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ABSTRACT

Quantum Electrodynamics (QED), in the perturbative limit has proved to be one of

the most robust theoretical frameworks in physics, exhibiting vast calculation potential

and being corroborated repeatedly by experimental observations. Nonetheless, there

are still some open questions with regards to the theory in the non-perturbative limit,

one of them being the problem of Radiation Reaction. Ongoing work in this field seeks

to establish the exact relationship between the radiation emitted by a charged particle

and its own motion.

An additional prospect of the advancement of the field of QED is the realisation of a

photon-photon collider, one in which pairs of particles and anti-particles may be pro-

duced. While there are various mechanisms which entail the production of an electron-

positron pair from photon-photon collisions, the most fundamental variant of the pro-

cess has not been yet measured in isolation. This is the Breit-Wheeler process and it

entails the collision of two real photons with a centre-of-mass energy above the rest

mass of the particle-antiparticle pair.

The present document details an account of experimental works carried out in the

aforementioned fields, with results being presented in both the subject of Radiation

Reaction and Pair Production. The experiments were both carried out in all-optical sce-

narios, demonstrating the versatility and potential of the combination of laser-plasma-

accelerators and ultra-intense field capabilities in the same experimental facility.

The first of the experimental findings was the observation of non-perturbative Radia-

tion Reaction effects in the collision of an electron beam of energy exceeding 2 GeV

with an external electro-magnetic field of intensity of≈ 1020 W/cm2. This was the first

successful execution of a laser-based radiation reaction experiment in a regime where

the onset of quantum effects in electron dynamics was evident.

Furthermore, results from pair production from photon-photon collisions in the linear

regime are also detailed. The experiment design, detector design and analysis meth-

ods are outlined and indications of the possible presence of positrons generated by the

Breit-Wheeler process are presented with events beyond one standard deviation being

observed. A statistical analysis was performed to ascertain the conditions necessary to

observe events beyond two standard deviations in the same experimental conditions.

| i



“It’s a dangerous business, Frodo, going out your door.

You step onto the road, and if you don’t keep your feet,

there’s no knowing where you might be swept off to.”

J.R.R. TOLKIEN
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| xv



Chapter 1

Introduction

Quantum Electrodynamics (QED) represents one of the most powerful theoretical

frameworks in modern physics and is one of the pillars of the Standard model of par-

ticle physics. It has combined quantum mechanics and special relativity to achieve

outstanding calculation potential. QED has predicted the outcome of several reactions

in high energy physics, including particle scattering, pair production or annihilation1–3.

The findings of QED have been used not only in the aforementioned context of nuclear

and particle physics, but also in astrophysics and cosmology as QED processes are

routinely used to describe the radiation and particle jets from high-mass astrophysical

objects4–6. The experimental study of QED has been carried out mainly in the context

of Radio-Frequency (RF) accelerators, where electron energies in the range of ∼100

GeV and proton energies in the TeV regime have been reached, leading to discoveries

as significant as that of the Higgs boson7.

So far, the study of QED experimentally has been restricted to the low-field regime,

where the theoretical and experimental understandings are advanced. The low-field

limit is restricted to one-to-one interactions as the cross-sections for multi-body inter-

actions are extremely small. However, problems arise when one considers the high-

field regime, in which multi-body interactions start to play a significant role. There

is a gap in understanding at these high energy densities, and as such experiments are

required at these high energy densities to help answer the open questions in the field

e.g. quantum Radiation reaction. The most experimentally viable method to obtain

these high energy densities is by the use of tightly focussed laser beams.

| 1



Introduction

Fig. 1.1 Laser Intensity evolution over time. Figure extracted and modified from Mourou et
al.8.

Laser technology has seen a dramatic rise in peak intensity in the last few decades

as is depicted in Fig. 1.1. This has enabled a plethora of phenomena to be explored.

These include electron9,10 and ion acceleration11 and alternative sources of photons

with unprecedented levels of brilliance at high energies through High Harmonic Gen-

eration12, betatron13,14 and Compton Scattering15,16, to name a few. In addition, high-

intensity laser science has laid the foundations for the field of ultrafast science with

the advent of few-cycle laser pulses. Moreover, recent technological developments

have allowed intensities exceeding 1022 W/cm2 to be reached17, thus allowing for the

aforementioned non-linear QED processes to be studied. For a 30 fs laser of intensity

of 1022 W/cm2 and wavelength of 800 nm, focussed into a 3µm focal spot, the time-

integrated density of photons achievable at focus is 1.21× 1019 photons per square

micron.

Multiphoton absorption is probable at relativistic intensities, i.e. at the intensity

where the energy of an electron in the field reaches energies greater than its rest
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mass energy over a quarter laser cycle. This intensity value is achieved at the so-

called dimensionless laser intensity of a0 ≥ 1 and may be calculated numerically as

a0 = 0.855
√

I[1018 W/cm2]λ 2[µm]. As such, the relativistic threshold assuming a

wavelength λ =0.8 µm is achieved for intensities at or above I = 2.14×1018 W/cm2,

well within the capabilities of current laser facilities such as the Astra-Gemini Sys-

tem18, GIST19 or BELLA20.

Fig. 1.2 Lorentz factor and intensities available in three example facilities are given: ELI-
NP (red square), Astra-Gemini18 (yellow square) and Taranis-X21 as an example of university
scale facilities (blue square). Orange line denotes the χ = 1 line, upwards from which the dy-
namics are dominated by quantum effects. Grey line denotes a0 = 1 line upwards from which
the interactions become non-linear. Quantum Radiation Dominated Region (QRDR)22 for Ra-
diation Reaction and its classical counterpart (CRDR)23 are also highlighted. The parameter
regime accessed in the SLAC flagship experiments24,25 is shown as a blue dot for reference.

Quantum effects also may start to play significant roles in these interactions if

certain conditions are met. The main requirement is that the electric field needs to

be close to that of the Schwinger field3,26,27 ES = 1.3× 1018 V/m. This field is the

field required to impart energy to an electron equal to its rest mass over the Compton

wavelength λC = h/(mc) = 2.43× 10−12 m. However, this field is far from being

reached in the context of current technology as this electric field corresponds to an

intensity of 2.24×1029 W/cm2, 7 orders of magnitude higher than intensities achieved

to date. However, for quantum effects to become appreciable, the electric field has to

be close to the Schwinger field in the rest frame of the particle in question, as such, one

may rely on relativistic Lorentz boosting to achieve fields close to ES. In this way, the
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quantum parameter χ = γE/ES is defined such that quantum effects start to become

important as χ approaches unity. With currently achievable experimental parameters,

I = 1021 W/cm2 or E = 8.68× 1013 V/m already sees the quantum parameter reach

χ ∼ 0.2 for particle beams of ∼ 1.5 GeV or γ ∼ 3000 energies, and χ = 1 is achieved

with γ ∼ 1.5×104 or an energy of ∼ 7.5 GeV.

Laser wakefield acceleration (LWFA) is a promising technique of particle acceler-

ation which has rapidly developed from its conception9 with electron beams of ener-

gies in the GeV regime being reached in cm-scale laser-plasma-accelerators28,29. The

beams resultant from these accelerators are suitable for exploring non-linear QED not

only owing to their energy, but also due to their high charge (109 particles per bunch),

low divergence (∼ mrad) and their fs-scale pulse durations10. In combining a laser

beam employed for particle acceleration and another one employed to trigger the high

intensity interaction, one may access this quantum regime in what is hereafter referred

to as an all-optical setup.

The study of non-linear phenomena in QED is relevant to fundamental physics.

These non-linear processes, which include stochastic photon emission in Compton

scattering30,31 and pair production from direct photon-photon collisions32–34 have not

been fully characterised experimentally. Furthermore, these effects will gain increasing

importance as technology develops. There are numerous facilities expected to deliver

the intensities required to access the regimes of high-field QED (I ∼ 1023 W/cm2),

these include the ELI-NP project35,36 or APOLLON37 among others.

Interactions between electron beams and tightly focussed lasers, both of µm-scale

size and fs-scale duration, require accurate spatial and temporal precision. As such,

pointing and timing stability, spectral reproducibility and high repetition rates are key

factors required to make measurements with statistical significance. In light of this,

the ideal scenario for the exploration of non-linear QED is the combination of con-

ventional accelerators, with mono-energetic, collimated electron beam generation ca-

pabilities, with an intense laser. Several schemes have been proposed for this hybrid

approach, including plans to exploit the electron beams available at the FACET-II38

and the European X-FEL facilities39 in the near future.

The first of the points of focus of this work is the study of the equation of motion

of electrons in external electro-magnetic (EM) fields. Exposure of a charged particle
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(an electron, for definiteness) to EM fields implies electron acceleration. It is well

known that charge acceleration must imply the emission of radiation. This emission

in turn implies that the electron must lose energy, and its equation of motion modified

accordingly to reflect this energy loss. This effect in particle dynamics is known as

Radiation Reaction (RR) and it must be included into the general equation of motion

of the electron in order for it to be self-consistent. However, the nature in which RR is

to be included into the equation of motion in different regimes of EM field intensity is

an active area of theoretical research3,40–43 and remains an open question.

Most of the previous work carried out on the subject of radiation reaction has been

carried out from an theoretical perspective. The first conceptualisation of the problem

in the early XXth century was carried out by H.A. Lorentz, who posed the question

from a non-relativistic perspective by introducing Larmor radiation into the Lorentz

equation as a damping force44. The generalisation of this damping force to the rela-

tivistic regime was realised by M. Abraham45, and the proposal for a method to solve

the equation by P. Dirac46 led to the so-called LAD equation, which presented unphys-

ical consequences47 such as runaway solutions even in the absence of an EM field3.

The first physically correct description of the problem of RR in the relativistic case

was developed by Landau and Lifshitz48. Their description holds true in the limit in

which quantum effects may be neglected.

Fig. 1.3 Electron Acceleration using Laser Wakefield Acceleration focusing a laser into a gas
cell with an F/40 off-axis parabola (right). Accelerated electrons then propagate through a
discharge capillary and thus put through focussing magnetic fields (left).

The advent of electromagnetic fields reaching unprecedented intensities will in fact

see quantum effects play an important role in particle dynamics3. As such, in order to

understand the problem of RR to its full extent, the nature in which quantum effects

affect particle dynamics must be well understood. With the first studies of relativistic
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and quantum RR being developed by Heitler1, the heuristic essence of the quantum

picture of RR is that photons emitted incoherently affect electron motion via pho-

ton recoil22, with individual photons having the possibility of carrying away energy

comparable to the electron energy. While indications of quantum effects in Radiation

reaction have been observed experimentally in the linear regime by propagating ultra-

relativistic electrons through crystal lattices49, the non-linear regime requires χ ∼ 1

and a0 � 1 simultaneously. However, in preparation for the completion, commis-

sioning and experimental campaigns in future multi-PW facilities, non-linear quantum

RR has already been implemented in PIC codes for simulation50. Before entering the

quantum-dominated regime, there is a transition region, defined as the semi-classical

regime51, where quantum effects do not yet dominate the dynamics, but affect them

enough for differences with respect to classical interaction to become apparent.

Fig. 1.4 Radiation Reaction. An electron beam is made to interact with an external laser beam.
This causes the electron to emit radiation, losing energy in the process.

Experimental campaigns prior to the presented work were carried out in the form

of Thomson and Compton Scattering experiments15,16,25,52–54. In these experiments,

electron beams were made to interact with external EM fields in such a way that high

energy radiation would be produced. The emphasis of these experimental observations

however, was made on the produced radiation due to its inherent interest for applica-

tions55–58. In fact, some of these experiments were carried out in intensity regimes
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where radiation reaction and thus an effect on the electron spectrum, was not expected

to be significant.

The present work aims to help complete the picture of non-linear QED by address-

ing the hitherto experimentally unexplored problem of RR in a strong (a0 ≥ 1) electro-

magnetic field. The experiment carried out was able to observe beyond-classical RR

effects in the collision of a broadband electron beam exceeding 2 GeV peak energy

with a laser focussed to an intensity of a0 ∼ 10. The quantum parameter value reached

was that of χ ≈ 0.2, deviations from classical behaviour were observed and are likely

due to the onset of quantum effects playing a role in electron dynamics. This result

represents the first campaign which studies RR in an all-optical setting in this regime

of laser intensity.

The second point of focus of the thesis is that of Pair Production from direct

photon-photon collisions, otherwise known as the Breit-Wheeler process32. The Breit-

Wheeler process represents the time-reversal of particle-antiparticle annihilation and as

such is one of the most fundamental predictions of the QED theoretical framework59.

