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“Have we vanquished an enemy? None but ourselves.”

George Mallory
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Abstract

This thesis documents the experimental investigation of laser-driven positron beams,

and the interaction between relativistic quasi-neutral electron-positron beams and an

ambient electron-ion plasma. In both investigations, the Astra-Gemini laser system

was used to produce laser-wakefield accelerated electron beams, that subsequently

seeded a quantum electromagnetic cascade in a high-Z material to produce the nec-

essary positron and quasi-neutral electron-positron beams.

The development of hybrid accelerators that fuse the best features of plasma-

based and radio-frequency acceleration techniques, has gained a lot of interest re-

cently, with the potential of reducing the cost, size and exclusivity of conventional

particle accelerators. In this thesis, high-quality laser-driven positron beams are char-

acterised spectrally and spatially, with the results showing that such beams are of a

sufficient quality to be used in the injection phase of a larger radio-frequency accel-

erator.

In the second investigation, the development of a current-driven instability within

an electron-positron beam is observed for the first time. This was accomplished

through the technique of proton radiography, which probed the remnant magnetic

fields left in a background electron-ion plasma post-propagation of a quasi-neutral

electron-positron beam. These strong, long-lasting remnant fields (> 1 T), along with

the other experimental parameters, return an equipartition parameter of εB ≈ 10−3,

which correlates well with values for models of astrophysical phenomena involving

pair-plasma jets and outflows interacting with the intergalactic medium. Experimen-

tal results are supported with simulations and analytical estimates.

The work garnered from these experiments lays the foundation for further investi-

gations to be built upon. Since the time these experiments were performed, significant
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advances have been made in the field of laser-wakefield acceleration, with higher en-

ergy electron beams carrying more charge now possible. Repeating the experiments

with such an electron source could yield higher energy electron-positron beams with

higher densities. This offers the potential to study greater development of current-

driven instabilities and the generation of stronger magnetic fields. There is also the

potential to improve the positron beam characteristics, with the possibility of using

magnetic chicanes and quadrupole systems to select narrow-energy bands, as well as

improve the beam divergence.
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matching the smallest PT and RCF modulation, as highlighted within

the green region. This process is repeated to find the maximum B-

field, as shown in the yellow region in frame b. The dimensions of

the B-field profile are also adjusted until the PT lineout satisfactorily

overlaps the axis crossover points, as highlighted in purple in frame c. 120
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1.1 Motivation

Electron-positron plasmas (EPPs) are a unique and exotic state of matter, owing to

the perfect symmetry in mass and absolute charge shared by both plasma species, not

to mention the fascinating balance of a medium containing matter and anti-matter

components. Although EPPs fulfil the fundamental defining properties of a plasma,

the equal mobility of each species invalidates the use of conventional plasma mod-

els (which assume significant mass asymmetry between species) to describe various

plasma dynamics, such as ion-acoustic waves. Therefore, a separate branch of funda-

mental pair-plasma physics has had to be developed over the last few decades, which

has been accomplished on the back of extensive theoretical and numerical studies. 1

Coincidentally, there has been an ever-increasing interest in pair-plasmas during

this period, particularly in the field of astrophysics, where it is now widely theorised

that EPPs occupy the bipolar outflows and jets emitted from immensely powerful

objects, such as black holes, quasars and pulsars. These EPP emissions are manifest,

most extremely in the form of γ-ray bursts (GRBs), but more frequently in the form

of non-thermal radiation emission (typically with a power-law emission spectrum)

that extends from radio through to γ-ray wavelengths, as shown in Fig. 1.1. 2

FIGURE 1.1: A composite image of the active-galaxy Centaurus A
is shown in frame a. which combines optical, sub-mm (shown in
orange) and X-ray (shown in blue) data, with outflows extending
light-years into the intergalactic medium. Frame b. shows a highly
collimated relativistic jet, powered by a black hole within the M87

galaxy.

1 Ref. [1] Zank, G. P. & Greaves, R. G., Physical Review E (1995)
2 Image in frame a. of Fig. 1.1 is from Ref. [2] https://www.eso.org/public/images/eso0903a/

with credit to ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Sub-mm);
NASA/CXC/CfA/R.Kraft et al. (X-ray)
Image in frame b. is from Ref. [3] https://www.nasa.gov/feature/goddard/2017/messier-87
with credit to NASA/The Hubble Heritage Team (STScI/AURA)
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The consensus is that this radiation is synchrotron radiation facilitated by strong,

long-lasting magnetic fields. This raises the question of where these magnetic fields

originate, as the typical magnetic field strength of the interstellar medium (ISM) is

only of the order of a few µG (as measured by stellar polarimetry). 3 The magnetic

field strength of phenomena, such as jets, outflows or GRB remnants, is typically de-

scribed in terms of the ‘equipartition parameter’, εB = UB/Ue, which is a representa-

tion of the ratio of magnetic energy density, UB = B2/2µ0, to the total kinetic energy

density, Ue = γbnbmec
2, for said phenomena. 4 Studies of the synchrotron radiation

from GRB remnants deduce that the equipartition parameter must lie in the range of

10−5 ≤ εB ≤ 0.1. 5 This value range automatically disqualifies several candidates,

one of which is the magnetohydrodynamic shock compression of fields within the

ISM, which may produce fields with εB ≈ 10−11. 6 Another potential candidate is

the transfer of magnetic flux from the highly magnetised atmosphere of the source

compact object, but such a mechanism could only yield values of εB < 10−7. 7 How-

ever, there is a leading candidate that could produce magnetic fields that satisfy the

εB condition, and that is through the growth of ‘current filamentation instabilities’

within the electron-positron jet as it propagates through the surrounding intergalactic

medium (IGM). 8

As the relativistic EPP jet interacts with the comparatively static electron-ion

plasma of the IGM, the jet electrons and positrons are perturbed from their equilib-

rium and begin to experience the current-driven magnetic fields of one another, which

acts to force electrons and positrons into same-species current filaments. As these fil-

aments grow, so too does the associated magnetic fields. These magnetic fields are
3 Ref. [4] Ferriere, K. M., Reviews of Modern Physics (2001)
4 Equation terms are as follows: magnetic field, B; bulk Lorentz factor, γb, and density, nb, of

particle jet or outflow in question.
5 Ref. [5] Galama, T. J. et al., Nature (1999)

Ref. [6] Vreeswijk, P. M. et al., Astronomy and Astrophysics Supplement Series (1999)
Ref. [7] Waxman, E., The Astrophysical Journal (1997)
Ref. [8] Wijers, R. A.M. J. & Galama, T. J., The Astrophysical Journal (1999)

6 Ref. [9] Sari, R. et al., The Astrophysical Journal (1996)
7 Ref. [10] Mészáros, P. et al., The Astrophysical Journal (1993)
8 Ref. [11] Medvedev, M. V. & Loeb, A., The Astrophysical Journal (1999)

Ref. [12] Chang, P. et al., The Astrophysical Journal (2008)
Ref. [13] Muggli, P. et al., arXiv: 1306.4380 (2013)
Ref. [14] Silva, L. O. et al., The Astrophysical Journal (2003)
Ref. [15] Dieckmann, M. E. et al., Astronomy & Astrophysics (2015)
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transferred to the IGM plasma via return currents, which means that subsequent par-

ticles traversing this magnetized region will undergo the necessary deflections that

give rise to the synchrotron radiation that we observe.

The far remove of such phenomena renders direct investigation extremely dif-

ficult, which therefore restricts our testing of such theories almost exclusively to

particle-in-cell simulations. The development of such theories, and the testing through

simulations has been, and will continue to be, invaluable in forwarding our under-

standing of such phenomena. Nonetheless, the prospect of testing some of these

plasma dynamics in a laboratory setting is very appealing, and would add a valu-

able voice to the conversation. However, the generation of neutral electron-positron

beams (EPBs) in a laboratory setting has proved a difficult task.

Promising results have been shown through the laser irradiation of solid targets,

whereby a high-power laser is focused onto a thin, high-Z metal foil target. This

technique essentially produces hot electrons (predominantly through the ~J × ~B ab-

sorption mechanism (see Sec. 2.3.4)) which subsequently initiate a quantum electro-

magnetic cascade as they propagate through the foil target. The work of Chen et al. 9

has demonstrated this technique, using ps-scale pulses with energies up to 1500 J and

intensities of 1018 − 1020 W cm−2; successfully generating EPBs with energies of a

few tens of MeV, but with positron population percentages� 50 %, which is an issue

in terms of quasi-neutral EPB studies. The work of Liang et al. 10 used the same tech-

nique with shorter pulses (as low as 130 fs) and focused intensities > 1021 W cm−2

to irradiate gold and platinum targets, that yielded EPBs with energies in the tens of

MeV and a higher positron population percentage of ∼ 30 %.

However, in the past few years, an alternative method for the generation of rela-

tivistic quasi-neutral EPBs has come to the forefront. 11 This method involves the use

of ultra-relativistic electron beams, produced through laser-wakefield acceleration,
9 Ref. [16] Chen, H. et al., Physics of Plasmas (2014)

Ref. [17] Chen, H. et al., Physical Review Letters (2015)
Ref. [18] Chen, H. et al., Physics of Plasmas (2015)

10 Ref. [19] Liang, E. et al., Scientific Reports (2015)
11 Ref. [20] Sarri, G. et al., Plasma Physics and Controlled Fusion (2013)

Ref. [21] Sarri, G. et al., Physical Review Letters (2013)
Ref. [22] Sarri, G. et al., Nature Communications (2015)
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to seed a quantum electromagnetic cascade in a high-Z target. The relative elec-

tron and positron yields (as a function of converter target thickness) are displayed in

Fig. 1.2, 12 which show that quasi-neutral EPBs can be produced at sufficiently large

target thicknesses. The EPBs are of sufficient size and density to allow for plasma

behaviour to occur, and for the current-driven instabilities described previously to

be investigated. The development of such instabilities can be tested by propagat-

FIGURE 1.2: The number of positrons and electrons, (with Ee± >
120 MeV), exiting a lead converter target of varying thickness, is
shown in Frames a. and b., respectively. Experimentally measured
values (blue circles) are compared with simulated (red crosses) and
analytical values (green dashed line). Frame c. shows the positron

population percentage of the electron-positron beam.

ing quasi-neutral EPBs through a background electron-ion plasma and probing the

background plasma for any remnant magnetic fields.

With the ability to produce such relativistic EPBs in this laser-driven configura-

tion, there is also warrant in investigating the quality of the positron component of

these beams, and compare with positron beams from conventional radio-frequency

accelerators.
12 Figure from Ref. [22] Sarri, G. et al., Nature Communications (2015)
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1.2 Thesis Structure

It was endeavoured to structure this thesis in a manner that would provide a concise

and self-contained explanation of all the relevant theory related to the experiments

performed.

In Ch. 2, an overview of the relevant physics is given, with the chapter divided

into four main sections. Sec. 2.2 outlines the foundational principles of plasma

physics, including the definition of a plasma, as well as fundamental plasma param-

eters. This is followed by a derivation of the fluid description of a plasma, which in

turn is followed by a description of electromagnetic wave propagation in plasma. In

Sec. 2.3, an outline of ionisation mechanisms is presented, along with a description

of electron motion in an electromagnetic wave, including the ponderomotive force.

Self-focusing of a laser pulse in plasma is also described, before finishing the sec-

tion with an overview of the main absorption mechanisms which is of relevance to

laser-solid interactions. Sec. 2.4 explains the pair-production process via quantum

electromagnetic cascade, with the pair-plasma instability process to be investigated

outlined. The chapter is rounded off with a section detailing the scaling between the

laboratory scenario and the equivalent astrophysical scenario.

Ch. 3 describes the experimental and analytical techniques pertinent to the ex-

periments performed, and the data obtained for this thesis. First of all, an overview

of lasers is given, detailing the chirped pulse amplification technique, as well as the

Astra-Gemini system used in the experiments. This is followed by an outline of the

techniques of laser-wakefield acceleration and target normal sheath acceleration. A

description of the detectors used is provided, followed by overviews of the diagnos-

tics in which they are incorporated; which includes the magnetic spectrometer and

proton radiography techniques. The chapter is concluded with a description of the

simulation codes that were used in support of the experimentally acquired data.

The first experiment is presented in Ch. 4 which is focused on the characterisation

of laser-driven positron beams. The experimental set-up is described, followed by re-

sults and a discussion of how these beams relate to the characteristics of conventional

radio-frequency accelerated positron beams.

In Ch. 5, the second experiment is presented, which investigates the onset of the
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current filamentation instability in electron-positron beams as they propagate through

an ambient plasma. The experimental set-up is outlined, with the data presented and

discussed.

Conclusions and future outlooks, related to each experiment, are presented at the

end of the respective chapters.
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2.1 Introduction

In this chapter, a brief description of basic plasma and laser-plasma theory will be

provided. A description of the pair-production process will also be outlined, as well

as a description of the pair-plasma instability under-investigation in this thesis.

2.2 Plasma Physics

2.2.1 The Definition of a Plasma

It can be said that the universe is almost entirely in the plasma state. Though rarely

encountered on Earth, wherever we look beyond the confines of Earth’s atmosphere,

plasmas are observed; locally, in the form of the Van Allen radiation belts, the solar

wind and corona, not to mention the plasma fusion processes within the solar interior;

and further afield in the form of nebulae and many astrophysical phenomena such

as γ-ray bursts, as well as the tenuous interstellar and intergalactic medium. This

pervasiveness highlights the relevance of studying this state of matter, not to mention

the ability to study the inherently interesting dynamics and possible processes that

can be favourably utilised through this medium.

Considered the fourth state of matter, a plasma can be succinctly defined as fol-

lows:

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

collective behaviour.” 1

The ‘quasi-neutral’ and ‘collective behaviour’ descriptors are key to the definition

of a plasma, and will be outlined below along with some fundamental conditions that

an ionised gas must satisfy to be classified as a plasma.
1 Quotation from Ref. [23] Chen, F. F., Introduction to Plasma Physics and Controlled Fusion (1984)
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Collective Behaviour

To explain the collective behaviour of a plasma, it is helpful to discuss the difference

in particle interactions within a gas system and within a plasma system. The particles

within a gas typically interact with one another through collisions, as well as through

the short-range ‘van der Waals’ force, which decays as 1/r6 with increasing inter-

particle distance, r. 2 Therefore, gas particles tend to behave independently within

the system.

In contrast, the particles within a plasma interact via the Coulomb force, which

decays as 1/r2 with increasing inter-particle distance. This essentially means that

plasma particles are not just influenced by their nearest neighbours, but by the wider

plasma population. Therefore, plasma particles will react simultaneously to any ex-

ternal electrostatic stimuli as one collective. And this is what is meant by ‘collective

behaviour’. The collisional limit of a plasma will be described in more detail in

Sec. 2.2.3.

Debye Shielding

Another key characteristic of a plasma is its ‘quasi-neutrality’; with typical plasmas

satisfying Eqn. 2.1,

Zni ≈ ne ≈ n , (2.1)

where Z is the averaged ionisation state of the ions, and ni and ne are the respective

ion and electron densities, and n is the common ‘plasma density’. Due to the major

disparity in the mass of the electrons and ions, the lighter electrons respond more

rapidly to any external disturbances to the plasma. For instance, the introduction

of a charged sphere to a plasma will cause the electrons and ions to be repelled or

attracted, according to the charge polarity, and they will redistribute to form a neu-

tralising cloud that encompasses the sphere. This effectively ‘screens’ the introduced

disturbance from the rest of the plasma, maintaining the overall quasi-neutrality of

the plasma. The approximate thickness of the screening cloud is called the ‘Debye

length’, λD.
2 Ref. [24] Demtröder, W., Atoms, Molecules and Photons (2010)
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A simple derivation of the Debye length can be shown by considering the intro-

duction of a positive point charge, q, within a uniform plasma, at a position r = 0. It

is assumed that the ions remain stationary (due to the electron-ion mass ratio) form-

ing a uniform, neutralising background, wherein ni = n∞ (where n∞ is the plasma

density far away from the introduced potential). For simplicity, it is assumed that

Z = 1, and that the shielding electrons form a perfectly symmetrical cloud around

the introduced test charge. The one-dimensional Poisson equation for the electro-

static potential, φ, is given by

~∇ · ~E = −∇2φ =
ρ

ε0
=

e

ε0
(ni − ne) + qδ(~r ) . (2.2)

where δ(~r ) is the Dirac delta function. Considering that the population of electrons

have thermal energy, kBTe, where kB is the Boltzmann constant, and Te is the elec-

tron temperature, the electron density can be described by

ne = n∞ exp

(
eφ

kBTe

)
, (2.3)

which, along with ni = n∞ can be substituted into Eqn. 2.2 to give

~∇ · ~E = −∇2φ =
e

ε0
n∞

[
1− exp

(
eφ

kBTe

)]
+ qδ(~r ) , (2.4)

which in spherical co-ordinates reads as 3

− 1

r2
∂

∂r

(
r2
∂φ

∂r

)
=

e

ε0
n∞

[
1− exp

(
eφ

kBTe

)]
+ qδ(~r ) . (2.5)

Things can be simplified further by assuming that the potential energy of the shielding

particles is much less than their thermal energy i.e. | eφ | � kBTe. This will not be

the case in the region immediately next to the introduced potential, however, this

region has a negligible contribution to the overall sheath thickness, as the potential

diminishes most rapidly here. By substituting the exponential term in Eqn. 2.5 with
3 spherical symmetry is assumed for the shield cloud, therefore the electrostatic potential φ(r) is

considered a function of r alone, with the angles θ and φ neglected.
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a Taylor expansion, which gives

− 1

r2
∂

∂r

(
r2
∂φ

∂r

)
=

e

ε0
n∞

[
1−

{
1 +

eφ

kBTe
+

1

2

(
eφ

kBTe

)2

+ . . .

}]
, (2.6)

and by only retaining the first-order terms, the approximated Poisson equation re-

duces to
1

r2
∂

∂r

(
r2
∂φ

∂r

)
=

(
e2n∞
ε0kBTe

)
φ . (2.7)

When studying the units of the factor in brackets on the right-hand side, it can be

seen that this quantity represents an inverse squared distance. Expecting this distance

to play a crucial role in the solution, it is defined as the ‘Debye length’,

λD =

√
ε0kBTe
e2n

, (2.8)

where n∞ is replaced with n. The final solution for the potential in Eqn. 2.7 works

out as

φ(r) =
q

4πε0r
exp

(
− r

λD

)
, (2.9)

whereby the potential falls to zero exponentially. Beyond the Debye length, the rest

of the plasma is effectively shielded to the charge. It can be seen from Eqn. 2.8,

that the Debye length is sensitive to the thermal energy, kBTe, and density, n, of the

plasma particles. As n increases, the Debye length decreases, due to the increase in

shielding charges per unit volume. Conversely, as Te increases, the Debye length also

increases, as the particles have more energy to escape the electrostatic potential well,

which acts to push the ‘edge’ of the shielding cloud to a distance where the potential

is about equal to the thermal energy.

At this point, it is now possible to better define quasi-neutrality in terms of the

Debye length, and outline two of the fundamental criteria in the classification of a

plasma. If we consider a plasma system, it is necessary for the Debye length to be

much smaller than the overall dimensions of the system. This allows for any local

fluctuations in charge and/or any introduced potentials to the system to be shielded
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from the rest of the system. This plasma criterion is represented as

λD � L , (2.10)

where L is the length of the system in any dimension. Furthermore, there must be

sufficient particles within the plasma to shield out any potential disturbances. This

requirement is usually expressed in terms of the number of particles, ND, within the

‘Debye sphere’ (i.e. a sphere with a radius equal to λD),

ND = n
4

3
πλ3D , (2.11)

which, in order to be classified as a plasma, must satisfy the following criterion:

ND � 1 (2.12)

2.2.2 Plasma Frequency

A key consequence of plasma collective behaviour is that, as the constituent electrons

move to neutralise any perturbing fields to a plasma system, they will also experience

a restoring force from the background ions in the regions they have vacated. The

electrons will, therefore, move towards an equilibrium position, but due to their in-

ertia will overshoot this location, instigating an oscillation around this position. The

frequency of this oscillation is called the ‘plasma frequency’. Both the electrons and

ions will experience their own respective plasma frequencies, but the electron plasma

frequency has a much greater role in the overall plasma motion; this is because the

electrons are the prime movers within a plasma, by virtue of their significantly lower

mass, meaning that they oscillate at a frequency that gives the ions insufficient time to

respond, effectively rendering the ion plasma frequency negligible in most scenarios.

To derive the electron plasma frequency, let’s consider an idealised uniform cold-

plasma, with no applied external fields, that is in equilibrium, and extends to infinity

in two-dimensions (that we will define as the x-y plane). And let’s assume that the

constituent ions are uniformly distributed, forming a fixed positively charged back-

ground, and the electron population are only able to move in the x-direction. If the
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entire electron population is displaced through an arbitrary distance, u (x, t), the ion

background will give rise to an electric field described by

E (x, t) =
neeu

ε0
, (2.13)

where ne is the electron density, e the electron charge, and ε0 is the permittivity of

free space. The motion of the electron population can therefore be described by the

equation of motion, which reads as

d2u
dt2

= −
(
nee

2

ε0me

)
u = −ω2

peu , (2.14)

whereme is the electron mass, and ωpe represents the electron plasma frequency, that

can now be defined as

ωpe =

√
nee2

ε0me
. (2.15)

The ion plasma frequency, ωpi, can be similarly derived, taking into account the

ion mass, mi, and charge, Ze, which ultimately yields

ωpi =

√
niZ2e2

ε0mi
. (2.16)

Assuming ne = ni, and taking the ratio of the electron and ion plasma frequen-

cies, which results in

ωpi =

√
Z2me

mi
· ωpe , (2.17)

it can be seen, due to the fact that mi ≥ 1836me, that the electron plasma frequency

significantly exceeds the ion plasma frequency, ωpe � ωpi.

2.2.3 Collisionless Limit in a Plasma

As mentioned in Sec. 2.2.1, one of the defining characteristics of a plasma is its

collective behaviour; which means that interactions between the constituent plasma

particles are predominantly governed by long-range Coulomb interactions. It is there-

fore pertinent to ascertain if particle collisions play a significant role in the dynamics
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of a plasma system. This is achieved by comparing the plasma frequency with the

collisional frequency.

FIGURE 2.1: Illustration of a Coulomb collision, which shows the
trajectory of an electron (blue) scattered by an ion (red).

To derive the electron-ion collision frequency, let’s consider an electron travelling

with momentum, mev, towards a static ion with charge Ze, as illustrated in Fig. 2.1.

The initial straight-line trajectory of the electron would see the electron pass the ion

at a minimum distance of r0, which is referred to as the ‘impact parameter’. However,

due to the attractive Coulomb forces at play, the electron is scattered through an angle

θ from its initial path, with the time duration through which this deflection occurs

approximated as T ≈ r0/v. As it is the large-angle deflections that are of interest, for

now, let’s consider a scattering angle of θ = 90◦, which has a change in momentum,

∆p, of the order of mev, which yields

∆p ' mev '
Ze2

4πε0r0v
. (2.18)

From Eqn. 2.18, an expression can be derived for r0, that can be entered into the

equation for the collision cross-section, σc, given by

σc = πr20 =
Z2e4

16πε20m
2
ev

4
. (2.19)

This expression for the collision cross-section, only holds for large-angle deflec-

tions, and falls apart for small-angle deflections i.e. when the distance r0 is relatively

large. This problem is resolved with the use of the Coulomb logarithm, ln Λ, wherein

Λ = λD/r0. Therefore, the correct expression for the collisional cross-section, σcorr,

should read

σcorr = πr20 ln Λ =
Z2e4

16πε20m
2
ev

4
ln Λ . (2.20)
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The electron-ion collision frequency, νei, can therefore be calculated from the product

of the cross-section, σcorr, the ion density, ni, and the electron velocity, v, which

yields

νei =
niZ

2e4

16πε20m
2
ev

3
ln Λ . (2.21)

By assuming a Maxwellian distribution for the electron population i.e. v2 = kBTe/me,

the velocity component can be substituted to give Eqn. 2.21 in terms of the electron

temperature, Te, which reads

νei =
niZ

2e4

16πε20m
1/2
e (kBTe)3/2

ln Λ . (2.22)

If the electron plasma frequency for a given plasma exceeds the collisional frequency,

then the system can be described as ‘collisionless’. From Eqn. 2.22 it can be seen

that the collision frequency is proportional to the plasma density and inversely pro-

portional to temperature. Therefore, lower plasma densities and higher temperatures

are more conducive to forming collisionless plasmas.

2.2.4 The Fluid Description of a Plasma

When it comes to describing a plasma system, there are two main approaches; the

kinetic description, and the fluid description. The kinetic description is the more

rigorous approach, describing each plasma particle species with velocity distribution

functions, with seven independent variables. However, kinetic theory brings with

it much complexity, that is ultimately unnecessary, as most plasma systems can be

adequately described via the fluid description. In the fluid approach, the populations

of each plasma particle species are considered as fluids that flow through one another.

