission is obtained using the thinnest

target, L = 10 nm, and is no longer observed in L = 400 nm.
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Figure 5.14: Measured transmitted light (at 1ω) recorded with a CCD camera
imaging a PTFE screen placed in front of the RCF stack for: (a) L = 10 nm;

(b) L = 400 nm.
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Figure 5.15: Measured transmitted light as a function of target thickness
(normalised to the L = 10 nm result).
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Figure 5.15 shows the normalised transmitted laser light intensity measured for

linear polarised light for the full range of target thicknesses and corresponds to

the same shots used for the scan of the annular profile as shown in figure 5.13.

The laser light transmitted was measured using a CCD camera which measures

light imaged on the PTFE screen placed in front of the RCF stack. The camera

is triggered just before the laser interacts with the target and we observe a time

integrated image of the interaction. The results in figure 5.15 are normalised to

the target with the highest transmission value, i.e. L = 10 nm. The percentage

of laser light transmitted is observed to decrease with increasing L, as expected.

The largest percentage of laser light is transmitted for L = 10 nm and light is no

longer observed for L = of 200 nm [170].

Jet feature

For Eprot > 8.5 MeV, the annular structure is no longer observed and a low diver-

gence, high energy component is observed, similar to previous studies [126, 172].

In some cases this structure is observed inside the ring or, if irradiating the tar-

get at an angle, this structure can overlap with the annular profile causing an

enhancement of proton density. The annular beam and the low divergence beam,

correspond to two different populations of protons. As discussed earlier in the

chapter the ring structure is measured along target normal, indicating that it is

driven by the TNSA mechanism. Powell et al [126] showed that an enhanced pop-

ulation of protons is accelerated along laser axis due to a self-generated plasma

channel, leading to the formation of a plasma jet, which extends into the expand-

ing proton beam. When the target becomes relativistically transparent and the

laser pulse propagates through the now relativistically underdense plasma, the

laser pulse undergoes self focussing. This arises due to (1) the ponderomotive

force expelling electrons from the high intensity regions, forming a plasma chan-

nel and (2) the fact that relativistic transparency occurs first on axis and grows
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out radially. The electrons accelerated generates an azimuthal magnetic field

which maintains the electron jet over an extended distance. As the laser pulse

propagates within the plasma channel, electrons in the channel will be directly ac-

celerated [174] and gain more energy from the pulse, resulting in an enhancement

to the electrostatic field and thus proton energies. When the target is irradiated

at normal incidence, the plasma jet is found within the annular structure.

It is noted that Dover et al [172], discusses a similar low divergence structure in

the proton beam from nanometre thick diamond like carbon (DLC) targets at zero

degrees angle of incidence. They attributed this structure to the buffering effect

of heavier, lower charge-to-mass ratio carbon ions pushing the proton layer accel-

erated by the sheath field. Yin et al [133] have identified a ”self-cleaning mech-

anism” via PIC simulations where the expanding, accelerating carbon species in

the contamination layer continue to buffer the lower density proton species ahead

of the expansion in the relativistic transparency regime. Such a process can occur

in many situations in which an intense laser interacts with ultra-thin nanometre

foils which have at least two ion species with different charge-to-mass ratios.

Figure 5.16 shows the measured spatial-intensity profile of the low divergence

proton beam component observed at higher Eprot than the annular structure. The

low divergence component of the beam is shown for Eprot = 8.5-14.5 MeV, for L =

10, 40 and 80 nm. This structure is not measured thicker than this. In some shots

this structure reaches energies of 25-30 MeV, but the position of the structure

is observed to vary shot-to-shot within an angular range of ≈ 10◦. Figure 5.17

shows the measured divergence angle of the proton beam component shown in

figure 5.16. Within the limits of the error bars the divergence angle of the beam

does not change as the energy increases. This beam component is therefore less

divergent than TNSA beams, a characteristic of RPA mechanisms. The protons

here have a relatively low energy compared to what is predicted in simulations

100



CHAPTER 5. INTRA-PULSE TRANSITION BETWEEN ION
ACCELERATION MECHANISMS

 

 

 

 

D
os

e 
(G

y)

 

 

Eprot=8.5 MeV

20

0

-20
θ 

(o )

a)

c)

b)

Eprot=11.6 MeV Eprot=14.5 MeV

Eprot=8.5 MeV Eprot=11.6 MeV Eprot=14.5 MeV

Eprot=8.5 MeV Eprot=11.6 MeV Eprot=14.5 MeV

2x103

1x103

0
200-20200-20 200-20

θ (o) θ (o) θ (o)

 

 

 

 

D
os

e 
(G

y)

 

 

20

0

-20

θ 
(o )

2x103

1x103

0
200-20200-20 200-20

 

 

 

 

D
os

e 
(G

y)

 

 

20

0

-20

θ 
(o )

2x103

1x103

0
200-20200-20 200-20

θ (o) θ (o) θ (o)

θ (o) θ (o) θ (o)

Figure 5.16: Low divergence component of the proton spatial dose profile for
given proton energies (Eprot = 8.5-14.5 MeV) for: (a) L = 10 nm; (b) L = 40

nm; (c) L = 80 nm.

of RPA for the parameters of the laser. At current laser intensities we are seeing

signatures of RPA, however multiple acceleration mechanisms take place over the

duration of the laser pulse which makes it difficult to isolate one mechanism in

particular.
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Figure 5.17: Measured divergence angle ∆θ as a function of energy of the low
divergence component of the proton beam for L = 10, 20, 40 and 80 nm.

5.3 Numerical PIC simulations

To investigate the underlying physics, 2D PIC simulations were performed using

the EPOCH PIC code [168]. The dimensions of the simulation box were 130 µm ×

72 µm, using 26000 × 7200 cells, in the x and y axes respectively, with boundaries

on all sides defined as free-space. The target was initialised as a 2D slab of Al11+

ions with a density of 60nc (the density of solid aluminium) with a 10 nm-thick

layer of 60nc H
+ on the rear of the target to mimic the contamination layer on the

target rear surface in the experiment. Test simulations incorporating an ionisation

model have shown that the predominant charge state achieved for aluminium is

Al11+ for the laser parameters investigated. The electron population is defined to

neutralize all of the ions appropriately with the initial electron temperature set

to 10 keV. The thickness of the Al11+ slab was varied in the range L=20-500 nm,

with the hydrogen layer thickness kept constant at 10 nm.

The laser pulse was defined to have a Gaussian temporal profile with a FWHM

of 570 fs and was focused to a transverse Gaussian profile with a FWHM of 6 µm at

the front of the target. The peak intensity was set to 2×1020 Wcm−2. These laser
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parameters for the simulation were chosen to replicate the experimental conditions

as closely as possible. To account for the laser propagation effects within the

expanded target front side [175], it was positioned 30 µm from the simulation box

boundary. Computationally intensive test simulations with contamination layers

on both the front and rear sides and with binary collisions enabled, show that

the front surface proton layer is largely ablated and does not propagate through

the Al11+ ions. With the exception of these front surface protons, the addition

of binary collisions had a negligible impact on the dynamics of the system and

these were therefore not included in the simulations reported in this chapter to

enable simulations to be performed with available computation resources.

In all of the simulation results it is found that early in the laser-foil interaction

(i.e. at the leading edge of the laser pulse profile), electrons are accelerated

from the target front side and propagate to the rear side, where they set up a

strong, longitudinal sheath field, driving the TNSA mechanism. In this field,

the proton population expands faster than the Al11+ ions due to their higher

charge-to-mass ratio (q/m). This results in layering of the two ion species during

acceleration. As the laser intensity continues to increase, the laser light pressure

results in the laser pulse hole boring into the target and drives an increased

longitudinal expansion of the Al11+ ions at the rear side. The maximum degree

of this expansion occurs at the center of the laser focal spot where the intensity is

highest and decreases off-axis following the Gaussian intensity profile of the laser

pulse. During the interaction the electron density drops below the relativistic

corrected critical density of the laser pulse. This results in transparency and

the transmitted part of the laser pulse drives heating of the electrons over the

target volume. As the Al11+ layer expands into the rear of the proton layer, the

electrostatic field formed at the interface between the two species begins to deflect

the slowest protons toward the direction of the local normal to the Al11+ expansion

profile. The overall target expansion profile is similar to that previously observed
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experimentally in intense laser pulse interactions with thin foil targets [176].
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Figure 5.18: Percentage of transmitted light from the simulation as a function
of target thickness.