The reaction is illustrated in Fig. 1.5. The experiment highlighted in this work was

carried out in the linear regime, i.e. with the centre of momentum frame energy of the

colliding photons being larger than the threshold of mec2, thus enabling pair produc-

tion. Specifics of the analysis method and experiment design are detailed, followed

by the measured results and expected pair yields. This is succeeded by a proposal

for carrying out these experiments in the non-linear variant, involving ultrahigh fields,

multi-photon interactions and being carried out below threshold through quantum tun-

nelling.

There has been one experiment which has successfully observed pair production

from collisions between real photons in an isolated environment i.e. not in the vicin-

ity of atomic nuclei. This experiment was carried out by the direct interaction of an

electron beam with a laser24. The photon-photon collision in this case occurred be-

tween the laser field and one of two possible sources of photons, non-linear Compton

Scattered photons (Breit-Wheeler pair production32) or those from the virtual photon

cloud surrounding the electrons (Trident Process60). The difference between previous

campaigns and the present work is that here the photon-photon interaction has been

isolated so as to characterise the Breit-Wheeler process, namely, the collision of two
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real photons, exclusively.

Fig. 1.5 Feynman diagram of a photon-photon collision resulting in an electron positron pair.

In the experiment shown in this thesis, the production of photons and their interac-

tion were spatially separated in order to isolate the photon-photon collisions from other

sources of pairs. The challenge of performing this experiment in an all-optical scenario

revolves around signal-to-noise. The method of generation of the necessary high en-

ergy photons was chosen to be bremsstrahlung by putting a laser wakefield accelerated

electron beam through a thin high Z foil (the converter). While the energy of the pho-

tons extends to the ∼ GeV maximum energy of the electrons (which is favourable for

the cross-sections involved) this is an inherently noisy process which results in pairs of

particles and highly divergent photons being generated at the converter. The result was

the convergence to an experimental setup with a full suite of diagnostics that served

to characterise the reaction. In addition, a shielding arrangement was designed to cut

bremsstrahlung noise by eight orders of magnitude and a set of diagnostics and data

analysis techniques were designed and implemented to achieve single particle detec-

tion capability. This yielded experimental indications exceeding 1σ significance that

pairs from the Breit-Wheeler process could have been produced.

This body of work is centred on assessing the capability and feasibility of carrying

out experiments in facilities where both high energy particle beams and high intensity

fields can be generated. The shown research represents the culmination of experiments

which indicate the potential this line of research has to explore new exotic physics, the

physics that will end up playing a dominant role in near future experimental facilities.
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1.1 Structure of the Thesis

This thesis is based on both of the aforementioned topics, Radiation Reaction in the

non-linear regime and Breit-Wheeler Pair Production. Chapter 2 will provide an ac-

count of the physics of the processes which are relevant to the presented work. These

include laser-plasma acceleration, Compton scattering, RR and pair production both

in the linear and non-linear regimes. Thereafter, Chapter 3 will enumerate the experi-

mental techniques employed throughout the research. Attention will be drawn to laser

technology, the Astra-Gemini Laser facility (where the research was carried out) as

well as the diagnostic techniques used to characterise all the parameters needed for a

full characterisation of RR and Pair Production in an all-optical scenario. An overview

of the simulation techniques to assess noise levels and radiation yields is also given.

Following, Chapter 4 will show the results of an experimental campaign on the

subject of Radiation Reaction. On the interaction of an electron beam with an external

EM field, correlations between generated amounts of Compton radiation and observed

electron energy loss are highlighted, showing agreement with theoretical predictions.

The observed energy loss is found to be different than the shifts predicted using clas-

sical models of Radiation Reaction, suggesting the onset of quantum effects playing a

role in electron dynamics. Towards the end of the chapter, a list of potential improve-

ments on the experimental setup and employed techniques is provided.

Chapter 5 will detail experimental results in Linear Breit-Wheeler Pair Production.

The considerations taken in the experiment design are outlined, as well as the analysis

methods used to distinguish between background particles and particles originating

from the Breit-Wheeler process. Results from the experimental campaign are also

shown, suggesting potential indications of the measurement of positrons from photon-

photon collisions. Likewise, at the end of the chapter, a list of possible improvements

to the experimental setup is provided.

To conclude, Chapter 6 summarises the conclusions from both experimental cam-

paigns as well as outline possible future lines of work in the aforementioned fields.
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Chapter 2

Theory

2.1 Plasma Physics of Laser-Matter Interactions

There are different levels at which the interaction of electromagnetic fields with plas-

mas may be studied. A plasma is defined as a quasi-neutral gas composed of an en-

semble of unbound charged particles which exhibits collective behaviour61. The first

interaction to study is therefore that of external Electro-Magnetic (EM) fields with in-

dividual charges. Due to the timescales involved in the processes discussed in this

work (∼ 10 fs), the description will focus on electron interactions, which are able to

take place in these fs timescales.

By EM fields we mean those associated with lasers, i.e. oscillating electric and

magnetic fields, denoted by E and B respectively. These fields can be fully described

in the absence of external sources in terms of the vector potential A, with amplitude

A0 and phase ψ via the following relations

A = A0eiψ (2.1a)

E =−∂A
∂ t

(2.1b)

B = ∇×A (2.1c)

2.1.1 Interaction of Charges and Fields

The characterisation of the dynamics of charged particles in external EM fields is a

problem which may be solved exactly for a certain set of conditions. The ones high-
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lighted in this work will be ideal scenarios in which plane, linearly-polarised waves

will be considered. The dynamics of an electron with negligible recoil in the presence

of an external EM field may be fully described both by the Lorentz equation and the

energy equation:

dp
dt

=−e(E+v×B) (2.2a)

d
dt
(γmc2) =−e(v ·E) (2.2b)

where p = γmv is the relativistic momentum of the electron, γ = 1
(1−v2/c2)1/2 =

(1+ p2/m2c2)1/2 is the Lorentz factor and e, m and v are the electron charge, mass

and velocity respectively. In the non-relativistic limit of Eq. (2.2a) the magnitude of

the force due to the magnetic component becomes negligible and the electron sim-

ply oscillates in the same direction as the electric field. However, in the presence of

a strong enough field, the electron motion may become relativistic, i.e. it would ac-

quire as much energy as its own rest mas in a quarter cycle. This happens when the

dimensionless intensity of the laser beam a0 = |e|E
mωc ≥ 1. Here ω is the electric field

angular frequency. The relationship between a0 and the electromagnetic field intensity

I may be numerically expressed as a0 = 6.0×
√

I[1020 W/cm2] λ [µm] where λ is the

wavelength of the electromagnetic field.

Consider now a plane, elliptically polarised wave travelling in the z direction in

such a way that the vector potential A = (δa0cosψ,(1− δ 2)1/2a0sinψ,0). Here δ is

a constant dependent on the polarisation state, it may take on values δ = {−1,1,0} in

the case of linear polarisation and δ =
√

2/2 for circular polarisation, the phase of the

wave is given by ψ = ωt−kz where k is the wavenumber. From this point onwards, to

simplify calculations, natural units shall be assumed62 in which c= k=ω = e=m= 1.

The implications of the use of this system in the subsequent equations is that z→ kz,

t→ ωt, v→ β = v/c, p→ p/mc and finally A = eA/mc2.

The solution of the above equations in the laboratory frame assuming an initially

stationary electron are as follows62

x = δa0sinψ (2.3a)

y =−(1−δ
2)1/2a0cosψ (2.3b)
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z =
1
4

a2
0

[
ψ +

2δ 2−1
2

sin2ψ

]
(2.3c)

One of the main stand-out features of the trajectory solutions is that the longitudinal

component will, regardless of the polarisation of the external EM field, increase in

time (or indeed position) in a linear fashion. The conclusion of this expression is that

an electron will experience a drift velocity which has a velocity (averaged over fast

oscillations, and in units of c) equal to 〈vD〉=
a2

0
4+a2

0
.

In the specific case of the lasers used in this thesis, the only polarisation state used

was linear (δ = 0). Thus the trajectories to be expected from electrons in the laboratory

frame reduce to

y = a0cosψ (2.4a)

z =
a2

0
4

[
ψ +

sin2ψ

2

]
(2.4b)

The laboratory frame as well as the electron rest frame (for completeness) trajec-

tories are shown in Fig. 2.1.

Fig. 2.1 Electron trajectories in an external EM field as a function of intensity. The plot on the
left comprises the electron motion in the lab frame. The plot on the right shows the transverse
motion of the electron in the frame travelling with the electron at the drift velocity.

2.1.1.1 The Plasma Frequency

One of the defining plasma features is the fact that particles are coupled within a cer-

tain volume. This volume is known as the Debye sphere, a sphere of radius equal

to the Debye length λD =
(

εkBTe
nee2

)1/2
, where ε is the permittivity of the medium, kB

| 12



2.1. Plasma Physics of Laser-Matter Interactions

is the Boltzmann constant Te and ne are the electron temperature and density respec-

tively. This is the spatial scale over which the electric potential of a single charge in a

plasma drops by a factor of 1/e. In addition to this screening potential, the inter-charge

coupling in a plasma allows for waves of various natures to arise. Transverse electro-

magnetic waves (light) are dispersion-less in vacuum. However, in a plasma the ability

of electrons to respond to external forces causes the nature of light propagation to be

dispersive and introduces a minimum frequency required for transmission, the plasma

frequency ωp. Heuristically, ωp may also represent the inverse of the neutralisation

timescale for electrons in plasmas, i.e. it represents the inverse of the time it takes the

plasma to suppress local charge variations.

ωp =

(
nee2

εme

)1/2

(2.5)

This quantity may be derived from the linearisation of the continuity equation and

of the equation of motion of electrons in a plasma ignoring viscosity, Ohmic heat-

ing, thermal conductivity and action by gravity in an unmagnetised plasma at equi-

librium61. The dispersion relation obtained for an EM wave of angular frequency ω

travelling through the plasma is obtained as ω2 = ω2
p + c2k2 where k is the EM wave

wavenumber. Due to this plasma frequency, real solutions for k only exist for EM

wave frequencies ω >ωp, thereby setting a lower limit to plasma frequency for plasma

propagation. In a plasma, this is the case because if the frequency is lower than ωp the

plasma electrons can react to neutralise the wave and negate its propagation. Since

the plasma frequency can be written in terms of the electron number density, one can

find the critical density as the electron density above which a laser cannot propagate

through the plasma, this density is defined as

nc =
meε0ω2

e2 (2.6)

2.1.2 The Ponderomotive Force

While the above expressions hold true for an idealised infinite plane wave, in practice,

the finite and focussing natures of laser beams in plasmas should be considered. In fact,

the finite extent of laser pulses and the fact that they have a non-uniform spatial profile

leads to the so-called ponderomotive force63. This force causes particles to be pushed
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away from regions of high intensity. While in the scenario described in Sec. 2.1.1

the electron would simply return to its original position, in reality, once the particle is

expelled from the focus, it goes into a region where the EM field is not as strong, thus

preventing the electron’s return to its original position. The ponderomotive force is the

backbone for laser-based particle acceleration and can be derived by ignoring thermal

effects and assuming a sinusoidal electric field with amplitude E0:

E = E0sin(ωt) (2.7a)

mene

(
∂v
∂ t

+(v ·∇)v
)
= eE (2.7b)

Where ne is the electron number density. Since electron oscillation is transverse to

the direction of propagation as seen in Sec. 2.1.1, the quiver velocity (in units of the

speed of light) is given by

v =
eE0

meω
cos(ωt) (2.8)

Carrying the above through in Eq. (2.7b) and averaging over the fast oscillations

(denoted by ”〈 〉” where not explicit) we arrive at the conclusion that the forces act-

ing on the particle are a combination of the electrostatic force and the ponderomotive

force63:

me
∂v
∂ t

= e〈E〉− 1
4

e2

meω2 ∇E2 (2.9)

Due the ponderomotive force having the effect of expelling charges from regions

of high intensity, it is often regarded as analogous to radiation pressure.

2.1.2.1 Self-Focussing of Lasers in a Plasma

The ponderomotive force, if the intensity is high enough will convey sufficient mo-

mentum to the plasma electrons for these to become relativistic, in this case the mass

of the electrons will change to γme with its corresponding effect on the local plasma

frequency. Due to this change in electron mass, the refractive index of the plasma, nor-

mally written as η = (1−ω2
p/ω2)1/2, is modified. Noting that the refractive index may

be re-written as a function of electron density as η = (1−ne/nc)
1/2, then it becomes

apparent that there are two ways of modifying the refractive index, either by modifying
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the electron density, or the electron mass (See Eq. 2.6). In this way, focussing effects

are reached if an electron density drop is seen on axis or if the electron mass close to

axis is increased.