With the goal of ultimately extracting the equations for the fluid model, let us

begin at the microscopic level with some kinetic descriptions, by defining the phase

space distribution function fj(~x,~v, t) to describe the phase space position of particle

species j as a function of time. By assuming a collisionless plasma, wherein no

particles are lost or created via ionisation or recombination processes, then the phase
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space function distribution obeys the continuity equation, which reads

∂fj
∂t

+
∂

∂~x
· (~̇xfi) +

∂

∂~v
· (~̇vfi) = 0 . (2.23)

By substituting into Eqn. 2.23 the values of ~̇x and ~̇v, which are

~̇x = ~v (2.24)

~̇v =
qj
mj

(
~E + ~v × ~B

)
, (2.25)

we end up with the collisionless Vlasov equation,

∂fj
∂t

+ ~v · ∂fj
∂~x

+
qj
mj

(
~E + ~v × ~B

)
· ∂fj
∂~v

= 0 , (2.26)

that essentially states that the phase space density of each plasma species is con-

served as the plasma undergoes collisionless dynamics. 4 Eqn. 2.26 offers a good

kinetic description for a plasma, however, the fluid model offers a simpler descrip-

tion involving just the spatial dimensions, with the variables much easier to measure

in an experimental context (compared to the task of accurately measuring the phase

space distribution functions). Furthermore, most plasma dynamics are dependent on

the lowest order moments of the distribution functions, namely, the number density,

nj , the flow velocity, ~uj , and the pressure tensor, P̄j , which are given by

nj =

∫
fj(~x.~v, t) d~v (2.27)

nj~uj =

∫
~v fj(~x.~v, t) d~v (2.28)

P̄j =

∫
(~v − ~uj)(~v − ~uj) fj(~x.~v, t) d~v . (2.29)

The moment equations can be derived by integrating the Vlasov equation with respect

to velocity

∫ (
∂fj
∂t

+ ~v · ∂fj
∂~x

+
qj
mj

(
~E + ~v × ~B

)
· ∂fj
∂~v

)
d~v = 0 , (2.30)

4 Ref. [25] Kruer, W. L., The Physics of Laser Plasma Interactions (2003)
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which yields the continuity equation for the density of particle species j:

∂nj
∂t

+
∂

∂~x
· (nj~uj) = 0 . (2.31)

Repeating the process for the next moment of the Vlasov equation yields

∂

∂t
(nj~uj) +

∂

∂~x
· (nj~uj~uj) =

njqj
mj

(
~E + ~uj × ~B

)
− ∂

∂~x
· P̄j
mj

, (2.32)

which can be simplified by incorporating Eqn. 2.31 and by assuming an isotropic

pressure (wherein P̄j = pj Ī , with Ī being the identity tensor), to give the fluid equa-

tion of motion:

nj

(
∂~uj
∂t

+ ~uj ·
∂~uj
∂~x

)
=
njqj
mj

(
~E + ~uj × ~B

)
− 1

mj

∂pj
∂~x

. (2.33)

By repeating the process for the next moment equation, an expression for energy

would be extracted. However, this equation would contain a term for heat flow that

would be hard to measure. Therefore, we make some assumptions about the heat

flow in order to derive a sensible equation of state. Let’s consider a plasma process

with a characteristic frequency, ω, and wavenumber, k, and the plasma particles of

species j have a thermal velocity, vj = (kBTj/mj)
1/2. In the scenario where the

heat flux is so fast that the temperature effectively remains constant i.e. ω/k � vj ,

the isothermal equation of state can be used,

pj = njkBTj . (2.34)

In the reverse scenario, whereby ω/k � vj , the heat flux can be neglected, and the

adiabatic equation of state can be used,

pj
nγj

= C , (2.35)

where C is a constant, γ = (2 + N)/N , and N represents the number of degrees of

freedom.

It must be noted that the fluid approach does not work in the scenario where



Chapter 2. Background Theory 19

ω/k ∼ vj , as it requires an accurate description of the velocity distribution. Other-

wise, the fluid model, using Eqns. 2.31, 2.33, 2.34 and 2.35, along with Maxwell’s

equations, provides a full description of most plasma behaviours.

2.2.5 Electromagnetic Wave Propagation in Plasma

To this point, a brief description of the collective behaviour of a plasma has been

given, illustrating how a plasma will act to negate any small-scale fluctuations from

quasi-neutrality. And in the context of plasma physics, the source of such fluctua-

tions is frequently due to the propagation of electromagnetic (EM) waves, such as a

laser beam. In this section, we shall look at the interaction between electromagnetic

radiation and a plasma.

To describe electromagnetic wave phenomena, we use Maxwell’s equations

∇ · ~E =
ρ

ε0
, (2.36)

∇ · ~B = 0 , (2.37)

∇× ~E = −∂
~B

∂t
, (2.38)

∇× ~B = µ0 ~J + µ0ε0
∂ ~E

∂t
, (2.39)

where ρ and ~J are the free charge density and free charge current respectively; and

ε0 and µ0 are the permittivity and permeability of free space, which satisfies µ0ε0 =

c−2. Assuming a cold, unmagnetised plasma with ~B0 = 0, we take the time derivative

of Eqn. 2.39, and substitute the curl of Eqn. 2.38 into it, to obtain an equation for the

EM wave propagation, which reads as

∇× (∇× ~E1) = ∇ (∇ · ~E1)−∇2 ~E1 = −µ0
∂ ~J1
∂t
− µ0ε0

∂2 ~E1

∂t2
, (2.40)

where the subscript ‘1’ denotes the linear description of a slight deviation from the

plasma equilibrium. By considering the wave to be oscillating with a frequency ω, we

can seek a solution of the form exp [i(~k·~r−ωt)], where ~k represents the wavenumber.
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Thus, Eqn. 2.40 can be expressed as

− ~k (~k · ~E1) + k2 ~E1 =
iω

ε0c2
~J1 +

ω2

c2
~E1 . (2.41)

Due to the fact that ~k ⊥ ~E1, the first term of Eqn. 2.41 is zero and cancels, whilst

the current, ~J1, is solely from the motion of the plasma electrons, which can be

expressed as ~J1 = −neeve1 (where ne is the electron plasma density and ve1 is the

electron velocity). From the linear equation of motion, the electron velocity can be

described as ve1 = e ~E1/(imeω). Accounting for these considerations, Eqn. 2.41 can

now be expressed as

(ω2 − c2k2) ~E1 =
iω

ε0
nee

e ~E1

imeω
=

(
nee

2

ε0me

)
~E1 , (2.42)

where it can be seen that the factor in brackets on the right-hand side is the square of

the electron plasma frequency, ωpe. Therefore, the dispersion relation for an electro-

magnetic wave propagating through a plasma is described by

ω2 = ω2
pe + c2k2 , (2.43)

with the phase velocity, vφ, given by

v2φ =
ω2

k2
= c2 +

ω2
pe

k2
> c2 , (2.44)

which shows that the phase velocity of the EM wave in plasma is greater than the

speed of light in vacuum. The group velocity, vg, is given by

vg =
dω

dk
=
c2

vφ
. (2.45)

Furthermore, by considering our expression for ~J1, the plasma conductivity can

be assumed to be σ = inee
2/(meω), and the dielectric constant, χ, can be calculated

as

ε = 1 +
i

ωε0
σ = 1−

(
nee

2

ε0me

)
1

ω
, (2.46)



Chapter 2. Background Theory 21

which allows for the plasma refractive index, η, to be given by

η =
√
ε =

√
1−

ω2
pe

ω2
, (2.47)

which assumes the plasma is cold, and unmagnetised.

Looking more closely at Eqn. 2.47, it is apparent that in a scenario where the

plasma frequency exceeds the wave frequency i.e. ωpe ≥ ω, that the refractive index

becomes imaginary. This essentially means that the plasma electrons can move on

a faster time-scale than the incident EM wave, and are capable of screening the rest

of the plasma from the EM wave. The threshold frequency for this phenomenon, at

ω = ωpe, is referred to as the ‘critical frequency’, and the threshold plasma density

is called the ‘critical density’, ncrit, and is given by

ncrit(ω) =
ε0meω

2

e2
. (2.48)

In the instance where ne ≥ ncrit (which is referred to as an over-dense plasma),

the solution for the refractive index is imaginary, with an imaginary wavenumber.

Therefore, the EM wave is reflected from the plasma, with only an exponentially

decaying evanescent wave permeating into the over-dense plasma.
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2.3 Basic Laser-Plasma Physics

It has been mentioned in Sec. 2.2 that plasmas are ubiquitous in the universe, whilst

on Earth, they are notably rare, with our interactions reserved to lightning flashes

and the polar aurorae in nature, or artificially in the form of fluorescent lighting or

specialised industrial technologies. Therefore, in order to study this state of matter,

various techniques have been developed, including the magnetic confinement of hot

plasmas through techniques such as z-pinching and magnetic mirrors. However, an-

other method (and used in the context of the work in this thesis) involves the use of

intense laser pulses to ionise media from an initial solid or gaseous state, into the

plasma state. In this section, a brief description will be provided of some of the basic

physics of laser-plasma interactions.

2.3.1 Ionisation Mechanisms

To eject a bound electron from an atom simply requires the application of sufficient

energy to overcome the atomic binding potential. In the realm of plasma physics,

this energy is typically provided in the form of a laser field, or photon energy. It is

possible for a bound electron to be ejected from an atom through the absorption of

a single photon with sufficiently high frequency, ω, which, in the case of a hydro-

gen atom, would require a photon with energy h̄ω ≥ 13.61 eV, which equates to a

frequency in the extreme ultraviolet range or above. However, most laser systems op-

erate in the near infra-red part of the spectrum (for instance, Astra-Gemini operates

at 800 nm), meaning other ionisation mechanisms are at play. These ionisation pro-

cesses include multiphoton ionisation (MPI), tunnelling ionisation (TI), and barrier

suppression ionisation (BSI), which are illustrated in Fig. 2.2.

Multiphoton Ionisation

In the scenario where the photon frequency, ω, is too low to single-handedly eject an

electron, ionisation is still possible through the cumulative absorption of n photons,

satisfying the condition

nh̄ω = Ip , (2.49)
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FIGURE 2.2: Various ionisation mechanisms in strong laser fields.
The multiphoton ionisation mechanism is shown in frame a., tun-
nelling ionisation is illustrated in frame b., and barrier suppression

ionisation is shown in frame c..

where Ip is the height of the atomic potential barrier. Through perturbation theory,

the corresponding ionisation rate reads as 5

Γ
MPI

n = σnI
n
L
, (2.50)

where σn is the cross-section for n-photon absorption, and In
L

is the laser intensity.

Fig. 2.2.a. illustrates the MPI mechanism, wherein the bound electron absorbs n

photons to overcome the atomic potential barrier. Though free from the atom, the

electron will have very little kinetic energy. However, it is possible for the electron

to absorb more photons than the requisite n amount, which acts to not only free the

electron, but supply it with momentum as well. This sub-category of MPI is referred

to as ‘above-threshold ionisation’ (ATI). The electron’s final kinetic energy, Ee, is

given by

Ee = (n+ s)h̄ω − Ip , (2.51)

where s is the number of photons in excess of n, as illustrated in Fig. 2.2.a.

It must be noted, that in the MPI regime, it is assumed that the laser field has in-

sufficient intensity to alter the atomic potential barrier. When this is not the case, and

the laser field is capable of warping the atomic potential barrier, then the MPI mech-

anism is replaced by tunnelling ionisation as the dominant ionisation mechanism.

5 Ref. [26] Gibbon, P., Short Pulse Laser Interactions with Matter (2005)
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Tunnelling Ionisation

The multiphoton and tunnelling ionisation regimes can be distinguished with the aid

of the ‘Keldysh parameter’, ΓK , which reads as 6

ΓK =

√
Ip

2Up
, (2.52)

where Up is the ponderomotive potential, or ‘quiver energy’ of the electron in the

oscillating laser field, which is given by

Up =
e2E2

L

4meω2
L

, (2.53)

whereEL and ωL are the respective laser electric field and frequency. When ΓK � 1,

multiphoton ionisation is the dominant mechanism, and when ΓK � 1, tunnelling

ionisation will be dominant.

If we consider an electron bound within an atom with a Coulomb potential barrier

described by

V (x) = −Ze
2

x
, (2.54)

and apply a stationary external electric field to the atom, the Coulomb potential will

be altered to give

V (x) = −Ze
2

x
− eELx . (2.55)

The applied field acts to reinforce the potential barrier on one side, whilst suppress-

ing it on the other side, with the barrier actually reduced below the electron binding

energy at x � xmax, as illustrated in Fig. 2.2.b. This provides an opportunity for

tunnelling ionisation to occur, according to the probability of the electron wavefunc-

tion to tunnel through the diminished barrier. The Keldysh parameter in Eqn. 2.52 is

essentially a representation of this probability (i.e. the ratio of the tunnelling time, to

the time the oscillating laser field is quasi-static, at its amplitude peaks).

It is also possible for the laser field to suppress the Coulomb barrier completely

below the binding energy, which results in the electron being freed instantaneously.

This is referred to as barrier suppression ionisation and is illustrated in Fig. 2.2.c. The
6 Ref. [27] Keldysh, L. V., Soviet Physics JETP (1965)



Chapter 2. Background Theory 25

peak potential of this diminished barrier is located at xmax by taking the differential

of Eqn. 2.55 and equating to zero, which yields

xmax =

√
Ze

EL

. (2.56)

By setting V (xmax) = Ip, we can determine the minimum electric field required for

BSI to occur, which works out to be

EBSI =
I2p

4Ze3
. (2.57)

The threshold ‘appearance intensity’, Iapp, for a given charge state Z can thus be

given by equating the EBSI with the peak laser electric field:

Iapp =
c

8π
E2

BSI
' 4× 109 I4p Z

−2 Wcm−2 . (2.58)

To put this in perspective, the appearance intensity required for hydrogen (which

has an ionisation potential of 13.61 eV) works out to be 1.4 × 1014 Wcm−2. This

intensity is significantly lower than the laser intensities discussed in this thesis, which

infers that the BSI mechanism is the predominant ionisation process, particularly for

the gas targets used in laser-wakefield acceleration.
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2.3.2 Electron Motion in an Electromagnetic Field

When a laser beam propagates through a plasma, any electrons caught in the laser

path will fall subject to the oscillating electromagnetic field of the laser. The electron

motion within these fields is described by the Lorentz equation

d ~p
dt

= −e( ~E + ~v × ~B) , (2.59)

where ~p and ~v are the respective electron momentum and velocity, whilst ~E and ~B are

the laser electric and magnetic fields. In the scenario where the electromagnetic field

is weak, the electric field component is dominant, and the magnetic field contribution

is negligible, which simplifies Eqn. 2.59 to

d~v
dt

= −e
~E

me
. (2.60)

Thus, if we consider the electron motion in a linearly polarised laser beam with elec-

tric field ~E = EL cos(ωLt − kx), where EL and ωL are the laser peak amplitude

and laser frequency, the electron will oscillate at the same frequency and acquire a

maximum velocity described by

vosc =
eEL

meωL

, (2.61)

which is referred to as the ‘quiver velocity’ of the electron. As the laser pulse inten-

sity increases, the electric field at focus also increases, which subsequently results in

an increase in the quiver velocity acquired by the electrons, It is therefore useful to

determine the point where the electron motion becomes relativistic, which is accom-

plished by considering the electron quiver momentum, posc = γmevosc, as follows

a0 =
posc

mec
=

eEL

meωLc
(2.62)
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where a0 is defined as the ‘normalised vector potential’ or ‘laser strength parameter’,

and γ represents the Lorentz factor, which is given by

γ =
1√

1− v2

c2

. (2.63)

It can be seen that as vosc → c, and the Lorentz factor grows beyond unity, that values

of a0 ≥ 1 are indicative of relativistic electron motion. For convenience, the laser

strength parameter can also be expressed in terms of the peak laser pulse intensity, IL

and wavelength, λL , reading as

a0 ' 0.855λL [µm]

√
IL [1018 Wcm2] . (2.64)

To put into perspective, for a laser with wavelength λL = 800 nm, a pulse intensity

of IL ≥ 2.12× 1018 Wcm−2 is required to enter the relativistic regime.

An important consequence of entering the relativistic regime, is that the ~v × ~B

component of the Lorentz equation can no longer be neglected, and will partially con-

tribute to making the electron motion non-linear, as will be detailed in the following

subsection.

The Ponderomotive Force

When a high-intensity laser pulse (> 1018 Wcm−2) propagates through a plasma,

any particles in the vicinity of the laser will be subjected to a non-linear force, called

the ‘ponderomotive force’. This process of laser-particle coupling is fundamental to

many non-linear phenomena, such as laser-wakefield acceleration.

To derive an expression for the ponderomotive force, we return to the Lorentz

equation (Eqn. 2.59) and consider the motion of a single electron subjected to the

laser’s electromagnetic fields. We define the oscillating electric field component as

~E(~r, t) = ~E(~r) cos(ωt), with ~r describing the position. By expanding ~E(~r, t) about

the initial particle position, ~r0, we obtain

~E = ~E(~r0) + (δ~r1 · ∇) ~E |~r=~r0 + · · · , (2.65)
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where δ~r represents the displacement of the particle. To the lowest order, the ~v × ~B

component can be neglected in the Lorentz equation, and an expression for δ~r1 can

be found as follows:

me
d~v1
dt

= − e ~E(~r0) (2.66)

~v1 = − e

meω
~E sin(ωt) =

d~r1
dt

(2.67)

δ~r1 =
e

meω2
~E cos(ωt) . (2.68)

To the next order, the ~v× ~B component of the Lorentz equation is retained, which

reads as

me
d~v2
dt

= −e
[

(δ~r1 · ∇) ~E + ~v1 × ~B1 ] , (2.69)

with the magnetic term given by the Maxwell-Faraday equation:

∇× ~E = −∂
~B

∂t
(2.70)

~B1 = − 1

ω
∇× ~E |r=r0 sin(ωt) (2.71)

The substitution of Eqns. 2.67, 2.68 and 2.71 into Eqn. 2.69, and the averaging

the motion over time results in

me

〈
d~v2
dt

〉
= −1

2

e2

meω2
[ ( ~E · ∇) ~E + ~E × (∇× ~E) ] = ~fNL , (2.72)

which further simplifies to give an expression for the non-linear force. ~fNL , felt by a

single electron:

~fNL = −1

4

e2

meω2
∇ ~E 2 (2.73)

Eqn. 2.73 can be adapted to describe the force experienced by a unit volume of

plasma electrons by incorporating the electron density, ne, in terms of the plasma

frequency, ωpe, which results in an expression for the ponderomotive force, ~FNL , that

reads

~FNL = −
ω2
p

ω2
∇〈ε0E

2〉
2

. (2.74)

To summarise, as the electrons oscillate with the ~E component of the EM field,
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they also experience a push in the laser propagation direction by the ~v× ~B component

(in accordance with the Lorentz force equation), as illustrated in Fig. 2.3. 7 For

a typical laser pulse with a spatially varying profile, the wave amplitude will vary

with it, and this crucially results in the electrons experiencing non-uniform forces

as they oscillate. Thus, when the electrons are in a region of higher intensity, they

experience a force pushing them towards the weaker region, and vice versa when

they enter a weaker region. However, on completion of a full cycle, the force in the

high-intensity region dominates and the net force pushes the electrons towards the

weaker field regions.

FIGURE 2.3: The relativistic motion of an electron in the electro-
magnetic fields of a laser pulse is illustrated in frame a. In the labo-
ratory frame, the electron moves along the beam propagation axis in
a zig-zag manner, whilst in the rest frame of the electron, the motion
follows a figure of eight pattern. Frame b. illustrates how the pon-
deromotive force pushes electrons out of regions of high intensity,

I , to areas of lower intensity.

7 Figure illustrations are from Ref. [28] Schwoerer, H., South African Journal of Science (2008)
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2.3.3 Self-focusing of a Laser Pulse

A direct consequence of the ponderomotive force is the phenomenon of self-focusing

of the laser pulse as it propagates through a plasma. This is due to the resultant

modification of the plasma density, and the increased mass of the electrons as their

motion becomes relativistic.

Due to their favourable charge-to-mass ratio, the electrons are more susceptible

to the ponderomotive force than the plasma ions, and are therefore rapidly expelled

from regions of high intensity, whilst the less mobile ion population is left behind.

However, and assuming that the plasma Debye length is less than the radius of the

laser beam i.e. λD � rL , the resultant charge separation establishes an electrostatic

field that pulls the ions out of this region also. This localised decrease in the plasma

density creates a higher refractive index inside the beam which acts to focus the beam.

Furthermore, in the region of high-intensity, the electrons will acquire relativistic

motion, which consequently increases their mass. This acts to reduce the plasma

frequency within the high intensity region, which further contributes to increasing

the refractive index, and a focusing effect. This particular mechanism is referred to

as ‘relativistic self-focusing’.

The focusing effect due to electron mass increase happens on a much faster time-

scale than through the density profile modification. Assuming the ponderomotive

pressure to be less than the plasma kinetic pressure, then the development of the

modified density profile can be said to develop on a time-scale of τS = rL/CS ,

with rL and CS representing the laser beam radius and the ion-acoustic speed, 8

respectively. 9 Recalling our assumption that λD � rL , the time-scale τS must be

longer than the inverse ion plasma frequency i.e. τS � ω−1pi . In regards to the time-

scale of the electron mass increase through relativistic motion, this will occur on

the scale of inverse laser frequency i.e. τR ≈ ωL , assuming ωL � ωpe. Thus, the

relativistic self-focusing mechanism is the dominant contributor to the self-focusing

phenomenon. It must also be noted that when the laser pulse duration is sufficiently

8 Ion acoustic speed, CS =
√

(γeZkBTe + γikBTi)/mi , where γe and γi are the respective
electron and ion Lorentz factors, kB is Boltzmann’s constant, Te and Ti are the respective electron
and ion temperatures, Z and mi are the respective ion charge and mass.

9 Ref. [29] Sprangle, P. et al., IEEE Transactions on Plasma Science (1987)
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short i.e. τR � τL � τS , there is not enough time for the self-focusing plasma

density profile to develop, meaning that relativistic self-focusing is the sole focusing

mechanism acting upon such a laser pulse.

Relativistic self-focusing will be triggered for laser powers above a critical power,

Pcrit, which is given by 10

Pcrit ' 17

(
ωL

ωpe

)
GW. (2.75)

2.3.4 Absorption Mechanisms

When a laser pulse interacts with a solid (or over-dense plasma) target, the laser pulse

ultimately undergoes reflection from the ‘opaque’ plasma surface. However, there

will always be a finite volume at the surface of the target where some of the laser pulse

energy will be absorbed. Through absorption, energy can be transferred to the tar-

get, and the production of ‘hot’ electrons becomes possible, which can subsequently

trigger other useful phenomena, including ion acceleration. There are four main ab-

sorption mechanisms that may occur, which are ‘inverse bremsstrahlung’, ‘resonance

absorption’, ‘vacuum heating’, and ‘ ~J × ~B heating’. The inverse bremsstrahlung

mechanism is generally limited to interactions of low-intensity laser pulses with col-

lisional plasmas, whilst the remaining absorption mechanisms are prevalent for high-

intensity laser pulses with a high contrast, interacting with a collisionless plasma.

Inverse Bremsstrahlung

One of the most fundamental mechanisms for coupling laser energy to a plasma is

through inverse bremsstrahlung absorption. In this mechanism, the electric field of a

laser pulse interacts with the under-dense plasma region, causing the electrons within

to oscillate in accordance with Eqn. 2.61. These oscillating electrons may subse-

quently undergo collisions with neighbouring ions, resulting in the conversion of the

coherent laser energy into incoherent thermal energy, whereby an electron is scattered

in the field of an ion, with the electron absorbing a photon, hence the name ‘inverse

bremsstrahlung absorption’. It is therefore evident that this process can only occur
10 Ref. [29] Sprangle, P. et al., IEEE Transactions on Plasma Science (1987)
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for a collisional plasma, and with a laser pulse duration, τL , that allows for multi-

ple electron-ion collisions, i.e. τL � ν−1ei (where νei is the electron-ion collision

frequency).

From Eqn. 2.22 it can be seen that the electron-ion collision frequency is inversely

proportional to electron temperature, Te, such that νei ∝ T
−3/2
e , which means that

as the laser intensity increases, the electron temperature will also increase, and the

energy transfer via the inverse bremsstrahlung mechanism ultimately decreases. The

inverse bremsstrahlung absorption mechanism is therefore only relevant at low in-

tensities. However, this can include the low-intensity leading edge of high intensity

pulses, whereby inverse bremsstrahlung can contribute to plasma thermalisation on

the surface of a solid target, before the arrival of the high-intensity peak, wherein

alternative absorption mechanisms come into play.

Resonance Absorption

For a p-polarised laser pulse that impinges upon a solid target, at an oblique angle, θL ,

the electric field component is orientated parallel to the density gradient of the surface

pre-plasma, which allows for the electrons to oscillate in the laser’s electric field. The

laser does not penetrate through to the depth of the critical density, ncrit, and reflect

in the fashion of a ray-diagram, but will instead refract, in a curve like fashion, never

reaching the critical density plane. At the turning point (closest to the critical density

plane) the laser electric field excites a standing wave, orientated normal to the target

surface, and into the target. Or in the case where the distance between the turning

point and the critical density plane is sufficiently small, the evanescent electric field

can induce a standing wave. A strong and highly localised resonant wave is formed at

ne = ncrit, that can be driven to breaking point, whereupon ‘hot’ electrons are forced

into the target, delivering the laser energy to further depths within the target.

Vacuum Heating

Vacuum heating, also referred to as the Brunel heating, occurs for very sharp density

plasma gradients, whereby the amplitude of the electrons oscillating in the electric

field of the laser is larger than the penetration depth of the laser, i.e. rosc > dL.
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Initially, the electrons are forced away from the target surface, into the ‘vacuum’

(hence the name), before undergoing acceleration into the target, wherein they are

effectively screened from the laser’s electric fields and restoring force. The electrons

retain their momentum, travelling at a velocity of the order of the quiver velocity,

vosc through the target. As the electrons undergo acceleration over a half-cycle of

the laser electric field, the hot electrons are effectively injected into the target with a

frequency equal to the laser frequency.

~J × ~B Heating

For laser pulses with relativistic intensities i.e. a0 > 1, the magnetic field compo-

nent comes into play, in the form of the ponderomotive force (see Sec. 2.3.2). In

~J × ~B heating, the pre-plasma electrons oscillate along with the laser electric field,

however, the ~vosc × ~B component acts to accelerate the electron into the vacuum

within a quarter of the optical cycle, and then subsequently accelerate the electron

into the target. With the same condition as for vacuum heating of rosc > dL, the

electron penetrates the target beyond the laser penetration depth and is screened from

any restoring forces. The electron retains its kinetic energy and continues through

the target along the incident laser propagation direction. For this reason, the ~J × ~B

mechanism works optimally with a normal incidence, as opposed to the oblique an-

gles favoured by resonance absorption and vacuum heating (which rely on the beam

polarisation for energy transfer). A further consequence of the ~vosc × ~B component,

is that the electrons are injected into the target at double the laser frequency.
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2.4 Pair-Plasmas

2.4.1 Pair-Production

In order to study the dynamics of relativistic quasi-neutral electron-positron plasmas

in a laboratory setting, the foremost method available is via the instigation of a quan-

tum electromagnetic cascade, which is achieved by propagating an ultra-relativistic

electron pulse through a high-Z solid medium.