To compare with the experimental measurements, the transmitted light was

measured for the simulated target thicknesses, shown in figure 5.18. In the simu-

lation the transmitted light is quantified in terms of the laser electric field at the

rear of the target, by calculating the Poynting vector, Eq 2.13, after it undergoes

transparency. The transmitted light intensity is normalised to a test simulation

with no target, in order to show the relative decrease in intensity arising. This

enables the percentage of transmitted laser light to be quantified. The exponen-

tial decrease of the transmitted light is reproduced in these simulations. The

transmitted light is maximised in the thinnest targets and decreases as the target

thickness increases. As expected, the thinnest target, L = 20 nm, has the most

transmitted light and for L = 500 nm no light is transmitted as the target is too

thick for the target to undergo RIT over the full thickness. Experimentally, the

thickest target, L = 400 nm did not undergo RIT. Similarly, in the simulations

the 500 nm target does not go transparent. Thus the main features of the onset
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of RIT are similar in simulations and experiment.
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Figure 5.19: Example simulation results showing: (a) Ion densities for the L =
20 nm target at t = 700 fs: Red - Al11+ ions; Blue - protons. (b) Angular

projection of the ions, Red dashed line - Al11+ ions; Blue solid line - protons,
shown in (a). (c-d) same for L = 40 nm. (e-f) same for L = 500 nm.
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Figure 5.19 shows example simulation results for: (a-b) L = 20 nm; (c-d) L =

40 nm; and (e-f) L = 500 nm at the final time step, t = 700 fs. t = 0 fs is defined

as the time when the peak of the laser pulse interacts with the front surface of the

target. On the left (a,c,e) the density distribution of the Al11+ ions (in red), and

protons (in blue), are presented. The right side of the figure (b,d,f) shows the

projected distribution of the ions in the same colour scheme. Using the particle

momentum data output from the simulations, the particles are projected 6 cm

from their positions shown in each time step, to compare with the experimental

results. From the density plots shown in figure 5.19, the majority of protons are

observed to be distributed off-axis, with very few along the laser axis. This is

confirmed in the ion projection figures where a larger population is seen to be

accelerated off-axis. As the simulations were carried out in 2D, the ring structure

can be observed in the Y dimension as two off-axis peaks and the separation of

the two peaks can be measured to give the opening angle of the ring. The annular

structure is observed for all target thicknesses, L = 20 - 500 nm, simulated. 3D

simulations are computationally expensive, produce large outputs and take a lot

of time to run. However, test 3D simulations were performed and verify that the

channel and jet are also observed [126].

From the plots in figure 5.19, a high density central component is observed in

the L = 20 and 40 nm targets, which is similar to the observation reported in

Powell et al [126]. Comparing the proton profiles from the 3D simulation with the

experimental data Powell et al found good agreement, including an enhancement

on one side of the annular structure in the proton beam when irradiating at θL

=30◦.

Figure 5.19 shows the protons over the full energy spectrum in the simulation,

whereas experimentally we observe the annular structure only in the low energy

component. Thus protons with energy in the lower quartile of the simulation are
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considered for comparison to the experimental results, as shown in figure 5.20.

Here the final simulation time-step is presented for L = 40 and 500 nm with

the lower energy quartile of the proton population in green. As the radiation

pressure-driven Al11+ ion layer expands into the rear of the proton layer, the

electrostatic field formed at the interface between the two species deflects the

slowest protons towards the direction of the local normal to the Al11+ expansion

profile. This imparts transverse momentum to the low energy protons, which

continue to expand radially after the laser intensity decreases after the peak of

the pulse. This behaviour can be observed in figure 5.20(a) and (b) for an L = 500

nm target, which does not become relativistically transparent to the laser. Figure

5.20(b) shows the angular distribution of the beam of accelerated protons as a

function of time. For t < -300 fs (rising edge of the pulse), TNSA dominates and

there is a divergent beam with no observed splitting. At approximately t = -300 fs

the radiation pressure is sufficient that the expansion of the Al ions starts pushing

the low energy protons to larger angles. The width of the resulting annular

profile, ∆θ (effectively the ring diameter), increases throughout the remainder of

the interaction.

For a sufficiently thin target, heating and expansion of the electron population

will result in it becoming relativistically transparent during the laser pulse inter-

action. As an example, figures 5.20(c) and (d) show the case for L = 40 nm, for

which RIT occurs at t = 20 fs (marked with the dashed line). As with the thicker

target, the relatively low energy proton beam component starts to undergo radial

deflection at approximately t = -300 fs. However, the overall rate of increase in

∆θ is larger due to the increased expansion velocity of the Al ions. Thus, the

diameter of the final proton ring depends on whether RIT occurs and, as will be

shown below, on when it occurs with respect to the peak of the laser pulse profile.

The opening angle of the ring is investigated as a function of proton energy and
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Figure 5.20: Example simulation results showing: (a) Ion densities for an L =
500 nm target at t = 700 fs: Red indicates Al11 ions; Green indicates protons
with energy in the lower quartile; Blue represents the remainder, higher energy
protons. (b) Angular profile of the protons accelerated from the L = 500 nm
target as a function of time with respect to the peak of the pulse (t = 0). (c)
and (d) Same for L = 40 nm, for which relativistic transparency occurs at t =

20 fs marked with the dashed line and the scales are the same.

target thickness in the simulations and the results are shown in figure 5.21 and

5.22. ∆θ increases with Eprot for L = 20 and 40 nm, whilst for L = 100 nm it

changes very little as can be seen in figure 5.21.

If we consider the percentage of transmitted light for each of these targets

(figure 5.18), L = 20 and 40 nm undergo transparency earlier than L = 100 nm.

The largest ∆θ is found to be at L = 40 nm for both laser polarisations as shown

in figure 5.22. The overall dependence of ∆θ on L is similar for both linear and

circular polarisation, with ∆θ for the L = 40 and 100 nm much lower for the
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Figure 5.21: Divergence angle ∆θ as a function of normalised proton
(Eprot/Emax), energy of the lower quartile from the simulation results for L =

20, 40 and 100 nm.
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Figure 5.22: ∆θ as a function of target thickness L for P- (black) and C- (red)
polarised laser light from the simulation results integrated over the lower

quartile of the proton energy range.

circular case. This is caused by enhanced heating and therefore expansion of

the target when using linear polarisation. For L = 20 nm, ∆θ for both cases is

comparable. However, for linear polarisation, ∆θ is slightly larger than for the
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circular case, due to the increased expansion of the front surface. The lowest ∆θ

is observed for the L = 500 nm target, as transparency does not occur at this

thickness.

In the simulation results we have observed a two dimensional annular structure

in the proton beam and made measurements of how the beam opening angle

changes with Eprot and L. The transmitted laser light also shows that the degree

of transparency decreases as the target thickness increases. Below the underlying

physics of how the annular structure appears in the proton beam will be discussed,

along with a comparison of experimental and simulation results.
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Figure 5.23: 3D PIC simulation (a) showing an example 3D plot of the total
energy sampled at 400 fs. Label B corresponds to the electrons which show an
energy enhancement as they are directly accelerated by the laser resulting in a
jet modulated by the laser frequency. (b) Total electron energy in the 2D plane
at x = 16 µm, marked in (a). (c) Total proton energy in the 2D plane at x = 16

µm. The feature labelled A corresponds to the annular component of the
proton beam expanding off-axis from the laser propagation. B represents the

region of enhancement from the energetic electrons accelerated by the laser and
forming the jet.

Some 3D simulations have been carried out to check that the plasma ring and

jet are not a product of the 2D simulation geometry [126]. 3D PIC simulations

are much more computationally demanding than 2D, which constrained the size

of the simulation box and resolution used. The dimensions of the 3D simulation

box were 60 µm × 20 µm × 20 µm, using 3000 × 360 × 360 cells, in the x,
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y and z directions respectively. To compensate for the reduced dimensions and

resolution, the 20 nm Al11+ target was expanded to a Gaussian profile with a

peak density of 5ncrit and the electrons were given an initial temperature of 10

keV. The contamination layer were given a similar profile with the H+ population

expanded to give a peak density of 5ncrit. Expanding the target and decreasing

the densities, ensures that the areal density is conserved. It should also be noted

that the target was initialised at an angle of 30◦ with respect to the laser axis.