Electron density tailoring is a method routinely used to enhance guiding by using

pre-formed plasma channels, often achieved through discharge capillaries64 or using

a ”heater” laser pulse65. In addition, self-focussing due to density changes may also

be achieved through the ponderomotive force causing an electron density decrease on

axis10. The relativistic self-focussing can be understood by noting that the energy

gained by an electron will mostly be transversal (in the direction of the electric field)

and has a dependency with a0 corresponding to γ ≈ γ⊥ = (1+ a2
0)

1/2 and assuming

ω2
p� ω2 then the refractive index becomes61

η = 1−
ω2

p

2ω2
n(r)

n0(1+a2
0)

1/2 (2.10)

Here, n(r) is the electron density radial distribution and n0 is the initial electron

density. From Eq. 2.10 the dependence of the refractive index on the vector potential

is apparent with the refractive index being inversely proportional to a0. When con-

sidering a focussing beam with the maximum intensity being on axis and decreasing

towards the wings of the pulse, again a refractive index minimum is seen on axis.

This results in an overall focussing effect known as relativistic self-focussing10,66, the

power at which the focussing rate overcomes the effect of diffraction is defined as the

critical power, and has the value

Pcrit = 17.4
ω2

ω2
p

GW (2.11)

Since the plasma frequency can be written in terms of electron density, the critical

power may be rewritten as Pc = 17.4nc/ne GW, thus establishing the relationship be-

tween the required power for self-focussing and the electron density. The existence of

this phenomenon implies that if an optimal focal spot size is achieved, self-focussing

may completely neutralise the effect of diffraction.
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2.1.3 Laser Wakefield Acceleration

Plasma based accelerators rely on a combination of the above effects to function.

Specifically, propagation of intense laser pulses in plasma, local expulsion of electrons

due to the ponderomotive force and the fact that waves are able to be excited within

plasmas. In this work emphasis will be made on Laser Wakefield Acceleration (LWFA)

since it was the acceleration technique employed throughout the presented experi-

ments. However, alternative acceleration mechanisms do exist e.g. radio-frequency

(RF) accelerators, proton-driven wakefield acceleration67 or beat wave acceleration68,

to name a few.

Fig. 2.2 A schematic of the process of Laser Wakefield Acceleration. A laser (depicted in red)
propagates in the plasma and through the ponderomotive force expels the electrons from the
region of high intensity. The result is the creation of a bubble of radius rB which is devoid of
negative charge. Ions react slower and thus remain in the bubble, resulting in a high electric
field gradient. Electrons which make their way into the bubble through an injection mechanism
e.g. self-injection or ionisation injection are accelerated within this region.

The acceleration gradients of conventional RF accelerators are limited to 100 MV/m

by dielectric breakdown putting an upper limit to the voltage one can apply69. With

this conventional method therefore, obtaining higher energies must be achieved by

means of scaling up size, rapidly increasing the cost of RF facilities. Plasma based

accelerators occur in media which are already broken down and as such are not subject

to said limitation. LWFA is the acceleration of electrons by the excitation of waves of

a phase velocity that is close to the propagation velocity of the laser pulse70. The peak

acceleration gradients achievable are in the GeV/cm range9, surpassing conventional
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accelerators by several orders of magnitude. The first high quality (narrow bandwidth)

and high energy (∼100 of MeV) electron beams produced were reported by Mangles

et al.71, Geddes et al.72 and Faure et al.73.

The ponderomotive force (FP) is inversely proportional to the mass of the particle in

question, as such its effect on electrons is going to be much higher than that of ions in fs

timescales74. Due to these considerations the ions may be regarded as stationary. The

ponderomotive force is then the energy coupling mechanism for transferring energy

from the laser to the plasma.

The effect that the laser pulse has on the plasma due to FP is, is to remove electrons

from the high intensity region, the expulsion of electrons outwards forms a structure

defined as the bubble, which trails behind the laser pulse. Higher density of ions in

this bubble region devoid of electrons sets up an electric potential which in turn may

accelerate electrons in the back of the laser wake forward. The accelerating electric

field Ea achieved can be expressed as10

Ea(V/m) =
cmeωp

e
(2.12)

In this way, steeper acceleration gradients are reached for higher electron densi-

ties. For the electrons to enter the accelerating region, some perturbation or instability

is to occur75. Background plasma electrons are in general unlikely to be trapped in

the bubble regime as they are being pushed by the laser ponderomotive force, thereby

sustaining the bubble structure. However, through local instabilities and through the

erosion of the laser wavefront, electrons may acquire enough momentum in the frame

co-moving with the laser to enter the accelerating region. The methods whereby elec-

trons are transported from the sheath (edge of the bubble) to the acceleration region

(inside the trailing half of the bubble) are called injection mechanisms.

There are various methods which can be used to enhance injection in LWFA. These

often include perturbations in the accelerating medium, thus increase the chances of

electrons gaining the properties required to penetrate into the bubble structure. A few

methods include density gradient injection76, which increases the chances of injec-

tion by locally modifying the phase velocity of the wake; colliding laser injection77

whereby a perturbation is achieved by virtue of an external laser or ionisation injec-

tion78, where the perturbation comes from dopants in the gas.
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Fig. 2.3 Example electron spectra from a Laser Wakefield accelerator operating in the bubble
regime. Injection mechanism in this case was self-injection. Dashed lines correspond to elec-
tron energy in GeV, whereas the vertical axis on each of the plots represents the divergence
in units of mrad. Figure showcases the capability of achieving electron energies in the GeV
regime in an acceleration length of ∼ 10 mm.

The bubble structure is not only important because of its accelerating feature. It

also contributes to relativistic optical guiding, whereby laser diffraction within the

plasma is suppressed66,79. In addition, the transverse gradient in electric field in the

bubble also has a focussing effect on the injected electrons, which results in both highly

energetic and highly collimated electron beams10. Moreover, electron bunches pro-

duced by means of LWFA have ultra-short pulse durations of the order of ∼ 10 fs80.

LWFA was performed in the non-linear or blow-out regime in the shown exper-

iments. Here the focussed intensity is slightly above a0 = 1. This regime is charac-

terised by the wave-front steepening and deviating from the standard sinusoid observed

in the linear regime. In addition to this, the plasma wavelength, i.e. the period of the

non-linear waves, increases, this combined with the higher degree of electron deple-

tion81 makes this regime of operation ideal for increased acceleration potential and

length. Also, operation in the blowout regime can also lead to electron self-injection,

whereby some fraction of the electrons in the plasma will be placed in, not around the

bubble and subsequently accelerated71,72.

2.1.3.1 Limiting Factors in LWFA Energy

There are many parameters which influence the peak energies attainable in every ac-

celerator, however emphasis is drawn to two key factors: acceleration potential and

acceleration length.

There are various adverse effects which negatively affect the efficiency of LPAs.
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Diffraction is one of these adverse effects but as discussed in Sec. 2.1.2.1, it may be

counteracted by guiding mechanisms such as relativistic self-focussing or by the use

of plasma channels (e.g. discharge capillaries)72. Laser depletion also affects LPA

performance as it is the process whereby the laser energy is lost to the plasma such

that it is no longer able to drive a wake. This is manifested as the leading edge of the

plasma wave deteriorates or etches away82.

The final and perhaps more important of the efficiency loss mechanisms for LPAs

is that of dephasing. As an EM wave propagates through a plasma it travels at a speed

lower than the speed of light in vacuum by virtue of the plasma refractive index. When

accelerated electrons reach high enough energies, their velocity approaches the speed

of light and as such may be higher than the wake velocity. If electrons ”outrun” the

wake they may enter the region of the bubble in which the potential produces decel-

eration and as such will lose energy. This effect is known as dephasing and occurs

over the dephasing length Ld p. For a particle beam where the velocity is essentially the

speed of light (ultra-relativistic regime), the dephasing length is given by:

Ld p =
λp

2(1− vp/c)
(2.13)

Where λp is the plasma wavelength λp = 2πc/ωp and vp is the phase velocity of the

wake10 vp = c
√

1−/γ2
p = c

√
1−ω2

p/ω2. From Eq. 2.13 it follows that increasing

electron density will result in a decrease of Ld p. This scaling is in contrast to the

results shown in Eq. 2.12, where the acceleration gradient sees a positive scaling with

increased density.

2.2 Interaction of Electrons with Radiation at High Intensities

There are two different parameters that control the ”quantumness” of a given inter-

action: the magnitude of the electric field and the electron energy. This last quantity

comes into play as it affects the electron’s perceived electric field as discussed with

the introduction of the quantum parameter χ in Sec. 1. An overview of the parame-

ter range including the capabilities of particle acceleration and peak laser intensities is

shown in Fig. 1.2 for both current and prospective facilities.

Before some of the high intensity and or relativistic phenomena are described, a few
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concepts must be introduced. The Heisenberg uncertainty principle allows for energy

to be ”borrowed” so long as it is borrowed for a short enough time. As such, vacuum

is full of particles and antiparticles which briefly come in and out of existence83, these

are called virtual particle-antiparticle pairs. These vacuum fluctuations occur within

the Compton lifetime τ = λC/c. Electrons have low mass as compared to other funda-

mental particles, hence it also has a relatively large Compton wavelength and lifetime.

A sufficiently strong electric field, however, could in principle transfer enough energy

to a virtual electron-positron pair for them not to re-annihilate and therefore become

real. This threshold is reached at the previously introduced quantity of the Schwinger

field ES, the equation for which may be expressed as

ES =
m2

ec3

eh̄
= 1.32×1018 V

m
(2.14)

The process over which an electric field of magnitude ES materialises a virtual

electron-positron pair is schematically shown in Fig. 2.4. The quantum parameter χ

represents how close a given Lorentz-boosted electric field is to ES, its formal expres-

sion takes the form:

χ =

√
(Fµν pν)2

mecES
= γe

E
ES

(1− cosθ) (2.15)

where Fµν is the electromagnetic field tensor of the form shown in Eq. (2.16),

pν = {Ee/c,p} is the electron four-momentum and θ represents the angle between the

electron momentum and the EM wave direction of propagation (1−cosθ = 2 for a fully

counter-propagating configuration). A useful numerical approximation for computing

the magnitude of the quantum parameter χ = 5.9× 10−2Ee[GeV]×
√

I[1020 W/cm2]

(in a counter-propagating geometry).

Fuν =



0 −Ex/c −Ey/c −Ez/c

Ex/c 0 −Bz By

Ey/c Bz 0 −Bx

Ez/c −By Bx 0


(2.16)

Another important parameter used to describe QED interactions is the photon for-

mation length l f . This parameter comes into play in the definition of a non-linear
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Fig. 2.4 An electric field which may impart work in amount of 2mec2 within the Compton
lifetime tc = λc/c will make virtual electron-positron pairs in the quantum vacuum materialise.
This field is known as the Schwinger field.

multiphoton process as the length over which an electron can experience multiple in-

teractions with the external EM field photons before emitting its own. This parameter

is central to one of the routinely used approximations in numerical modelling of QED

processes, namely the Constant Crossfield Approximation (CCFA), which will be dis-

cussed more in depth in Sec. 2.3. This approximation assumes the wavelength of the

electric field to be sufficiently large compared to the formation length in order to as-

sume it to be constant within l f . CCFA simplifies calculations greatly but it is expected

to be valid for a0� 1 as l f is equal to84

l f =
2E(E− h̄ω)

m2
ec3ω

(2.17)

where E in this case is the electron energy and ω refers to the emitted photon an-

gular frequency. Formation length l f is larger for high electron energies and photons

with energy h̄ω � E. The scaling of radiated photon energies with increasing inten-

sity, discussed in more detail in Sec. 2.2.1.1, implies that with higher intensities and

the onset of quantum processes, the energy of Compton-scattered photons can become

comparable to the electron energy, thus lowering l f . Recent theoretical studies have in

fact shown that applying or not the CCFA yields different low energy photon spectra

(those with a large formation length) in moderate intensity (a0 & 1) Compton scattering

scenarios85. This is due to the formation length for these photons being long enough

for variations in the electric field within the length to be apparent. This expression of
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l f also implies higher electron energies imply larger probability for multiple interac-

tions. As an example, the Bethe-Heitler bremsstrahlung spectrum is suppressed at low

h̄ω for ultra-relativistic electrons due to the photon formation being long enough (for

these photons) to allow for multiple scattering events to occur within their formation

length34,86.