Focusing our attention on this propagation of electrons and positrons through

matter, low energy leptons will lose energy chiefly through ionisation, but also via

Compton, Møller (e−), and Bhabha (e+) scattering processes, as well as through

positron annihilation. 11 However, in the ultra-relativistic regime, these processes

become negligible, and bremsstrahlung emission becomes the predominant energy

loss mechanism, with the generated high-energy photons subsequently losing energy

mainly through e−e+ production. The mean distance over which these processes

occur is referred to as the ‘radiation length’, Lrad, and is approximately given by

Lrad ≈
[

4α(Zα)2nλ2C
{

log
(
183Z−1/3

)
− f(αZ)

}]−1
, (2.76)

where α ≈ 1/137 is the fine structure constant, n is the number of atoms per unit

volume, λC = h̄/mc = 3.9×10−11 cm is the Compton wavelength, and the function

f(αZ) is an infinite sum of the form f(x) =
∑∞

a=1 x
2/a(a2 + x2). 12 This approxi-

mation assumes a Thomas-Fermi atomic model, and also assumes a ‘total screening’

regime, which satisfies the condition αZ1/3ε(ε − h̄ω)/(h̄ωmc2) � 1, wherein h̄ω

is the energy of a photon emitted from an electron with energy ε. 13

The value of Lrad will hence vary from material to material, particularly accord-

ing to density; as an example, gold (with Z = 79, density ≈ 19.3 g/cm3) has a radia-

tion length of LAurad ≈ 3.3 mm, whilst lead (with Z = 82, density ≈ 11.3 g/cm3) has

a radiation length of LPbrad ≈ 5.6 mm. It is therefore convenient to convey the target

material thickness, d, in terms of the radiation length, Lrad, such that ` = d/Lrad.

11 Ref. [30] Tanabashi, M. et al., Physical Review D (2018)
12 Ref. [31] Berestetskii V. B. et al., Quantum Electrodynamics (1982)
13 Ref. [31] Berestetskii V. B. et al., Quantum Electrodynamics (1982)
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This measure of thickness, `, is a good indicator of the number of steps completed

along the cascade.

The process of direct electro-production is the predominant pair-production mech-

anism for very thin targets i.e. `� 1, whereby an electron, propagating in the field of

a nucleus, emits a virtual photon that subsequently produces an electron-positron pair.

It is also possible for a pair to be produced by two virtual photons associated with

the propagating electron and nucleus. However, as the work in this thesis is related

to thick targets i.e. ` > 1, the contribution to pair-production through this process

is deemed negligible, with consideration given exclusively to the bremsstrahlung and

Bethe-Heitler processes. Considering pair-production in the field of a heavy atom,

under the conditions of the Born approximation, the distribution functions for the

electrons (f−) and positrons (f+) are equivalent in shape, and written as 14

∂f±
∂`

= −
∫ 1

0
dv ψrad(v)

[
f±(E, `)− 1

1− v
f±

(
E

1− v
, `

)]

+

∫ 1

0

dv

v
ψpair(v) fγ

(
E

v
, `

)
. (2.77)

where E is particle or photon energy, and fγ is the photon distribution function,

which is expressed as

∂fγ
∂`

=

∫ 1

0

dv

v
ψrad(v)

[
f−

(
E

v
, `

)
+ f+

(
E

v
, `

)]
− µ0fγ(E, `) , (2.78)

wherein ψrad and ψpair are defined as

ψrad(v) =
1

v

[
1 + (1− v)2 + (1− v)

(
2

3
− 2b

)]
, (2.79)

ψpair(v) = v2 + (1− v)2 + v(1− v)

(
2

3
− 2b

)
, (2.80)

in which µ0 = 7/9 − b/3, and b = 1/18 log(183/Z1/3) are parameters connected

with the bremsstrahlung and pair photo-production cross-section (in accordance with

Rossi (1952)). 15

14 Ref. [32] Rossi, B., High-Energy Particles (1952)
15 Ref. [32] Rossi, B., High-Energy Particles (1952)
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FIGURE 2.4: Graphs showing the calculated number of electrons
(frame a.) and positrons (frame b.) with energy exceeding 120 MeV,
generated from an ultra-relativistic electron beam (120 MeV≤ E ≤
1 GeV) with a flat spectrum, and total population of 2.7× 109 elec-
trons, as it propagates through various thicknesses of lead. Graphs

courtesy of Sarri et al. PPCF (2013).

Fig. 2.4 16 shows the calculated electron and positron yields (with E ≥ 120

MeV) from an EM cascade instigated by an ultra-relativistic electron beam (120

MeV ≤ E ≤ 1 GeV) for various thicknesses of lead. In this approximate model,

it is assumed that with each radiation length traversed, each lepton (photon) emits

a photon (becomes an e−e+ pair) possessing half the energy of the parent lepton

(with the electron-positron pair equally sharing the energy of their parent photon).

It can be seen in Fig. 2.4.a. that as the target thickness increases, the electron pop-

ulation decreases in a near exponential fashion, whilst the positron population (in

Fig. 2.4.b.) at first increases, reaches a peak population at a thickness ` ' 2Lrad,

and thereafter decreases exponentially. This growth and decline of the positron pop-

ulation can be attributed to the necessity of the initial electron beam to propagate,

on average, one radiation length to produce the bremsstrahlung photons that subse-

quently pair-produce over the distance of another radiation length. From this point, at

roughly 2 radiation lengths, the positron population will be at its peak, as beyond this

thickness, all leptons, regardless of polarity, are susceptible to bremsstrahlung pro-

duction, and subsequent pair-production. The electron population at small values of

` surpasses the positron population by an order of magnitude, however, as the target

thickness increases, the two populations converge, reaching near-equal populations
16 Figure courtesy of Ref. [20] Sarri, G. et al., Plasma Physics and Controlled Fusion (2013)
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at ≥ 5Lrad. 17

In the ultra-relativistic regime, the divergence of the electrons and positrons ex-

iting the target is expected to have an inversely proportional relationship with their

Lorentz factors. There is also a distinct difference in the average cone angle above

and below a propagation distance of one radiation length, which is due to the devel-

opment of the cascade in thicker targets. These equations read as 18

〈θ2e±〉 ≈
1

γ2
e±

(for ` ≤ 1) , (2.81)

√
〈θ2
e±〉 ≈

19.2 MeV/c
p

√
` (for ` > 1) , (2.82)

where p is the lepton momentum in units of MeV/c. It can be seen in Eqn. 2.82,

that the
√
` factor will act to increase the cone angle as the thickness is increased.

However, Eqns. 2.81 and 2.82 assume that the seed electron beam, incident upon the

target, is collimated, which is typically not the case in experimental scenarios. There-

fore, considering the initial electron beam has a cone angle of θ0 , the divergence of

the cascade beam exiting the target is calculated by a summation of the divergences,

such that

〈θreal〉 ≈
√
〈θe±〉2 + 〈θ0〉2 . (2.83)

Finally, it must be noted that the simple theories discussed within this subsection

have found consolidation with semi-empirical models informed by experiments at

particle accelerator facilities, including CERN. These models are incorporated within

Monte-Carlo codes such as FLUKA, allowing for the simulation/modelling of exper-

imental scenarios involving such interactions.

17 Ref. [21] Sarri, G. et al., Physical Review Letters (2013)
Ref. [20] Sarri, G. et al., Plasma Physics and Controlled Fusion (2013)
Ref. [22] Sarri, G. et al., Nature Communications (2015)

18 Eqn. 2.81 from Ref. [31] Berestetskii V. B. et al., Quantum Electrodynamics (1982)
Eqn. 2.82 is a semi-empirical law from Ref. [33] Scott, W. T., Reviews of Modern Physics (1963)
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2.4.2 Pair-Beam Instabilities

Plasma instabilities are generally characterised as electrostatic or electromagnetic, as

well as by the angle of the wave vector, ~k, (along which the instability develops) with

respect to the beam propagation direction, or beam velocity, ~vb. In the case of the cur-

rent filamentation instability (CFI), it is defined as an electromagnetic instability that

is oriented transversely to the beam propagation direction, i.e. ~k ⊥ ~vb. It is an insta-

bility that is driven by a beam of charged particles, as it propagates through a plasma,

or counter-streaming plasma flow, and is initiated by transverse non-uniformities in

the particle distribution within the overlapping beam and plasma region. The charged

particles in this region interact with each other via their respective currents and asso-

ciated magnetic fields, with currents of opposing polarity repelling one another, and

currents with the same polarity bunching together to form ‘current filaments’. These

current filaments can grow as same-polarity filaments merge, further amplifying the

macroscopic magnetic field.

Consider the example of an initial relativistic beam comprised of a quasi-neutral

electron-positron pair plasma, as shown in Fig. 2.5.a., propagating through a static

electron-ion plasma, akin to a relativistic jet interacting with the ISM. As the pair-

plasma beam interacts with the ambient plasma, the respective plasma populations

will try to adjust to one another via collective behaviour. However, there will natu-

rally be regions within the beam with higher concentrations of electrons, or positrons.

And as these charged particles are propagating with a velocity, v, microscopic current

flows are formed within the beam. Although the beam electrons and positrons are co-

propagating along the same axis, they have counter-streaming currents, with related

azimuthal B-fields that are oppositely orientated, as illustrated in Fig. 2.5.b. Through

the respective ~v × ~B forces, the beam electrons and positrons accumulate into same

species current filaments, with transverse filament sizes, dfil, of the order of the skin

depth, λsd = c/ωp (where ωp is the plasma frequency of the electrons or positrons),

as shown in Fig. 2.5.c. Eventually, the instability reaches a saturation point, wherein

the filaments breakup in the intense magnetic fields, and the beam ceases to drive any

further magnetic field generation.

For the CFI to be instigated, there are a number of key criteria that must be met,
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FIGURE 2.5: Simplified illustration of the current filamentation in-
stability, with electrons represented by blue, and positrons repre-
sented by red. Frame a. shows the e−e+ beam in its initial quasi-
neutral state, propagating in the relativistic regime with a velocity,
v. Once the beam interacts with a separate plasma system, cur-
rent flows develop, along with their associated B-fields, as shown in
frame b.. These B-fields act to repel opposing currents (as indicated
by the dashed arrows) and attract ‘like’ currents, resulting in a beam
consisting of distinct current filaments with transverse size, dfil, of

the order of the collisionless skin depth, λsd, as in frame c..

which relate to the transverse beam size, the beam velocity and the beam-to-plasma

density ratio, α = nb/np. In regard to the transverse beam size, it is necessary

for the beam diameter, db, to be greater than the plasma skin depth i.e. db > λsd,

as this allows for the propagation of the counter-streaming/return currents through

the beam, otherwise the return currents simply flow around the beam. In regard to

beam velocity, studies show that the electrostatic longitudinal ‘two-stream’ instabil-

ity is dominant in the non-relativistic regime, however, in the relativistic regime i.e.

γb � 1, the beam filamentation becomes dominant. 19 This also makes sense when

considering that for filamentation to occur, the ~v × ~B forces must be sufficiently

large to overcome the Coulomb forces, and squeeze same species charged particles

together.

However, the CFI does not only compete with the longitudinal electrostatic two-

stream mode (~k ‖ ~vb), but also with intermediate mixed modes, which exhibit char-

acteristics of both the two-stream and filamentation modes. The wavevectors of these

mixed modes are orientated at oblique angles to the beam velocity direction, and are
19 Ref. [34] Bret, A. et al., Physical Review Letters (2005)
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therefore commonly referred to as the ‘oblique instability’. The growth rates for each

of these instabilities are given by 20

ΓTSI

ωp
=

√
3

24/3
α1/3

γb
,

ΓCFI

ωp
= βb

√
α

γb
,

ΓOBI

ωp
=

√
3

24/3

(
α

γb

)1/3

,

where βb = ~vb/c, with ~vb representing the beam velocity, and γb is the beam Lorentz

factor. The dominant instability in the relativistic regime can therefore be determined

by
ΓOBI

ΓCFI

=

√
3

24/3
1

βb

(
γb
α

)1/6

, (2.84)

which indicates that the oblique mode is dominant in the weak beam scenario, whereby

α � 1. A more thorough derivation of instability growth rates is presented in Ap-

pendix A.

However, when considering the two-stream component of an oblique instability,

it becomes pertinent to consider the longitudinal length of the beam, `b. In the same

manner that the CFI requires the transverse beam size to be larger than the skin depth

( db > λsd ), to allow for the instability to develop, the OBI also requires the beam

length to be greater than the skin depth ( `b > λsd ) for the longitudinal component

to develop.

In the context of the beam-plasma interactions described in this paper, the laser-

driven relativistic electron-positron beam (EPB) interacts with an ambient electron-

ion plasma in the weak beam regime, i.e. α � 1, meaning that the OBI is the

dominant instability mode. The transverse size of the EPB is greater than the skin

depth, which allows the CFI component to grow, however, the ultrashort pulse dura-

tion limits the longitudinal pulse length to less than the skin depth, which suppresses

the growth of the longitudinal two-stream component. Therefore, the instability re-

sults in the development of multiple current filaments that may be slightly tilted, but

so negligibly, that it is akin to the purely transverse CFI.
20 Ref. [35] Bret, A. & Gremillet, L., Plasma Physics and Controlled Fusion (2006)

Ref. [36] Shukla, N. et al., Journal of Plasma Physics (2018)
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2.5 Scaling between Laboratory and Astrophysical

Dimensions

The chief motivation of this thesis is to study pair beam dynamics in a regime perti-

nent to astrophysical phenomena. However, one must acknowledge that the physical

processes under investigation, be it in the astrophysical or laboratory scenario, oper-

ate on significantly different spatial and temporal scales. Therefore, if each scenario

can be successfully defined by a shared set of equations, it may be possible, through

the use of transformations, to map the astrophysical system onto the laboratory equiv-

alent, and vice versa. This is achieved by deducing the relationship between the scal-

ing coefficients for the variables within the governing equations, so that the equations

remain invariant.

Assuming a cold relativistic plasma fluid, with negligible influence from pair-

annihilation and radiation reaction effects, a simple set of governing equations can be

formed. These include the continuity equation, the Lorentz equation of motion and

Maxwell’s equations, which read as follows

∂nj
∂t

+∇ · nj~vj = 0 (2.85)

d ~pj
dt

= q

(
~E +

1

c
~vj × ~B

)
, (2.86)

∇× ~E = −1

c

∂ ~B

∂t
, (2.87)

∇× ~B =
1

c

∂ ~E

∂t
+

4π

c

∑
j

njqj~vj , (2.88)

where j denotes the particle species, nj represents the particle density (in the labo-

ratory frame), and ~pj = γjmj~vj is the momentum of species j. 21 In Eqn. 2.88, the

21 Ref. [37] Sarri, G. et al., Journal of Plasma Physics (2015)
Ref. [38] Ryutov, D. et al., The Astrophysical Journal (1999)
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summation is of all species within the plasma. The following set of linear transfor-

mations render Eqns. 2.85 through 2.88 invariant:

x → αx , (2.89)

t → α t , (2.90)

E → β E , (2.91)

B → β B , (2.92)

γ → αβ γ , (2.93)

n → β

α
n , (2.94)

with α and β representing arbitrary dimensionless constants. As the laboratory sce-

nario involves relativistic electron-positron beams, wherein v ∼ c, the particle mo-

mentum can be approximated as p = γmc. To transform from the laboratory scenario

to the astrophysical scenario would require the transformation constants to have val-

ues of α � 1 (to map onto the larger spatial and temporal scale) and β � 1 (to

match the smaller electromagnetic fields and lower plasma densities).

In regard to the electromagnetic fields being investigated in the laboratory, the

relevant spatial and temporal scales are related to the respective electron (or positron)

plasma frequency and collisonless skin depth:

ωpet =

√
4πne2

γm
t , (2.95)

ωpp
c
x =

√
4πne2

γmc2
x . (2.96)

The equipartition parameter, εB , which is the ratio of the magnetic energy density to

the total kinetic energy density of a plasma flow or beam, reads as

εB =
B2

4πγnmc2
. (2.97)

This quantity is invariant when transformed, which crucially means that the equipar-

tition parameters measured from plasma processes in the laboratory, are relatable to
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the same processes in an astrophysical context.
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Chapter 3

Experimental Methods
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3.1 Introduction

In this chapter, a description will be provided of the experimental methods, diagnos-

tics, and analytical techniques utilised to obtain the data reported in this thesis.

3.2 Lasers

3.2.1 A Brief History of the Laser

To recount the history of the laser, one can not simply begin with the building of the

first laser device. In all likelihood, the laser would not exist if it were not for the

crucial advancement in the understanding of the fundamental properties of light and

how it interacts with matter. So it is pertinent to acknowledge the contributions of the

pioneers whose work not only led to the development of the laser, but revolutionised

physics, with significant impact on the world in the 20th century.

1900: Max Planck

We begin in the year 1900, with Max Planck, who, through his efforts to understand

the absorptive and emissive properties of ‘black-body’ radiation, famously postulated

the relationship between energy and the frequency of radiation. His work introduced

the concept of quantisation of radiation, whereby energy was absorbed or emitted in

discrete energy ‘elements’ or ‘quanta’. This was the dawn of ‘quantum theory’. 1

1905: Albert Einstein

Inspired by Max Planck’s work, Albert Einstein released a profound paper in 1905,

that proposed that many phenomena involving the interaction of light and matter,

could be better understood by considering light, not as a continuous distribution of

energy, but rather, as “a finite number of energy quanta that are localised in points in

space,” that can be “absorbed or generated only as a whole.” 2

1 Ref. [39] Planck, M., Verhandlungen der Deutschen Physikalischen Gesellschaft (1900)
Ref. [40] Planck, M., Annalen der Physik (1901)

2 Ref. [41] Einstein, A., Annalen der Physik (1905)
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1908 - 1913: Ernest Rutherford, Hans Geiger and Ernest Marsden

During the period of 1908 to 1910, a series of experiments were performed by Hans

Geiger and Ernest Marsden, under the guidance of Ernest Rutherford. The experi-

ments consisted of firing a beam of α-particles at thin metal foil targets, and measur-

ing the resultant scattering pattern. However, the results of the experiments showed

that some of the α-particles underwent extreme deflections, with some ‘bouncing’

back to the α-particle source. This outcome did not agree with the accepted ‘plum

pudding’ model of the day, which should have resulted in all the particles successfully

passing through the foil target.

In 1911, Rutherford published his momentous paper ‘The Scattering of α and β

Particles by Matter and the Structure of the Atom’, where he put forward his the-

ory a new atomic model, proposing that the atom is composed of a small, positively

charged nucleus, located at the centre of a sphere of equal and uniformly distributed

negative charge. 3 In this same paper, Rutherford developed a scattering formula

based on this new atomic model, which subsequent experiments by Geiger and Mars-

den would confirm, and ergo prove the veracity of Rutherford’s formula and theory. 4

1913: Neils Bohr

Neils Bohr, in 1913, took Rutherford’s atomic model, and recognising that classical

electrodynamics did not adequately describe the behaviour of the atomic system, he

adopted some of the quantum theory of Planck and Einstein, to put forward a theory

on the constitution of the atom. He postulated that the electrons within an atom can

orbit the nucleus in distinct ‘stationary states’, and that the transition of an electron

from one of these stationary states to another is accompanied by the absorption or

emission of “a homogeneous radiation, for which the relation between the frequency

and the amount of energy emitted is the one given by Planck’s theory.” 5 Bohr’s

atomic model successfully explained the Rydberg formula for the lines of spectral

emission from atomic hydrogen.

3 Ref. [42] Rutherford, E., Philosophical Magazine (1911)
4 Ref. [43] Geiger, H. & Marsden, E., Philosophical Magazine (1913)
5 Ref. [44] Bohr, N., Philosophical Magazine (1913)
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1917: Albert Einstein

In 1917, Albert Einstein assimilated Bohr’s concept of electron stationary states, into

his monumental paper on the ‘The Quantum Theory of Radiation’ where he fully de-

scribed basic radiation processes and the properties of photons. 6 He introduced his

revolutionary theory of spontaneous emission, absorption and the stimulated emis-

sion of radiation. The theoretical consequence of Einstein’s stimulated emission con-

cept was that if one were somehow able to amass a collection of atoms in identical

excited states, then the propagation of one photon (with the correct energy) could

initiate a cascade of stimulated emission, resulting in a beam of coherent radiation.

This is the underlying principle upon which the laser is built.

1951-1958: Charles Townes

Having conceived of the idea in 1951, Charles Townes, with the aid of James Gordon

and Herbert Zeiger, built the world’s first ‘maser’ (short for Microwave Amplification

by Stimulated Emission of Radiation) in 1954. 7 The device, as shown in Fig. 3.1, 8

operated by feeding ammonia molecules through a quadrupole electrode system, that

focused excited ammonia molecules into a resonant cavity, wherein radiative emis-

sion reflecting in the cavity stimulated further emission, with the maser ultimately

radiating at a wavelength ∼ 1 cm, with a power of ≈ 10 nW. 9

FIGURE 3.1: Simple diagram of the maser.

6 Ref. [45] Einstein, A., Physikalische Zeitschrift (1917)
7 Ref. [46] https://www.nobelprize.org/nobel_prizes/physics/laureates/1964/townes-bio.html
8 Diagram in Fig. 3.1 is from Ref. [47] Gordon, J. P. et al., Physical Review (1955)
9 Ref. [48] Gordon, J. P. et al., Physical Review (1954)

Ref. [47] Gordon, J. P. et al., Physical Review (1955)
Ref. [49] https://physics.aps.org/story/v15/st4
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Townes, along with Arthur Schawlow, would go on to publish their paper on ‘In-

frared and Optical Masers’ in 1958, 10 with their proposal of a system (using alkali

vapour as the gain medium) that could operate at higher frequencies, in the infrared

and optical regime. And so began the race to build the first laser.

1960: Theodore Maiman

Theodore Maiman worked for Hughes Research Laboratories in the late 1950s, where

he was in charge of developing maser technology, using ruby as the amplifying mate-

rial. Having successfully designed an efficient and lightweight ruby maser in 1959, he

turned his attention to developing a laser equivalent. Working on a budget of $50,000

(compared to the millions of dollars spent by rival groups), Maiman stayed with the

ruby gain medium he came to know well, despite many scientific peers dismissing

ruby as having inefficient red fluorescence. 11 His design, as shown in Fig. 3.2, 12

consisted of a small ruby rod (coated with silver mirrors at each end), positioned

within a helical flashlamp, all housed inside a highly-reflective aluminium cylinder,

with an aperture at one end for the laser beam to exit. 13 On 16th May 1960, Maiman

FIGURE 3.2: Maiman’s original ruby laser, out of its aluminium
casing, is shown in frame a. An illustration of all the devices com-

ponents is shown in frame b.

demonstrated the first laser action with this device, and is credited with building the
10 Ref. [50] Schawlow, A. L. & Townes, C. H., Physical Review (1958)
11 Ref. [51] http://www.laserinventor.com/bio.html
12 Image in Fig. 3.2.a. from Ref. [52] https://history.aip.org/history/exhibits/laser/sections/therace.html,

and illustration in Fig. 3.2.b. from Ref. [53] http://www.nuskool.com/learn/lesson/build-real-life-
lightsaber/

13 Ref. [54] Maiman, T. H., Nature (1960)
Ref. [55] Maiman, T. H., Physical Review Letters (1960)
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world’s first laser.

Once the first lasing action had been demonstrated, there was an immediate

proliferation in the building and development of laser technology that continues to

this day. The evolution of laser intensity over the lifetime of the laser is plotted in

Fig. 3.3. 14 In the years immediately following its invention, laser intensities grew at

a prodigious rate, mainly due to the introduction of Q-switching and mode-locking.

These techniques helped reduce laser pulse durations to the point that the peak pulse

intensity became so large, that it could not be further amplified. This was due to

the introduction of detrimental non-linear effects to the laser pulse as it propagated

through the gain medium, or even the destruction of the gain medium and optical

components. This limitation led to the intensity plateau observed in Fig. 3.3 from the

late 1960s through to the mid-1980s. Considering a typical laser beam diameter to

be of the order of a centimetre, the maximum power achievable was ≈ 1 GW with

focused intensities of ≈ 1014 W/cm2.

FIGURE 3.3: Timeline of focused laser intensity.

To overcome this constraint and reach higher powers, the most logical solution

was to reduce the laser fluence by increasing the diameter of the laser beam, as well

as use low-energy storage media, such as dyes and excimers. As a consequence,

this forced laser systems to become bigger and more expensive, which effectively
14 Image from Ref. [56] https://commons.wikimedia.org/wiki/File:History_of_laser_intensity.svg
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restricted high-intensity research to a only a handful of facilities, including the Los

Alamos National Laboratory, the Lawrence Livermore National Laboratory, the Lab-

oratory for Laser Energetics and the University of Illinois at Chicago in the USA, as

well as the University of Tokyo in Japan. 15

However, in 1985, the technique of chirped pulse amplification (CPA) was suc-

cessfully demonstrated as a way to allow for higher laser fluences whilst making the

limiting intensity and non-linear issues more manageable. CPA, as can be seen in

Fig. 3.3, revolutionised laser science, allowing peak laser powers to grow from the

prior gigawatt-scale to the petawatt-scales seen today, with the capability of produc-

ing focused intensities up to 1022 W/cm2. 16 Furthermore, the CPA technique was

easy to incorporate into existing laser systems at relatively low expense, which effec-

tively removed the former exclusivity of high-intensity physics research.

3.2.2 Chirped Pulse Amplification

In this section, the technique of chirped pulse amplification (CPA) will be outlined.