The laser pulse had a duration of 200 fs and a peak intensity of 2×1020 Wcm−2.

The initial purpose of this was to investigate the laser rising edge on the plasma

jet formation, see Powell et al [126].

The simulations performed show the formation of a plasma jet and acceleration

of the electrons by the laser field. At t = 400 fs this can be seen in the electron

kinetic energy plot shown in figure 5.23(a). A clear coupling of laser into the

electrons can been seen with the electrons gaining a maximum energy within the

region of the channel. Figure 5.23(b) shows a 2D slice in the Y-Z plane of the 3D

simulation at x = 16 µm, which is marked with a dashed box in figure 5.23(a).

Figure 5.23(b) displays the spatial energy distribution of electrons and shows a

clear energy enhancement close to laser axis. In the same plane the 2D energy

distribution of the protons is also sampled and is shown in figure 5.23(c). A clear

annular profile can be seen in the proton distribution, labelled A. The component

labelled B is due to the energy enhancement from the electrons in the jet.
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Figure 5.24: 2D PIC simulation results showing the azimuthal (Bz) magnetic
field generated at the rear of the target of thickness (a) L = 500 nm and (b) L

= 40 nm.

To explore the jet formation further, the BZ field from 2D simulations was

plotted for target of L = 500 and 40 nm, respectively, in figure 5.24(a) and

(b). The magnetic field acts to contain the electrons and the additional electron

heating drives the electric fields into the expanding ion layers, boosting their

energies in the region of the jet. The magnetic field and channelling is similar to

that observed in relativistic laser pulse propagation in other types of near-critical

density plasmas [175,177,178]. The electrons are accelerated along the laser axis

to form the jet. These electrons set up a self-generated azimuthal magnetic field

that sustains the jet over an extended distance. As shown in figure 5.24, the

magnetic field for the L = 500 nm and 40 nm targets are different. The field for

the L = 40 nm simulation extends further from the rear surface of the target due

to RIT.
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5.4 Comparison of experiment and simulation

results

The spatial-intensity profile of the proton beam exhibits distinct features which

can be seen in both the experimental and PIC simulations results. It is clear that

there are several different ion acceleration mechanisms occurring as the laser-foil

interaction evolves, which can be observed in the time-integrated beam profiles

in the RCF. To summarise, the observed spatial features are: a high dose, low

energy annular structure that is observed in targets from L = 10-200 nm (feature

A), and a laser-axis collimated proton beam (feature B). Bubble-like features

believed to be the result of Rayleigh Taylor-like instabilities are also observed

experimentally in targets with L = 10-40 nm.
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Figure 5.25: Comparison of experiment and simulation results for ∆θ as a
function of L, for low energy protons (Eprot = 2.7 MeV in the experiment and

integrated over the lower quartile of the proton energy range in the
simulations). The simulation results scaled up by a factor of two in target

thickness (as determined by the difference in Lopt) is also shown.
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In the present study, as observed in figure 5.25, both the experiment and simu-

lation results exhibit an optimal target thickness, Lopt, which produces the largest

opening angle in the low-energy proton ring. The difference in the absolute value

(Lopt = 80 nm in the experiment and 40 nm in the simulations) is attributed to

the idealized parameters and 2D dimensionality of the simulations.

When the target thickness in the simulation results is scaled up by a factor of

two to take account of this, good agreement is observed with the experimental

trends over most of the thickness range. For L ≥ 400 nm the simulations continue

to show a transverse deflection of the lowest energy protons, whereas the ring is

not observed experimentally. It should be noted though, that the maximum

measured proton energy decreases with increasing L, and as the ring is only

produced in the low energy proton population, it is possible that it exists at

energies below the lower detection threshold (equal to 2 MeV) of the RCF stack.

Otherwise, the overall measured scaling of the ring size with target thickness is

similar to that predicted in the simulations.
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Figure 5.26: Comparison of experiment and simulation results of ∆θ as a
function of normalized proton energy for given L.
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Figure 5.26 shows ∆θ as a function of Eprot, normalized to the maximum proton

energy (Emax) of the detected annular component. This is shown experimentally

for L = 10-80 nm and compared with the simulations for L = 20-100 nm. The

energy dependence of ∆θ follows a similar trend in both cases. For L<Lopt,

the increase in ∆θ with Eprot is much greater than for L≥Lopt, which further

highlights the change in behaviour when L = Lopt.
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Figure 5.27: Comparison of experiment and simulation results of transmission
through the foil as a function of L.

Figure 5.27 compares the transmitted light as a function of L, as measured

experimentally and from the simulation results. The percentage of laser light

transmitted is observed to decrease with increasing L, as expected. For L≥Lopt

(where ∆θ varies little with proton energy), the percentage of transmitted light

is low. Transmission increases rapidly with decreasing L for L<Lopt. Thus the

onset of RIT is shown to change the ion expansion dynamics, and specifically the

proton ring diameter and its variation with proton energy.
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Figure 5.28: Simulation results showing the temporal behaviour of the average
ring opening angle for different target thicknesses. The temporal profile of the
laser intensity is also shown. Dashed vertical lines are added to indicate the

onset of transparency for the corresponding target thickness. Note that the L =
500 nm target does not undergo transparency. The dominant intrapulse

acceleration mechanisms are labelled at the top of the figure for the L = 40 nm
example case.

In figure 5.28 the temporal evolution of ∆θ is shown for L in the range of 20-

500 nm, along with the idealised temporal profile of the laser intensity envelope

arriving at the target. In all cases the proton beam splits at around t = -300

fs, occurring slightly earlier for small L and later for large L. As the intensity

continues to increase, ∆θ increases for all L, but the rate of change differs. The

rate is generally higher for small L, within the RPA-dominated phase of the

interaction. However, if RIT occurs early in the interaction then the final ring

beam diameter is smaller than if it occurs near the peak of the laser profile as the

structure has less time to develop. This is clearly observed in figure 5.28 when

comparing the L = 20 nm and L = 40 nm cases (the dotted vertical line marks

the time at which RIT occurs for each L from the simulation). A comparison
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with the L = 100 nm case, for which RIT occurs on the falling edge of the laser

pulse, shows that the largest ring is obtained when RIT occurs near the peak of

the laser intensity, where the hole-boring velocity is highest.

5.5 Conclusion

In conclusion, the experimental results show distinct features in the spatial-

intensity profile of the proton beam, such as rings, bubbles and regions of energy

enhancement. The analysis of the angular emission of the low energy component

of the accelerated proton beam provides new insight into ultra-thin Al target

dynamics during ion acceleration.

Through PIC simulations using the EPOCH code it was demonstrated that

multiple ion acceleration mechanism can occur over the duration of the interac-

tion. During the initial interaction, the TNSA mechanism dominates. As the

intensity increases on the rising edge of the laser pulse, hole-boring becomes the

dominant mechanism driving bulk ions into the rear of the TNSA accelerated

protons. The slow protons are driven radially by the bulk ions, resulting in a low

energy annular profile in the proton beam. At some point during the interaction

when the target peak electron density drops below the relativistically corrected

critical density (ne < γncrit) the target becomes transparent resulting in the laser

pulse propagating through it. This will result in transparency enhanced acceler-

ation where electrons are volumetrically heated by the laser pulse. It also results

in the generation of a jet and direct electron acceleration in the case of sufficiently

expanded plasma. Laser-driven ion acceleration is thus shown to be a complex

process where multiple mechanisms can occur when an intense laser pulse irradi-

ates an ultra-thin foil, with the dominant acceleration mechanism changing over

the course of the interaction.