2.2.1 Generation of High Energy Photons

High energy photons are ubiquitous to a large range of phenomena in astrophysics,

such as gamma-ray bursts87, quasars88 and relativistic jets89. They are also useful for a

variety of applications, ranging from photon-induced fission58 and active interrogation

of nuclear materials90 to photon irradiation-based oncology55,56. In addition to its

many practical applications, high energy photon beams may also be used as a probe to

study fundamental physics in the context of Quantum Electrodynamics3.

Gamma rays can in general be obtained through two mechanisms: nuclear reac-

tions and accelerating charges. In this thesis the focus will be on the latter. In the the-

sis the main mechanisms discussed are those of Bremsstrahlung, Thomson/Compton

Scattering and laser-solid interactions. However, other mechanisms do exist including

betatron91–94, high harmonic generation95,96, free-electron lasers97,98 and synchrotron

radiation99, among others. These methods are able to obtain photons in the sub-MeV

energy regime. A summarised account of the state of current research in terms of peak

energies and brilliances is shown in Fig. 2.5.

2.2.1.1 Thomson/Compton Scattering

Thomson scattering is the elastic scattering of a photon by a free charge particle.

Compton Scattering may be regarded as the inelastic version of Thomson scattering.

Both reactions constitute the transfer of energy from a photon to a charged particle,

with the inverse of these processes denoting those reactions in which the energy trans-

fer is from the charged particle to the photon. Despite the differences in the above

definitions, Thomson, Compton and Inverse Compton will be referred to interchange-

ably hereafter.

The mechanism for the generation of high energy photons from the interaction of

a free charge with an external EM field is akin to that of undulators used in X-FEL

facilities. Here, the undulator period is replaced by λ/2 where λ is the wavelength
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Fig. 2.5 Brilliance of experimentally attained photon beams. Femto-Slicing at PSI100; Un-
dulator source at ESRF101; K-α emission by Rousse et al.102; Wiggler source at Petra III39;
Bremsstrahlung by Glinec et al.103, and Giulietti et al.104; Betatron by Kneip et al.13, and
Cipiccia et al.14; Linear Thomson Scattering (LTS) by Powers et al.53, Chen et al.52, and Liu
et al.105; Non-Linear Thomson Scattering (NLTS) by Phuoc et al.15. and Sarri et al.16; Non-
Linear Compton Scattering (NLCS) by Cole et al.106. Figure extracted from Alejo et al.107.

of the scattering laser. In addition, the strength of the undulator, which is commonly

referred to as K in the literature, is replaced by a0
108.

Fig. 2.6 Feynman diagram for Compton scattering and the effect of experimentally attained
Compton-scattered photons on a Thallium-doped Caesium Iodide (CsI(Tl)) scintillation stack.

Two regimes are distinguished, namely the linear or ”undulator” regime and the

non-linear ”wiggler” with a0� 1 and a0 ≥ 1 respectively. An interaction is linear or

non-linear depending on the number of absorbed photons prior to emission (Nγ ). In the
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undulator regime, only one photon takes part in the reaction (Nγ ∼ 1), conversely, if the

interaction has an a0� 1, photons up to Nγ ∼ a3
0 may take part in the interaction. The

energy (h̄ωX ) and number of produced Compton photons (NX ) can be written as108

h̄ωX ∼
4γ2

e h̄ωLNγ

1+(γeθ)2 +
a2

0
2 +2NX χ

a0

(2.18)

NX ∼ 1.5×10−2a2
0 a0� 1

NX ∼ 3.38×10−2a0 a0 ≥ 1
(2.19)

where ωL is the laser angular frequency and θ denotes the emission angle. Quan-

tum effects are negligible in the regime of χ � 1, in this regime and considering a

counter-propagating geometry, from Eq. (2.18) the scaling of the photon energy is

found to be EX ∝ γ2
e for a0� 1 and EX ∝ γ2

e a0 for a0 ≥ 1108. Eq. (2.19) and Eq. (2.18)

imply that the energy and yield of produced photons increases in the non-linear regime

i.e. at high laser intensities. However, the bandwidth is also found to increase with

increasing a0 as109:

∆ωX

ωX
∼

√(
a2

0
2

)2

+

(
∆ωL

ωL

)2

+

(
2∆γe

γe

)2

(2.20)

where ∆ωL and ∆γe are the laser and electron bandwidths. A large bandwidth

photon beam is detrimental to some of the applications for gamma rays. However, it

is theoretically possible to reverse this tendency by use of chirping of the scattering

laser110.

Multiphoton effects are an important part of experiments in Compton Scatter-

ing as first experimentally observed by Bula et al.25, where multiphoton interac-

tions were inferred from the measurement of the Compton photon spectrum. Mul-

tiphoton effects also contribute to the divergence of the outgoing radiation as well

as its energy. If the scattering laser is linearly polarised, the generated Compton

radiation will have divergence108 θi ∝ a0/γ in the polarisation plane and θo ∝ 1/γ

in the out-of-polarisation plane. When considering a non-divergent electron beam,

the ratio between these two quantities would directly yield the intensity of the in-

teraction. However, including the inherent electron divergence modifies the relation-

ship between the measured in plane and out of plane divergences θI and θO to a0 =
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Fig. 2.7 Intensity and polarisation effects in the divergence of multiphoton Thomson radiation.
a shows a divergence increase in the polarisation direction. b shows the data as compared to the
expected divergence from the H-D (Harshemesh-DiPiazza) model111. c shows the comparison
between the expected divergence ratio and its relationship with intensity when considering a
non-divergent and a divergent electron beam (with 10 mrad divergence). Figure extracted and
modified from Yan et al.54.

[
(θI/θO)

2(1+(θe/θo)
2)− (θe/θo)

2]1/2. This new relationship is shown in Fig. 2.7

for a θe = 10 mrad electron beam54.

2.2.1.2 Bremsstrahlung

The attainment of energetic electrons is instrumental to probe QED effects. The pro-

duction of high energy photons from these is fundamental to processes such as pair

production from photon-photon collisions. Braking radiation or Bremsstrahlung can

be seen as the scattering of electrons from electromagnetic collisions with atomic nu-

clei103,104,112. During this kind of interaction, electrons decelerate in the atomic field,

thus emitting radiation. The interaction involves three bodies: the electron, the nucleus

and the produced photon, hence the spectrum of the emitted radiation ranges between

zero and the peak electron energy, this is shown for a 17.5 GeV electron beam incident

on a 35 µm Tungsten Converter in Fig. 2.8. For the electron energies involved in the

following experiments, Bremsstrahlung is the dominant electron energy loss mecha-

nism, dominating over other effects e.g. ionisation or Møller scattering, which are

strongly suppressed in the GeV regime1. The cross-section for Bremsstrahlung in the

ultra-relativistic regime may be expressed as60

dσB

dω
(ω,y) =

αr2
0

ω

{(
4
3
− 4

3
y+ y2

)
×
[

Z2
(

φ1−
4
3

lnZ−4 f
)
+Z(ψ1−

8
3

lnZ)
]

+
2
3
(1− y)[Z2(φ1−φ2)+Z(ψ1−ψ2)]

}
(2.21)

| 25



2.2. Interaction of Electrons with Radiation at High Intensities

Here, y is defined as y= h̄ω/E where ω is the angular frequency of the Bremsstrahlung

radiation and E is the electron initial energy. Z is the converter material atomic number,

r0 is the classical electron radius and the functions φ1,2 and ψ1,2 correct the atomic po-

tential due to electron screening60. Finally, the Coulomb correction113 is encapsulated

into the function f .

Fig. 2.8 Spectral detector measuring the output from a simulation in which a collimated 17.5
GeV electron beam was made to interact with a 35µm Tungsten converter target. Spectra of
electrons, positrons and photons post-converter are shown. Figure obtained through Monte-
Carlo simulation using FLUKA.

In general interaction with thin targets is limited to few scattering events (and

low probability cascade generation), for an incident electron of energy Ee ∼ 1 GeV,

40% of the produced radiation will be emitted with an energy above Ee/2 and will

have a divergence of θ ∼ (mc2/Ee) ln(Ee/mc2)114. The regime where these condi-

tions are present are for those targets with thicknesses below a radiation length X0.

This is the thickness at which an electron of initial energy E0 will on average ex-

perience a decrease in energy to E0/e. The expression for the radiation length is

given by115 X0 = 716.405A/
[
Z2(Lrad− f )+ZL′rad

]
where Lrad = ln(184.15)Z−1/3,

L′rad = ln(1194Z−2/3) and f again is the Coulomb correction.
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2.2.2 X-Ray Generation from Laser-Solid Interactions

For the linear Breit-Wheeler Pair Production experiments, the collision was made be-

tween bremsstrahlung gamma rays and x-rays from direct laser-foil irradiation. This

enabled the centre-of mass energy of the photons to be above mec2, thus enabling pair

production. Given the timescale of the laser used to produce x-rays being of the order

of 10s of ps and an interaction intensity in the order of 1014 W/cm2, the discussion of

the pertinent absorption and emission mechanisms will be restricted to those expected

to be dominant in these regimes.

The x-ray target, in this case a ∼ 100 nm scale Germanium target, absorbs laser

light by virtue of collisional processes. The most important effects which contributed

to the coupling of EM field energy to the target are inverse-Bremsstrahlung (IB) and

plasma effects at the critical density. Due to the intensity being relatively low (1014

W/cm2) as well as the target thickness being in the scale of ∼ 100 nm, hot electrons

have a negligible contribution to the heating and the target is thermally heated62. IB is

the process whereby electrons collide with the neighbouring ions in their oscillation in

the EM field, thereby producing radiation which gets re-absorbed by the target. Other

processes such as thermal electron transport, ionisation and hydrodynamic effects also

play a role in heating up the target material62.

From a plasma which has acquired thermal energy through an external source,

there are three fundamental sources of radiation emission, those stemming from bound-

bound, free-bound and free-free interactions. The bound-bound radiation source cor-

responds to line emission, whereby electrons which have been excited to upper energy

states either by electron-electron collisions or directly excited by the incident EM ra-

diation, decay into a lower state, thus emitting radiation. The most significant contri-

bution to the emission is that of transitions of electrons to the ground state, although

transitions between excited states may also have a significant contribution. The term

line is used because each transition has a defined energy. However, lines are not in-

finitely sharp due to a combination of factors, and thus have a finite width. The width

of emission lines is largely attributed to effects such as the thermal motion of the radi-

ating ions (Doppler broadening) or the interaction of the ions with the EM fields of the

surrounding plasma particles (Stark broadening)116. The target used was Germanium,

which has L-Shell emissions at 1.41 keV (LI), 1.25 keV (LII) and 1.22 keV(LIII)117.
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The free-bound interactions entail the recombination of electrons. Electrons cap-

tured by an ion lead to radiation of photons that have an energy which is dependent both

on the degree of ionisation of the atom and the kinetic energy of the captured electron.

Because electrons have a continuous energy distribution in their thermal motion, the

radiated spectrum via this mechanism is likewise continuous116. Finally, the free-free

interaction entails the production of radiation through bremsstrahlung whereby thermal

electrons produced in the plasma accelerate into the material, undergoing scattering

with the Germanium ions and producing radiation through inverse Bremsstrahlung. A

final contribution to the observed radiation is that of Black-body radiation by virtue of

the target being heated by the incoming laser.

2.3 Radiation Reaction

Radiation Reaction constitutes one of the most puzzling outstanding problems in QED,

it constitutes the effect on a charged particle’s motion as it emits radiation. These

discussions are valid for any charged particle; however an electron will be used for

definiteness. In order for the equation of motion of the electron to be self-consistent,

the effect of radiation emission in its dynamics needs to be included. However, cur-

rently there is no complete equation of motion for an electron in an external EM field

which includes RR. There are however, certain regimes of EM field strength where

valid theoretical descriptions do exist. In this section, these are reviewed.

2.3.1 Larmor Picture

In order to characterise the dynamics of electrons, a good place to start is the non-

relativistic Lorentz equation. Here the electron oscillates along the polarisation direc-

tion of the external EM radiation e.g. a laser, in a linear manner. In the relativistic

limit, the magnetic field starts to play a role in the electron dynamics and introduces

transverse-to-polarisation motion, thereby making electrons describe a figure-8 type

trajectory as described in Sec. 2.1.1. The general form of the Lorentz equation in the

notation which shall be used hereafter is

m
duu

ds
= eFuνuν (2.22)
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Where e and m are the electron charge and mass respectively, Fuν is the external

electromagnetic field tensor described in Eq. (2.16), uu = dxu/ds is the particle four-

velocity and s is proper time.