However, it is informative to the CPA technique to, first of all, discuss the two major

conditions of laser amplification. For the purposes of this thesis, these conditions

shall be referred to as the ‘energy extraction’ and the ‘beam propagation’ conditions.

The Energy Extraction Condition

One of the fundamental requirements for the efficient extraction of stored energy

within a gain medium, is that the pulse fluence must be close to the saturation fluence,

Fsat, of the gain medium. The saturation fluence is given by Eqn. 3.1, 17

Fsat =
h̄ ω laser
σamp

, (3.1)

15 Ref. [57] Mourou, G. A. et al., Reviews of Modern Physics (2006)
16 Ref. [58] Bahk, S.-W. et al., Optics Letters (2004)
17 All equations in this section are referenced from Ref. [59] Siegman, A. E., Lasers (1986)
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where ω laser is the angular frequency of the laser, and σamp is the amplifying transi-

tion cross-section for the gain medium. The output fluence, Fout(t), from the ampli-

fier can be calculated with Eqn. 3.2,

Fout(t) = Fsat ln

[
G0 − 1

G(t)− 1

]
, (3.2)

where G0 is the low signal gain, and G(t) = exp[σNtot(t)] is the time-dependent

total gain (with Ntot(t) representing the time-dependent population inversion total).

Using these values, the final gain, Gf , can be given by Eqn. 3.3,

Gf = 1 + (G0 − 1) exp

[
−
Fpulse
Fsat

]
, (3.3)

where Fpulse is the input laser fluence. The energy extraction efficiency, η, from the

gain medium can be considered as the ratio of the extracted energy to the maximum

energy available, as in Eqn.3.4,

η =
lnG0 − lnGf

lnG0
. (3.4)

Considering Eqns. 3.3 and 3.4, it can be seen that to obtain optimum efficiency in

energy extraction, that the input laser fluence, Fpulse, needs to be multiple times the

saturation fluence, Fsat, of the gain medium.

The Beam Propagation Condition

As mentioned previously, in the years preceding CPA, laser facilities were con-

strained to using low-energy storage gain media, such as dyes and excimers, to deal

with the beam fluence limitations. Such gain media have large cross-sections of about

10−16 cm2, with a gain as great as 104, whilst the saturation fluence, Fsat, is low, at

about 1 mJ/cm2, which translates to a power density of the order of a GW/cm2. In-

creasing the power density beyond this point causes the refractive index of the gain

media to become intensity dependent, in accordance with Eqn. 3.5,

n = n0 + n2 I , (3.5)
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where n0 is the linear refractive index, n2 is the non-linear refractive index, and I is

the intensity of the laser pulse. These non-linear effects can manifest in the form of

self-focusing and self-phase-modulations, that grow exponentially as the laser pulse

breaks up into shorter sub-pulses of increasing peak intensities. 18 The extent of

wave-front distortion of the laser beam, due to the non-linear refractive index, is

conventionally given by the B-integral,

B =
2π

λ

∫ L

0
n2 I(z) dz , (3.6)

where B (in units of λ) is a measure of the accumulated distortion over the propaga-

tion length, L. The laser wavelength is represented by λ, and I(z) is the intensity at

position z along the beam axis. Considering a laser pulse with an ideal Gaussian pro-

file, if the total power within the beam exceeds a critical power, Pcrit, as calculated

by Eqn. 3.7,

Pcrit =
λ20

2π n0 n2
, (3.7)

then runaway whole-beam self-focusing will be initiated. As an example, for a laser

with a central wavelength λ0 ≈ 0.8 µm propagating through a Ti:sapphire crystal

with refractive indices of n0 = 1.76 and n2 = 5 × 10−16 cm2/W, then the critical

power is Pcrit ≈ 1 GW.

In order to avoid these non-linear effects, laser facilities tend to use spatial filters

to “clean” the beam, following the general rule of thumb of keeping the B-integral

below 3. 19 However, for high-field physics research, stricter demands are placed

on the beam quality, requiring the B-integral to be kept below 0.3. 20 Spatial filters

operate by focusing the laser beam through a pinhole aperture, as shown in Fig. 3.4 21.

This technique removes high-frequency spatial intensity fluctuations from the input

beam, resulting in a cleaner output beam profile. A collimating lens is typically

placed at the output to allow the beam to continue propagating through the system.
18 Ref. [59] Siegman, A. E., Lasers (1986)
19 Ref. [59] Siegman, A. E., Lasers (1986)
20 Ref. [59] Siegman, A. E., Lasers (1986)
21 Figure is from Ref. [60] https://www.photonics.com/Articles/Not_All_Beams_Are_Created_

Equal/a56477
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FIGURE 3.4: Illustration of a spatial filter configuration.

The CPA Technique

Direct amplification had restricted laser systems to using dyes and excimers (with

cross-sections of the order of 10−16 cm2) as gain media, as a compromise to the

laser fluence limitations. Other amplifying materials, such as Ti:sapphire, with cross-

sections of the order of 10−21 cm2, offered the enticing potential for more compact

systems with up to 104 times the stored energy of dyes and excimers. However, to

fully extract this energy would necessitate increasing the beam fluence to ∼ 1 J/cm2,

which translates to a beam intensity ∼ 1012 W/cm2 (considering a picosecond-scale

pulse), which substantially violates the critical power, Pcrit, and B-integral condi-

tions outlined previously.

The CPA technique answered this conundrum, by employing paired diffraction

grating systems to first of all stretch the laser pulse pre-amplification, and then com-

press the amplified pulse back down at the end of the laser-chain, as illustrated in

Fig. 3.5. 22

This clever ploy of stretching the laser pulse by a factor of 103 − 105 allows

for input fluences to be preserved, whilst crucially reducing the beam intensity to

levels that keep the B-integral manageable. The ‘stretcher’ typically comprises of

two achromatic lenses placed between two gratings in what is called a ‘Martinez’

arrangement (as in the top-right corner of Fig. 3.5). The lenses, of equal focal length,

f , are placed 2f apart, forming a telescope with a magnification of 1. The purpose of

this telescope is to ensure that the dispersed radiation is re-collimated after traversing

both gratings. The gratings at each side of the telescope are positioned at a distance
22 Fig. 3.5 is adapted from Ref. [61] Perry, M. et al., Science and Technology Review (1995)
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FIGURE 3.5: Diagram showing the CPA technique. The pulse is
stretched by the ‘Martinez’ stretcher arrangement (top right) before
undergoing amplification. The pulse is then compressed back down

with the ‘Treacy’ parallel grating arrangement (bottom left).

L < f , in a configuration that creates a beam path disparity across the beam spec-

trum, whereby the shorter the wavelength, the more distance it must traverse. A

retro-reflecting mirror located after the second grating sends the beam back through

the system to double the temporal stretch. The exiting long pulse is now positively

chirped with its higher frequency components lagging behind the lower frequency

components. The critical power of the beam is now sufficiently reduced, allowing

safe propagation through the gain medium, where the beam may be amplified by a

factor ≥ 106.

Post-amplification, the beam enters a ‘compressor’ that reverses the dispersion of

the stretcher. If the positive and negative dispersion of the respective stretcher and

compressor systems do not match across all orders, it can result in undesirable pre-

and post-pulses. However, it has been found that the ‘Treacy’ grating configuration

is the ideal match for the Martinez stretcher. The Treacy compressor, as shown at

the bottom of Fig. 3.5, comprises of a pair of parallel gratings, and a retro-reflecting

mirror, that affects a negative chirp upon the traversing pulse. The exiting pulse is

recompressed to its original temporal width, but now with a peak power that is orders

of magnitude higher than was achievable prior to CPA.
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3.2.3 Astra-Gemini Laser

The experiments described in this thesis were performed with the Astra-Gemini dual

laser system, at the Central Laser Facility, Rutherford Appleton Laboratory, Chilton,

UK. The system came online in 2008 and is essentially an upgrade of (extension to)

the 20 TW Astra laser system, whereby the Astra beam is split and further amplified

to produce two synchronised laser pulses of ∼ 0.33 TW.

The laser chain can be followed in Fig. 3.6 23, which begins with a mode-locked,

ultra-short oscillator that generates seed pulses with a duration of 12 fs, and an aver-

age power of 550 mW. 24 The pulses propagate through a glass block that stretches

FIGURE 3.6: Schematic block diagram of the Astra-Gemini laser
system, beginning with the oscillator and pre-amplifier on the top
left. The Sequoia branches are for measurement of the temporal
contrast of the laser pulses as the pulse train propagates through the

system.

the pulse duration to ≈ 7 ps, before entering the pre-amplifier. with a kHz repetition

rate. The pulse train then propagates through a pulse selector system comprising of a

fast Pockels cell and polarisers, which redirects one pulse per hundred into the Astra

beam path. A second Pockels cell and crossed polarisers system sends the 10 Hz

pulse train through the pulse stretcher cavity, and allows for a single or double pass.

The stretcher, as shown in Fig. 3.7, 25 comprises of a pair of transmission gratings,
23 Block diagram in Fig. 3.6 is from Ref. [62] Hooker, C. et al., Optics Express (2011)
24 Ref. [63] https://www.clf.stfc.ac.uk/Pages/Laser-system-Astra.aspx

Ref. [64] https://www.clf.stfc.ac.uk/Pages/Oscillator-and-Pre-Amplifier.aspx
25 Fig. 3.7 is adapted from Ref. [65] https://www.clf.stfc.ac.uk/Pages/Pulse-Stretcher.aspx
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that stretch the pulse duration to 530 ps in a single pass, or to 1060 ps in double pass

(required for Gemini shots). 26

FIGURE 3.7: Plan view illustration of the pulse stretcher system (on
left), with the grey region shown in the photograph on the right.

The stretched pulses are then sent to the first power amplifier; a 10 mm thick by

10 mm diameter TiS crystal. Each pulse traverses the crystal four times in a ‘bow-

tie’ configuration, achieving a final energy of 4 mJ, before passing through a spatial

filter to smooth the intensity profile. 27 The beam is expanded to a diameter of 6 mm

before going through a Pockels cell with crossed polarisers situated fore and aft, to

prevent amplified spontaneous emission (ASE) from traversing further along the laser

system. 28

The second power amplifier shares a similar configuration to the first, with the

pulse passing through a 10 mm thick TiS crystal four times, and undergoing an am-

plification to 120 mJ. The beam is subsequently expanded to a diameter of 18 mm

and is apodized in order to attain a beam profile with a quasi-flat-top. 29

The pulses then make four passes through the third amplifier; a 12 mm thick

TiS crystal with a diameter of 24 mm. Vacuum spatial filters clean the beam profile

after the first and third pass, and the final pulse energy is measured at ≈ 1.2 J. 30

The beam is then expanded to a diameter of 31 mm, before encountering a rotating

half-wave plate and polariser system that acts to deliver alternate pulses into target
26 Ref. [66] Hooker, C. J. et al., Journal de Physique IV (Proceedings) (2006)
27 Ref. [67] https://www.clf.stfc.ac.uk/Pages/Amplifier-One.aspx
28 Ref. [67] https://www.clf.stfc.ac.uk/Pages/Amplifier-One.aspx
29 Ref. [68] https://www.clf.stfc.ac.uk/Pages/Amplifier-Two.aspx
30 Ref. [69] https://www.clf.stfc.ac.uk/Pages/Amplifier-Three.aspx
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area 2 (not used for the work reported in this thesis), with the other pulses (now at

5 Hz) permitted to continue to Gemini. 31 The beam undergoes further expansion to

a diameter of 50 mm before being split into two beams (labelled North and South).

Each beam makes four passes through a 25 mm thick TiS crystal with a 90 mm

diameter, which amplifies the energy to a maximum of 25 J. 32 The twin beams are

expanded to 150 mm and enter the pulse compressor, where the pulse durations are

reduced to sub-50 fs, with a final pulse energy of the order of 15 J (transmission

efficiency through compressor ∼ 60%). 33 Both beams are subsequently directed

into the Gemini target area (TA 3) located below. Due to the fact that the pump

lasers for the Gemini amplifiers are only capable of firing once every 20 seconds, the

repetition rate for the system is ultimately set at 0.05 Hz. 34

3.3 Laser-Wakefield Acceleration

As discussed in Ch. 1, conventional particle accelerators, which use superconduct-

ing radio-frequency (RF) cavities to produce accelerating fields up to ∼ 10 MV/m,

are restricted by the electrical breakdown limitations of the metallic cavities. This

constraint means that in the endeavour to achieve higher particle energies, larger and

larger RF accelerator systems have had to be built, which in turn increases cost, which

in turn limits accessibility. However, in 1956 the concept of using plasma waves to

accelerate charged particles was put forward by Veksler 35 and Budker. 36 Acceler-

ation based on plasma waves would crucially bypass the electrical breakdown limit

(as plasma is already in a ‘broken down’ state) and could, therefore, support electric

fields far in excess of what is possible with RF accelerators.

In 1979, Tajima and Dawson published their landmark paper, 37 outlining the

concept of ‘laser-wakefield acceleration’ (LWFA) which proposed the use of a high-

intensity laser pulse to excite plasma waves in the wake of the laser pulse. According
31 Ref. [69] https://www.clf.stfc.ac.uk/Pages/Amplifier-Three.aspx
32 Ref. [66] Hooker, C. J. et al., Journal de Physique IV (Proceedings) (2006)

Ref. [70] https://www.clf.stfc.ac.uk/Pages/Ti-Sapphire-Amplifiers.aspx
33 Ref. [70] https://www.clf.stfc.ac.uk/Pages/Ti-Sapphire-Amplifiers.aspx
34 Ref. [62] Hooker, C. et al., Optics Express (2011)
35 Ref. [71] Veksler, V. I., CERN Symposium on High-Energy Accelerators and Pion Physics (1956)
36 Ref. [72] Budker, G. I., CERN Symposium on High-Energy Accelerators and Pion Physics (1956)
37 Ref. [73] Tajima, T. & Dawson, J. M., Physical Review Letters (1979)
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to their theory, these plasma waves could sustain longitudinal accelerating fields ap-

proximated by

Ewb =
cmeωp
e

∝
√
ne , (3.8)

where Ewb is referred to as the non-relativistic wave breaking field. 38 It can be

seen that Ewb scales with
√
ne, so if a plasma were to have an electron density of

ne = 1018 cm−3, then fields as great as 100 GeV/m could be attained. However, it

was not until the advent of CPA (see Sec. 3.2.2) that laser pulse durations became

short enough (≤ 1 ps), and intensities became large enough (≥ 1018 W/cm2), for

experimentation in the LWFA technique to begin.

The fundamental method of operation for wakefield acceleration is illustrated in

Fig. 3.8, 39 whereby a drive pulse (which can be a short, intense laser pulse, or an

FIGURE 3.8: Simplified illustration of the LWFA process, in the
blow-out/bubble regime.

electron bunch) propagates through an underdense plasma, expelling electrons from

its path via the ponderomotive force (for a laser drive pulse) or Coulomb forces (for

an electron drive pulse). This leaves a positively charged cavity in the wake of the

drive pulse (red region in Fig. 3.8), which exerts a restoring force on the electrons,

effectively pulling them back in behind the drive pulse, forming an electron ‘bubble’,

with the electron trajectories converging at the rear of the bubble. Electrons are ‘in-

jected’ into the cavity (referred to as self-injection), forming a trailing electron pulse.

This ‘trapping’ process ends when the trailing pulse charge matches the ionic charge

of the cavity. Looking at the inset of Fig. 3.8, the black line shows a plot of the
38 Ref. [74] Dawson, J. M., Physical Review (1959)
39 Diagram used in Fig. 3.8 is from Ref. [75] Joshi, C., Scientific American (2006)
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electric field along the beam propagation axis. It can be seen that at the rear of the

bubble, there is a sudden switch between the peak positive and peak negative electric

field (due to the on-axis variation of electron density). The trailing electron pulse,

located just ahead of this powerful field, experiences an accelerating force along the

direction of propagation.

3.3.1 Ionisation Injection

There are various mechanisms that can inject electrons into a plasma wake (e.g. col-

liding pulse injection, shock injection), but in the context of the experiments de-

scribed in this thesis, the mechanism of ‘ionisation injection’ was utilised. This

method of injection involves the use of a low-Z gas target (e.g. helium) that is doped

with a small percentage of a higher-Z gas impurity (e.g. nitrogen). The selection

of a higher-Z dopant is based upon the ionisation threshold of the dopant electrons.

If, as an example, we consider a gas target comprised of helium, doped with a small

amount of nitrogen, the helium is fully ionised by energies ≥ 5250.5 kJ/mol, whilst

nitrogen will shed its outer shell of 5 electrons at energies in excess of 9444.9 kJ/mol.

However, in order to ionise an electron in the next sub-shell requires a massive

jump in energy to ≥ 53266.6 kJ/mol, and to fully ionise nitrogen requires an energy

≥ 64360 kJ/mol, requiring a laser pulse with a0 > 1. Therefore, as the laser pulse

propagates through the gas mixture, the leading edge of the pulse will fully ionise

the helium, and partially ionise the nitrogen. The ejected electrons will contribute to

the creation of the electron bubble as described previously, but the nitrogen ions will

remain static, and will not undergo further ionisation until interaction with the energy

peak of the pulse. These freshly ionised electrons are basically injected from rest into

the bubble and are trapped and subsequently accelerated. This continuous injection

as the laser propagates through the plasma, tends to result in electron beams with a

large energy spread and higher charge. 40

40 Ref. [76] McGuffey, C. et al., Physical Review Letters (2010)
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3.3.2 Acceleration Limitations

Having described the acceleration mechanism, it is pertinent to discuss some of the

factors that place limitations on electron acceleration. There are three main factors

that restrict the acceleration distance, and these are ‘laser diffraction’ and ‘pump

depletion’ of the laser drive pulse, as well as ‘dephasing’ of the accelerated electron

beam.

Diffraction of the laser as it propagates through a plasma is the least problematic

of the three limiting factors, as it can be adequately compensated for by self-focusing

(in the non-linear regime) as described in Sec. 2.3.3. However, the effects of dephas-

ing and pump depletion are heavily influenced by the laser pulse intensity and plasma

density, as will be shown below.

Dephasing

Due to their low mass, the electrons trapped in the laser-wakefield will undergo an

acceleration that will rapidly propel them to velocities close to the speed of light

(ve → c). However, the plasma wave that drives this acceleration will have a phase

velocity intrinsically set by the velocity of the laser, which is less than c, and can be

calculated using the equation for the group velocity of an electromagnetic wave in

plasma,

vg = c

√
1− ne

nc
≈ c

(
1− 1

2

ne
nc

)
, (3.9)

where ne is the plasma electron density, nc is the critical density, and ne � nc. This

disparity in the respective velocities means that the accelerated electron bunch will

outrun the wake. In the linear regime, the region of desired electron focusing and

acceleration is located within a quarter of the wave period, λp/4. 41 and once the

electrons traverse this distance within the cavity, they will exit the accelerating phase

of the wakefield and will start to experience a deceleration. The distance through the

plasma over which this mechanism occurs, is called the ‘dephasing length’, Ld, and
41 Ref. [77] Cros, B., CERN Yellow Reports (2016)
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is approximately given, in the linear (a20 � 1) and non-linear (a20 � 1) regimes, by

Ld '
λ3p

2λ2L
×


1 for a20 � 1

(
√

2/π) a0 /Np for a20 � 1 ,

(3.10)

where Np represents the number of plasma periods trailing behind the laser pulse. 42

The Np factor assumes relevance in the non-linear regime as a result of laser pulse

steepening, which leads to an increase in the plasma wave period.

Pump Depletion

As the laser pulse propagates through the plasma, it transfers its energy to the plasma

in the formation of the plasma waves. The ‘pump depletion length’, Lpd, is the

propagation distance through the plasma at which the laser pulse energy becomes

equal to the energy within the plasma wave, and is approximately given by 43

Lpd '
λ3p
λ2L
×


2/a20 for a20 � 1

(
√

2/π) a0 for a20 � 1 .

(3.11)

42 Ref. [78] Esarey, E. et al., Reviews of Modern Physics (2009)
43 Ref. [78] Esarey, E. et al., Reviews of Modern Physics (2009)
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3.4 Target Normal Sheath Acceleration

Target normal sheath acceleration (TNSA) is a method of generating proton beams

through the interaction of an intense laser pulse (IL ≥ 1019 W/cm2) with a solid thin

foil target (thickness of the order of 10s of µm). Current laser technology is incapable

of directly accelerating ions, due to the negligibly small ion quiver motion in a laser

field, calculated by
vi
c

=
ZeE

Mωc
=
Zm

M
a0 . (3.12)

To directly accelerate ions to relativistic velocities would require an a0 ∼ 2000 which

is beyond the capabilities of contemporary laser systems. However, by using a laser

field to generate a plasma and create strong charge separations within, it is possible

to create a plasma-based ion accelerator.

In the case of TNSA, which is illustrated in Fig. 3.9, 44 when the laser is fired

upon a thin foil target, the laser prepulse interacts with the foil target, prior to the

arrival of the main pulse, and forms a blow-off plasma at the surface, with a steep

density gradient. 45 When the main laser pulse arrives, it interacts with this pre-

FIGURE 3.9: Illustration of the TNSA mechanism.

formed plasma to create a relativistically hot (Th) electron population, predominantly

through the mechanism of vacuum heating or ~J × ~B (see Sec. 2.3.4). These hot elec-

trons travel through the thin foil target, ionising atoms in their path, and emerge at the
44 Image in Fig. 3.9 from Ref. [79] Schwoerer, H. et al., Nature (2006)
45 Ref. [80] Roth, M. & Schollmeier, M., CERN Yellow Reports (2017)
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rear surface (i.e. the side opposite to the laser-irradiated side). However, the capaci-

tance of the target prevents the hot electron cloud from escaping, and the electrons are

deflected back and forth through the target, ultimately forming a strong electrostatic

field, capable of reaching values exceeding 1012 V/m, that can accelerate protons to

energies of the order of tens of MeV. 46 Due to the sharper density transition at the

rear surface, compared to the front surface (where the extent of pre-formed plasma

is relatively long), protons and ions will be rapidly accelerated normal from the rear

surface. Due to their more favourable charge-to-mass ratio, protons are more effi-

ciently accelerated than ions. Because they are accelerated from a static position at

the rear surface, and are solely driven by the electrostatic fields, the resultant proton

beam is of very high quality.

These beam characteristics are perfectly suited for a number of medical and re-

search applications, but in the context of this thesis, TNSA proton beams are ideal

for the probing of electromagnetic fields within plasmas via the proton radiography

technique (see Sec. 3.7). These beam characteristics are outlined below.

Laminarity

One of the most favourable characteristics of TNSA beams is their laminarity. Ex-

periments studying the TNSA process and the resultant proton beam properties, have

demonstrated the beams to have a virtual source located a few hundred microns from

the target surface (the surface irradiated by the laser). 47 This quality is ideal for a

point-projection imaging system, such as proton radiography.

When discussing the laminarity of particle beams, it is worth noting their emit-

tance. Conventional RF accelerated proton beams, such as those produced with the

CERN Super Proton Synchrotron (SPS), have a transverse emittance of≈ 0.5 mm·mrad

(normalised root-mean-square) at the proton source. 48 The comparative emittance

of TNSA beams are dramatically smaller (by a factor of > 100). 49 This is not only

down to the favourable accelerating field structure, but is mainly due to the proton
46 Ref. [81] Snavely, R. A. et al., Physical Review Letters (2000)
47 Ref. [82] Borghesi, M. et al., Physical Review Letters (2004)
48 Ref. [80] Roth, M. & Schollmeier, M., CERN Yellow Reports (2017)
49 Ref. [80] Roth, M. & Schollmeier, M., CERN Yellow Reports (2017)
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beam co-moving with the hot electrons during the acceleration phase, which effec-

tively neutralises the overall charge of the beam. This beam neutral quality is partic-

ularly useful for the probing of plasma regions, because whilst the proton beam will

not interfere with the plasma, it will be sensitive to the presence of any electromag-

netic fields within it. This is because the Debye length of the propagating protons

will tend to be greater than the scale length of the EM variation.

Broad Energy Spectrum

The constituent protons of the proton beam typically originate from field ionised wa-

ter droplets and hydrocarbon contaminants residing on the rear surface of the foil

target. During the acceleration process, whereby the hot electrons form the sheaths

that set-up the necessary accelerating fields, the protons on the surface of the foil

experience these fields as a function of their position and depth. That is, protons

at the outermost layer of a surface contaminant will experience a stronger acceler-

ating force, whilst protons located deeper within the contaminant layer, are slightly

shielded and do not experience the same accelerating forces. Also, the distribution

of hot electrons in the sheath is not transversely homogeneous, and this consequently

results in inhomogeneous acceleration gradients across the target. These two factors

result in a broad energy spectrum, which is not ideal for applications that require

mono-energetic beams, such as proton therapy for cancer treatment, but it is ideal

for proton radiography. This is because the protons of different energies will probe

a region at different times, with faster protons probing the region earlier in time, and

slower protons probing the region later in time. This allows for the temporal evolu-

tion of a probed region to be imaged (which is also possible because of the Bragg

peak phenomenon).
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3.5 Detectors

The experiments described in this thesis utilise LWFA electron beams to generate

a quantum electrodynamic (QED) cascade electron-positron beams. TNSA proton

beams are also used as a diagnostic tool for measuring magnetic fields. It is therefore

essential to employ suitable particle detectors according to the desired measurement.

For all the electron and positron measurements (i.e. spectra, beam profile and

charge), two main detectors were used; namely imaging plates and Lanex screens.

For the proton beam, radiochromic film (RCF) was used as the sole detector. The

properties of these detectors will be described in this section.

3.5.1 Imaging Plate

The imaging plate (IP) is a highly effective radiation detector, designed by Fujifilm,

and based on photostimulable phosphor (PSP) technology. IPs comprise of an active

layer of fine crystals (∼ 5 µm) of barium fluorohalide phosphor, doped with trace

amounts of luminescent divalent europium (BaF(Br,I):Eu2+). These crystals, sus-

pended within a plastic binder, are uniformly distributed upon a polyester substrate,

with a thin protective layer of mylar adhered atop the active layer.