Understanding the dynamics of laser-foil interactions is highly important to
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the development of ion acceleration. Monitoring how the annular low energy

components vary as a function of target thickness enables insight into the tran-

sition between RPA and transparency enhanced acceleration mechanisms. This

approach to investigating various mechanisms can be combined with measure-

ments of the transmitted light to determine when in the interaction the target

becomes transparent. This enables the onset of transparency and its effect on ion

acceleration in ultra-thin foils to be investigated.
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Chapter 6

Laser contrast effects on proton

energies in the transparency

regime

In the previous chapter the intra-pulse transition between ion acceleration mech-

anisms was investigated by examining the spatial profile of the proton beam. As

the laser pulse is the driver of the acceleration of ions, the laser intensity con-

trast is an extremely important parameter. In this chapter, an experimental and

numerical investigation focusing on the key role that the rising edge of the laser

pulse plays in the acceleration of ions from ultra-thin foils and how variation of

the temporal width of the pulse affects proton energies, is reported.

Focused high power lasers pulses typically have a Gaussian spatial and temporal

intensity profiles. Ultra-thin, nanometre foils are sensitive to the rising edge of the

pulse and undergo expansion over a longer period than the FHWM pulse duration

resulting in the peak density decreasing. This influences the interaction dynamics,

for example, RIT will take place earlier if the expanded targets electron density

drops below the critical density on the rising edge of the pulse. In this chapter,

the maximum proton energy is shown to be sensitive to the pulse temporal width
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at 1% from the peak of the laser pulse. It is also found that the rising edge of

the pulse at this level affects the intra-pulse transition between ion acceleration

mechanisms.

Laser rising edge effects on targets at the picosecond time scale have been

investigated by Schollmeier et al [179]. In their study, it was inferred from simu-

lations that the ps-scale rising edge of the main pulse can alter the target expan-

sion and generate relativistic electrons earlier at low intensities. However, their

study investigated the effects on micron-thick targets, where the main accelera-

tion mechanism is dominated by TNSA. Here we investigate laser contrast effects

on ultra-thin nanometre targets. A similar study using nanometre-scale targets

was carried out by Powell et al [126], where they induced a controlled pre-pulse

before the peak of the pulse. Numerically, they inferred that maximum proton

energy could be achieved in the single pulse case. In this chapter, the contrast of

a single pulse laser and the resultant proton energies are investigated.

6.1 Experimental Set-up

The Vulcan Petawatt laser was used for this study, with a similar experimental set

up to that described in chapter 5. A laser pulse of energy equal to EL = (200±25)

J on target with a pulse duration of t = (1 ± 0.2) ps at FWHM was used. The

p-polarised laser pulse was preceded by a 1 - 2 ns pedestal with an intensity

contrast ratio of 108. The contrast was improved to 1010 using a single plasma

mirror. An off-axis f/3 parabolic mirror focused the beam to a (8±2) µm FWHM

spot diameter resulting in a calculated peak intensity of IL ≈ 2 × 1020 W/cm2.

The laser pulse was focused onto Parylene (C8H8) targets, which were angled at

25◦ to the laser axis, enabling the proton beam components to be separated along

target normal (TNSA) and laser axes (RPA) [126]. The target thickness, L, was

fixed at 100 nm.
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Figure 6.1: Schematic of the experimental set-up. The focusing laser pulse is
reflected off a plasma mirror to increase contrast, then focused onto a

nanometre thick target. The main diagnostics are a radiochromic film stack
(RCF) with a PTFE layer (for transmitted laser light) and three Thomson
parabola spectrometers, to measure the spatial and spectral profiles of the

proton beam, respectively.

The main diagnostics used on the experiment were a RCF stack, three Thomson

parabola spectrometers at angles -5.1◦, 8.6◦, 22.6◦ with respect to laser axis, and a

thin PTFE scatter screen positioned at the front of the RCF stack to measure the

transmitted light. The amount of laser light transmitted through the target was

measured for the fundamental harmonic. The fluorescence on the scatter screen

generated by the transmitted laser light, was imaged using a CCD camera. The

transmitted light on the PTFE screen is calibrated using the laser pulse without

a target in place. The images taken in this shot is used as a reference, enabling

conversion of the images taken during normal shots, into laser energy transmitted

through the target.

The RCF stack was placed 6 cm from the target rear with a horizontal slot

cut through the centre to provide a line-of-sight to the Thomson parabola (TP)

spectrometers. A 2D spatial-intensity distribution of discrete proton energy bands

ranging from 2.7 to 70 MeV was measured using the RCF stack with dimensions
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of 6.5 cm × 5.0 cm. As the target was angled at 25◦, the different components

of the proton beam, produced by the various acceleration mechanisms could be

separated.

Thomson spectrometer details
Parameter TP 1 TP 2 TP 3
Angle (◦) -5.1 8.6 22.6
Distance from TCC (cm) 117 133 56
Pinhole diameter (µm) 200 200 100
Solid angle (nSr) 22.9 17.7 25.0

Table 6.1: Configuration of the three Thomson parabola spectrometers used.

Three Thomson parabola spectrometers were utilised in the experiment. Each

spectrometer consisted of a 0.95 T, 50 mm long magnet and electric field plates

which were 150 mm long, with the potential difference across the plates set to 24

kV, producing a field with magnitude equal to 4.8 MV/m (with a separation of 5

mm between the electric field plates). Details of each spectrometer are given in

table 6.1.
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Figure 6.2: (a-b) Raw scans of the Thomson spectrometer image plates for the
same shot showing (a) 1st layer and (b) 2nd layer. (c) Proton spectra extracted

from (a) and (b) with the 1st layer in black and 2nd layer in red.
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The ion spectra were measured using standard TR image plate, which has

no protective layer in front of the active phosphorous layer. Two layers of image

plate were placed together to measure high energy protons [171]; Due to their high

charge-to-mass ratio and large cross section the energetic protons will continue

to pass through the first layer of IP onto the second layer. Figure 6.2 (a) and (b)

display the example raw traces obtained from TP 1 with the spectra extracted

from these traces shown in figure 6.2 (c). The proton spectra extracted from each

image plate show a good agreement with each other, although the low energy,

< 10 MeV component on the 2nd layer is not observed, due to the low energy

protons being stopped in the first layer of image plate.
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Figure 6.3: Third order scanning cross-correlator (Sequoia) contrast
measurement of the ps OPCPA pre-amplification stages (green) and the

contrast enhancement due to the plasma mirror (black).

The contrast measurement of the TAP laser pulse is made up of the combined

ps and ns OPCPA pre-amplifiers, stretcher and compressor. In order to examine

the contrast in the initial stretcher stage, the amplifier chain is bypassed and the

pulse is relayed from the front end directly to the compressor chamber, giving
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a high repetition rate [153]. This allows the front end of the OPCPA, and the

stretcher and compressor system, to be characterized using a third-order cross

correlator (Sequoia). An example of the measurements ∼30 ps prior to the peak

of the pulse is shown in figure 6.3. The enhancement in contrast calculated using

plasma mirror reflectivity measurements [180], is plotted along with the initial

Sequoia measurement.

Although it is useful having contrast measurements before the experiment, a

shot-to-shot measurement of the contrast is required. It is impossible to have a

highly resolved temporal profile using present day diagnostics due to the pulse

duration being in the sub-picosecond to femotosecond range. However, a single

shot autocorrelator can provide a typical measurement of the pulse width. On

TAP there are a range of laser diagnostics, one particular diagnostic to measure

the laser pulse duration is the near field single shot autocorrelator and is used

to measure the sub-aperture of the leakage taken from the laser pulse before it

enters the interaction chamber [167]. The autocorrelator trace is calculated by

taking line outs across the near field image.
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Figure 6.4: (a) Example of the autocorrelator trace (green) with the Sequoia
trace (red)

Figure 6.4 displays an example of the autocorrelator measurement with the
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third order cross correlator (Sequoia) trace from figure 6.3. The on-shot near

field autocorrelator in TAP is employed to investigate how sensitive ultra-thin

foils are to the laser contrast and how the resultant proton energy is affected by

the rising edge of the laser pulse.