The main flaw of the Lorentz equation in general is that it does not include any

energy loss from radiation. The perturbative method, incorporates energy loss without

invoking the concept of RR. This method relies on the calculation of the radiated power

by means of the Larmor formula

Prad =
2
3

e2a2

4πε0c3 (2.23)

and later subtracting this radiated power from the initial electron energy. In Eq.

(2.23), a is the electron acceleration. In fact, this method is a conventional technique

used to correct energy loss in synchrotrons118. The perturbative method has the main

drawback that it lacks time resolution as it does not take into account the energy loss

during the interaction. This description is valid for slow particles in low external fields.

The shortcoming of neglecting energy loss during a specific interaction often leads

to this description overestimating the energy loss in interactions at higher amplitude

electric fields.

2.3.2 Classical Radiation Reaction

Bringing RR into theoretical descriptions of electron motion in a classical framework

is achieved by introducing the Larmor formula as a damping term in the Lorentz equa-

tion. The resultant expression is the Lorentz Abraham Dirac (LAD) equation which

has a general form

m
duu

ds
= eFuνuν +

2
3

e2
(

d2uu

ds2 +
duν

ds
duν

ds
uu
)

(2.24)

The term on the right hand side which is proportional to
(

d2uu

ds2

)
is called the Schott

term. The presence of this term in the LAD equation makes the expression problematic,

as it represents an unphysical quantity (the derivative of acceleration with respect to

time). Consequently, runaway solutions are allowed whereby the acceleration may

diverge even in the absence of an external electromagnetic field, an unphysical result.

The inconsistencies of the LAD equation where later overcome by Landau and
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Lifshitz119, where historically they derived their ”physically correct” equation by ap-

plying the asymptotic boundary condition that the acceleration must tend to 0 as time

goes to infinity and by carrying out a reduction of order. This brings forth the Landau-

Lifshitz (LL) equation:

m
duu

ds
= eFuνuν + e2 2

3

(
e
m
(δαFuν)uαuν −

e2

m2 FuνFανuα +
e2

m2 (F
ανuν)(Fαλuλ )uu

)
(2.25)

This expression is valid so long as the physical scale of the process in question is

not below the Compton Scale λ � αλC and that the magnitude of the electric field is

below the classical critical field i.e. E� αEc. This equation has no runaway solutions

as the terms which depend on the time derivatives of the acceleration have vanished.

Eq. (2.25) is valid in the regime of classical relativity, that is, where quantum effects

are negligible. The physical interpretation of Eq. (2.25) is that of the Lorentz force

with a continuous radiative damping force affecting electron motion.

The classical energy loss can be predicted for an electron of initial Lorentz factor

γ0. Assuming a linearly polarised external EM field with a slow evolving Gaussian

envelope and averaging over fast oscillations, the time integration of the energy loss

formula can be performed41 to yield the expression shown in Eq. (2.26)

∆γ∞

γ0
=

√
π

2 τ0tLω2
0 γ0a2

0

1+
√

π

2 τ0tLω2
0 γ 0a2

0

(2.26)

Where ∆γ∞ is the energy loss after the interaction, τ0 is the time it takes light to

travel a distance equal to the electron radius and its given by τ0 = 2
3

e2

4πε0mc3 = 6.2×

10−24s, ω0 is the field (laser) angular frequency tL is the laser pulse duration. The

functional form of Eq. (2.26) implies that if a broadband electron beam interacts with

a laser, (energy loss being proportional to initial energy) higher energies would see

a greater decrease than their lower energy counterparts, consequently reducing the

electron beam energy bandwidth. Eq. (2.26) may be rewritten in a simpler form as

∆γ∞

γ0
=

0.1ψ(t/trad)

1+0.1ψ(t/trad)
(2.27)

where the parameters ψ = 10
√

2π3 ω0 τ0 γ0 a2
0 and trad = 2π/ω0 have been intro-
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duced. The significance of ψ is a normalisation such that a ψ = 1 signifies a 10%

energy decrease per laser cycle. These expressions for energy loss are valid and accu-

rate for the regime in which quantum parameters are negligible, i.e. for χ � 1.

A few unphysical consequences of the LL equation come to light when applied

to scenarios where quantum effects are important. Firstly, the classical equation does

not limit the frequency of the emitted radiation. Therefore, a mathematically possible

solution exists where the frequency of the radiation would imply h̄ω > Ee where Ee

is the energy of the electron. Moreover, Eq. (2.25) does not take into account that

the emission may be stochastic and not continuous and therefore a time integrated

energy loss may not be a valid solution. Finally, the LL equation does not take into

account the finite possibility of producing electron positron pairs in the interaction

with the external field. A complete treatment of force due to radiation would require

a complete quantum electrodynamics treatment. However, if the system considered

presents acceleration timescales above τ0, a classical description is justified46,120.

2.3.3 Semiclassical Radiation Reaction

The LL equation (Eq. 2.25) is valid in regimes of low intensity where quantum ef-

fects may be ignored (χ � 1). However, in the experiment presented in this work,

a regime of intensity and particle energy where quantum effects were expected to be

non-negligible was reached (a0 ∼ 10 and χ ∼ 0.2). The fact that the emitted radia-

tion frequency does not have an upper limit implies the LL often leads to an energy

loss overestimation. There is a method whereby the overestimation is suppressed by

introducing a factor g(χ) which is the ratio between classical IC = 2e2m2
eχ2/3h̄2 and

quantum synchrotron radiation34 intensities. A fit may be performed to this ratio to ob-

tain an approximate expression for g(χ) (accurate to ≈ 2% in the explored parameter

regime) which is expressed as41 g(χ) = (3.7χ3 + 31χ2 + 12χ + 1)−4/9 and is shown

as a function of χ in Fig. 2.3.3. Introducing this suppression yields the following

modified expression for the electron energy loss:

∆γ∞

γ0
=

0.1g(χ)ψ(t/trad)

1+0.1g(χ)ψ(t/trad)
(2.28)
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2.3. Radiation Reaction

Fig. 2.9 Shape of g(χ) in the range from 0 < χ < 1. The inclusion of this parameter will have
no effect to the classical energy loss at χ = 0, the effect will however become appreciable even
at χ ∼ 0.1.

2.3.4 Quantum Radiation Reaction

The inclusion of quantum effects into the equation of motion is a controversial subject

since technology has not yet reached the intensities required to experimentally test the

various theories22,30,31,42,43,121. However, all the quantum models of radiation reaction

have a few common features. Firstly, radiation ceases to be continuous and becomes

discrete, in the form of photons. These photons are emitted in a stochastic manner and

may carry as much energy as the initial electron energy E0, implying there is a high

frequency cut-off at h̄ω = E0. Moreover, quantum effects such as pair production or

vacuum polarisation are no longer neglected. The current quantum RR theories are

expected to perform well in the limit of both a0� 1 and χ ≥ 1. These models are used

routinely in PIC codes to model the behaviour of charged particles. These simulations

will then be used to compare the expected electron behaviour with that which will be

observed in the next generation of multi-Petawatt facilities.

In quantum RR theories, the main assumption is that of the Constant Crossfield

Approximation (CCFA) in that the photon formation length is assumed to be small
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compared to the electric field variation length, and therefore the electric field may

be assumed constant throughout the photon formation process3. There are however

studies which point out that this approximation need not be the appropriate one to

describe interaction at moderate intensities as the CCFA in this regime is thought to

overestimate the low energy photon yield85.

In order to explain some of the ramifications of the quantum Radiation Reaction

description, one must introduce the different schemes in which time-dependence is in-

cluded in quantum interactions. Firstly, the Schrödinger picture introduces time depen-

dence by virtue of time dependent wavefunctions and time independent Hamiltonians.

In the Heisenberg picture, time dependence is incorporated only in the operators and

their eigenstates. Finally, the Dirac picture, otherwise known as the interaction picture,

shows a combination of these two, by including time dependence on both wavefunc-

tions and operators.

The Furry picture of QED is a similar to the Dirac picture but incorporates an exter-

nal electromagnetic field into the unperturbed Hamiltonian. The fact that the external

electromagnetic field is incorporated into the energy operator affects the commutation

relations and results in a loss of absolute symmetry in charge. This symmetry absence

brings with it the important result of the finite probability of closed loop Feynman di-

agrams, which ultimately results in vacuum polarisation. The Furry picture is valid so

long as the external fields involved are below the critical field limit, due to the fact that

if the limit were overcome, the field would suffer from depletion by virtue of avalanche

pair production. Volkov states are the solutions to the Dirac Equation (which combines

special relativity and quantum mechanics) in the framework of the Furry picture.

The basic principle of the application of the quantum approach to RR is the quan-

tization of the field in the Furry picture and using the aforementioned Volkov solutions

as the electron states22. Electrons emit photons within the radiation length, normally

these are considered in the first order, i.e. considering a single emission per radiation

length, the probability for single photon emission within the radiation length being

equal to P1. This approach is justified in the experimental regime of interest since

the probability of emitting j photons within the same formation length (for χ ≤ 1) is

P1α j−1(αχ2/3) j−1. Considering the emission of two photons for instance, one would

obtain P1α2χ2/3, which in the experimental region of interest of χ ∼ 1 would render
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the probability of double photon emission to be 4 orders of magnitude lower than that

of a single photon.

A few effects will become apparent in an electron and its resultant radiation if the

quantum regime is accessed. These can therefore be used as diagnostics to discern

between different regimes of operation. The first and probably the most fundamental

consequence of a quantum model is that it will predict a lower energy loss due to the

introduction of the high energy photon cutoff. Contrary to the bandwidth contraction

observed in classical Radiation Reaction as predicted by Eq. (2.26), the stochastic

nature of photon emission results in a net bandwidth increase43. A further effect on

the electrons is the pickup of transverse momentum by the electrons even in fully

counter-propagating experiments30.

Moreover, differences in radiation are also notable, as χ approaches the value of

1, the emitted photons can carry an amount of energy comparable to that of the seed

electron, resulting in much higher peak energies being registered42. The possibility of

pair production in the interaction will also become considerable34.

2.4 Pair Production from Photon-Photon Collisions

Photon-photon collisions are one of the lowest cross-section events known to physics.

As the time-reversed version of particle-antiparticle annihilation59, it constitutes one

of the fundamental processes in QED, and surprisingly no direct measurement of it has

been made in a scenario where the collisions happened directly between two groups of

photons. The experiment which was successful in observing the products of a two-step

process was carried out at SLAC in the 1990s24 where a 42 GeV electron beam was

made to collide head on with a laser of moderate intensity. During this process, en-

ergetic photons were produced via Compton scattering which subsequently interacted

yet again with the laser field to produce positrons. In addition to this, high energy

photons could have also interacted with the virtual photon clouds of the electrons to

produce pairs through the Bethe-Heitler process. In the showcased experiment, how-

ever, the production of high energy photons and the collisions between photons are

spatially offset in such a way that the direct photon-photon process is isolated.
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Fig. 2.10 Electric field acting on a potential barrier. A threshold process e.g. ionisation or
indeed BW pair production in the linear regime, in the low field limit can only happen if the
energy is above a certain threshold (set to 0 in this case). However, if a strong enough field is
applied, the potential will become finite in such a way that a particle may tunnel through the
potential barrier even if its energy is not sufficient to overcome the original potential barrier.

The process in question is called the Breit-Wheeler (BW) process, it involves the

collision of two (or more) photons to create an electron-positron pair. This process

may happen in two different regimes, the linear and non-linear regime. If the centre

of mass energy of the colliding photons exceeds mec2 then the reaction is said to be

linear. Conversely, the non-linear variant involves multiple photons and in sufficiently

high fields, can even produce particle pairs even with a centre of mass energy below

threshold. This is possible due to a process analogous to tunnelling ionisation, whereby

sufficiently strong external force would act to skew the potential so that it becomes

finite in space and lower in magnitude as shown in Fig.2.10. A finite potential barrier

has a non-zero probability of a particle surpassing it by means of quantum tunnelling,

this process is at the heart of the non-linear BW process.