The crystal structure of BaF(Br,I):Eu2+ has inherent point defects with vacancies

located where halogen ions would ideally reside (in a perfect crystal lattice structure).

These anionic vacancies, often referred to as ‘Farbe-centres’, ‘F-centres’ or ‘colour-

centres’, can be filled by one or more unpaired electrons. Therefore, when an IP

is exposed to radiation, the Eu2+ ions are ionised into Eu3+ ions, with the freed

electrons released into the conduction band, where they become trapped in the F-

centres. In this metastable state, which is in a higher energy state than in its original

state, the IP effectively stores a ‘map’ of the incident radiation.

This radiation map is extracted through a process called ‘photostimulated lumi-

nescence’ (PSL), which is performed using a specialised scanning device (in this

case, a Fujifilm FLA-5000), the inner workings of which are illustrated in Fig. 3.10.

The scanner operates by using a red laser diode, with a wavelength of 635 nm,

to ‘kick’ the trapped electrons out of the F-centres, and back into the conduction
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FIGURE 3.10: Simplified diagram of the IP scanning process. The
red laser reads across the plate in the ‘main scan direction’ with the
use of a rotating mirror. The IP is scanned row by row in the ‘sub-
scan direction’. The PSL is collected by a PMT, with the signal

subsequently digitised to allow for electronic imaging.

band. The freed electrons subsequently recombine with the Eu3+ ions, returning to

the original Eu2+ state again, with the excess energy released in the form of violet

light (400 nm). This PSL is captured by light collection optics that guide the light

to a photomultiplier tube (PMT) which generates an analogue electric signal. An

analogue-to-digital converter (ADC) digitises the signal (in 8-bit or 16-bit format),

which is logged as the ‘quantum level’ (QL) value, along with the associated pixel

co-ordinates. The digitised information can thereafter be displayed and measured on

a personal computer. However, the direct readout from the IP scan requires conver-

sion of the logarithmic QL data values to linear PSL values. This is achieved by using

Eqn. 3.13,

PSL =

(
R

100

)2

×
(

4000

S

)
× 10

L

(
QL

2B−1
− 1

2

)
, (3.13)

where R is the scan resolution in µm, S is the sensitivity (1000, 4000, 10000 or

30000), L is the latitude (4 or 5), QL is the quantum level value to be converted, and

B is the bit-format (8 or 16). These settings are defined by the user pre-scan.

With the PSL converted image obtained, a correction factor must be applied for

‘fading’ of the signal. This fading effect manifests as a reduction in PSL intensity as a

function of time and increased temperature, and is due to thermal release or diffusion
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of trapped electrons from the F-centres. For this reason, it is customary to record the

time at which the IP is irradiated and the time at which it is scanned. The magnitude

of fading for the measured time (as well as the necessary correction factor) can be

garnered from the graph in frame a. of Fig. 3.11. 50 It can be seen that the rate of

fading is initially rapid, but starts to slow significantly after 60 minutes. Therefore,

for a more uniform IP readout, whereby the fade difference is minimal between the

start and finish of the scan, it is favourable to scan IPs an hour or more after exposure

to radiation.

FIGURE 3.11: The graph in frame a. plots the decrease of the IP
signal as a function of time, whilst the graph plotted in frame b.

relates IP sensitivity as a function of electron energy.

After correcting the PSL signal for fading, it is possible to extract the number of

electrons that irradiated the IP, by using the graph in frame b. of Fig. 3.11. 51 This

graph shows the absolutely calibrated sensitivity curve for electrons with energies up

to 1 GeV. Therefore, if the energy spectrum can be measured i.e. by using a magnetic

spectrometer, the number of electrons can be extracted using the PSL/electron values.

50 Graph in frame a. from Ref. [83] Tanaka, K. A. et al., Review of Scientific Instruments (2005)
51 Graph in frame b. from Ref. [84] Nakanii, N. et al., Review of Scientific Instruments (2008)
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3.5.2 Lanex Scintillator Screen

Although IPs are an effective and essential diagnostic in experiments utilising elec-

tron beams, the necessity to remove the irradiated IP from the setup and scan, makes

them very impractical and time-consuming. Therefore, it is standard practice in ex-

periments with relativistic electron (positron) beams to use scintillating screens im-

aged by charge-coupled devices (CCDs) in the place of IPs. This allows for the

observation of beam profiles and spectra in real-time, which is invaluable in allow-

ing users to optimise the beam setup (e.g. parameter scans) as well as accumulate

a greater quantity of shots for better statistics. However, this does not eliminate the

need for IPs. They are still required to calibrate the scintillating screens and to accu-

rately measure beam charge.

The scintillating screen of choice for the experiments described in this thesis are

the commercially available Kodak Lanex screens. Lanex is composed of a scintillat-

ing layer of terbium-doped gadolinium oxysulfide (Gd2O2S:Tb) in a urethane binder,

adhered to a polyethylene terephthalate substrate, with a thin protective coating of

cellulose acetate front and rear. 52 The terbium is intentionally introduced to gadolin-

ium oxysulfide to provide ‘activator’ sites within the crystal lattice structure, which

essentially modify the overall energy structure of the crystal. When exposed to ion-

ising radiation, a large number of electron-hole pairs are generated within the crys-

tal. The positive holes rapidly relocate to the more energetically favourable activator

sites. Electrons freed into the conduction band fall into the ionised activator sites,

which have their own distinct energy states. The electrons subsequently transition

to the ground state of the activator, emitting a visible photon. For Gd2O2S:Tb, the

emission spectrum has a narrow peak centred around 546 nm (green), with a decay

time to 10% of 2 ms. 53 To record the scintillating light (ergo the source radiation),

the rear surface of the Lanex screen is imaged using a CCD. To isolate the scintil-

lation light, it is crucial, and typical to create an enclosed ‘light-tight’ environment,

free of any light pollution, between the rear of the Lanex and the CCD. A thin layer
52 Ref. [85] Glinec, Y. et al., Review of Scientific Instruments (2006)
53 Ref. [86] Tyrrell, G. C., Nuclear Instruments and Methods in Physics Research A (2005)
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(15 µm) of Al foil covers the front surface of the Lanex, to stop laser light from il-

luminating the Lanex. Bandpass filters are also placed in front of the light-collecting

optics used with the CCDs, to favour the transmission of the scintillation wavelength.

This means that the wavelength-dependent quantum efficiency of the CCD can be ne-

glected. Also, considering that the energy (per electron) deposited in the scintillator

screen is constant for electron energies above a few MeV, 54 the recorded charge is

proportional to the count number on the CCD.

3.5.3 Radiochromic Film

Radiochromic film (RCF) is a specially designed radiation dosimetric tool widely

used within the medical profession. However, RCF has also proven to be a most

useful radiation detector in the laboratory, for not only high-energy photons, but also

high-energy particles. In the proton radiography technique, a stack of several RCF

is typically used to measure the proton signal within different energy bands. To

summarise how they work, RCFs tend to comprise of an active layer adhered to a

substrate, which is a translucent yellow-green colour to look at in its original state.

However, when exposed to radiation, the RCF undergoes a colour change, with ir-

radiated parts turning blue. By measuring the optical density, the radiation dosage

can be measured. The fact that the RCF is a self-developing film (with no need of

etching), and is easy to handle makes it an attractive detector to work with.

There are many varieties of RCF which have different properties, that tend to

trade between sensitivity and resolution. In the context of the work in this thesis,

only GAFChromic HD-V2 dosimetry film was used, and that is what will be de-

scribed in this section.

RCF Composition

The GAFChromic HD-V2 film is composed of a 12 µm thick active layer, coated

onto a transparent, 97 µm thick polyester substrate, as shown in Fig. 3.12. 55 The ac-

tive component, within the active layer, is comprised of micro-crystals packed with
54 Ref. [85] Glinec, Y. et al., Review of Scientific Instruments (2006)
55 Ref. [87] GAFChromic Dosimetry Media, Type HD-V2 User Guide
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FIGURE 3.12: Composition of GAFChromic HD-V2 film.

monomeric diacetylene molecules, all suspended within a gelatin matrix. When these

diacetylene molecules are exposed to ionising radiation, a dose-dependent polymeri-

sation reaction is instigated, forming polydiacetylene. A crucial result of this reac-

tion is that the polydiacetylene is blue in colour, and has a strong absorption peak at

≈ 670 nm, and a slightly less strong absorption peak at ≈ 635 nm. 56 The polymeri-

sation is confined to molecule packets, within exposed micro-crystals, meaning that

the RCF has a resolution defined by the micro-crystal size, which in this case is of

sub-µm scale.

When using this RCF in the proton radiography set-up, it is customary to put to-

gether several RCF in a stack, with a layer of 14 µm thick aluminium foil placed at

the front (the side first impinged upon by the proton beam). The purpose of this layer

of foil is to shield the RCF from noise sources, including any heavy ions co-moving

with the proton beam, or any soft X-rays produced in laser-plasma interactions. It

also protects the RCF from any shot debris. The hot electrons travelling with the

proton beam, cannot be shielded, and will inevitably contribute to the optical density

of the RCF. However, this contribution is uniform over the surface of the RCF layers,

and is background subtracted during final analysis.

Optical Density

Once the RCF is irradiated, the optical density of the film is obtained by scanning the

RCF in a 48-bit flatbed colour scanner. The optical density, OD, is defined as

OD = log10

(
I0
I

)
, (3.14)

where I0 is the initial intensity of scanning light source, and I is the transmitted light

intensity through the RCF. It is preferable to scan the RCF at as high a resolution

as possible, as this quantity imposes a spatial resolution limitation on the measured
56 Ref. [87] GAFChromic Dosimetry Media, Type HD-V2 User Guide
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proton signal. Using the tagged image file format (TIFF) allows for the scan to save

the individual red, green and blue components of the transmitted light, at 16-bit per

channel, which upgrades Eqn. 3.14 to

ODR,G,B = log10

(
216 − 1

PR,G,B

)
, (3.15)

where ODR,G,B represents the optical density for the pixel value PR,G,B , in the re-

spective red, green or blue channel.

Fig. 3.13 57 shows the calibration curve for HD-V2 RCF. It can be seen that the

optical density is linearly proportional to proton dose deposition in all three colour

bands. The graph also shows that these colour channels have their own optimal win-

FIGURE 3.13: Calibration curve of HD-V2 RCF for each colour
channel. The error bars lie within the dimensions of the circles.

dows of dynamic range, whereby the blue channel is effective for high proton doses

(> 500 J/kg), and the red channel is most effective for low proton doses (< 100 J/kg),

with the green channel effectively measuring the intermediate dose range (100 to

500 J/kg).

Energy Resolution

As mentioned in Sec. 3.4, TNSA proton beams exhibit a broad energy spectrum. A

consequence of this, is that the protons will have different stopping distances as they
57 Ref. [88] Sarri, G., Investigations of laser-plasma interactions of relevance to Inertial Confinement

Fusion (PhD Thesis, Queen’s University Belfast, 2010)
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propagate through the RCF stack, with higher energy protons propagating further

than their low energy counterparts. The protons will deposit the majority of their

energy just before they come to rest, according to the Bragg peak phenomenon. This

means that each RCF within the stack records a signal corresponding to a narrow en-

ergy band, related to the proton energies that come to rest in the vicinity of the RCF

active layers. There will be some contribution to the signal from higher energy pro-

tons as they propagate through the stack, as they gradually slow, but this is relatively

minor.

The total energy deposition, εdep, within a single RCF layer, as a function of the

initial proton energy, εp, is expressed as

d εdep
d εp

=
dNp

d εp
·R (εp) , (3.16)

with dNp/d εp representing the proton spectrum, and R (εp) representing the re-

sponse function of the RCF. 58 Integration of Eqn 3.16 will therefore return the total

deposited energy as

εdep =

∫ ∞
0

dNp

d εp
·R (εp) d εp , (3.17)

and the TNSA proton beam can be approximated with a Boltzmann-esque distribu-

tion, expressed as
dNp

d εp
= exp

(
− εp − εp0

kBTp

)
, (3.18)

meaning that a realistic response curve per RCF layer will assume the form ofR (εp)·

dNp/d εp. 59 By plotting the stopping curves for a stack, the relative response curve

for a particular layer can be measured by integrating along the active layer thickness.

58 Ref. [88] Sarri, G., Investigations of laser-plasma interactions of relevance to Inertial Confinement
Fusion (PhD Thesis, Queen’s University Belfast, 2010)

59 Ref. [88] Sarri, G., Investigations of laser-plasma interactions of relevance to Inertial Confinement
Fusion (PhD Thesis, Queen’s University Belfast, 2010)
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3.6 Magnetic Spectrometer

One of the most important diagnostics in experiments involving relativistic charged

particle beams is the magnetic spectrometer. The magnetic spectrometers used in

the experiments described in this thesis, comprised of a rectangular dipole magnet

with Lanex screen detectors (Sec. 3.5.2) placed on each side of the laser-axis. This

arrangement allowed for the spectral resolving of both electrons and positrons.

To describe the operation of the magnetic spectrometer, let’s consider an idealised

set-up, as shown in Fig. 3.14. In this set-up, the spectrometer comprises of a rectan-

gular dipole magnet, Lm in length, with a uniform magnetic field of ~B = Bẑ, and a

scintillator screen detector located further downstream, angled towards the magnet at

an angle of θL in the x-y plane.

FIGURE 3.14: Magnetic spectrometer comprising of a rectangular
dipole magnet (with ~B = Bẑ orientated out of the page) and a
scintillating screen detector. The red line shows the trajectory of an
electron with velocity, v, and Lorentz factor, γ, through the system.

An electron, with velocity, v, and Lorentz factor, γ, propagates along the x-axis,

as shown by the red line in Fig. 3.14, and enters the magnet at the position O (0, 0),

which is located δlm from the outer edge of the magnet. Now in the presence of the
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magnetic field, the electron experiences a deflecting force, given by the Lorentz force

equation as

γme
d~v
dt

= q (~v × ~B ) , (3.19)

whereme and q are the particle’s mass and charge respectively. Expanding Eqn. 3.19

into its Cartesian components yields

v̇x =

(
qB

γme

)
vy

v̇y = −
(
qB

γme

)
vx

v̇z = 0 ,

where it can be seen that the velocity is unaffected in the z-direction. However,

further differentiation of the v̇x and v̇y components leads to

v̈x = −
(
qB

γme

)2

vx

v̈y = −
(
qB

γme

)2

vy ,

which is the equation for simple harmonic motion, with the factor in brackets equal

to the cyclotron frequency, ωc = qB/γme. The solving of v̈x and v̈y for the position

of the electron (x, y) along it’s trajectory through the magnetic field, shows that the

electron follows a circular path with radius equal to the Larmor radius, which reads

R =
v

ωc
=
γmev

qB
. (3.20)

With the aid of the equation for relativistic momentum,

pc =
√
E2 −m2

ec
4 , (3.21)

where p = γmev is the particle momentum, and E is the particle’s kinetic energy, it

is possible to define the Larmor radius as a function of energy,

R =

√
E2 −m2

ec
4

cqB
. (3.22)
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In the ultra-relativistic case, where E � mec
2, Eqn. 3.22 reduces to

R =
E

cqB
. (3.23)

The work presented in this thesis concerns lepton beams with energies > 40 MeV,

therefore, it is reasonable to use the ultra-relativistic simplification in Eqn. 3.23. 60

Assuming that R > δlm, the electron leaves the magnet at a position P (xP , yP ),

at an angle θe with respect to the x-axis, and follows a straight path, subsequently

passing through the detector screen at a position Q (xQ , yQ) (as shown in Fig. 3.14).

Through the use of some simple geometry, the entire particle path can be determined.

To begin with, the exiting angle of the particle can be retrieved through trigonom-

etry from sin θe = Lm/R , which, if R is substituted with Eqn. 3.23, yields

sin θe =
Lm
R
≈ LmcqB

E
. (3.24)

By entering typical experimental parameters, such as Lm = 10 cm and B = 0.9 T,

the numerator returns a value of LmcqB = 27 MeV. Considering that most of the

particle energies discussed in this thesis exceed a low energy cut-off of 40 MeV, it is

therefore reasonable to use small angle approximations, such as sin θe ≈ θe.

The particle position at the exit point of the magnet, P , is obtained with the help

of the formula of the sagitta 61 to find the y-deflection through the magnet. The

co-ordinates of position P come out as

(xP , yP ) =

(
Lm , R−

√
R2 − L2

m

)
. (3.25)

When the electron leaves the magnet at point P , it follows a straight flight path

that is tangential to the particle’s Larmor radius,R, at point P (as shown in Fig. 3.14).

This tangential plane intercepts the x-axis at the point C, which, using the fact that
60 For an electron energy of 40 MeV, there is only a 0.008 % difference between the answers

procured in Eqn. 3.22 and Eqn. 3.23.
61 If one considers the sagitta as lying on the y-axis, and Lm the half-chord length lying along
y = yP . The sagitta formula is s = r −

√
r2 − `2 (sagitta, s; radius, r; half-chord length, `).
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OC = CP to solve, has the co-ordinates

(xC , yC ) =

(
x2p + y2p

2xp
, 0

)
. (3.26)

Finally, the electron passes through the detector screen at the position Q, with

co-ordinates

(xQ , yQ) =

(
DL − yQ tan θL ,

(DL − xC ) yP
xP − xC + yP tan θL

)
, (3.27)

where DL is the distance from the front of the magnet to the point where the plane of

the detector screen intercepts the x-axis, and θL is the angle the detector makes with

the transverse y-direction (as shown in Fig. 3.14).

The co-ordinate system outlined above considers the trajectory of a single elec-

tron travelling initially along the x-axis, with the final detector position returned as a

function of energy, E. However, the initial beam will have an inherent angular diver-

gence, θs, that will affect the spectral resolution of the magnetic spectrometer. The

relative energy resolution, δE/E, for a given magnetic spectrometer can be approxi-

mated, in the ultra-relativistic case, as

δE

E
≈ E

qcB

(DS +DL) θs
(DL − Lm/2)Lm

, (3.28)

where DS is the distance from the particle beam source to the entrance of the mag-

net. 62 From Eqn.3.28, it can be seen that the spectral resolution can be improved

with an increase in the length, Lm, and field strength, B, of the magnet. A smaller

distance between the beam source and the magnet, DS , can also improve the reso-

lution. Due to the fact that higher energy particles undergo less deflection through

the magnet than their lower energy counterparts, the resolution decreases linearly as

particle energy, E, increases. Fig. 3.15 highlights how changing these parameters

ultimately effects the resolution of the spectrometer.

62 Ref. [89] Glinec, Y., Propagation of an ultra-intense laser pulse in an under-dense plasma:
Production of quasi-monoenergetic electron beams and development of applications.
(PhD Thesis, École Polytechnique, 2006)
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FIGURE 3.15: Plots of lepton deflection as a function of energy
are shown in the left column, whilst the related energy resolution is
plotted in the right column. The top row shows the lepton dispersion
and resolution for a typical magnetic spectrometer set up, which
shows that larger B-fields result in better resolution. The middle row
shows that by increasing the magnet length, Lm, the resolution can
be improved. The bottom row retains the lengthened magnet, and
decreases the distance between the lepton source and the magnet

entrance, Ds, which further improves resolution.

3.6.1 Calibration of System

Lanex scintillator screens (Sec. 3.5.2) are typically used as the detector in the mag-

netic spectrometer system. This is due to their compatibility with a high-repetition-

rate laser system. It does, however, require the use of an imaging system to capture

the emitted signal from the Lanex, as well as a calibration of the charge so as to

extract the particle numbers. The imaging system generally comprises a CCD fitted

with a zoom lens to image the rear surface of the Lanex screen; sometimes with the

aid of mirrors.

Crucially, the spatial coordinates of the Lanex screen must be referenced with
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the acquired CCD images. This is achieved in a couple of ways. Usually, a ruler is

affixed to the edge of the Lanex screen (parallel with the beam dispersion direction),

that is present throughout the experimental run, with regular reference images taken.

It is also customary to take regular reference images with a spatial grid of known

dimensions placed on the rear surface of the Lanex. Both these methods allow for the

positional referencing of the Lanex in relation to the zero-point axis. This allows for

the subsequent relating of on-screen position with particle energy.

To relate the observed signal with charge is a little more convoluted, requiring

cross-calibration with imaging plates (Sec. 3.5.1). By placing an IP on the front sur-

face of the Lanex screen (facing the magnet), it is possible to simultaneously acquire

a charge measurement on the IP and an image with the CCD. The electron numbers

are easily extracted from the IP, and with a successful overlay with the correspond-

ing Lanex signal, appropriate corrections can be made to the CCD values to return a

congruous measurement of charge (electrons per count) in relation to position on the

Lanex screen.
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3.7 Proton Radiography

3.7.1 Overview of Technique

One of the most important diagnostic techniques used to acquire experimental results

for this thesis, was the proton radiography technique. 63 The technique (as illus-

trated in Fig 3.16) utilises a proton beam, generated via the interaction of an intense

laser pulse (IL ≥ 1019 W/cm2) with a thin metallic foil (of µm-scale), to probe the

EM fields within a target region (interaction region/target), where typically, a second

beam (i.e. laser or particle beam) has interacted with a solid or gas target. The mech-

anism of proton acceleration in this regime is Target Normal Sheath Acceleration

(TNSA) 64 (see Sec. 3.4). After the proton probe beam has propagated through the

interaction region, the proton signal is recorded within a stack of Radiochromic Film

(RCF) (see Sec. 3.5.3).

FIGURE 3.16: Simplified illustration of a typical proton radiogra-
phy setup. The interaction plane represents the plane upon which

the secondary interaction beam propagates.

Due to the highly laminar characteristic of the proton beam, the proton source

is equivalent to virtual point source located ls from the front surface of the foil (as

illustrated in Fig. 3.16). Therefore, a point projection of the probed interaction region
63 Ref. [90] Romagnani, L. et al., Physical Review Letters (2005)

Ref. [91] Sarri, G. et al., New Journal of Physics (2010)
64 Ref. [81] Snavely, R. A. et al., Physical Review Letters (2000)
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is obtained with an intrinsic geometrical magnification, M , as given by

M =
ls + l + L

ls + l
≈ L+ l

l
, (3.29)

where l is the distance between the foil target and the interaction plane (typically a

few mm), and L is the distance from the interaction plane to the detector (typically a

few cm). As the distance from the virtual source to the foil target (ls) is only of the

order of a few hundred µm, 65 it is appropriate to neglect ls for an approximation of

M .

Another advantageous characteristic of TNSA proton beams is their broad energy

spectrum. This beam property, used in conjunction with a stack of RCF, allows for

the probed region to be imaged at different temporal periods within a single shot.

This, along with all the properties discussed in this overview will be explained more

fully in the following pages.

3.7.2 Physical Principles of Proton Radiography

As stated previously, the proton radiography technique yields a two-dimensional pro-

jection of the EM field distribution within the interaction region. It is therefore perti-

nent to derive the relationship between the recorded proton density modulation at the

plane of the detector, with the EM field amplitudes located at the interaction plane.

To do this, let’s consider a test charge, a single proton, traversing an EM field

over a finite distance, b, with an initial velocity, vp. The proton will gain a transverse

velocity δ~v⊥ that is given by

δ~v⊥ =
e

mp

∫
b
( ~E + ~vp × ~B)⊥dt =

e

mpvp

∫
b
( ~E + ~vp × ~B)⊥dx , (3.30)

which is a valid approximation, provided the proton’s longitudinal velocity is domi-

nant (i.e. vp � v⊥). 66 Although experimental data from TNSA experiments show

beam divergences of the order of 20 deg, 67 the transverse velocity of any given proton
65 Ref. [82] Borghesi, M. et al., Physical Review Letters (2004)
66 Ref. [91] Sarri, G. et al., New Journal of Physics (2010)

Ref. [88] Sarri, G., Investigations of laser-plasma interactions of relevance to Inertial Confinement
Fusion (PhD Thesis, Queen’s University Belfast, 2010)

67 Ref. [82] Borghesi, M. et al., Physical Review Letters (2004)
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is found to be approximately linearly proportional to their transverse displacement

from the beam propagation axis. For this reason, if the interaction region is relatively

small, and located close to the proton beam axis, then the protons probing the region

of interest will have velocities with negligibly small transverse components.

Using Eqn. 3.30, the transverse displacement, ξ⊥, of the test proton, at the detec-

tor plane, will be given by

ξ⊥ ≈ δ~v⊥∆t ≈ eL

mpv2p

∫
b
( ~E + ~vp × ~B)⊥dx , (3.31)

where ∆t = L/vp is the time for the proton to travel from the interaction region to

the detector. By introducing the proton energy, εp =
mpv2p

2 , as well as defining the

average of the integral function as

〈( ~E + ~vp × ~B)⊥〉 =
1

b

∫
b
( ~E + ~vp × ~B)⊥dx , (3.32)

then Eqn. 3.31 can be simplified to give

ξ⊥ ≈
eLb

2εp
〈( ~E + ~vp × ~B)⊥〉 . (3.33)

Now, in order to diagnose the perturbation of the proton beam, let’s define the

proton density at the detector plane as np, and the proton density prior to traversing

the EM field region as np0, and the unperturbed proton density at the detector plane

(as if no EM field existed) as npu. The density perturbation of the beam at the de-

tector plane would be given by δnp = np − npu. Furthermore, np, can be related to

np0, through np = np0/|J |, wherein |J | is the determinant garnered from the Jaco-

bian transformation from the transverse Eulerian co-ordinates, ~x⊥, to the Lagrangian

transverse co-ordinates, ~ξ⊥, for the protons. 68 Assuming small angular deflections,

the determinant |J | can be approximated as |J | ≈ M2 + M∇⊥ · ~ξ⊥, in which ∇⊥·

indicates the taking of the derivative with respect to the transverse components only

i.e. y and z. This allows for δnp to be expressed as δnp ≈ −npu/M∇⊥ · ~ξ⊥, with

npu = np0/M
2. Therefore, the expression that relates the proton density perturbation

68 Ref. [88] Sarri, G., Investigations of laser-plasma interactions of relevance to Inertial Confinement
Fusion (PhD Thesis, Queen’s University Belfast, 2010)
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to the transverse components of the EM field distribution is

δnp
np

= − eL

2εpM

∫
b
∇⊥ · ( ~E + ~vp × ~B) dx . (3.34)

However, when it comes to extracting the EM field distribution from a proton signal

recorded by a RCF stack, Eqn. 3.34 cannot be used to reveal the responsible fields.