6.2 Experimental results

In order to investigate laser-driven ion energy scaling, the most common ap-

proach is to measure the high energy cut-off or the maximum energy of the ion

spectra. By irradiating a 100 nm CH target with a linearly polarised laser pulse,

a maximum proton energy of 68 MeV was obtained. The corresponding beam

spatial-intensity profile in the RCF is displayed in figure 6.5 (a). Figure 6.5 (b)

displays the raw image plate for the three TPs and the spectra obtained from the

RCF, TP 1, TP, 2 and TP 3 are shown in figure 6.5 (c). The spectra shown in

figure 6.5 corresponds to the same shot as shown in figure 6.2.

By angling the target with respect to the laser axis, the individual components

could be spatially separated, otherwise they would be expected to overlap at

normal incidence [126]. The overlapping of the individual components of the

proton beam was discussed in chapter 5. By irradiating the target at an angle,

the centre of the annular structure is shown to be directed along target normal

(∼20◦). Along laser axis, between 0◦ and 10◦, an enhanced component of the

proton beam can be observed (for all laser shots). The dosimetry film in the

stack was used to detect protons up to 55.3 MeV and the final layers were made

up of image plate, detecting energies up to 68 MeV. Extracting the proton data

from the image plate first required removing the electron signal. This is done by

subtracting the final layer of image plate from the first two layers to remove the

electron signal and background. This accounts for the white areas seen on the

detector in figure 6.5 (a). This enable a clear differentiation between the proton
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and electron signal.
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Figure 6.5: (a) Spatial-intensity profile of the proton beam in the RCF stack
and image plate at given energies, (b-d) displays the raw image plate data as
measured in the dispersion plane of the TP (e) the spectra from the RCF and

TPs.
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The ion traces obtained from the three TPs, used to measure the energy spec-

trum of the proton beams are shown in figure 6.5 (b-d). The contrast of all three

images was kept the same to show the difference in flux of the protons in each

TP. Figure 6.5 (e) displays the extracted spectra from the three TPs and the

RCF. Overall the spectrum from all 4 diagnostics follows a TNSA-like distribu-

tion. However, TP 1 shows a break in the spectrum with a peak at 68 MeV. This

feature could not be included in the RCF spectra, as the image plate in the stack

at this energy is not calibrated to give the proton flux. In order to calibrate the

image plate, a well characterised beam from an accelerator is required to do a

number of scans of energy deposition and flux as described in chapter 4. Also, at

low energies the measured spectrum from TP 1 is close to an order of magnitude

lower in flux compared to the other two TP detectors, as shown in figure 6.5 (e).

As the laser pulse is linearly polarised, the target will undergo expansion, with

TNSA the dominant acceleration mechanism in the early stages of the interaction.

This will result in a large population of rear surface protons being accelerated

in the target normal direction. As the intensity of the laser pulse increases, a

transition takes place where the hole boring mechanism dominates. This results

in a small population of protons being accelerated along the laser axis direction.

The low proton flux observed from TP 1 is seen in all shots.

In studies prior to this, the highest proton energy detected using the Vulcan

petawatt laser was 55 MeV, reported by Robson et al [181]. On this experimental

campaign, energies of 68 MeV were observed by irradiating a 100 nm CH target

as shown in figure 6.6. However, in the past year, even higher energies of 85 MeV

have been reported [21] using similar low density plastic targets and a similar

laser system. Figure 6.6(a) displays the peak proton energy cut-off from 100 nm

targets for all three TPs; with TP 1 shown in red, TP 2 in black and TP 3 in blue.

Multiple repeat shots were performed at this target thickness as this produced

the highest proton energies. Figure 6.6 (a) shows this was not always the case
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however, as a large variation in proton energies, between 20 and 68 MeV, was

measured.
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Figure 6.6: (a) represents the proton energy as a function of shot number for
each TP and (b) shows the transmission of the laser pulse from a 100 nm CH

target.

The corresponding laser light transmitted for each of these shots is displayed

in figure 6.6(b). The transmission data is normalised to the maximum light

transmitted through the 100 nm thick target. The targets used in this campaign

are Parylene, which has a lower density (1.11 g/cm3) than Al (2.7 g/cm3) targets

used in the experiment reported in chapter 5. The CH targets will undergo RIT a
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lot earlier than an Al target of the same thickness. This is due to a large difference

in areal density, a 10 nm CH target has an areal density of 1.11×10−6 g/cm2

compared to 2.7×10−6 g/cm2 for 10 nm Al. The 10 nm Al target can thus

be more appropriately compared to a 25 nm Parylene target. From this point

onwards, the focus of this chapter will be the proton energies measured using TP

1, in the laser axis direction.

The transmission from the 100 nm target also shows a variation, indicating that

shot-to-shot the plasma dynamics are changing, giving rise to these irregularities.

One can observe that the maximum proton energy achievable is sensitive to the

degree of transmitted light; indicating that, even though the target thickness is

kept the same, the onset of transparency does not occur at the same time for

each case. Therefore as the target thickness is fixed, the fluctuation could be due

to the laser pulse energy or contrast for example. The laser energy for each of

the shots presented was measured (EL = (200 ± 25) J on target) and there was

no correlation between the maximum proton energy and laser energy.

To further examine the sensitivity of the maximum proton energy and trans-

mission, the contrast of the laser is investigated. As the on-shot temporal profile

cannot be measured in the femotosecond regime, the second order autocorrelator

traces is used to investigate the contrast. An example of three autocorrelator

traces for pulses with the same laser energy are shown in figure 6.7 (a).
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Figure 6.7: (a) Example of three autocorrelation traces and (b) modelled input
and output of the autocorrelator pulse signals used to replicate the laser pulse

profile at the target based on the autocorrelator trace.

Using the autocorrelator, the temporal width for each laser shot was observed

to differ shot-to-shot as shown in figure 6.7 (a). The autocorrelator does not

provide a measure of how intense the rising edge of the laser pulse is but it

provides a measure of the temporal width of the pulse. For the three examples,

the temporal duration of the pulse varies, with the shortestA (in red) and longest

C (in green). In order to measure the temporal width of the laser pulse profile at

the target, the rising edge of each case is modelled using an input pulse to give a

similar output profile to the autocorrelator trace measured from the experiment.

An example of this is shown in figure 6.7(b). As discussed in chapter 4, the final

mirror in the Vulcan petawatt laser chain after the compressor directs the laser

pulse into the interaction chamber. A small hole is cut in this mirror to sample

a small portion of the laser pulse and is directed to the autocorrelator. The

autocorrelator measurement made on the experiment is used to work backward

to model the laser pulse on target, as illustrated in figure 6.8. The input pulse

rising edge (2) and width is varied until the rising edge of the output pulse matches

the autocorrelator trace (1).
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Figure 6.8: Schematic outlining the method used to model the laser pulse profile
(2) and the laser pulse on target after the plasma mirror (3) using the

Autocorrelator trace (1).

The resultant input signals modelled for the three autocorrelator traces is shown

in figure 6.9 (a). The contrast enhancement achieved using the plasma mirror

was calculated using reflectivity as a function of intensity measurements and used

to model the pulse profile (3) on target [180]. The profile on target was modelled

to show how the rising edge of the pulse varies after the plasma mirror as it

removes the low level ASE and any pre-pulses. The modelled pulses on target are

plotted in figure 6.9 (b). To compare the temporal profile of the pulse on target,

the Sequoia trace is plotted alongside the modelled laser profiles. The Sequoia

measurements represents the average pulse profile of the laser system and it is

essential to compare the modelled pulses to the Sequoia.

The corresponding resultant proton spectra measurements, made using TP 1

from the three modelled pulses is shown in figure 6.10 with the same colour scheme

used in figure 6.9.
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Figure 6.9: (a) Input signal of three laser pulse traces modelled before the
plasma mirror and (b) the same traces used to model the laser pulse at the

target with the plasma mirror reflectivity measurements and plotted alongside
the Sequoia measurement.
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Figure 6.10: Proton spectrum measured using TP 1, corresponding to the pulses
shown in figure 6.9.

The maximum proton energy is observed to correlate with the width of the

laser pulse. The rising edge of the pulse induces ionisation and thus expansion of

the target. The density gradient at the target front side affects the absorption,

as discussed in chapter 2. The key point is that for each pulse, the rising edge

can vary from shot-to-shot, which can significantly change the laser-plasma in-

teraction physics, including maximum proton energies. The pulse labelled A has
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a short temporal width in comparison to B and C, whereas the profile C has a

slower rising edge (the intensity is higher at a given time relative to the peak).