2.4.1 Linear Breit-Wheeler Pair Production

Assume a high energy photon of energy E and a lower energy photon of energy ε ,

the low field limit of the Breit-Wheeler process is a threshold event which cannot take
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place unless (Eε)1/2 > mec2. The main all-optical experimental approach to staging

such a process is the production of a high energy photon beam via bremsstrahlung of

a LWFA electron beam onto a converter target, and making these high energy photons

interact with x-rays from a laser-solid interaction. This low-field limit is known as the

linear Breit-Wheeler (BW) process owing to the involvement of only two photons and

no quantum or non-linear effects. The cross-section σ for the direct γ + γ → e−+ e+

reaction may be expressed as33

σ =
πr2

0
2

(1−β
2)

[
(3−β

4) ln
1+β

1−β
−2β (2−β

2)

]
(2.29)

Here r0 is the classical electron radius, β is the electron and positron velocity in

the centre of mass system. This quantity requires the full description of the collision,

with this being that the high energy photon (with energy E) propagates along the z

axis, with the low energy photon (with energy ε) coming in at an angle θ with respect

to this axis. Therefore, β may be calculated by use of the invariance of the square of

the four momentum of the two photons:

2εE(1− cosθ) = 4E2
e (2.30)

Here Ee is the energy of the electron/positron in the centre of mass frame. The

premise behind this approach is to calculate the probability of pair production. This

task will be completed by considering the probability of absorption of a low energy

photon by a high energy photon. The main approximation this calculation makes is

that the absorption probability is calculated by assuming an isotropic photon cloud and

then performing the integration over its spatial extent. In this way, the photon density

in a given energy and angle range may be computed as dn = 1
2n(ε)sinθdεdθ . With

this in mind one can calculate the absorption probability per unit length dτ

dz as

dτ

dz
=
∫ ∫ 1

2
σn(ε)(1− cosθ)sinθdεdθ (2.31)

By use of a change of variable, we define a quantity s = (εE/2m2c4)(1− cosθ)

such that β = (1− 1/s)1/2, s may be written as s = s0k where s0 = εE/m2c4 and

k = 1
2(1− cosθ). It is worth noting that pair production is a threshold phenomenon

which requires s0 ≥ 1 to be possible. Applying the change of variable, one finds
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dτ

dz
= πr2

0

(
m2c4

E

)2 ∫
∞

m2c4/e
ε
−2n(ε)φ [s0(ε)]dε (2.32)

where

φ [s0(ε)] =
∫ s0(ε)

1
sσ(s)ds (2.33)

and where the new variable known as the ”dimensionless cross-section” has been

introduced such that, if the function φ [s0(ε)] is known, the calculation of the absorption

probability may be carried out fully and solely as a function of the photon energy33,

simplifying calculations vastly. This dimensionless cross-section term takes the form

σ(s) =
2σ(s)
πr2

0
(2.34)

Using the expression for the cross-section given in Eq. (2.29) and performing the

integration detailed in Eq. (2.33), one arrives at the following expression for φ [s0(ε)]

φ [s0(ε)]=
1+β 2

0

1−β 2
0

ln(w0)−β
2
0 lnw0− ln2w0−

4β0

1−β 2
0
+2β0+4lnw0 ln(w0+1)−L(w0)

(2.35)

where the newly introduced quantities have values β0 = 1−1/s0, w0 =(1+β0)/(1−

β0) and L(w0)≡
∫ w0

1 w−1 ln(w+1)dw. Following from Gould33, it is possible to arrive

at the numerical value of L(w0) of

L(w0) =
1
2

ln2w0 +
π2

12
−

∞

∑
n=1

(−1)nn−2w−n
0 (2.36)

Which allows for an arbitrarily accurate calculation of φ [s0] for any given s0. The

asymptotic behaviour of φ [s0] in the limit of centre of mass energy s0 being close to

threshold (s0− 1)� 1 and way above threshold s0 � 1 are detailed below in Eqs.

(2.37a) and (2.37b).
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φ [s0] = 2s0( ln4s0−2)+4ln4s0( ln4s0−2)− (π2−9)/3+ ...

...+ s−1
0 (ln4s0 +9/8)+ ... (s0� 1)

(2.37a)

φ [s0] = (2/3)(s0−1)3/2 +(5/3)(s0)
5/2− (1507/420)(s0−1)7/2 + ... (s0−1� 1)

(2.37b)

Fig. 2.11 Linear Breit-Wheeler cross-section for 2.5 and 10 keV x-ray photons. Thresholds are
included for both cases, with the 2.5 keV threshold at 105 MeV and the 10 keV threshold at 26
MeV. Cross-section is plotted as a function of gamma ray photon energy, showing a maximum
at ∼ 2× threshold Eγ .

From the cross-sections shown in Fig. 2.11, one can see the maximum cross-

section has a value which is constant irrespective of the x-ray energy and has a value

of ≈ 1.65× 10−25 cm2. Assuming this maximum value and full spatial overlap of

gamma ray beam (assuming an initial divergence of 1/γe = 2.5 mrad for photons of
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energies exceeding 200 MeV) which has an area of ∼3.5 mm2 at the interaction point.

This gamma beam contains 0.14 photons per incident electron with Eγ > 200 MeV. If

an electron beam of 11.5 pC (measured during experiment) is assumed, this amounts to

∼ 107 gamma ray photons). The x-ray source was placed at 0.5 cm distance, with the

gamma ray cross-sectional area spanning 0.35 sr solid angle. From simulations carried

out by our collaborator J. Morton, the x-ray yield is approximately 1022 photons/s/eV

in the full 4π sr sphere in the spectral range of 1 keV. If the gamma ray beam is

assumed to have a similar duration to that of the initial electron beam (e.g. 10 fs),

implies 4× 1016 photons in the full sphere, and ∼ 3× 1014 photons at the interaction

point. Since these quantities are representative of one Gemini shot, the combination

of these estimates yields an 0.01 chance per shot of producing a pair. More detailed

calculations based on the full x-ray spectrum and a full Monte-Carlo based simulation

with the achieved electron spectral shapes were carried out by our collaborators T.

Blackburn and R. Watt. The refined probability of producing a pair being between 5%

and 10% chance per shot.

The energy of the produced pairs can be explained in the centre of mass frame of

the interaction. Because the peak cross-section occurs just above threshold, it implies

that the produced electrons and positrons will be produced with little excess kinetic

energy in the centre of mass frame, the electrons and positrons will be emitted in

opposite directions. When a Lorentz boost is performed onto the laboratory frame, the

energy of the produced electrons and positrons will be centred in Eγ/2. Considering

the achieved x-ray energies, photons above 200 MeV and up to a GeV will be above

threshold, making the highest likelihood positron energies to range between 100 and

500 MeV.

2.4.2 Non-Linear Breit-Wheeler Pair Production

In this case, there is no longer a threshold event (albeit that the cross-section increases

significantly as you approach (Eε)1/2 ∼ mec2). Instead, the high fields present in this

sort of interaction act to simultaneously lower the potential barrier and limit its spatial

extent. The presence of more than one photon as well as a strong electro-magnetic

field and quantum effects are the reasons why this process will be referred to as the

non-linear Breit-Wheeler (NLBW) process. The solution to the problem must follow a
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slightly different approach, namely one which includes χ in the absorption probability.

As such, consider the case in which h̄ = c = 1, a photon of energy ω collides in a

counter-propagating geometry. The laser field has a peak intensity of I0, a central

frequency ω0 and a duration corresponding to N0 cycles. Consider φ to be the phase

of the laser, then the electric field takes on the form:

E(φ) = E0 f (φ) = E0 sin2
(

φ

2N0

)
sin(φ +φ0) (2.38)

Where φ takes on values between 0 and 2πN0. We will consider the case in which

the carrier envelope phase φ0 is zero. The probability of production of an electron-

positron pair in a laser field is dependent on the mutual polarisation, out of which

two components are distinguished, a parallel and a perpendicular one, denoted by the

subscripts ”‖” and ”⊥” respectively.

The probability of pair production per unit phase may be written as122

dP‖/⊥
dφ

=

√
3
2
(3∓1)α

16
a0| f (φ)|exp

[
− 8

3χ| f (φ)|

]
(2.39)

Where α = 1/137 is the fine structure constant. To attain the total probability of

creating a pair, one must therefore integrate over all possible phases.

P‖/⊥ =
∫ 2πN0

0
dφ

dP‖/⊥
dφ

(2.40)

Therefore, if an unpolarised photon beam is assumed, as would be expected from

a Bremsstrahlung source, the total number of electron-positron pairs created will be

given by:

Ne+−e− = Nγ

P‖+P⊥
2

(2.41)

In the case of the experiments carried out, the total number of pairs is plotted

for a number of intensities as a function of photon energy. The parameters used to

characterise the laser were a central frequency of λ0 = 800 nm and a laser duration of

40 fs. In addition, a geometrical factor in the form of 1− cos(θ) needs to be included

in the calculation of χ , owed to the fact that the experiment was not set up in a fully

counter-propagating geometry, but rather at an angle θ .
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Fig. 2.12 Calculation of probability of pair production per incoming high-energy photon, as
a function of photon energy and scattering field intensity. Based on calculations outlined in
Ritus122

The result of these calculations is shown in Fig.2.12, and the conclusions which

may be drawn from this is that the cross-section for the expected a0s achievable (up to

20 at laser intensity peak) and the achievable energies (up to γ = 4000) are in the 10−4

region. This is later to be multiplied by the number of photons present in the interaction

area, dictated by the size of the F/2 focus, and the Bremsstrahlung converter yield in

said area.
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Chapter 3

Methodology: Lasers, Experimental

Techniques and Simulations

The subject of this chapter is the enumeration of the different experimental and simu-

lation techniques used throughout the experiments highlighted in the subsequent chap-

ters. Firstly, a brief discussion in the role lasers play in experimental campaigns as

well as the laser facility used in these experiments, namely the Astra-Gemini laser

system. Subsequently, the simulation tools used to design experiments and shielding

of sensitive diagnostics will be explained. Finally, the chapter will conclude with an

enumeration of the various types of diagnostics used to ascertain the properties of elec-

trons, photons and positrons. The experiments shown in this thesis can be classified

into one of two types, electron-photon experiments (Radiation Reaction studies) and

photon-photon experiments (Breit-Wheeler Pair Production studies). High-level di-

agrams illustrating the general idea behind these two experiments are shown in Fig.

3.1.

3.1 Lasers

Laser (acronym for Light Amplification by the Stimulated Emission of Radiation) tech-

nology has developed at a staggering rate since their invention123 in the 1960s, when

intensities achieved were of the order of 109 W/cm2. Since then and as seen in Fig.

1.1, the development of techniques to shorten pulses and increase the amplification

capabilities have been enough to increase peak intensities by nearly 14 orders of mag-
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nitude. The technological advances which led to the increase in intensity are mostly

due to techniques which allow the production of shorter laser pulses. Q-switching was

developed124 to enable energy to be stored in the gain medium of the laser by oper-

ating the laser in a low gain, high Q mode (no positive feedback), only to reverse the

trend to allow for a short pulse laser to be generated. This technique allowed laser

pulses in the ns duration regime to be produced. Mode-locking125 was a technique

which was developed to lock the phase of all the seed modes in the oscillator (initially

random). By matching the phase of all the modes and amplifying only modes within a

certain bandwidth, the amplification of short single pulses may be attained. Finally, the

most recent technological advancement is that of chirped pulse amplification, which is

discussed in detail in Sec. 3.1.1.

Fig. 3.1 Schematic of electron-photon and photon-photon experiments exploring the processes
od Radiation Reaction and Pair Production from photon-photon collisions respectively.

Lasers have had applications in technology which surpassed its original ambitions

and is currently routinely used in data storage, communication, machining126, cancer

therapy127 and high energy density physics, among others. The aforementioned ad-

vances in laser technology have enabled the development of ultra-short of laser pulses,

thus boosting achieved peak intensities up to 1022 W/cm2 and the production of in-

dividual laser pulses with powers reaching 10 PW36. For the purpose of the study of

high-field QED, it is precisely these ultra-intense laser pulses which are required to
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trigger effects beyond those well characterised by linear QED.

The relationship between the transform-limited pulse duration and the bandwidth

is given by a Fourier Transform. The similarity theorem then implies that they are the

inverse of each other128. In this way, in a relationship akin to the uncertainty principle,

the product of the spectral bandwidth ∆ν and duration of a laser pulse ∆t have a lower

limit. The value of this lower limit is given by the time-bandwidth product (TBP). This

implies that the localisation of a laser pulse in the time domain must be attained at the

expense of spectral bandwidth.