It is therefore a necessity to employ particle tracing simulations (see Sec. 3.8.1) to

derive said fields.

3.7.3 Temporal and Spatial Resolution

Temporal Resolution

The different layers of RCF within an RCF stack will record the proton signal of

distinct energy bands. The temporal resolution is determined by a number of factors,

which include the proton beam duration, δtp, the time taken for the protons to traverse

the interaction region, δtt, and the energy spread within each layer of RCF.

In the TNSA scheme, the generated proton beam has a pulse duration of the order

of the acceleration time of the hot electrons, with theoretical estimations (supported

by experimental data) 69 determining this to be δtp ≈ 1.3× τL (where τL is the laser

pulse duration). So if we consider a laser pulse with a duration of τL = 45 fs, then

the proton pulse duration can be estimated to be δtp ≈ 58.5 fs.

The energy spread, δεp, within a layer of RCF is typically of the order of δεp ≈

0.5 MeV. The temporal uncertainty through the RCF of thickness, d, is given by 70

δtRCF ≈ d ·
√

mp

(2εp)3
· δεp , (3.35)

which, for a proton beam with an energy range of εp ≈ 1 to 5 MeV, and an RCF

thickness of d ≈ 110 µm, yields a temporal resolution of δtRCF ≈ 0.18 to 1.99 ps.

69 Ref. [92] Fuchs, J. et al., Nature Physics (2006)
70 Ref. [91] Sarri, G. et al., New Journal of Physics (2010)
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Whilst the proton beam propagates through the interaction plasma region, it will

incur deflections. This temporal window is given by

δtt =
b

vp
= b ·

√
mp

2εp
, (3.36)

which if we consider the plasma region, b ≈ 1 mm, then δtt ≈ 32.31 to 72.25 ps.

Thus, the hierarchy of all these contributing factors (for the sample parameters

given) works out as δtp < δRCF < δtt , with the biggest influence on temporal resolu-

tion attributable to propagation through the plasma region.

Spatial Resolution

Three main factors that define the spatial resolution of the proton radiographic tech-

nique. These include the resolution of the physical RCF, the resolution of the scanned

imaged of the RCF, and the size of the virtual source of the TNSA proton beam.

As described in Sec. 3.5.3, the resolution of the physical RCF is defined by the

size of the micro-crystals within the active layer, and these are typically < 1 µm.

The resolution of the scanned image of the RCF is defined by the resolution of

the flatbed scanning system. It is for this reason, that it is favourable to scan with

the maximum possible resolution. In the case of the data presented in this thesis,

1200 dpi was used, which equates to a resolution of ≈ 21.2 µm. Considering that the

recorded image on the RCF is geometrically magnified by a factor M (as given by

Eqn. 3.29), which is typically in the range of 6 to 10, the effective resolution of the

interaction plane works out to be a few µm.

The third factor is the transverse size of the virtual proton source. Experiments

characterising TNSA proton beams have found the virtual source size to be of the

order of 5 to 10 µm. 71 As this factor is generally the largest of the three, the vir-

tual source size represents a fair approximation of the spatial resolution of a proton

radiography set-up.
71 Ref. [82] Borghesi, M. et al., Physical Review Letters (2004)
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3.7.4 Field Sensitivity

The minimum detectable EM gradient of a proton radiography set-up is set by the

minimum proton density modulation observable of the RCF, which is of the order of

δnpmin/np ≈ 0.01. 72 Using Eqn. 3.34, the minimum detectable field gradient 73 is

given by

∇⊥ · ( ~E + ~vp × ~B) ≈ 2εpM

eLb

δnp
np

. (3.37)

In the context of this thesis, only magnetic fields are expected to be present within

the interaction region, so it is useful to calculate an estimate for the minimum de-

tectable magnetic field. This can be achieved by estimating the B-field required

to deflect a proton the minimum spatial resolution (≈ 5µm). Assuming that the

transverse proton velocity, v⊥, is a very small component of the overall velocity,

i.e. v⊥ � vp, then the perpendicular velocity induced by a magnetic field within the

interaction region is given by

|~v⊥| =
| e (~vp × ~B) · δtt |

mp
. (3.38)

The transverse deflection of the proton, at the detector plane, located at a distance L

from the interaction plane, can therefore be expressed as

ξ⊥ =
v⊥
vp
· L . (3.39)

By combining Eqns. 3.38 and 3.39, the minimum detectable magnetic field can be

estimated by

Bmin ≈
ξmin
Lb

· (2εpmp)
1/2

e
. (3.40)

As an example, if we consider a proton radiography setup with parameters L ≈

64 mm, εp ≈ 1.1 MeV, b ≈ 100 µm, and ξmin ≈ 5 µm, the minimum detectable

magnetic field is estimated to be Bmin ≈ 0.1 T.

72 Ref. [88] Sarri, G., Investigations of laser-plasma interactions of relevance to Inertial Confinement
Fusion (PhD Thesis, Queen’s University Belfast, 2010)

73 An EM field gradient within the probed region is essential for the proton radiography technique to
work, as a completely uniform field would result in a uniform deflection of the beam protons with
no discernible proton density modulation.
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3.8 Simulations

3.8.1 Particle Tracing Code

To diagnose the three-dimensional EM field structure responsible for the observed

two-dimensional proton density modulations on the RCF, a Particle Tracing simu-

lation code is employed. The code allows for the experimental proton radiography

set-up to be replicated (to scale), with the ability to place user-defined EM field distri-

butions within the interaction region. The particle trajectories of a simulated proton

beam are calculated, as it propagates from a virtual point source, through the interac-

tion region, to the detector plane. The proton trajectories are calculated through the

numerical integration of the non-relativistic equation of motion for a proton (with a

user-defined initial energy), as it traverses the EM field distribution which reads as

d~vp
dt

=
e

mp
( ~E + ~vp × ~B) . (3.41)

The interaction between the protons in the beam are neglected, as is the co-travelling

hot electron cloud present in TNSA beams.

The code records the proton deposition at the detector plane, producing a two-

dimensional proton density map akin to the RCF. This map can be cross-examined

with the experimental RCF, and the EM field distribution can be altered until a match

is found. 74

It must be noted that it is possible to have multiple solutions, with various EM

field profiles, yielding the same result. Therefore, this method of particle tracing is

used to confirm an expected or most plausible field distribution, rather than return a

unique result.

74 Ref. [93] Romagnani, L. et al., Physical Review Letters (2010)
Ref. [94] Quinn, K. et al., Physical Review Letters (2012)
Ref. [95] Smyth, A. G. et al., Physics of Plasmas (2016)
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3.8.2 Particle-In-Cell Simulations

The particle-in-cell (PIC) code is an invaluable tool for the study of collisionless

plasma dynamics, and is particularly useful in the testing of plasma theories, as well

as the informing and support of experimental results. The PIC code operates by

approximating each species, i, within a plasma as a collection of computational par-

ticles (CPs). Each CP represents a phase space element, with a charge-to-mass ratio

corresponding with the specific particle species being represented. The charge, qi,

and mass, mi, values of a CP do not necessarily have to equate to an individual par-

ticle of the species, i, provided the charge-to-mass ratio is correct; meaning that the

CPs can represent discrete samples of the overall species distribution.

The simulation is performed within a user-defined spatial grid, or simulation box,

which has a spatial resolution that allows for the observation of both small-scale and

bulk plasma dynamics. To achieve this, the dimensions of each cell within the simula-

tion box is typically much less than the plasma skin depth i.e. Lcell � c/ωp, whilst

the dimensions of the simulation box are typically much greater i.e. Lbox � c/ωp.

The CPs are distributed within the grid system, with each plasma species, i, as-

signed their own phase-space density distribution, fi(~x,~v, t). From this vector, the

associated charge and current of each CP is projected onto the grid system, which

in turn, uses the charge and current densities to solve Maxwell’s equations. The

obtained electric, ~E, and magnetic, ~B, fields are interpolated back to the grid, and

subsequently used to advance the CP positions and velocities, according to the rel-

ativistic Lorentz force equation. This represents a single iteration of the simulation,

and the cycle repeats itself with the updated phase space density distributions for

each species. Each cycle represents a single time step, ∆t, and in order to accu-

rately observe the evolution of the plasma, this requires the time incrementation to

be less than the inverse plasma frequency i.e. ∆t � ω−1p (in accordance with the

Courant-Friedrichs-Lewy condition, ∆x ≥ c∆t).
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3.8.3 Monte-Carlo Simulation

Monte-Carlo simulation codes are widely used to model stochastic (non-deterministic)

scenarios, They utilise a mathematical technique that, given an initial scenario, or

set of input variables, calculates all possible resulting scenarios, with each scenario

weighted by a probability distribution, which converges to, and returns the most

probable outcome. Monte Carlo simulations are therefore a very useful tool for the

modelling of stochastic physics scenarios such as bremsstrahlung emission and pair-

production. It is also very helpful in the planning of experiments, by testing, for

example, the outcomes of using different targets, components and shielding.

In the context of this thesis, the FLUKA 75 Monte Carlo code was used for any

results quoted, as it is specifically developed for calculations involving particle prop-

agation and interactions with matter. The user can define complicated experimental

geometries and materials, and select from ∼ 60 different particles (and their anti-

particles), as well as photons, to propagate through the system. Of particular interest

to the work in this thesis, is the interaction of electrons, positrons and high-energy

photons with matter; and FLUKA is capable of simulating relevant processes such

as elastic scattering, ionisation, bremsstrahlung, pair-production and positron annihi-

lation. It also has the capability to track charged particles in electric and magnetic

fields, meaning spectrometers can also be modelled.

75 Ref. [96] Battistoni, G. et al., AIP Conference Proceedings (2007)
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4.1 Introduction

One of the chief pursuits amongst the experimental physics research community, is

the production of high-quality relativistic positron beams. Such beams are of major

significance to the world of science and engineering, with applications in the fields

of nuclear physics, particle physics, laboratory astrophysics, plasma physics, as well

as material science.

Conventional particle accelerators rely on radio-frequency (RF) acceleration tech-

nology, in the form of linear accelerators (LINACs), and synchrotrons. In order to

produce beams with the desirable beam characteristics for their intended purpose,

conventional accelerators tend to be vast in size (measuring up to multiple km in

length and/or diameter); requiring multiple sections for the purposes of acceleration,

storage, and beam manipulation. The size of these accelerator facilities is dictated by

the RF technology itself. The RF cavities used to support the electromagnetic fields

that accelerate the charged particles are limited by the breakdown-threshold of the

cavity walls. Therefore, the electric fields used, tend to be limited to the order of

100 kV cm−1. The cost of building, operating and maintaining such facilities is also

extremely expensive.

However, with the growth of plasma-based techniques, particularly laser-wakefield

acceleration (LWFA), there is growing enthusiasm for the development of hybrid ac-

celerators, that can combine the best elements of laser-driven, plasma-based tech-

nology with conventional RF technology. This enthusiasm is based on the ability

of plasmas to support electric fields of the order of a 1 GV cm−1, which is over a

thousand times greater than possible with RF accelerators. This means that the incor-

poration of plasma-based acceleration techniques could potentially reduce the size

and cost of future accelerators.

The most renowned positron accelerator ever made, was the Large Electron-

Positron (LEP) collider in CERN. The LEP (which was decommissioned in 2001 and

repurposed into the the Large Hadron Collider (LHC)) represents the epitome of con-

ventional particle acceleration technology. As can be seen in Fig. 4.1, 1 LEP consists

of a chain of linear accelerators and synchrotrons, beginning with an electron LINAC
1 Ref. [97] www.http://hepunx.rl.ac.uk/~adye/thesis/html/node9.html
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that accelerates electrons from a thermoionic source onto a tungsten target, with peak

electron beam characteristics (on-target) of 2.9×1011 electrons, 48 nC, within a 20 ns

pulse (FWHM) and an energy of 225 MeV. 2 Post-interaction with the tungsten, the

FIGURE 4.1: LEP injector chain.

resultant positrons (1.7×109 in total) are accelerated by another LINAC, achieving a

final energy of 500 MeV. 3 The positrons are then stored in the Electron-Positron Ac-

cumulator ring (EPA), before being injected into the Proton Synchrotron (PS) which

accelerates the positrons to 3.5 GeV. The beam is then injected into the Super Proton

Synchrotron (SPS), and undergoes acceleration to a peak energy of 20 GeV, before

final injection into LEP, where the beam could be accelerated to energies in the range

of 40-100 GeV. 4

The next generation of RF based high-energy particle colliders aim to produce

particle beams with collisional energies in the TeV regime. The most adventurous

system proposed is the Future Circular Collider (FCC), the design of which involves

the construction of a synchrotron with a circumference of ≈ 100 km in order to col-

lide protons at energies of the order of 100 TeV. 5 Proposed electron-positron colliders
2 Ref. [98] Bossart, R. et al., Proceedings of the Linear Accelerator Conference (1990)

Ref. [99] Brandt, D. et al., Reports on Progress in Physics (2000)
3 Ref. [98] Bossart, R. et al., Proceedings of the Linear Accelerator Conference (1990)
4 Ref. [99] Brandt, D. et al., Reports on Progress in Physics (2000)
5 Ref. [100] Zimmermann, F. et al., IPAC 2014: Proceedings of the 5th International Particle

Accelerator Conference (2014)
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include the the International Linear Collider 6 (ILC) and Compact Linear Collider 7

(CLIC), which aim to ultimately deliver respective centre-of-mass energies of 1 TeV

and 3 TeV, respectively. With the goal of studying physics processes beyond the stan-

dard model, both accelerator systems aim to achieve luminosities > 1034 cm−2s−1.

The quality of beams garnered through RF accelerators is unquestionable, but

the advancements witnessed in the field of plasma-based acceleration, particularly in

LWFA is promising. High-intensity laser systems are now capable of producing con-

sistent electron beams with peak energies exceeding 1 GeV, with the current record

being 4.2 GeV. 8 The combination of fs-scale pulse durations, and pulse charges mea-

suring in the 10s to the 100s of pC, means that remarkable beam currents of the order

of 10s of kA can be produced. In terms of the hybridisation of RF and plasma-based

acceleration techniques, such work has already been demonstrated with monumental

results at SLAC, where an initial 21 GeV electron beam produced by their 3-km-long

LINAC underwent energy doubling to 42 GeV, by propagating through an 85 cm

plasma accelerator. 9

Whilst the most significant progress in plasma-wakefield acceleration (PWFA)

has been in regard to electron beams, there has also been some advancement in

positron acceleration. One of the biggest challenges facing plasma-based positron

acceleration is the need to develop a suitable injection process, whereby a positron

bunch of suitable quality can be generated and injected at the optimal acceleration

location within a plasma-wakefield. A notable experiment carried out at SLAC’s Fa-

cility for Advanced Accelerator Experimental Tests 10 (FACET) propagated a 20 GeV

positron beam through 1.3 m of plasma, which saw the front of the bunch act to drive

a plasma-wakefield that set up an electric field that effectively accelerated positrons

at the rear of the positron bunch by up to 5 GeV. 11 An alternative method that has

been proposed, involves using a driving electron (or laser) pulse to form a blowout

bubble, and by having a trailing positron bunch located just behind this bubble, the

positron bunch will experience an accelerating force (essentially a pulling force from
6 Ref. [101] Behnke, T. et al., The International Linear Collider Technical Design Report (2013)
7 Ref. [102] Aicheler, M. et al., CLIC Conceptual Design Report (2014)
8 Ref. [103] Leemans, W. P. et al., Physical Review Letters (2014)
9 Ref. [103] Leemans, W. P. et al., Physical Review Letters (2014)

10 Ref. [104] Hogan, M. J. et al., New Journal of Physics (2010)
11 Ref. [105] Corde, S. et al., Nature (2015)
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the electron bunch located at the rear of the bubble). Simulations indicate that by

initially propagating an electron drive beam through a thin high-Z target and gener-

ating a positron beam, that as both pulses propagate through 1 m of plasma, that it is

possible to accelerate the positron pulse by ≈ 5 GeV. 12

The generation of quality positron beams suitable for incorporation into the RF

systems outlined above is, therefore, a pertinent area of research. In this chapter, ex-

perimental results will be presented, characterizing laser-driven positron beams, and

the feasibility of using such a technique as part of a hybrid particle accelerator sys-

tem will be discussed. The chapter is structured as follows: Sec. 4.2 gives details of

the experimental setup, with the results presented in Sec. 4.3. These results will be

discussed in Sec. 4.4 and compared to traditionally accelerated positron beams, with

conclusions presented in Sec. 4.5.

4.2 Experimental Setup

FIGURE 4.2: Diagram of the experimental setup (not to scale)

This experiment was carried out on the Astra-Gemini 13 laser system, at the Cen-

tral Laser Facility, Rutherford Appleton Laboratory, UK. The experimental setup
12 Ref. [106] Wang, X. et al., Physical Review Letters (2008)
13 Ref. [66] Hooker, C. J. et al., Journal de Physique IV (Proceedings) (2006)
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is presented in Fig. 4.2, which illustrates the chain of events from the initial laser-

wakefield acceleration of electrons, to the subsequent quantum electromagnetic cas-

cade generation, to the dual-measurement of the beam properties via beam profile

imaging and a magnetic spectrometer.

The South beam of Astra-Gemini was used to generate an ultra-relativistic elec-

tron beam through LWFA. With a pulse duration of (43 ± 2) fs, this laser beam had

an initial energy of ≈ 14 J post-compression, within an unfocused beam diameter of

15 cm. However, in order to produce more stable and reproducible electron beams,

the laser beam was apodised to a beam diameter of 12 cm, that reduced the laser en-

ergy to ≈ 9 J. Using an f/20 off-axis parabola (OAP), this beam was focused down

to an oblate focal spot with a full width half maximum (FWHM) measurement of

(27 ± 3) µm × (31 ± 4) µm, containing ∼ 40% of the laser energy, resulting in a

peak energy of ≈ 6 × 1018 Wcm−2 (corresponding with an a0 ≈ 2). The focal spot

FIGURE 4.3: Design of the LWFA gas-cell used to generate the
initial electron beam

was positioned 0.5 mm inside the entrance hole of a 10 mm long gas-cell, such as

the one shown in Fig. 4.3. The gas-cell was filled with a gas mixture of 97% He and

3% N2, and a backing pressure of 500 mbar was found to deliver the most stable and

optimum electron beams, in terms of maximum electron energy and overall charge.

When fully ionised by the propagating laser pulse, this pressure corresponds with an

electron density of 4×1018 cm−3. In conjunction with gas pressure optimisation, the

temporal phase of the laser was adjusted with a device called a Dazzler 14,15 to fully
14 Ref. [107] Tournois, P., Optics Communications (1997)
15 The Dazzler is an acousto-optic programmable dispersive filter that operates via the interaction

between a polychromatic acoustic wave and a polychromatic optical wave within a birefringent
crystal, that allows for the spectral phase, up to the fourth-order, to be user-controlled. This
advantageously allows the user to manipulate the compressed pulse shape without having to adjust
the compressor grating.
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optimise the electron beam. The electron beams generated with this configuration,

as shown in Fig. 4.4, had a broad spectrum with a maximum energy of ∼ 500 MeV,

with the number of electrons (exceeding 40 MeV) of the order of 4 × 108, which

corresponds with a charge of 60 pC.

FIGURE 4.4: Typical measured LWFA electron spectra. The blue
dashed lines represent individual shots from a shot run, with the red

solid line representing the average of these shots

On the grounds that the acceleration bubble is approximately equal in length to

the plasma wavelength, λp, and that the electrons reside halfway into this bubble

(before dephasing), the pulse duration of the electron beam can be estimated with the

equation τe− ≈ λp/2c. 16 Therefore, using the beam parameters of this experiment,

the electron pulse duration can be estimated to be a maximum of τe− ≈ 30 fs, which

then infers a beam current of the order of a kA.

A lead converter target was positioned beyond the gas-cell on the beam propa-

gation axis, upon which the electron beam would impinge, and initiate a quantum

electromagnetic cascade. This lead target was wedge-shaped, and mounted upon a

stage that allowed for the target thickness to be varied from 5 mm through to 40 mm,

or removed entirely to allow the electron beam to propagate unperturbed.

In order to observe and measure the spatial profile of electron-positron beam

(EPB) exiting the lead target, a LANEX scintillator screen was inserted in the beam

path 2 cm from the rear surface of the lead converter, as illustrated in Fig. 4.5. The
16 Ref. [108] Mangles, S. P. D. et al., Physical Review Letters (2006)
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LANEX screen was angled 51.6◦ from the vertical y-direction, to allow the beam

profile to be imaged by an out of chamber CCD camera.

FIGURE 4.5: Beam profiler setup

Further downstream from the beam profile imaging system, a magnetic spec-

trometer was installed, as illustrated in Fig. 4.6. The first part of the spectrometer

comprises of a shield wall with an entrance aperture. This wall was built with a 5 cm

thick layer of plastic, followed by a 5 cm thick layer of lead, in an effort to isolate the

electron and positron signals, and shield the particle detectors from noise produced

in the interaction between the LWFA electron beam and the lead target. A 10 cm

FIGURE 4.6: Magnetic Spectrometer Layout

long, 0.9 T dipole magnet was placed directly after the shield wall aperture in order
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to resolve the electrons and positrons, with two LANEX screens positioned beyond

the magnet, angled at 45◦ to the laser axis (z-axis) in the x-z-plane. Two mirrors

were mounted parallel to the LANEX screens, and tilted 45◦ from vertical to allow

the spectra signal to be imaged by two CCD cameras located overhead and outside

the vacuum chamber. The configuration of the magnetic spectrometer allowed for

particle energies of ≥ 40 MeV to be resolved. The LANEX screens were cross-

calibrated with absolutely calibrated Image Plates (IPs).

4.3 Results

4.3.1 Positron Spectra

Once the electron beam was optimised, the lead converter target was moved into the

path of the electron beam, and a scan of the lead thickness was performed. With the

radiation length for lead calculated as Lrad ≈ 5.6 mm, shots were specifically taken

at thicknesses that were multiples of 5 mm, starting at 5 mm (≈ 1 Lrad) and finishing

at 25 mm (≈ 5 Lrad).

The average positron spectra measured from each converter thickness is presented

in Fig. 4.7, which shows peak energies of ≈ 400 MeV achieved. It can be seen

that there is a noticeable disparity between the number of positrons for the different

converter thicknesses. By summing the spectra, the average number of positrons

(with E ≥ 40 MeV) are measured and presented in Fig. 4.8. It can be seen that a

maximum positron yield of (2.5 ± 0.7)×107 is attained for a converter thickness of

15 mm (≈ 2.6 Lrad). By considering a Maxwell-Jüttner distribution of the positron

spectra, the number of positrons with E ≥ 1 MeV is inferred to be of the order of

109 (which concurs with results garnered from experiments performed under similar

conditions 17).



Chapter 4. Characterisation of Laser-Driven Positron Beams 97

FIGURE 4.7: Graph showing the average positron spectra measured
for various lead converter thicknesses, each of which have a shot-
to-shot fluctuation of 30%. The spectrometer resolution δE/E has
values of 0.103, 0.207, 0.414, and 0.827 at respective lepton ener-

gies of 50, 100, 200, and 400 MeV
.

FIGURE 4.8: Graph showing the average number of positrons with
energy ≥ 40 MeV, measured for 5 different converter thicknesses.

Shot-to-shot fluctuations are represented by the error bars.

4.3.2 Positron Beam Distribution

Having found a converter thickness of 15 mm to produce the highest positron yield,

the related beam profile was measured using a LANEX screen positioned 2 cm from

the back of the converter target. Fig 4.9.a. shows the beam distribution of a typical
17 Ref. [22] Sarri, G. et al., Nature Communications (2015)
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FIGURE 4.9: An beam profile image of a typical electron-positron
beam for a lead converter thickness of 15 mm is shown in frame a. A
lineout is measured across the portion of peak intensity (see white
dashed line). Frame b. shows a collection of individual lineouts
(blue dotted lines) for EPBs generated from a 15 mm converter, with
their average represented by the red solid line. The green solid line

is a super-gaussian fit (R2 = 0.938).

beam for 15 mm thick converter. A lineout is taken across the region of peak intensity,

as indicated by the white dashed line. Fig 4.9.b. shows multiple plots of lineouts for

a series of shots taken with a 15 mm thick converter. The blue dotted lines represent

individual lineouts which have been normalised to allow for cross-comparison. The
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profile shape is notably consistent. The red solid line represents the average profile,

which is congruous with a super-gaussian fit represented by a green solid line with a

FWHM of 2.9 mm. Using Monte-Carlo simulations, the source size of the cascade

beam at the rear of the converter is estimated at (200 ± 50) µm, which indicates a

full-angle beam divergence of the order of≈ 100 mrad. Considering that the cascade

divergence is proportional to
√
d/Lrad/γe+ , 18 where d is the thickness of the con-

verter and γe+ is the positron Lorentz factor, then the average Lorentz factor of the

positrons in this scenario is γe+ ≈ 17. 19

It is important to state that the signal from the LANEX screen detector can not

differentiate between the cascade electrons, positrons and photons. The photon por-

tion of the cascade beam greatly exceeds the lepton contribution, 20 but this does not

negate the value of the profile measurements presented here, as FLUKA simulations

show that the photons and positrons have a comparable divergence.

4.4 Discussion

The initial LWFA electron beam was estimated to have a pulse duration of ≈ 30 fs,

before impinging upon the converter target. It can be calculated that this beam under-

goes a temporal spreading of 5 − 10 fs as it propagates through the lead. Therefore,

for a converter thickness of 15 mm (which provided the peak positron yield), the gen-

erated positron pulse has an estimated pulse duration of ≈ 40 fs, with a current of

∼ 0.4 kA.