Case A produced proton energies of 68 MeV, whilst pulse C, only produced

maximum energies of 24 MeV. To investigate how the laser rising edge affects

the proton maximum energy, the duration of the pulses at three fixed intensities

50%, 10% and 1% of the peak intensity of the pulse is considered, as shown in

figure 6.7(a).
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Figure 6.11: Experimental results showing the proton energy as a function of
pulse duration at 50% (black), 10% (blue) and 1% (red) of the peak intensity.

Figure 6.11 shows the maximum proton energy plotted as a function of the

duration at 50% (black), 10% (blue) and 1% (red) of the peak intensity of each

modelled laser pulse. Considering firstly the 50% (FWHM), this parameter varies

from ∼ 0.5 to ∼ 1.2 ps, showing that the temporal width increases as the resultant

maximum proton energy decreases. Since the proton energy, for a given target

thickness, shows a small correlation with the FHWM, two further pulse duration

measurements were made at 10% and 1% of the peak intensity. A stronger cor-

relation emerges between the maximum proton energy and the duration at the
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1% level (where the intensity is ∼ 1018 W/cm2). The pulse duration at 1% varies

from ∼ 1.5 ps to ∼ 4.3 ps depending on the pulse profile, which can radically

alter the expansion dynamics of the target.

6.3 Numerical PIC simulations

In order to understand how the rising edge of pulse affects the underlying physical

mechanisms, 2D simulations were performed using the fully relativistic EPOCH

PIC code [168]. The simulation box was defined as 195 µm × 69 µm using

39000 × 5760 simulation cells, with all simulation boundaries defined as free-

space. The thickness of the target was fixed at L = 100 nm and was initialised

as a 2D slab containing 60nc C6+ and 60nc H+ resulting in ne = 420nc. The

electron population was defined to neutralise all of the ions appropriately with

an initial electron temperature of 10 keV. The target was angled at 30◦ to the

laser axis to match the experimental conditions. The laser pulse was defined to

have a Gaussian temporal profile with a FWHM of 400 fs and was focused to a

transverse Gaussian profile with a 6 µm FWHM focal spot at the front of the

target. The intensity was set to 2×1020 Wcm−2.

In order to vary the rising edge profile of the pulse, a secondary pulse (pre-

pulse) was implemented to peak 600 fs before the main pulse. This is similar to

the double pulsing method utilised by Powell et al [126]. The intensity of the

pre-pulse was varied up to 16% with respect to the main pulse peak, with the

intensity of the main pulse being reduced correspondingly such that the total

energy of the laser pulse is conserved. By increasing the intensity of the rising

edge, this will result in an increased temporal width at 10% and 1%. Therefore

case Z has the largest temporal width at 1% from the peak of the pulse, whilst

case X has the smallest. The different cases are colour coded, such that case X
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Figure 6.12: Example illustration of the laser pulse intensity profiles modelled in
the simulation for the rising edge of the laser pulse. The duration of the pulse
at the 1% level of the peak of the pulse is increased from 1.3 ps to 1.55 ps.

in red, case Y in blue and case Z is green. This colour scheme will be consistent

throughout this section of this thesis. Both laser pulses are linearly polarised

with a wavelength of λL = 1.05 µm. Examples of the laser pulses are displayed

in figure 6.12, with an example Gaussian pulse in black, similar to the modelled

pulses shown in the experiment section. To account for the laser propagation

effects due to the expansion of the front surface [175], the target was positioned

30 µm from the incoming laser boundary.
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Figure 6.13: Simulation results showing the maximum proton energy as a
function of pulse duration at the 1% level with the three main example cases

labelled X, Y and Z.

The corresponding proton energy, from the final time step of the simulation,

as a function of the temporal width of the laser pulse at 1% is plotted in figure

6.13. The three example cases, presented in figure 6.12, are labelled X, Y and Z

in figure 6.13 with additional simulation results for varying τ plotted alongside

them.

The simulation studies exhibit a similar trend to the experimental findings

shown in figure 6.11, where the proton energy was measured to decrease as the

width of the pulse increased at 1%. The case where the temporal width of the

pulse at 1% is the shortest, corresponds to the maximum proton energies. It

should noted that due to the dimensionality of the simulation the proton energies

in 2D are exaggerated and are considerably higher compared to the experimental

results. However, the general trends are similar. In order to increase τ beyond

1.6 ps in the simulations, the peak to peak separation of the two pulses was

increased to 900 fs and 1100 fs in two simulations for a peak intensity 10% of the

main pulse. These correspond to the two highest τ data points shown in figure

6.13.
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Figure 6.14: Simulation results show the electron density at 0.25ncrit for case X
in red, Y in blue and Z in green at (a) t= -1100 fs (b) t= -900 fs (c) t= -700 fs

and (d) t= -500 fs.

To understand the variation in proton energies due to the rising edge of the

pulse, the expansion of target is investigated. A contour map of the electron

density at 0.25ncrit is shown in figure 6.15 for (a) t = -1100 fs, (b) t = -900 fs,

(c) t = -700 fs, and (d) t = -500 fs, prior to the interaction of the peak laser

intensity for all three example rising edge profiles. This value of ncrit was used

to quantify the pre-expansion of the plasma. It is shown in figure 6.15 that each

of the cases expand at different rates, with case Z expanding far greater due to

the longer rising edge of the pulse. In this case, the leading edge of the pulse
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will heat electrons earlier compared to the other cases resulting in an increased

thermal expansion of the target. This results in RIT occurring earlier during

the interaction as shown in case Z (figure 6.14 (d)). For the other cases, the

expansion of the target is reduced, resulting in RIT later in the interaction.

If RIT takes place earlier on the rising edge profile, the hole boring RPA phase

of the laser pulse is less efficient. Observing the front surface of the target, the

degree of hole boring is greater for case X than case Z, shown in figure 6.14 (d).

This could explain why a small population of high energy protons are accelerated

close to the laser axis in the proton spectra obtained from the experiment. The

steeper rising edge restricts the degree of expansion, resulting in a reduced density

gradient. When the main peak of the pulse interacts with this gradient it is

sufficient to drive electrons forward into the target. This effect is less apparent in

the other cases because of the large temporal width at the 1% level, resulting in

the target expanding a great deal before the peak of the pulse can interact with

it.

The electron population expansion drives, a expansion in the ion population.

The expansion of the C6+ and proton population are shown in figure 6.15 for

cases X and Z. Figure 6.15 (a-c) presents the results for case X for (a) t =-300

fs, (b) t = 100 fs and (c) t = 700 fs with respect to the time at which the peak of

the pulse interacts with the target. Figure 6.15 (d-f) presents the corresponding

results for case Z at the same time steps. The final time step of the simulation, t

= 900 fs, is shown in figure 6.17. As discussed earlier, the expansion of the ions

for case Z is faster than in case X due to the larger width on the rising edge.

The expansion of the proton front is plotted as a function of time in figure 6.16

for all three cases.
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Figure 6.15: (a-c) Simulation results from case X, showing the ion density for
C6+, in green, and protons, in blue for: (a)t = -300 fs (b) t = 100 fs and (c) t=

700 fs. (d-f) represents the same time steps for case Z.

The expansion of the protons was tracked along the laser axis (Y= 0 µm) and

the results are plotted in figure 6.16. The laser axis component was chosen to

compare with the experimental results, as the highest energy protons were ob-

served along this axis. Similar to the electron expansion shown in figure 6.14, the

proton expansion in case Z along laser axis is much greater than the other two

example cases. As previously noted, RIT occurs earlier in this case compared to

the other two example cases due to the increased degree of electron population

expansion. In case X, transparency occurs closer to the peak of the pulse where

the hole boring RPA mechanism dominates, as discussed in the previous chapter.
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Figure 6.16: Position of the proton front along the laser axis (Y= 0 µm) as a
function of time. The temporal profile of the laser intensity is also shown in

gray with dashed vertical lines added to indicate the onset of transparency for
the corresponding cases. The three cases plotted as: X in red, Y in blue and Z

in green.