∆t∆ν = ∆t∆ω/2π = TBP (3.1)

The widths with respect to time and spectrum are usually defined as the FWHM

values. The TBP is a quantity which depends on the temporal shape of the laser pulse.

For the purpose of the discussions in this work, Gaussian profiles are assumed, for

which the TBP has a value of 0.441129.

3.1.1 Chirped Pulse Amplification

Light passing through a material, if intense enough will focus via a process called the

non-linear Kerr effect. This results in laser intensities increasing within materials, po-

tentially exceeding their inherent damage threshold and resulting in the deterioration

of optical components. In order to overcome this limitation while still enabling laser

beams to have increasing amounts of energy it was apparent that the laser pulses would

have to be stretched in time, amplified and subsequently recompressed, before being

redirected to the interaction point by means of purely reflective optics. This is pre-

cisely what Strickland and Morou developed and called Chirped Pulse Amplification

(CPA)130. CPA may be broken down into three key stages: stretching, amplification

and re-compression.

The first of the CPA stages is the stretching phase. From Eq. (3.1) it is known that

in order to achieve the shortest final pulse durations, large bandwidth laser beams must

be used. In the following the two extremes of the bandwidth will be symbolised as

blue and red for the sake of clarity. The stretching of the laser pulse is achieved by the

use of dispersive components, typically diffraction gratings, to spatially offset the blue
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and red components of the beam, which, when recombined, results in an increase of

the laser pulse duration. This produces a chirped pulse in that different wavelengths

are ordered in time.

Temporal stretching allows for the peak intensity on gain media and all the trans-

missive amplification components to be reduced and prevent any self-focussing, thus

enabling amplification. Modern laser facilities use commercial lasers to pump gain

media, and if correctly phase matched, result in total signal beam amplification. The

final stage is recompression, whereby dispersive components arranged with the oppo-

site group delay dispersion (GDD) as in the stretching phase allow for the ultimate

result to be contrary to that experienced in the stretching phase. If the correct configu-

ration is achieved, transform-limited fs scale pulses may be achieved with energies up

to 10 J in order. Peak intensities achievable currently range in the order of 1023 W/cm2

and peak powers exceeding 10 PW36.

3.1.2 Gemini

All of the attained experimental results showcased in this work are from campaigns

conducted in the Astra Gemini laser at the Central Laser Facility at the Rutherford Ap-

pleton Laboratory in the United Kingdom. It is comprised of a twin laser system with

an energy of 15 J and a minimum pulse duration of 40 fs. Post compressor losses were

measured to be near 60% (∼9 J on target per beam), this allowed for peak intensities

in the high 1020 W/cm2 regime to be reached. Gemini is a Titanium-doped Sapphire

based system, the twin laser beams are run in two different focal length configurations

for the experiments mentioned hereafter. These configurations are that of an F/40 fo-

cussing optic used for electron acceleration, and a short focal length optic (typically an

F/2) for the interaction beam.

The seed pulses for Gemini stem from a ultra-short pulse oscillator, resulting in 10

nJ, 12 fs pulses. These are pre-amplified to 1 mJ prior to stretching. In the case of

Gemini, pulses are amplified to ∼ 1 J via 3 different bow-tie amplifiers and stretched

further to 1060 ps prior to the final amplification stage. The final amplification stage is

a 4-pass amplification stage where the energy increases to a value of up to a nominal

25 J pre-compressor. The compressor system brings the pulse duration down to 40 fs

and has a throughput of close to 60%, yielding maximum deliverable energies of 15 J.
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The lasers are then sent down into the chamber linearly polarised. The repetition rate

of the laser18 is that of one shot every 20 s.

Fig. 3.3 Gemini laser system layout schematic. Figure provided by K. Poder.

3.2 Electron Beams and Diagnostics

Since the main probes used to explore the effects shown in this work are electron

beams, there will be a specific emphasis on the methods used to detect their properties.

Lasers were conventionally operated to achieve Laser Wakefield Acceleration (LWFA)

in the blowout regime. The gases used for acceleration were either pure Helium, pure

Hydrogen or Nitrogen-doped Helium in a 0.5% concentration, leading to the main

injection mechanisms being either self-injection or ionisation injection. While the for-
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mer results in broadband beams with modest charge, high peak energies and a high

degree of shot-to-shot reproducibility, the latter produces high bandwidth beams with

lower peak energies and high charge. The injection technique was picked depending

on the electron beam intended application.

The target of the acceleration beam in every experiment detailed in this work was

a gas cell, the use of this type of target allows the gas into which the laser is focussed

to reach equilibrium in the cell, thereby allowing any sharp density gradients in the

gas to diffuse prior to the interaction. This is thought to be critical in reducing the

erratic nature of electron injection131. As such, the spectral shape of the observed

electrons are often reproducible enough to allow for direct shot-to-shot comparisons

within a certain range of laser parameters. The electron beams used throughout these

campaigns have a broad range of properties including charges of up to ∼ 100pC and

energies up to and exceeding 2 GeV.

These electron beams, through their interaction with different diagnostics, convey

information about their properties that is essential to the characterisation of the phe-

nomena of Radiation Reaction and Pair Production.

3.2.1 Electron Acceleration, Gas cells

Gas cells were used to accelerate electrons through the process of Laser Wakefield Ac-

celeration. Out of the possible gas targets, which also include gas jets and capillary

targets, cells were chosen due to the simplicity in their use as well as their inherent re-

producibility. The cell used in these experiments was designed by our collaborators at

Imperial College London and is essentially composed by a chamber with laser entrance

and exit holes as well as gas inlets. The cell is filled with the gas intended for LWFA

tens of ms prior to the accelerating laser, implying that there is no gas intake during

a shot, allowing the gas to settle into a flat density profile which allows for stable and

reproducible acceleration131. The internal structure of the used cell is shown in Fig.

3.4.

Actuators control the length of the gas cell and hence the acceleration length by

moving the ”trombone” component, the sides of the gas cell are fitted with glass slides

allowing for transverse probing. The gas cell was ran in these experiments was used in

a 1-compartment configuration i.e. without the separator wall.
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Fig. 3.4 Gas cell design used for Laser Wakefield Acceleration. The actuators push the trom-
bone so as to make the acceleration length variable. The F/40 accelerating beam was normally
focussed 1 mm past the separator wall. Figure provided by K. Poder.

Depending on the desired method of injection, i.e. what the desired electron beam

properties were, different gases were used as targets. If the goal was to achieve high

energy good quality electron beams such as the ones used in the study of Radiation

Reaction, self-injection was the desired injection mechanism, and the target used was

pure Helium. Conversely, in the pair production experiments highlighted in this work,

charge was the key factor, with electron beam quality being of secondary importance,

as such, ionisation injection was used with targets composed of He + 2% N2.

3.2.2 Electron Beam Profile

The beam profile is the measurement of the size and shape of the cross-section of an

electron beam, it gives an idea of the divergence, charge contained in the electron beam

as well as the shot-to-shot beam pointing fluctuation. The normal technique used is to

put the beam through a thin scintillating screen, i.e. one which emits visible light when

exposed to energetic charged particles or radiation. The most conventional technique
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used in this work is the use of Lanex screens, which are composed of a high visible

photon yield scintillating layer encapsulated in a protective coating to avoid mechan-

ical damage, the schematic of the structure of a Lanex screen is shown in Fig. 3.5.

These are the preferred choice since they can sustain multiple hundreds of pC charges

in short (fs scale) bursts without sustaining long-term damage. The scintillating layer is

composed of a compacted powder based on Gadolinium (Gd2O2S:Tb). The Gadolin-

ium acts as the radiation absorbing agent, whereas doping the powder with Terbium

increases the total light production and also affects the lifetime and wavelength prop-

erties of scintillation light. The response of Lanex screens is roughly flat for electron

or radiation energies exceeding 1 MeV132. And the inherent spatial resolution of these

detectors is 100 µm due to the scintillating layer thickness being of approximately that

value on average. The central wavelength of emitted scintillation light is 546 nm and

the lifetime of the scintillation is 1 ms133.

Fig. 3.5 Schematic of conventional Lanex screen structure.

The electron beam profile and the pointing fluctuations are measured on the undis-

persed and undisturbed electron beam (no magnetic fields or material between the ac-

celeration stage and the profile screen). This is because the interaction with electrons

and other materials e.g. a vacuum exit window, will increase the divergence through

scattering, increasing the error on both pointing and size estimates. A typical electron

profile image for two example shots is shown in Fig. 3.6.
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Fig. 3.6 Typical data obtained from the electron profile diagnostic. The divergence of the
unperturbed electron beam is measured along with the shot to shot fluctuation in pointing. a
and b correspond to two consecutive shots at Gemini.

3.2.3 Electron Spectrum

Accurate knowledge of the spectrum of the accelerated particles on a shot-to-shot ba-

sis is of paramount importance to Radiation Reaction experiments. This is the case

because energy losses due to the reaction need to be differentiated from those stem-

ming from shot-to-shot variations in the accelerator. The diagnostic used to measure

the electron energy cannot modify the electron energy upon measurement and needs to

be able to be read out on a shot to shot basis. The common diagnostic been used for

this study is the magnetic spectrometer, a combination of a magnet and a scintillation

screen imaged by a camera. This detector exploits the Lorentz force for relativistic

particles to infer energy from magnet deflection. Because said deflection is perpen-

dicular to the velocity of the electron, the energy of the particle remains unchanged,

but its momentum is re-distributed in different components. The displacement of the

electrons is likewise measured by imaging a Lanex screen.

FL =
d
dt
(γmv) = q(E+B×v) (3.2a)

γ =
Ek

mc2 +1 (3.2b)

Where Ek is the kinetic energy of the particle. Since the field is set perpendicular
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to particle motion, the subsequent trajectory followed by an electron may be approx-

imated as being described by the Larmor radius rL within the length of the magnet

and straight otherwise, this approximation ignores fringe fields and assumes a constant

field strength within the magnet. This approximation is valid so long as the appropriate

approximate field magnitude is employed134.

rL =
vmγ

qB
(3.3)

In knowing the value of the velocity (v = c2(1−1/γ2)1/2) and the value of gamma

as a function of energy it is now possible to relate the displacement of the particle

(measured on the Lanex screen) to the energy of the particle. This displacement in the

plane of the detector is the sum of an initial displacement due to the magnet bending

the charged particle trajectory Dm and subsequent free propagation D f as shown in Fig

3.7.

Fig. 3.7 Geometry of the magnetic spectrometer. The Lorentz Force causes a moving charge
to vary its trajectory in a magnetic field by an extent which is dependent on its energy. The
particle’s trajectory is approximated by the Larmor radius rL within the magnetic field region
and straight otherwise.

With this diagram in mind the following relations may be deduced:

sin(θ) =
L
rL

(3.4a)
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Dm = rL(1− cos(θ)) (3.4b)

D f = DB tan(θ) (3.4c)

Fig. 3.8 Example of the data recorded by a magnetic spectrometer. The distance from any
point of the spectrum to the zero point corresponds to DF +DM for that particular energy.

From this set of expressions it is possible to evaluate the energy by measuring the

displacement from the straight through (zero) position as depicted in Fig. 3.8. The use

of a Lanex screen when dealing with high numbers (tens of pC charges) of multi-MeV

particles is appropriate as there will be enough signal to be directly and optically read

out. The resolution of the detector is dependent upon the divergence of the incident

particle beam (θDiv), the source-to-magnet distance (Ds), on the strength and length of

the magnet and on the distance of the Lanex detector plane to the magnet134 DB.

δEo

Eo
≈ EK(eV )

cB
(Ds +DB +L)θDiv

(DB +L/2)L
(3.5)

For a given energy Eo. Hence, in order to increase the resolution of the detector,

source-to-magnet distance has to be as low as possible and magnetic field strength and

length are to be maximised. This allows for the separation of between energies to be

large enough so that they are not confused due to the beam divergence.

Experimental conditions may not allow for spectrometer screens to be imaged at

normal incidence, hence the 2D image of the screen on the camera is often distorted.

With this distortion present, the relationship between pixels and distance is non-linear,

making spectra difficult to compute. When this is the case, a transformation needs to

be applied to the images in order to undo the projection of the screen for analysis. The

approach conventionally taken to do this is to acquire a projective transform by taking

an image of a grid of squares of a known size on the imaging plane. The dimensions

of the screen are known in real space, by comparing the measured coordinates in the

image to the real values, one can obtain a transform matrix. The transformation can
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then be applied to the image of the full spectrometer screen to recover a flat image,

thereby simplifying the analysis considerably.