The chief motivation of this chapter is to compare the beam quality of laser-driven

positron beams to those produced in conventional accelerators. One of the key mea-

surements used to describe beam quality within the particle accelerator community

is the ‘beam emittance’, which basically describes the area occupied by the particle

beam when represented in position-momentum phase space. This parameter will be

used to compare the positron beams generated from the experiment described above,
18 Ref. [20] Sarri, G. et al., Plasma Physics and Controlled Fusion (2013)
19 Although the measured positron energies extend to ∼ 400 MeV (which corresponds to a peak

Lorentz factor of γpeak = 783), the relatively low average value of γe+ ≈ 17 reflects the
predominance of low energy leptons populating the cascade pulse.

20 Ref. [109] Schumaker, W. et al., Physics of Plasmas (2014)
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with the beams produced at LEP. In the LEP system, prior to subsequent acceler-

ation via LINAC, positrons were generated with an energy of 90 MeV (± 7%), a

half beam size of 10.5 mm, and a half beam divergence of 6 mrad, which results

in a geometrical emittance (100%) of 62 π mm mrad. 21 Post-acceleration by the

LINAC, the two-dimensional transverse geometrical emittance is 0.1 π mm mrad and

0.03 π mm mrad. 22 For comparison with the laser-driven positron beam described

in the results section, if a narrow energy band of 90 MeV ± 7% is isolated from the

positron spectrum; 23 with the source size value of 200 ± 50 µm and a beam diver-

gence of 25 ± 5 mrad, the geometrical emittance is estimated at (1.7 ± 0.5) π mm

mrad. However, if the process is repeated for 500 MeV, the estimated geometrical

emittance falls to ≈ 0.3 π mm mrad. These plasma driven emittance values are

within a tolerable range of the emittance values quoted for the LEP injector system,

and therefore offers support to the feasibility of using laser-driven positron beams as

a source within a larger hybrid accelerator system.

Despite the viable beam emittance provided by the laser-driven positron beam,

other factors, such as charge and repetition rate must be taken into account. Both

RF and plasma-based systems use an initial electron beam to initiate the quantum

cascade in a high-Z target. Current LWFA techniques are capable of producing ultra-

relativistic electron beams, with a broad spectrum and peak charges of the order of

multiple nC. Such electron beams could produce relativistic positron beams of the

order of 109 − 1010. This number is over an order of magnitude less than the num-

bers produced in large conventional injection systems. However, the fs-scale pulse

duration of the LWFA beams allows for much higher positron currents of the order of

a kA, compared to the typical positron currents of the order of an Amp or less from

RF accelerators. 24

One major drawback of laser-driven positron beams is the relatively slow rep-

etition rate. Whilst conventional accelerators are capable of operating at repetition

rates in excess of a kHz, contemporary high-intensity laser facilities can only operate

at a sub-Hz repetition rate. However, there is much active research into improving
21 Ref. [110] Bourat, C. et al., 4th European Particle Accelerator Conference (1994)
22 Ref. [111] Potier, J. P. & Rinolfi, L., Physics (1998)
23 Achievable by using a chicane of dipole magnets
24 Ref. [112] Warner, D., New and Proposed LINACS at CERN (1988)
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the repetition rate, with advancement already seen in newly installed systems such

as the High-repetition rate Advanced Petawatt Laser System (HAPLS) capable of

producing 200 J laser beams at a rate of 10 Hz. 25

The particle collider community often describe beam quality in terms of “lumi-

nosity,” L, which is a measure of the number of events (collisions) to occur within a

cross-sectional area in a certain period of time, and is calculated by Eqn. 4.1:

L =
nbfNe−Ne−

4πσxσy
(4.1)

where nb is the number of bunches in each beam circulating at a frequency, f , with

the number of electrons and positrons in the beams represented by Ne− and Ne+

respectively, whilst σx and σy are the transverse dimensions of the beams. The

relatively low positron yield and repetition rate offered by a laser-driven configu-

ration would pose a major limitation to the luminosity. It would be feasibly possible

to build a laser-driven electron-positron collider, with electron and positron beams

each containing ∼ 109 particles within a transverse beam width of 200 µm. For

a laser repetition rate of ≈ 1 Hz, one could achieve a luminosity in the range of

Llaser ≈ 1020 cm−2s−1, which is eclipsed by the peak luminosity values achieved at

LEP of LLEP ≈ 1031 cm−2s−1. 26

Concerted global research is successfully pushing through the barriers of high-

intensity laser performance, with laser systems such as DiPOLE100 currently produc-

ing pulses of 105 J at 10 Hz (1.05 kW average power), 27 there are realistic expecta-

tions of increasing the average power further into the kW domain. Similar endeavours

are taking place within the field of LWFA, where acceleration schemes are being in-

vestigated in an endeavour to increase electron beam charge and energy. With this in

mind, the ability to produce electron beams with a yield in the region of 1010− 1011,

and a charge of a few nC is not unfathomable. Considering that few-step EM cas-

cades generate electron-positron beams with high laminarity 28, the FLUKA derived
25 Ref. [113] https://www.llnl.gov/news/lawrence-livermore-developed-petawatt-laser-system-

installed-eli-beamlines
26 Ref. [114] Assmann, R. W., LEP Luminosity Revisited (2001)
27 Ref. [115] Mason, P. et al., Optica (2017)
28 Ref. [32] Rossi, B., High-Energy Particles (1965)
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source size of 200 µm for the beams reported in Sec. 4.3 can be assumed to stem

from a smaller virtual source. Therefore, with the aid of focusing systems, it may

be possible to produce sources with a transverse size of the order of tens of microns.

Combining these predictive values for a hypothetical laser-driven electron-positron

collider, one can estimate a luminosity of the order of Llaser ≤ 1028 cm−2 s−1.

Though not as high as for LEP, this value does set a plausible benchmark to strive

towards, and would be capable of performing experiments of relevance.

4.5 Conclusion and Outlook

Laser-driven, ultra-relativistic positron beams have been characterised spectrally and

spatially in this chapter. The positron beams reported have a comparatively high

current (≈ 0.4 kA) and low emittance, and are of sufficient quality to be used in

the injection phase of a larger conventional accelerator. However, the chief obstacle

to incorporating this technique into a hybrid laser-RF accelerator system, is the low

average power of contemporary laser technology. That being said, the global research

community is investing heavily to address this barrier.

Despite the current limitations in laser technology, there has been a significant

advancement in the quality of LWFA electron beams since this experiment was per-

formed. The Astra-Gemini system now utilises an f /40 parabola with the capability

of producing electron beams with higher charge (100s of pC) and higher energy (> 2

GeV). Repeating the experiment with this superior seed electron beam would auto-

matically result in an improvement in the resultant positron beam, with the possibil-

ity of producing positrons with energies close to 1 GeV. With the use of a pepper-pot

mask placed in front of the dipole magnet, a spectrally resolved measurement of the

emittance could be attained. It is also conceivable for the positron beam to be manip-

ulated, to improve its characteristics. For instance, a magnetic dipole chicane system

along with an aperture could be designed to isolate a narrow band of positrons. A

system of quadrupole magnets could be positioned after the chicane in an effort to

collimate the positron beam. Such a scheme could also have possible applications in

the field of positron annihilation lifetime spectroscopy.
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5.1 Introduction

Pair-plasmas are an extraordinary case within the field of plasma physics. With com-

plete symmetry in the mass and absolute charge of their constituent particles and anti-

particles (which equates to equal mobility), pair-plasmas give rise to a whole new set

of plasma dynamics that do not adhere to conventional electron-ion plasma mod-

els. Interest in pair-plasmas has increased amongst the plasma research community

over the last number of decades, as it’s been theorised that they existed in the early

Universe and are widely thought to play a major role in some of the most powerful as-

trophysical phenomena in the Universe. It is theorised that electron-positron plasmas

are emitted in the form of ultrarelativistic jets from the poles of rotating compact as-

trophysical objects such as black holes, quasars and pulsars. 1 Electron-pair plasmas

are also thought to play a central role in the generation of gamma-ray bursts (GRBs)

which are observed at the death of massive stars, or during the collision/merging of

compact astrophysical objects. 2 Due to their far remove, it is unfeasible to probe

these objects and determine irrefutably the makeup and mechanisms behind these

phenomena, meaning that their properties must be inferred through the observation

of radiative signatures and through matching numerical models. Therefore, the ability

to perform pair-plasma experiments in regimes analogous to astrophysical phenom-

ena, or fractions thereof, would be a valuable tool that could help test and inform the

many related theories and simulations, and further elucidate the plasma processes at

play.

One of the most intriguing questions regarding pair-plasmas in astrophysics con-

cerns the interaction of ultrarelativistic electron-positron plasma jets (ejected from

compact accreting objects) with the surrounding interstellar medium (ISM) or inter-

galactic medium (IGM). It is thought that this interaction gives rise to the growth

of plasma instabilities that cause a magnetic field amplification that is necessary for
1 Ref. [116] Blandford, R. D. & Znajek, R. L., Monthly Notices of the Royal Astronomical Society

(1977)
Ref. [117] Begelman, M. C. et al., Reviews of Modern Physics (1984)
Ref. [118] Goldreich, P. & Julian, W. H., The Astrophysical Journal (1969)
Ref. [119] Wardle, J. F. C. et al., Nature (1998)

2 Ref. [120] Piran, T., Physics Reports (1999)
Ref. [121] Racusin, J. L. et al., AIP Conference Proceedings (2008)
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the formation of collisionless shocks and the associated radiative emission. 3 The

observed radiative signatures from said phenomena can not be attributable to the am-

bient plasma structure of the ISM, as its mean magnetic field is too low, being of the

order of a nT. 4 It is customary to quote the magnetic field strength in such phenom-

ena in terms of the equipartition parameter εB = UB/Ue, where UB = B2/2µ0 is the

magnetic energy density, and Ue = γbnbmec
2 is the total kinetic energy density, with

γb and nb referring to the bulk Lorentz factor and density of the pair-plasma beam, re-

spectively. Spectra measured from GRB afterglows indicate that magnetic fields with

10−5 ≤ εB ≤ 0.1 are necessary to produce the observed synchrotron radiation. 5

Such values are too high to be attributed to mechanisms such as magnetohydrody-

namic shock compression of local magnetic fields 6 or the transfer of magnetic flux

from the source object. 7 The necessary magnetic field strength could be generated

via Weibel-mediated shocks in the jet, but such shocks are too short-lived, decaying

in a time scale close to the inverse plasma frequency. 8 However, theoretical studies 9

and simulations 10 strongly suggest that magnetic fields of the required strength and

duration may be generated via current filamentation of the electron-positron jet.

Though theorised and observed in simulations, the current filamentation mecha-

nism has not been directly observed in astrophysical or laboratory conditions. De-

spite numerous concerted efforts, 11 the difficulty of generating a neutral electron-

positron beam (EPB) in the laboratory has significantly hindered efforts to observe
3 Ref. [122] Bret, A. et al., Physics of Plasmas (2010)

Ref. [11] Medvedev, M. V. & Loeb, A., The Astrophysical Journal (1999)
Ref. [123] Reville, B et al., Plasma Physics and Controlled Fusion (2006)
Ref. [124] Lyubarsky, Y. & Eichler, D., The Astrophysical Journal (2006)
Ref. [125] Gruzinov, A., The Astrophysical Journal (2001)

4 Ref. [4] Ferriere, K. M., Reviews of Modern Physics (2001)
5 Ref. [5] Galama, T. J. et al., Nature (1999)

Ref. [6] Vreeswijk, P. M. et al., Astronomy and Astrophysics Supplement Series (1999)
Ref. [7] Waxman, E., The Astrophysical Journal (1997)
Ref. [8] Wijers, R. A.M. J. & Galama, T. J., The Astrophysical Journal (1999)

6 Ref. [9] Sari, R. et al., The Astrophysical Journal (1996)
7 Ref. [10] Mészáros, P. et al., The Astrophysical Journal (1993)
8 Ref. [125] Gruzinov, A., The Astrophysical Journal (2001)
9 Ref. [11] Medvedev, M. V. & Loeb, A., The Astrophysical Journal (1999)

10 Ref. [12] Chang, P. et al., The Astrophysical Journal (2008)
Ref. [13] Muggli, P. et al., arXiv: 1306.4380 (2013)
Ref. [14] Silva, L. O. et al., The Astrophysical Journal (2003)
Ref. [15] Dieckmann, M. E. et al., Astronomy & Astrophysics (2015)

11 Ref. [17] Chen, H. et al., Physical Review Letters (2015)
Ref. [126] Sunn Pedersen, T et al., New Journal of Physics (2012)
Ref. [19] Liang, E. et al., Scientific Reports (2015)
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this phenomena. However, recent breakthroughs have led to the ability to generate

quasineutral EPBs in a fully optical setup, 12 affording the opportunity to investigate

the dynamics of pair-plasmas regimes pertinent to astrophysical phenomena.

In this chapter, results will be presented from an experiment that endeavoured to

propagate a laser-driven quasineutral EPB through an ambient plasma, analogous to

an astrophysical jet interacting with the ISM. The technique of proton radiography

was utilised to probe the ambient plasma (post-interaction with the EPB) to detect and

measure the development of any magnetic fields. Analysis of the proton radiographs

and simulations suggest that the observed fields are a result of transverse current-

driven instabilities within the EPB.

5.2 Experimental Setup

FIGURE 5.1: Plan view of the experimental setup (not to scale)

This experiment was performed using the Astra-Gemini 13 twin-laser system at

the Central Laser Facility, Rutherford Appleton Laboratory, UK. The experimental

configuration is illustrated in Fig. 5.1, showing how the South beam was used to

produce a laser-driven EPB, whilst the North beam was used to produce a proton

probe beam. The South beam, with a pulse duration of 45 ± 2 fs with an energy

of approximately 9 J, was focused by an f/20 off-axis parabola down to a focal

12 Ref. [20] Sarri, G. et al., Plasma Physics and Controlled Fusion (2013)
Ref. [21] Sarri, G. et al., Physical Review Letters (2013)
Ref. [22] Sarri, G. et al., Nature Communications (2015)

13 Ref. [66] Hooker, C. J. et al., Journal de Physique IV (Proceedings) (2006)
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spot with a diameter of 27 ± 5 µm located at the entrance of a 10 cm long gas-

cell filled with a gas mixture of 97% He and 3% N2. The laser pulse fully ionised

the helium gas producing a plasma with plasma density of 4 × 1018 cm−3 accord-

ing to optical interferometry measurements. The laser-plasma interaction generated

reproducible relativistic electron beams through the process of Laser-Wakefield Ac-

celeration (LWFA). 14 The beams had a characteristic broad spectrum with a peak

energy of ∼ 600 MeV and an overall charge of 0.40 ± 0.04 nC, 15 consistent with

electron beams produced via ionisation injection. 16

The electron beam subsequently impinged upon a lead converter target, initiat-

ing a quantum electromagnetic (QEM) cascade, that ultimately produced an EPB.

The lead target was of variable thickness, ranging from 5 to 25 mm, allowing for

the positron population percentage within the EPB to be adjusted from 0% to ∼

50%. 17 A second ‘interaction’ gas-cell, filled with He gas, was located after the lead

converter, through which the EPB could propagate. A LANEX scintillator screen was

attached to the rear side of the gas-cell to allow for the spatial profile of the EPB to

be observed. A magnetic spectrometer, comprising of a 0.9 T dipole magnet, 10 cm

in length, and two LANEX scintillators screens, was setup downstream to allow for

the electrons and positrons to be separated and for their respective spectra to be mea-

sured on a shot-to-shot basis. The LANEX scintillators screens were cross-calibrated

with image plate in order to ascertain the absolute total charge of the electrons and

positrons within the EPB.

The North beam, with pulse duration of 45 ± 2 fs and energy of approximately

9 J, was focused by an f/2 off-axis parabola upon the surface of a 15 µm thick

gold foil to generate a multi-MeV proton beam through target normal sheath accel-

eration (TNSA).18 This proton beam had a smooth profile with a cutoff energy of

' 5 MeV, 19 allowing for proton radiography of the plasma within the interaction
14 Ref. [78] Esarey, E. et al., Reviews of Modern Physics (2009)
15 Similar to the electron beams reported in Ref. [22] Sarri, G. et al., Nature Communications (2015)
16 Ref. [127] Clayton, C. E. et al., Physical Review Letters (2010)

Ref. [128] Kneip, S. et al., Physical Review Letters (2009)
17 Ref. [20] Sarri, G. et al., Plasma Physics and Controlled Fusion (2013)

Ref. [21] Sarri, G. et al., Physical Review Letters (2013)
Ref. [22] Sarri, G. et al., Nature Communications (2015)

18 Ref. [129] Macchi, A. et al., Reviews of Modern Physics (2013)
19 Higher proton energies were expected; however, the required optimization was not carried out, and

it was decided to proceed with this lower cutoff energy.
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cell to be carried out, transverse to the EPB propagation direction, and with a geo-

metrical magnification of M ≈ 8. 20

It must be stated that the proton probe beam is projected from a point-like source

and is divergent. It is this divergence that allows for the observation of deflection

patterns in the proton beam. Fig. 5.2 21 shows y-velocity maps (garnered from parti-

cle tracing simulations) for two different proton beams probing a laser-driven plasma

channel. In frame a. the simulated proton probe beam is collimated, whilst in frame

FIGURE 5.2: Particle tracing y-velocity maps that show the net ve-
locity change of protons travelling through a laser-driven channel.
Frame a. is the map for a collimated proton beam, whilst frame b. is

the map for a divergent proton beam.

b. the proton beam is divergent, with laminar flow from a virtual point source. It

can be seen that the collimated proton beam in frame a. only experiences a velocity

shift at the top and bottom of the channel, with the protons propagating through the

channel undergoing zero net velocity change. This is due to the protons experiencing

equal and opposing forces as they propagate through the azimuthal B-fields (orien-

tated about the laser propagation axis i.e. the z-axis). These fields deflect the protons

vertically in one direction on the near side of the channel, only to be compensated

by the fields on the far side of the channel, resulting in no net velocity shift. Only

the protons propagating at the upper and lower boundaries of the channel undergo a

net velocity shift, as they only experience the B-fields in a single direction. However,

with a divergent beam, as in frame b., each proton that has an initial angular trajectory

i.e. vy 6= 0 and vz 6= 0, is subjected to non-equal forces as it traverses from one side

20 Ref. [91] Sarri, G. et al., New Journal of Physics (2010)
21 Figure from Ref. [95] Smyth, A. G. et al., Physics of Plasmas (2016)
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of the channel to the other, which results in a net velocity shift. In frame b. it can be

seen that the velocity shift reverses on either side of the z-axis, which corresponds

to a change of sign of the vy component. it can also be seen that the protons on the

right-hand side experience a focusing effect inside the channel, whilst the protons on

the left-hand side experience a dispersive effect, due to the change of sign of the vz

component.

In this experiment, radiographs of the same interaction within the background

plasma were obtained for proton energies of (4.5 ± 0.5) MeV, (3.3 ± 0.5) MeV,

and (1.1 ± 0.5) MeV, 22 which correspond to respective probe times of (14 ± 6) ps,

(60 ± 10) ps, and (280 ± 30) ps post-transit of the EPB. Simulations were performed

using the SRIM Monte Carlo code 23 which indicated a broadening of the proton

probe beam as a result of lateral straggling as the proton beam propagates through

the gas in the gas-cell. A broadening of the order of 5 µm is calculated for protons

with an energy of 1.1 MeV at the rear side of the gas-cell. For protons of 3.3 MeV,

this broadening is of the order of 2 µm according to SRIM. The spatial resolution of

the radiographic technique for this experimental setup is of the order of 10 µm, which

consequently renders the broadening uncertainty unresolvable, and hence negligible

in our measurements.

With a lead converter thickness of 25 mm (approx. 5 radiation lengths), it was

possible to consistently generate a quasi-neutral EPB with Ne = (3.2 ± 0.3) ×

109 electrons, and Np = (3.0 ± 0.2) × 109 positrons (which equates to a positron

population of 48 ± 5 % of the EPB). The constituent electrons and positrons in the

EPB had a broad spectrum (well approximated by a Jüttner-Synge distribution) with

an average Lorentz factor of λb ≈ 15. 24 Simulations performed with the Monte

Carlo code FLUKA 25 show that the EPB has an average divergence of the order

of 30-50 mrad, and a source size of 300 µm. Analytical estimates of the cascade

within the converter material 26 imply a beam duration at source of the order of

τb ≈ 100 fs (see Fig. 5.3 27). Taking these values into account, the number den-
22 Ref. [91] Sarri, G. et al., New Journal of Physics (2010)
23 Ref. [130] www.srim.org
24 Similar to the beams reported in Ref. [22] Sarri, G. et al., Nature Communications (2015)
25 Ref. [96] Battistoni, G. et al., AIP Conference Proceedings (2007)
26 Ref. [20] Sarri, G. et al., Plasma Physics and Controlled Fusion (2013)
27 Ref. [131] Alejo, A. et al., arXiv:1806.02633 (2018)
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FIGURE 5.3: Graph showing how the temporal profile of positrons
varies according to their energy. This simulation uses a 5 GeV elec-

tron source beam propagating through 1 cm of lead.

sity of the EPB at the entrance of the interaction cell, located 7 mm from the rear

surface of the converter, is nb = (2.6 ± 0.5) × 1014 cm−3. A consequence of

the QEM cascade is that along with the generation of electron-positron pairs, there is

also the generation of intense bremsstrahlung γ-rays. FLUKA simulations show that

this burst of γ-rays co-propagates with the EPB. This γ-ray burst is a vital compo-

nent of this experiment as it essentially photoionises the He gas within the interaction

cell. Hydrodynamical simulations performed with the commercial code HYADES 28

demonstrate how the photon beam ionises the Helium gas in the interaction cell (see

Subsection 5.2.1 below for more details), setting up an ambient plasma with an av-

erage electron density of npl = 1017 cm−3, which corresponds with an electron

plasma frequency ωpl ≈ 2 × 1013 Hz and a temperature of the order of 10-20 eV.

5.2.1 Ionisation of Helium Gas within the Interaction Cell

As stated previously, the He gas within the interaction gas-cell is fully ionised by the

γ-ray flash from the QEM cascade. This is demonstrated by simulations performed

with the commercial 1-D hydrodynamical code HYADES, wherein a γ-ray flash was

propagated through a 1 cm region of He gas, which had a pressure of 200 mbar. In

order to estimate the initial conditions to run this simulation, a spectrum for the γ-ray

flash was obtained using FLUKA simulations of an electron beam (analogous to those

experimentally characterised) propagating through 25 mm of lead (see Fig. 5.4.a).

This γ-spectrum was then converted into a format compatible with HYADES, with
28 Ref. [132] http://casinc.com/hyades.html
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the gamma-flash being modelled with a triangular temporal profile with a duration

of 100 ps FWHM. The energy range was divided into 100 MeV bins (photon group

sources in HYADES nomenclature). The flux within each bin was calculated with

Eqn. 5.1

F =
E (erg)

∆E (keV) τ (s) A (cm2)
, (5.1)

where E (erg) is the total energy of the photons within a bin (calculated from the

FLUKA derived spectrum, dN
dE , as

∫ E1

E0
E dN

dE dE ), ∆E (keV) is the width of the

energy bin in units of keV, τ (s) is the duration of the gamma flash in seconds, and

A (cm2) is the beam size at the entrance of the gas cell in cm2. The final calculated

input for the HYADES simulation is shown in Fig. 5.4.b.

A period of 3 ps was simulated, with variable time steps internally calculated by

the code taking into account the relevant time scales of the simulation. As shown in

Fig. 5.4.c., the propagation of the gamma flash results in a prompt ionisation of the

helium within the gas-cell, setting up a background plasma with a plasma temperature

of the order of tens of eV (see Fig. 5.4.d.).

5.2.2 Electron-Positron Beam Characteristics

The interaction cell had a LANEX screen placed on its rear surface, allowing for

the spatial profile of the EPB to be viewed after traversing the ionised background

plasma. The EPB, irrespective of the electron-positron population ratio, always pre-

sented a smooth spatial profile, well approximated by a super-Gaussian (as also re-

ported in Sec. 4.3.2. On first viewing, this would appear to disprove the expectation

of observing filamentation of the EPB, however, a few points regarding the detector

and the EPB dynamics must be considered. Firstly, the LANEX scintillator screen

is insensitive to the charge sign of any charged particle that impinges upon it, and

is instead sensitive to the number of charged particles and, to a lesser extent, their

energy. Therefore, the beam profile observed on the LANEX screen is not a reliable

representation of the charge density distribution, but only the number density of the

constituent leptons. Secondly, given the fact that electrons and positrons have equal

mobility within the EPB, it is therefore possible for the electrons and positrons to
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FIGURE 5.4: The γ-spectrum at the exit of a 25 cm lead converter as
derived by FLUKA is shown in frame a., and is subsequently con-
verted into an input format compatible with HYADES as shown in
frame b. The results of HYADES hydrodynamic simulations show
the ionisation of He gas, with a pressure of 200 mb, from this γ-
flash. Frame c. shows the ionisation level as a function of length,
with the grey ellipse indicating the region observed via proton ra-

diography. Inset d. shows the related electron temperatures.

form separate same-species filaments wherein voids left by a decrease in one lepton

species is occupied by the other lepton species. This is supported by the results shown

in Fig. 5.5, which are garnered from 3-D Particle-In-Cell (PIC) simulations, akin to

those reported by G. Sarri et al. (2015). 29 It can be seen in Fig. 5.5.c. that when the

electrons and positrons within an EPB are considered in isolation, that they form fila-

ments, with the regions of high density for one species occupying the regions of low

density of the other species. However, when the total particle density distribution is

plotted, as in Fig. 5.5.d., it can be seen that the overall EPB retains a smooth profile,
29 Ref. [22] Sarri, G. et al., Nature Communications (2015)
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FIGURE 5.5: Results from PIC simulations of a neutral EPB hav-
ing propagated through a background electron-ion plasma. The 3-D
plots in frames a. and b. show the density isosurfaces of the elec-
trons (blue) and positrons (red) as they filament. The plot in frame
c. shows the transverse profiles of the electrons (blue) and positrons
(red) with clear bunching of the electrons and positrons into separate
filaments. Frame d. is a plot of the overall number density distribu-

tion of the leptons in frame c. which results in a smooth profile.

which is in agreement with beam profiles detected with the LANEX screen.