These simulation results demonstrate that the rising edge of the pulse even on the

picosecond time-scale can a have significant effect on the target plasma expan-

sion. This expansion strongly affects the underlying laser driven ion acceleration

mechanisms.

The rising edge of the pulse does not only affect the expansion of the target,

but also the maximum proton energies. Figure 6.17 displays the ion densities and

kinetic energy for cases X, (a-b) and Z, (c-d), at t = 900 fs. Experimentally the

highest proton energies were observed close to laser axis, as measured by TP 1,

where the energies ranged from 20 - 70 MeV. Figure 6.17(b), case X, shows a

population of highly energetic protons directed along the laser axis which is not

observed for case Z. This is due to the hole boring acceleration being dominant

in case X as the target has a smaller degree of expansion compared to case Z.

A large population of high energy protons, in case Z, are directed in the target

normal direction which is not present in case X. The enhancement along laser
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axis can be observed in more detail by analysing the energy of the protons along

laser axis.
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Figure 6.17: Simulation results showing: (a) Ion densities and (b) kinetic energy
for the L = 100 nm target at 900 fs after the interaction of the laser pulse peak

for case X: Green - C6+ ions, Blue - protons. (c-d) Same for case Z

Figure 6.18 shows the proton energy as a function of direction of laser axis

propagation, X. Figure 6.18(a-c) presents case X for (a) t = -300 fs, (b) t = 0

fs and (c) t = 600 fs, respectively, and (d-f) presents case Z for the same times.

Early, at t = -300 fs the TNSA mechanism dominates and the layer expands

more quickly for case Z. Prior to t = 0 fs, both cases experience RPA due to

the laser pressure at the target front surface. In case Z, the target has become

transparent earlier, resulting in less efficient RPA but still experiences a slight

141



CHAPTER 6. LASER CONTRAST EFFECTS ON PROTON ENERGIES IN
THE TRANSPARENCY REGIME

P
ro

to
n

 e
n

e
rg

y
 (

M
e

V
)

 

0-3
log10(         )

nH+
ncrit0-3

log10(         )
nH+
ncrit

(b)

 

(a)

(d) (e)

(c)

  

(f )

140

120

100

80

60

40

20

0

 

P
ro

to
n

 e
n

e
rg

y
 (

M
e

V
)

−20 0 20 40
 

60
  

−20 0 20 40 60 80 100 120
 

140
X (μm)

−20 0 20

140

120

100

80

60

40

20

0
40

X (μm) X (μm)

TNSA TNSA

TNSA

TNSA

TNSA

TNSA

Enhanced 
acceleration

Enhanced 
acceleration

Enhanced 
acceleration

Enhanced 
acceleration

Figure 6.18: Energy-space plot of the proton beam denisty along laser axis for
(a) t = -300 fs, (b) t = 0 fs and (c) t = 600 fs for case X and (d-f) same time

steps for case Z.

enhancement at t = 0 fs. In case X, transparency later than in case Z enabling

the hole boring front to push further into the target as shown in the electron

expansion in figure 6.14. This leads to enhanced acceleration as shown in figure

6.18(b) and when the target eventually undergoes RIT, the protons accelerated

from the hole boring propagate through and overtakes the TNSA accelerated

protons. Therefore, inducing a relatively small expansion, as in case X, results

in an energy enhancement along laser axis. The result of this can be seen at t =

600 fs. Here, the peak proton energy in case Z only reaches ∼70 MeV whereas in

case X the peak energy reaches ∼110 MeV. Inducing a small pre-expansion in the
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target enables laser axis accelerated protons to be enhanced by the front surface

hole boring whereas large pre-expansion can result in less efficient acceleration of

protons along this axis.
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Figure 6.19: Simulation result showing the energy distribution of the protons
across the Y dimension of the simulation for all studies carried out (a) τ1% = 1.3
ps (b) τ1% = 1.4 ps (c) τ1% = 1.47 ps (d) τ1% = 1.52 ps and (e) τ1% = 1.55 ps

with cases X, Y and Z labelled.

Figure 6.19 shows the spatial distribution of protons in the Y direction as a

function of energy for all studies carried out. From top to bottom the temporal
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width of the laser pulse at 1%, from the peak, with (a) τ1% = 1.3 ps, (b) τ1% =

1.4 ps, (c) τ1% = 1.47 ps, (d) τ1% = 1.52 ps and (e) τ1% = 1.55 ps. The effect

of expansion of the target, discussed earlier, can be observed in the proton beam

accelerated along the laser axis. In case Z, where the 1% temporal width is the

smallest, a large population of protons are predominantly accelerated along laser

axis to high energies. As the temporal width is increased and a large degree

of expansion is induced in the target, the number of protons accelerated along

laser axis starts to decrease as shown in figure 6.19. The proton energies along

laser axis vary from ∼ 80 MeV to ∼ 120 MeV due to the rising edge of the laser

pulse in the simulation. As the temporal width at 1% of the pulse increases,

the protons begin to be predominantly accelerated along the target normal axis

due to the pre-expansion of the target, resulting in inefficient radiation pressure

acceleration of the front surface along laser axis. This simulation study of the

rising edge effects on the proton energy shows good agreement with the trends

measured in the experiment, as shown in figure 6.20.
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Figure 6.20: Comparison of the experimental and simulation results of the
proton energy as a function of the temporal width at 1% of the peak.
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Figure 6.20 displays the maximum proton energy as a function of the temporal

width at 1% from the experimental and simulation results. A similar trend is

seen in both studies where the proton energies decrease as the temporal width

increases. As the simulations produced a similar result to the experimental study,

we conclude that the degree of pre-expansion of the target plays a major part

in the acceleration of protons. The variation of the proton maximum energy is

a result of the rising edge of the laser pulse, which affects the expansion of the

target and thus the multiple acceleration mechanisms that take place over the

course of laser-plasma interactions. Having a short temporal width at the 1%

level induces a small expansion of the target and also, unlike the long temporal

width case, RIT occurs near the peak of the pulse which enables a longer period

of hole boring at the front surface. This results in a population of protons being

accelerated along laser axis rather than target normal and overtakes the protons

accelerated by the TNSA mechanisms.

6.4 Summary and conclusion

In summary, the effects of target expansion from the rising edge of the ultra-

intense laser pulse interacting with ultra-thin CH foils, in the transparency regime

has been investigated.

The effects of the rising edge profile of the laser pulse has on the resultant peak

proton energies was investigated. During the experimental campaign the rising

edge of the pulse was observed to vary for each shot and this resulted in a range of

maximum proton energies. Through a numerical investigation it was found that

the expansion of the target was different for each case of the rising edge profile

studied and this gave rise to a variation of maximum proton energies. It has

been shown that the energy of accelerated protons is extremely sensitive to the

rising edge of the pulse on the picosecond time-scale, and in turn the degree of

145



CHAPTER 6. LASER CONTRAST EFFECTS ON PROTON ENERGIES IN
THE TRANSPARENCY REGIME

expansion in the target. The expansion induced by the rising edge of the pulse,

or the temporal width at 1% from the peak of the pulse, plays a vital role in

the optimisation of proton acceleration mechanisms. Higher proton energies are

predicted, when ions experience a limited expansion prior to the onset of RIT.

The resultant proton energies from the simulation study gave similar trends to

the results obtained from the experiment.

Using thick target Sahai et al [145] studied the effect of relativistically induced

transparency acceleration (RITA), discussed in chapter 3, where the rising-edge

laser profile interacts with a target with an electron density gradient. The front

surface plasma dynamics inferred in these studies could be applicable to the

results presented in this chapter, albeit for nanometer-thin targets. The rising

edge of the laser pulse, whether it is long or short, affects the plasma expansion

and more importantly the plasma scale length. This study by Sahai et al [145]

could possibly explain why the proton energies are sensitive to the rising edge of

the laser pulse.

The work presented here highlights the need for improving the laser contrast

on the picosecond time-scale. If these conditions can be met experimentally,

proton energies are expected to be higher and stable for a given target thickness.