5.3 Results

Using the experimental setup described above, EPB shots were taken with various

positron percentage populations, and proton radiographs of the plasma within the

interaction cell were recorded. Any development of electromagnetic fields remnant

in this plasma region would lead to the deflection of the protons within the probing

proton beam, and be recorded upon a stack of radiochromic film (RCF) as a series of

proton density maps. To derive information about the EM fields within the plasma



Chapter 5. Experimental Evidence of Current-Driven Instabilities within Neutral

Electron-Positron Beams
114

region-of-interest requires a convoluted process that begins with isolating the mod-

ulation pattern of the protons on the RCF, and is then followed by a trial and error

process of matching particle tracing (PT) simulations to the RCF signal. The finer

details of this process are described step-by-step in Subsection 5.3.1 below.

5.3.1 Overview of RCF Analysis

Digitisation and extraction of RCF Data

In order to isolate the modulation signal of the proton beam, as a result of deflections

effected by EM fields within the probe region, it is crucial to ascertain the unperturbed

shape of the initial proton probe beam. Knowing this, it is then possible to isolate

the relative proton modulations by performing a background subtraction on all the

subsequent RCF data. However, the RCF data must first be converted into a digitised

format, that can then be processed further and provide quantifiable measurements.

In the case of the RCF garnered in this experiment, an Epson scanner was used, and

with a resolution of 1200 dpi, each stack was scanned and saved in TIFF format i.e.

48-bit colour, with 16-bits in separate Red, Green and Blue channels. This means that

each pixel of the scanned RCF is equal to a spatial size of 21.2 µm (corresponding

to 2.65 µm in the probed plasma 30), and is given an intensity value corresponding

with an unsigned range of integer values of 0 through to 65,535 (with lower values

assigned to darker colours as shown in Fig. 5.6.b.). It must be noted that each stack

scanned for analysis, was identically positioned and scanned along the central portion

of the scanner; this ensured that the backlighting of the scanner was identical for all

RCF, and would allow for more accurate cross-comparison of radiographs.

The unsigned 16-bit RCF images were processed using MATLAB coding, to

convert the pixel values (P R,G,B) within the image to optical density (ODR,G,B)

(see Fig. 5.6.c.) using Eqn. 5.2 below,

ODR,G,B = log10

(
I 0
I

)
= log10

(
216 − 1

P R,G,B

)
, (5.2)

30 This refers to the pixel resolution, not the proton radiography resolution, which is limited by
the virtual proton source size ∼ 10 µm.
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where I0 is the initial intensity emitted from the light source in the scanner (65,535 in

this case), and I is the light intensity measured by the scanner. In this format, darker

regions on the RCF (i.e. regions of higher proton deposition) correlate with higher

optical density values.

FIGURE 5.6: Overview of how the radiograph of the unperturbed
proton beam was processed, whereby the RCF in its original raw
format (as in frame a.) is scanned in a 16-bit format (see frame b.).
The 16-bit data is then converted into an optical density format (see
frame c.) from which lineouts are extracted through the densest re-
gions (white dashed lines) and overplotted (solid white lines). Fits
are made to the lineouts, as shown in frame d., where Gaussian pro-
files (red dashed lines) are found to best match the proton profile.

Lineouts were taken vertically through the densest proton regions of successive

layers (see white dashed lines in Fig. 5.6.c. for the location of the lineouts, with the

plot profile overlaid (solid white lines)). These lineouts were then individually exam-

ined, and it was possible to fit a Gaussian profile to each one, as shown in Fig. 5.6.d.

This demonstrates that the initial unperturbed proton beam can be characterised with

a Gaussian profile, and using such a profile in subsequent background subtractions is
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satisfactory for the measurement of the relative modulation of protons.

FIGURE 5.7: Overview of the background subtraction technique for
radiographs of the ambient plasma post-interaction with an EPB.
The original raw RCF is shown in frame a. with the EPB prop-
agation axis and direction of travel indicated with an arrow. The
RCF is scanned and converted to optical density format, as shown
in frame b. Lineouts are taken through the regions of greatest mod-
ulation (see white dashed line) and overplotted (white solid line).
In frame c. a Gaussian profile (representing the initial proton beam
shape) is fitted to the signal lineout, in units of optical density. Sub-
tracting the background fit from the signal results in a residual plot

(red line) in terms of the relative proton density change, δnp/np.

The RCF shown in Fig. 5.7.a. is a proton radiograph of the background plasma

post-propagation of a quasi-neutral EPB. The proton beam is effectively probing the

entrance to the gas-cell, with the cell wall distinguishable as the lighter region on

the right-hand side (RHS) of the RCF. The EPB enters from the RHS and propagates

through the plasma, exiting on the left (as indicated by the arrow in Fig 5.7.a.). The

RCF is scanned and converted to optical density values, as shown in 5.7.b., and a

lineout is measured through the densest regions (white dashed line) perpendicular

to the EPB propagation axis, and plotted (white line overplot). It is noticeable that

the proton signal has two distinctly darker regions, corresponding to higher proton
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accumulation, separated by a lighter region corresponding to lower proton accumu-

lation. To extract a measurement of the relative proton density change, a Gaussian

profile (representing the original unperturbed proton beam) is fitted atop the raw li-

neout signal, as demonstrated in 5.7.c. This background fit is subtracted from the

raw signal, resulting in a residual signal that represents the density modulation of the

proton beam. To ensure the best accuracy, the sum total of this residual signal should

equal zero. Now that the proton modulation signal is isolated, the next step requires

using PT code to try and replicate the RCF results. 31

Particle Tracing & Data Fitting

FIGURE 5.8: Illustration of the experimental proton radiography
setup (frame a.), and how the PT simulation (frame b.) was designed
to mirror it, down to the distances involved, where l is the distance
from proton source to the interaction plane, and L is the distance

from the interaction plane to the detector

To extract quantitative information about the magnetic fields responsible for the

proton modulations observed in the RCF, a PT code was employed. Duplicating the
31 It must be noted that there is no method of measuring the proton beam profile prior to the

interaction with any EM fields. Therefore, it is assumed that the non-perturbed beam has a
Gaussian profile, as observed in Fig. 5.6.
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experimental setup as shown in Fig. 5.8, this code effectively simulates the trajecto-

ries of the probing protons as they propagate from a virtual point source (the Au foil

in the experiment), through the interaction region occupied by the EM fields (located

within the interaction gas cell in the experiment), to a two-dimensional proton detec-

tor (the RCF in the experiment). The trajectory of each separate proton is calculated

via numerical integration of the non-relativistic equation of motion, as the proton

propagates through regions where it is subjected to external magnetic fields. The in-

teraction between co-propagating protons within the probe beam is neglected. The

magnetic field distribution, Bφ, that was found to yield the best match with the RCF

data is azimuthal around the EPB propagation axis and, using cylindrical coordinates,

is modelled within the PT code by Eqn. 5.3,

Bφ = B0 sin

(
2πρ

ρf

)
exp

[
−
(
ρ

Db

)4
]
, (5.3)

whereB0 is the peak magnetic field, ρ is the radial coordinate in relation to the z-axis

along which the EPB propagates, ρf is spatial scale of the magnetic field, and Db is

the diameter of the magnetic field distribution. The field distribution is illustrated in

frames a. and b. of Fig. 5.9, and corresponds with a beam comprising of a central

region of positive current, surrounded by a ring of negative current.

Fig. 5.9.c. shows the relative change in vertical velocity of the protons as they

reach the detector, having traversed the B-field defined and displayed in frames a.

and b. It can be seen how the protons experience a strong vertical push away from

the beam propagation axis (the z-axis at y = 0), indicated by the deep red and blue

regions immediately above and below the z-axis. Further out from the z-axis, there is

a countering, yet weaker pull towards the axis, indicated by the yellow region at the

bottom and the light blue region at the top. This results in the protons being effec-

tively ‘squeezed’ into two higher density lobes on the 2-D detector (see Fig. 5.9.d.),

which is in good agreement with the RCF result shown in Fig. 5.7.a. As with the

RCF, a lineout is taken of the simulated result within the location of the red box il-

lustrated in Fig. 5.9.d.), and after performing a background subtraction, the resultant

lineout is plotted (as shown in Fig. 5.9.e.). A moving average is overplotted, and used
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FIGURE 5.9: Overview of PT data extraction. Frames a. and b.
show the typical B-field used in the PT code, which is azimuthal
around the z-axis (that corresponds to the EPB propagation axis).
Frame c. shows the relative change in vertical velocity that the pro-
tons undergo post-interaction with the B-field. The proton density
map recorded at the location of the 2-D detector is shown in frame d.
A vertical lineout is extracted from the region of the red box. The
background-subtracted lineout is plotted in frame e. showing the

relative proton density change.

as the measurement of the relative proton modulation. This PT measurement is on a

1:1 scale with the RCF measurement, with equal magnification, allowing for direct

comparison between the RCF and PT lineouts (see Fig. 5.10).

Numerous iterations were made to the B-field profile within the PT code, in an

effort to get as close a match as possible to the RCF data. By adjusting the peak

magnetic field,B0, in Eqn. 5.3, the minimum peak B-field was measured by matching

the smallest amplitudes of the RCF and PT lineouts (as shown in the Fig. 5.10.a.,

highlighted by the green circle). The process was repeated for the largest amplitudes

to find the maximum value of B0 (as highlighted by the yellow circle in Fig. 5.10.b.).
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FIGURE 5.10: Overview of matching the PT lineouts (red dashed
lines) to RCF lineouts (blue lines). In frame a. the minimum peak B-
field is found by matching the smallest PT and RCF modulation, as
highlighted within the green region. This process is repeated to find
the maximum B-field, as shown in the yellow region in frame b. The
dimensions of the B-field profile are also adjusted until the PT line-
out satisfactorily overlaps the axis crossover points, as highlighted

in purple in frame c.

The peak field is then defined as the mid-point between the measured minimum and

maximum, with the difference between the midpoint and the limits defined as the

uncertainty in the measurement. The diameter of the magnetic field distribution, Db,

and the spatial scale of the magnetic field, ρf , were adjusted to obtain as good a match

as possible between the location of the peaks of the lineouts, as well as the location

of the axis crossover points (marked with purple circles in Fig. 5.10.c.).

5.3.2 Proton Radiography Results

Shots were taken, and proton radiographic data was recorded of the background

plasma, post-interaction with EPBs with positron populations ranging from 0 to 50%.

A catalogue of RCF is presented in Fig. 5.11, showing radiographs for three different

probe times. The top row of Fig. 5.11 shows the proton probe beam in its original

unperturbed state. The bottom three rows show radiographs for shots with an EPB,

with each successive row having an increased positron percentage population. It can

be seen that the RCF recorded at a probe time of (280 ± 30) ps has the strongest

signal, and it is noticeable that as the EPB becomes quasineutral, that the proton sig-

nal undergoes greater modulation from its original Gaussian shape. It must also be

noted that as the EPB becomes more neutral (due to the converter thickness being in-

creased) the overall number of leptons decreases, which highlights the strength of the
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FIGURE 5.11: Comparison of sample radiographs with and with-
out a perturbing EPB. Each row represents separate shots imaging
the ambient plasma post-propagation of an EPB, with the makeup
of the EPB given in the leftmost column, and each subsequent col-
umn representing a different probe time. The RCF are displayed in
optical density format, with the colour bar indicator for each row
presented on the right-hand side. The EPB propagation axes and
direction are indicated by the arrows. Lineouts are measured at the
locations marked with a white dashed line, and overplotted with a

white solid line.

current filamentation effect. Fig. 5.12 shows the background subtraction and isolated

proton modulation signal of these RCF.

It can be seen that with no EPB, or even with a non-neutral EPB, as in the first
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FIGURE 5.12: Figure showing the proton modulation as a function
of the EPBs positron population percentage. The lineouts are from
the RCF displayed in the fourth column of Fig. 5.11 imaging the
ambient plasma (280 ± 30) ps post-interaction with the EPB. The
middle row shows the background subtraction of the lineouts, whilst

the bottom row shows the respective proton modulation.

two columns of Fig. 5.12, that the proton beam is unaffected and retains its Gaussian

shape. After subtracting the background, the residual signal showing the relative pro-

ton deflection is negligible. However, as the positron population percentage of the

EPB increases, as in the third column of Fig. 5.12, a distinct non-negligible modula-

tion of the protons can be seen. This modulation of the protons is maximised when

the EPB reaches quasineutrality, as in the fourth column of Fig. 5.12. Considering

that the quasineutral EPB produces the strongest perturbation of the proton beam,

particular focus will now be put on the radiographs of such EPBs.

Fig. 5.13 presents radiographs for three different quasineutral EPB shots. All

three RCF image the background plasma (280± 30) ps post-propagation of a quasineu-

tral EPB (the propagation direction and axis of which, is indicated on the RCF with

a white arrow). Lineouts were taken from each RCF through the regions that showed

the greatest proton modulation (indicated by the white dashed lines), and the back-

ground subtracted signal plotted (displayed as a blue line on the graphs shown in

the central column of Fig. 5.13). PT simulations were run, with numerous iterations

made to the B-field profile, until the PT lineouts (see red dashed lines in the graphs
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FIGURE 5.13: RCF imaging the ambient plasma (280 ± 30) ps
post-interaction with a quasineutral EPB are presented in the left
column, with lineouts taken (white dashed lines). The lineouts are
plotted (blue lines) in the middle column with the best PT lineout
fits overplotted (red dashed lines). The B-fields used in the PT sim-
ulations to produce the best fits are plotted in the rightmost column.

in the middle column of Fig. 5.13) closely matched the RCF lineouts. The derived

B-field profiles for each RCF are plotted in the third column of Fig. 5.13, and the

respective parameters for the B-fields are presented in Tab. 5.1.

B0 (T) ρf (mm)

1.5± 0.3 1.50± 0.05

2.0± 0.1 1.35± 0.05

1.8± 0.3 1.35± 0.05

TABLE 5.1: Parameters of the B-field distributions that provided
the best fits to the data shown in each respective row in Fig. 5.13,
where B0 is the peak amplitude of the magnetic field, and ρf is the

spatial scale of the magnetic field.
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5.3.3 PIC Simulations

To help the interpretation of the experimental results, two-dimensional particle-in-

cell (PIC) simulations were performed using the EPOCH code. 32 The simulation

box comprised of a grid of 10,000 by 3,000 cells, effectively resolving the region of

0 ≤ x ≤ 10 mm in the beam propagation direction, and 1.5 ≤ y ≤ 1.5 mm in the

orthogonal direction. Open boundary conditions were used.

A lepton cloud made up of an equal number of electrons and positrons, was in-

troduced and aligned with the x-direction with a mean Lorentz factor of λ = 15. The

density distribution of the positrons at time t0 = 0 is np(x, y, t0) = n0 exp(−y2/c2p)

with cp = 118 µm, and n0 = 1016 cm−3 if 0 ≤ x ≤ 30 µm and 0 otherwise. For the

electrons at time t0 = 0, the density distribution is ne(x, y, t0) = 1.24n0 exp(−y2/c2e)

with ce = 95 µm. This discrepancy in the density distributions of the two lepton

species is introduced intentionally in order to create a local net charge imbalance

(cp 6= ce) that seeds the instability.

The ambient plasma, through which the lepton cloud propagated, was simulated

by background electrons introduced to the simulation box at t0 with a number density

of npl = n0 + 2(np − ne) with a temperature of 50 eV. By setting the electric field

of this background to zero, the immobile background ions are implicitly introduced.

Simulation results at the time t = 16.9 ps are shown in Fig. 5.14, with frame

a. showing the development of magnetic fields within the background plasma in the

form of two strong bands of opposing polarity, located either side of the x-axis. These

bands have an oscillatory pattern that spans the length of the x-axis up to x ≈ 5 mm

with the magnetic field reaching a peak value ofB0 = 0.6 T. These two central bands

are enveloped by multiple weaker bands of opposing polarities that share the same

oscillatory shape in the x-direction. The affiliate cumulative charge density, shown

in Fig. 5.14.b., oscillates within three distinct bands that essentially lie along the

separation boundaries of the magnetic field bands discussed in Fig. 5.14.a. A close-

up of the region of 4.9 ≤ x ≤ 5.1 mm in Fig. 5.14.b. is presented in Fig. 5.14.c.

which indicates that the lepton-pair cloud is the acting source of the observed charge

density oscillations. Within the black contour line, the net charge modulus reaches
32 Ref. [133] Arber, T. D. et al., Plasma Physics and Controlled Fusion (2015)
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FIGURE 5.14: Results from PIC Simulations at the simulated of
time 16.9 ps. Frame a. shows the magnetic field amplitude, Bz(x,
y), in units of Tesla. Frame b. shows the normalized net charge
(np − nb − ne)/n0 + 1, which takes into account the contribution
of the immobile positive background charge. The black contour line
corresponds to where | np − ne | /n0 = 0.01. Frame c. is a close-
up of the black contour region in frame b. Frame d. shows the phase

space distribution fb(x, y, vx) of the background electrons.

a peak value that exceeds the maximum value of | np(x, y, t0) − ne(x, y, t0) | by

a factor of three. This is attributable to the formation of an instability analogous to

filamentation that has spatially separated the electrons and positrons within the lepton

cloud.

It is evident from Fig. 5.14.a-c., that as the lepton cloud propagates along the

x-axis, its net charge increases. This results in a clear growth of Bz and of the

oscillating charge density in the wake of the cloud. The phase-space distribution

presented in Fig. 5.14.d. shows the oscillating velocity of the background electrons,

with a peak amplitude of 0.25 c located at y = 0, which correlates with the location

of the electron accumulation within the lepton cloud. This electron bunch within the

lepton cloud has a positive mean velocity and causes the background electrons at x ≈

5 mm to accelerate in the opposite direction. The positron bunches that are located at

y ≈ ± 0.2 mm (see Fig. 5.14.c.) in the lepton cloud, cause the background electrons
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to accelerate in the positive x-direction. The propagating lepton cloud induces a

return current in the background electrons, which gives rise to the strong oscillatory

patterns observed in both Bz and the net charge density left in the clouds wake.

This charge density wave within an unmagnetised plasma is best characterised as a

partially magnetised Langmuir wave comprising of an oscillatory and steady-state

magnetic component.

5.4 Discussion

The experimental results indicate the generation and persistence of a magnetic field

within the background plasma post-interaction with a quasineutral EPB. The mag-

netic field profiles inferred from PT analysis suggests that the current profile respon-

sible comprises of a central positive component surrounded by a ring of negative

current. Considering the observation time frame, this would correlate with return

currents set up within the background plasma by the propagating EPB. The ratio

between the beam density, nb, and the background plasma density, npl, shows that

this experiment is operating in the weak beam scenario (α = nb/npl � 1), mean-

ing that a current-driven instability should develop a transverse modulation within

a time frame of 5 ps and within a distance of 1.5 mm (considering a growth rate of

Γfil ≈ ωpl
√
α/γb ≈ 2×1011 Hz). 33 Therefore, this instability should be observable

within the area imaged by the RCFs.

Taking an average magnetic field of 1.75 T, the Larmor radius of the background

electrons (assuming a background temperature of 10 eV as suggested by HYADES)

is approximately 6 µm, which is significantly smaller than the spatial scale of the

magnetic field. This means that the background plasma is capable of undergoing

magnetisation, and that the induced magnetic field can only dissipate through resis-

tive, rather than collisionless processes. An estimation of the time frame over which

the magnetic field dissipates can be made using Eqn. 5.4

τOhm ≈ µ0σλ2fil, (5.4)

33 Ref. [122] Bret, A. et al., Physics of Plasmas (2010)
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where σ = nee
2/(meνei) is the classical conductivity of the plasma, and νei is the

electron-ion collision frequency. Inputting the parameters of this experiment, the

time scale for magnetic field dissipation comes to τOhm ≈ 75 µs, which significantly

exceeds the observation window used in the proton radiography setup, explaining

why it is possible to see the field persist for so long post-propagation of the EPB.

The fact that the no apparent modulation was observed in the spectral and spatial

distributions of the EPB after interacting with the background plasma strengthens the

case for a purely transverse current-driven instability. Modulation in EPB spectra

would have indicated the excitation of longitudinal modes. However, this would be

unachievable considering longitudinal beam size is significantly shorter than its skin

depth. The spatial profile of the EPB as it exited the interaction-cell showed a smooth

distribution, and with the aid of simulations, it was found that when the electrons and

positrons undergo filamentation, that their equal mobility allows them to redistribute

in a manner that maintains the EPBs smooth profile. This further adds to the argument

that the experiment observed a purely current-driven instability.

5.5 Conclusion and Outlook

The first experimental observation of dynamics within a quasineutral EPB has been

presented herein. The experiment set-out to interact an EPB with an ambient electron-

ion plasma, in a regime analogous to an astrophysical jet interacting with the ISM.

Long-lived remnant magnetic fields were generated in the ambient plasma only when

the EPB was quasineutral. These magnetic fields had an equipartition parameter

of εB ≈ 10−3, that sits within the range of values inferred from models of pair-

dominated astrophysical phenomena.

Despite the findings of the experiment, there is scope for improvement and fur-

ther investigation. The potential areas for improvement and expansion, are outlined

below.

As mentioned in the previous chapter, significant progress been made in the field

of LWFA since this experiment was performed. Astra-Gemini can now generate

electron beams loaded with more charge (100s of pC), and with energies exceeding
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2 GeV. A simple repeat of the experiment would, therefore, result in the generation

of cascade EPBs with higher densities and energies. An increased EPB density could

allow for the development of multiple filaments with stronger magnetic fields. Utilis-

ing such an experimental scheme, another interesting investigation would involve the

changing of the density ratio between the EPB and background plasma, in order to

observe the magnetic field decay mechanism transition from a collisional regime to a

collisionless regime. If the longitudinal extent of the EPB pulse was sufficiently long

i.e. σL � λp, then it would also be possible to observe the transition between the

oblique instability mode and the current filamentation instability mode, as the density

ratios are adjusted. 34 It would also be fascinating to probe the background plasma

at different distances to measure the magnetic field evolution as the EPB propagates

further into the ambient plasma and the filamentation instability develops through to

saturation.

34 Ref. [36] Shukla, N. et al., Journal of Plasma Physics (2018)
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Appendix A

Derivation of Instability Growth

Rate

A derivation of the magnetic instability growth rate in ultrarelativistic plasmas has

been delineated in the work of M. V. Medvedev, 1 which is based upon the earlier

work of P. H. Yoon 2. As the work in this thesis is aimed at observing the development

of such instabilities, it is pertinent to describe their growth. Therefore, Medvedev’s

derivation is outlined below, which begins with the collisionless Vlasov description

of the plasma
∂f

∂t
+ ~v · ∂f

∂~x
+
e

c
~v × ~B · ∂f

∂~p
= 0 , (A.1)

with the space distribution function, f = F (~p) + f̃ , where F (~p) represents the un-

perturbed distribution, and f̃ represents an infinitesimal perturbation. Assuming a

relativistic plasma flow, the dispersion relation for the filamentation instability reads

as

1 =
c2k2

ω2
+
ω2
p/γ̂

ω2

(
G(β⊥) +

1

2

β2‖

(1− β2⊥)

[
c2k2 − ω2

ω2 − c2k2β2⊥

])
, (A.2)

where the variables β‖, β⊥, γ̂ and the function G(β⊥) have the following definitions:

β‖ =
p‖

γ̂mc
, (A.3)

β⊥ =
p⊥
γ̂mc

, (A.4)

1 Ref. [11] Medvedev, M. V. & Loeb, A., The Astrophysical Journal (1999)
2 Ref. [134] Yoon, P. H. & Davidson, R. C., Physical Review A (1987)
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γ̂ =
1√

1− β2‖ − β
2
⊥

, (A.5)

G(β⊥) =
1

2β⊥
ln

(
1 + β⊥
1− β⊥

)
, (A.6)

with p‖ and p⊥ representing the averaged parallel and transverse components of the

particle momentum, with respect to the bulk flow direction. The instability develops

within a finite range of wave-vectors defined by

0 < k2 < k2crit ≡
(
ω2
p

γ̂c2

)[ β2‖

2β2⊥(1− β2⊥)
−G(β⊥)

]
, (A.7)

with the conditions that the distribution function be anisotropic and the quantity

within the square brackets be positive.

The plasma instability mode that ultimately manifests is determined by whichever

mode has the fastest growth rate. The maximum growth rate, Γmax, and the associated

wave-vector, kmax, are given by

Γ2
max =

ω2
p

γ̂(1− β2⊥)

[ β2‖

1− β2⊥
+ 2β2⊥G(β⊥)

−
2
√

2β‖β⊥

(1− β2⊥)3/2

( β2‖β
2
⊥

1− β2⊥
+ (1− 2β2⊥ − β4⊥)G(β⊥)

)1/2 ]
,

(A.8)

k2max =
ω2
p

γ̂c2(1− β2⊥)

[ −β2‖
2(1− β2⊥)

G

(β⊥)

+
(1 + β2⊥)β‖√
2(1− β2⊥)3/2

( β2‖

1− β2⊥
+

(1− 2β2⊥ − β4⊥)

β2⊥
G(β⊥)

)1/2 ]
.

(A.9)

Eqns. A.8 and A.9 can be simplified with the assumption that the plasma flow is

ultra-relativistic with the parallel particle momentum vastly exceeding the perpendic-

ular component (i.e. p‖ � p⊥), which in turn means that γ‖ � γ⊥ � 1. Therefore,

with γ̂ ' γ‖ = γ, the fastest growth rate and wave-vector can be given by the fol-

lowing expressions:

Γ2
max '

ω2
p

γ

(
1− 2

√
2
γ⊥
γ

)
, (A.10)

k2max '
1√
2

ω2
p

γ⊥c2

(
1− 3√

2

γ⊥
γ

)
. (A.11)
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