These results provide new insight into the interaction physics taking place in the

transparency regime of laser-solid plasma interactions. They demonstrate that

for the currently available laser systems, by improving the contrast, it is possible

to achieve higher and stable proton energies by reducing the target expansion

prior to the onset of RIT.
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Chapter 7

Summary and Conclusions

Significant progress has been made in the field of laser-driven ion acceleration in

the past decade, however challenges still remain to find new methods of optimising

the ion beam properties before they can be used for the proposed applications

discussed in chapter 1.

This thesis has described work from a series of experiments and numerical PIC

simulations designed to investigate the acceleration of protons from high inten-

sity laser-solid interactions using ultra-thin foils in the relativistic transparency

regime. Both experiments with nanometre-scale targets were performed on the

Vulcan Petawatt laser and have provided significant advances in understanding

the multiple acceleration mechanisms involved. PIC simulations were used to

provide insight into the physics underpinning of these acceleration mechanisms

and the cumulative effects of multiple mechanisms occurring over the duration of

the laser pulse.
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7.1 Summary of main results

Intra-pulse transition between ion acceleration mechanisms

The work presented in chapter 5 identified a number of ion acceleration mecha-

nisms taking place over the duration of a pico-second laser interaction. From the

experimental study, distinct features in the spatial-intensity profile of the proton

beam, such as a low-energy annular profile, bubble-like structures and regions of

energy enhancement were observed. Two of these features, the ring profile and

the region of enhanced proton energy, were observed to be a signature of the

transition between acceleration mechanisms [126] and were investigated in detail.

The annular profile was observed at low proton energies, and the divergence angle

varied with target thickness and resultant proton energy. The component of the

accelerated proton beam which experienced the energy enhancement, associated

with the formation of a localised electron jet [126] at the rear surface of the target,

is observed to have a low divergence angle, similar to the ion beams predicted by

RPA studies [58].

The underlying dynamics of the experiment were investigated using PIC simula-

tions. It was demonstrated that multiple ion acceleration mechanisms take place

over the duration of the interaction. Initially the TNSA mechanism dominates

the process and protons from the rear surface are accelerated by the sheath field.

As the intensity of the Gaussian temporal profile of the laser increases, a transi-

tion takes place from the TNSA phase to the hole-boring RPA mechanism. This

acceleration mechanism drives the bulk target ions, in this case the Al ions, into

the rear of the accelerated TNSA protons. The slow TNSA protons are driven

radially by the bulk ions giving rise to a low energy annular profile in the proton

beam. The third transition occurs when the electron density of the target drops

below the relativistically corrected critical density (ne < γncrit), and the target

becomes transparent to the laser pulse, in a process known as relativistic induced
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transparency (RIT). This results in the propagation of the laser pulse through the

now underdense target and gives rise to volumetric heating of electrons, leading

to a transparency enhanced acceleration. Moreover, when the target undergoes

RIT, a localised electron jet forms at the rear of the target. In this channel,

the proton energies are enhanced, resulting in a low divergence beam accelerated

along laser axis.

Laser-driven ion acceleration using ultra-thin foils is a complicated process,

especially when RIT takes place. Over the course of the interaction, multiple

acceleration mechanisms can occur, with the dominant mechanism changing over

the duration of the laser pulse. An important application of annular proton

beams was demonstrated by Temporal et al [182], for a proton-driven fast ignition

scheme [35]. Using an annular proton beam in conjunction with a secondary

uniform proton beam, the total energy required for ignition can be reduced by a

factor of two compared to using a single uniform beam.

Laser contrast effects on laser-driven proton energies in the

relativistic induced transparency regime

Building upon the insights developed in the previous investigation, the results

reported in chapter 6 explore the role that the laser contrast and target expan-

sion have on accelerated proton energies. Using a fixed target (CH) thickness

of 100 nm, the temporal rising edge effects of typical experimental laser pulses

on maximum proton energies was studied. The maximum energy of the protons

was found to range from 20 - 70 MeV for identical target thicknesses and the

shot-to-shot temporal width of the laser pulse at the target was modelled using a

second order autocorrelator. Measuring the temporal width of the pulse at 50%,

10%, and 1% temporal width of the pulse, the proton energies were seen to have a

clear correlation with the 1% level. As the temporal width increased, the proton

energies decreased. Also, the level of transmission of the laser-pulse through the
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target for each shot is observed to be sensitive to the laser contrast.

To understand the effect the rising edge profile has on laser-driven ion energies,

2D PIC simulations were carried out. These studies investigated a number of laser

pulse profiles where the rising edge varied in order to observe the effects on the

target expansion and resultant proton energies. Furthermore, this study focused

on the variation of the 1% temporal width of the pulse, which was the level at

which the maximum proton energies were found to be sensitive experimentally.

The numerical simulations produced a similar trend to the experimental study,

where it was concluded that the degree of target pre-expansion plays a major role

in the acceleration of protons. As the 1% temporal width of the pulse is increased,

there is increased heating which drives early expansion of the target and which

impacts the multiple acceleration mechanisms that take place over the duration

of the laser-plasma interactions. Having a short temporal width at the 1% level

induces a small pre-expansion of the target and leads to the target undergoing

RIT near the peak of the pulse, which can result in an enhancement of the proton

energies in the population accelerated along laser axis. This population of protons

gains energy from the hole boring mechanism and overtakes the TNSA proton

layer. If the temporal width at 1% is increased, RIT occurs much quicker in the

interaction. The hole boring mechanism, in this scenario, is less efficient, resulting

in reduced enhancement of the proton energy along the laser axis. In this case

the TNSA mechanism dominates and the highest energy protons are accelerated

along target normal. This investigation revealed that the rising edge of the laser

intensity profile, especially at 1%, can lead to variation in the maximum proton

energy, shot-to-shot, through pre-expansion of the target.

It has been shown that the temporal width at 1% from the peak of the pulse

is an important laser parameter that needs to be considered in laser-driven ion

acceleration from ultra-thin nanometre foils. Temporal variation at this level can

lead to a range of maximum proton energies and can alter the underlying plasma
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dynamics of the target, resulting in RIT occurring sooner when the temporal

width is increased. Improving the laser contrast on the picosecond time-scale

could result in higher and more stable proton energies.

7.2 Concluding remarks

This thesis has described experimental and numerical studies of laser-driven ion

acceleration, using a present state-of-the-art high power laser system. The results

show that a multi-species target can give rise to a low energy annular profile

in the spatial-intensity profile of the proton beam due to multiple acceleration

mechanisms occurring over the duration of the laser pulse. Also, variation in

the temporal width, at the 1% level, of the laser pulse profile can result in a

range of proton energies for fixed target parameters. These studies highlight the

sensitivity of laser-solid interactions using ultra-thin foils, as they give rise to

multiple acceleration mechanisms and the laser contrast can affect the physical

dynamics of the target.

The progression of laser-driven ion acceleration closely depends on the devel-

opment of new laser technology. Future laser systems such as the Vulcan 10PW

project [183] and ELI [184–186], have been proposed to provide laser energies

of 300 J in 30 fs pulse durations with intensities of up ∼ 1023 W/cm2 when

focused, resulting in steeper pulse profiles. Extrapolating the laser intensity scal-

ing of maximum ion energy to this intensity [5, 87], GeV protons are predicted

and at these intensities RPA mechanisms are expected to dominate. For current

laser facilities and technology, improvements in reducing the rising edge of the

laser pulse, in particular having a short temporal width at the 1% level from the

peak of the pulse, have been shown to give higher proton energies with recent

experimental evidence, in chapter 6, pointing towards this.

Investigating the dynamics of laser-solid interactions using ultra-thin foils, is
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highly important to the development of ion acceleration. Proposed mechanisms,

such as the light-sail mode in the radiation pressure acceleration regime, have

predicted ion energies much higher than are currently attainable experimentally,

and rely on interactions in this ultra-thin nanometre scale regime. Furthermore,

in order to be desirable for applications, the quality of accelerated beams have

to be improved. Thus, the main focus of current research is not only on ion

energies achieved but also the spatial-intensity profile of these ions. Researchers

around the world are developing new ideas and techniques to push the boundaries

of laser-driven ion acceleration: many are investigating acceleration mechanisms

such as RPA and transparency enhanced acceleration, whilst some are fine-tuning

ion beams generated from the TNSA process. In the future ion beams accelerated

from laser-solid interactions could be an invaluable tool for researchers.
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