Fig. 3.9 Schematic of spectrometer screen image warping. If a grid of a known size is placed at
the image plane, one can compute a projective transform to apply to the image so as to recover
the original shape.

3.2.4 Charge

For the purpose of measuring the charge, image plate (IP) is used since this type of

detector is absolutely calibrated135. They work by housing µm size crystals typically

composed of Europium-doped Barium Fluorohalide phosphor (BaFBr:Eu2+) covered

by a protective layer to avoid deterioration. Ionising radiation excites electrons to the

conduction band, only to be subsequently trapped in the crystal lattice defects, where

they remain metastable. Electrons may spontaneously decay from this metastable state.

However, if the IP is exposed to radiation at a certain wavelength (633 nm), it will then

be excited to an excited state where emission of photons of 400 nm wavelength may

occur. These photons are known as Photo-Stimulated Luminescence or PSL136.
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Fig. 3.10 Image plate intensity temporal evolution, it is during the first 40 minutes that the fade
is most pronounced, the intensity is normalised to its maximum. Figure extracted from Tanaka
et.al 135

The scanners used to measure the radiation in an image plate register a quantity

known as the Quantum Level, which may be related back to PSL, making these de-

tectors absolutely calibrated. The way this measurement is carried out is by having

the scanner shine a laser in the IP which has the precise frequency to excite the meta-

stable electrons to the excited state where they then decay via stimulated emission.

The 400nm photons are subsequently registered in a photomultiplier to yield a value

for the Quantum Level. Once the electrons decay back to the ground state, the material

may be re-used. However the use of these detectors comes with other problems which

make them not well suited to high repetition rate experiments. Namely, that they need

to be replaced and scanned or that the signal on them decays over time due to the non-

zero probability of the metastable electrons spontaneously decaying. The effect of this

spontaneous decay on the IP signal intensity over time is shown in Fig. 3.10.

| 55



3.3. Tuning Electron Beams

Fig. 3.11 Charge calibration measurements on an electron spectrometer. A sequence of shots
are taken simultaneously on a Lanex screen and an IP. The counts recorded on the camera
on the Lanex detector can be calculated. The charge on the IP is known since the detector
is absolutely calibrated. Comparing the deposited charge on the IP with the counts on the
spectrometer camera, it is possible to calculate the electron beam charge on a shot-to-shot
basis.

Once the charge deposited on the IP is known, one can compare the Lanex setup in

the spectrometer/beam profile diagnostics and by performing a background subtraction

and measuring camera counts on the LANEX, it is possible to extract a counts per unit

charge value in the respective diagnostics (e.g. the electron spectrometer in the case of

Fig. 3.11). Once a measurement is made on these image plates and compared to the

findings in profile/spectrometer detectors, one can infer the charge from the on-shot

diagnostics directly from that point onwards.

3.3 Tuning Electron Beams

Various laser and gas parameters can be changed in order to produce more favourable

properties for the electron beam e.g. gas pressure, laser second order dispersion (chirp),

laser energy, focussing position within cell. However, the focus of this section is going

to be the description of components to be incorporated to tailor a broadband electron

beam to a specific application. These are intended to relax the constraints in the ac-

celeration stage. Specifically, the topics of discussion will revolve around different

techniques which have been used to affect the overall divergence and the bandwidth of

electron beams.
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3.3.1 Plasma Capillary, Electron Beam Focussing

Due to the low cross-sections at play, particularly in the photon-photon pair produc-

tion experiments, as well as the importance of spatial overlap, having the ability to

focus electrons and high energy photons down to a small point is extremely valuable.

Even affecting their divergence to achieve collimation would have a strong effect on

the probability of success of e.g. pair production via the Non-Linear Breit-Wheeler

process.

Fig. 3.12 Temporal scan of plasma lens current delay, electron spectra. The change in the
shape of the electron beam in the spectrometer plane serves to illustrate how the focussing
can be tailored to the desired energy. High energy on each spectrometer image is at the top.
Temporal scanning of the focussing delay is seen to change the focus point on the spectrometer
from the high energy (top left) through to the low energy (bottom).

While various means of achieving particle focussing exist, e.g. quadrupoles and

solenoids. All of these techniques share common limitations: chromaticity and ex-

tended focal lengths. Applied to the problem of particle focussing, high chromaticity

will see different electron energies focus in different spatial points, thereby limiting

the maximum particle density achievable. A less chromatic method for focussing par-

ticles down to small foci across a larger energy bandwidth is active plasma lensing, a

technique which, applied to LWFA electrons, was pioneered at the Lawrence Berkeley
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National Laboratory137 and consists of a cylindrical gas capillary over which an elec-

trical discharge is applied. This current sets up, provided the gas is in a steady state, a

quasi-homogeneous current distribution across the whole cross-section of the cylinder,

setting up, therefore a magnetic field which increases linearly as a function of radius.

This results in a radially increasing focussing power, leaving the particles which travel

exactly axially undisturbed.

As an added advantage, plasma lenses present the ability to tune the focal length

by varying the current, and can have cm scale focal lengths even for ∼GeV electron

beams, this capability is shown in the experimental results highlighted in Fig. 3.12.

This latter property makes plasma lenses versatile and compact and of particular in-

terest to experiments in the exploration of quantum effects, since the concentration

of highly energetic particles in tight foci increases the likelihood of observing low

cross-section phenomena e.g. NL Compton Scattering or, if converted to photons, pair

production via photon-photon collisions. The effectiveness of this technique is limited

by the jitter in the current as different delays imply different current amplitudes in the

capillary and therefore different focussing strengths.

3.3.2 Magnetic Chicane, Electron Beam Spectral Filtering

As already discussed, the path of an electron beam in a magnet is dependent on the

particle energy. This leads to the concept of a component which can filter a broadband

electron beams by use of a combination of magnets and a spatial filter. Upon exploring

this idea further, a magnetic chicane composed of four identical dipole magnets was

built with a 1cm Tantalum slit of variable position and aperture size. The premise be-

hind this component is that the electrons which are not affected by the interaction with

the Tantalum slit will re-gain their original axis and propagation direction. Electrons

remaining will either be stopped, scattered or slowed within the material so that they

do not regain their original direction. If further spatial filters are placed further down-

stream e.g. a collimator, an energy filtered electron beam of reduced bandwidth will

be achieved.
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Fig. 3.13 Schematic of the electron magnetic filtering chicane. Top diagram shows the
schematic of the assembly, composed of two pairs of opposite orientation arranged in a (+
- - +) configuration. The bottom plot shows the effect of the magnetic fields on a simulated
broadband electron beam. Electrons which experience a dispersion such that they collide with
the magnet body or the adjustable Ta filter will scatter, whereas the undisturbed electrons will
regain propagation along the laser axis at 0 vertical distance.

The variability in the slit position and aperture size allows for energy selection and

bandwidth selection. This makes the component extremely flexible in that it could be

tailored to the required application. In addition, the built arrangement also allows for

the distance between the poles to be modified within a certain tolerance, thereby en-

abling the field strength to change. This makes chicanes suitable for electron beams of

varying properties. The drawbacks of the use of these systems include the introduction

of systematic offsets in electron pointing (due to all 4 dipoles not being equal) as well

as temporal broadening of the electron bunch. The difficulty is overcome by adding

flexibility in individual dipole gap, allowing the user to compensate for manufactur-

ing defects. The temporal broadening of the bunch would become problematic if a

large electron bandwidth were to be selected, however, its originally intended appli-
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cation was to only select the high energy component, because the different magnetic

displacement between energies is increasingly low at the GeV end of electron spectra,

this effect was considered negligible.

3.4 Measuring Gamma Beam Characteristics

The production of high energy photons is one of the fundamental processes explored

in this work. Either by scattering off of an external EM field or by the interaction of

electrons with solids, gamma ray beams in the form of photons of up to∼GeV energies

are central to the comprehension and study of Radiation Reaction and Pair Production.

Relative to this topic, a few techniques are used to characterise the divergence and

spectrum of Inverse Compton Scattering (ICS) gamma ray beams. They are both based

on a similar technique as the one described for electrons, with the scintillating agent in

this case being Thallium-doped Caesium Iodide CsI(Tl) crystals.

When CsI(Tl) is struck by energetic charged particles or hard radiation. Scintilla-

tion occurs at a rate of 52 photons per keV deposited138 at a maximum emission wave-

length of 550nm139. Though typically pure CsI scintillators are hygroscopic and suffer

from deterioration after exposure to high amounts of radiation, the CsI(Tl) alternative

increases radiation hardness, photon yield as well as drastically reducing its hygro-

scopic nature. CsI(Na) is also an attractive scintillator routinely used in calorimeters

due to its superior radiation hardness (maintains performance after exposure to high

amounts of radiation), however it is hygroscopic and its overall lower photon yield

reduces its flexibility in terms of its experimental applications.

3.4.1 Beam Profile

Photon beam profiles include a variety of useful information. As an example, the char-

acterisation of the betatron trace (radiation produce from electrons oscillating trans-

versely in the bubble) can be used to characterise the pointing of the LWFA electron

beam. The divergence of the Compton beam may be used to determine the intensity of

a Compton interaction54. The brightness of the scintillation can, in the case of Comp-

ton experiments, determine the success of spatial and temporal overlap and in the case

of pair production, give an indication as to the amount of charge in the initial electron
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beam as well as providing alignment information for shielding components.

Different methods were used to characterise the cross-section of photon beams

throughout the experiment. The different kinds of scintillators were used to be opti-

mised to a certain set of expected photon parameters, such as yield or spatial structure.

Compromises between scintillation yield and spatial resolution are often required and

are highly dependent on the intended application. For instance, measuring betatron to

image electron pointing and bremsstrahlung traces of high charge electron beams inter-

acting with converter targets, Lanex screens on axis can be used to determine the elec-

tron pointing. This detector presents high spatial resolution (∼100 µm) and low yield

compared to CsI(Tl) and proves sufficient to measure spatial features in these dense

photon beams. Conversely, for the purpose of finding out whether or not a Compton

interaction was successful or not, photon yield is the key factor, with spatial resolution

being of lesser importance. For this purpose, large CsI(Tl) crystals were employed,

allowing for most of the energy of the photons to be deposited in the crystals allowing

for large amounts of scintillation light to be generated.

If however, an application requires simultaneously a high yield and spatial res-

olution as in the case of e.g. discerning the shape of the Compton beams, smaller

cross-section CsI(Tl) crystals are employed. Reduced crystal cross-section allows for

spatial resolution to be obtained, and by reducing the depth of the crystals, the high en-

ergy component of the gamma ray beam may pass largely unobstructed, allowing for

more sensitive, depth-of-penetration detectors to be used simultaneously. The crystals

used for this purpose were (2× 2× 20) mm and they were individually wrapped in

reflective 13 µm aluminium foil to mitigate inter-crystal cross-talk. The reflective foil

also allows for scintillation light to be redirected onto the camera, thus improving the

efficiency. These detectors were also central to the alignment of shielding components

to the centroid of bremsstrahlung gamma ray beams.

3.4.2 Spectrum

Detecting the photon spectrum is a requirement for Pair Production experiments for

the determination of the expected pair yield. It is also relevant to determine the highest

energies present in the gamma ray beam used for the interaction, namely what the

maximum photon energy is. The method used to measure the spectrum depends on
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the spectral range of photons to look at. On the one hand, photons in the keV range

are analysed using crystal based spectrometers, whereas the high energy photons are

analysed using depth-of-penetration analysis on CsI(Tl) stacks.

3.4.2.1 X-Ray Crystal Spectrometers

X-rays are created in the interaction of the laser with thin Ge foils, the spectrum of

these is central to the calculation of the expected pair yield from the BW process.

To calculate the spectrum of these photons, Bragg diffraction is exploited. For radia-

tion incident on a crystal lattice, the angle at which radiation is coherently scattered is

dependent on the wavelength. In this way, x-rays are dispersed according to their ener-

gies and imaged on a CCD. The condition for reflection and the relationship between

wavelength λ and diffraction angle θ for a crystal with lattice spacing d is shown in

Eq. (3.6):

nλ = 2dsinθ (3.6)

Fig. 3.14 Schematic of a flat-field crystal spectrometer. A x-ray source with divergence half-
angle θS is reflected off a crystal placed at θC from horizontal. Coherent diffraction occurs at
the Bragg angle θ .

Where n is the order of diffraction. For a point-source of x-rays and in first order, a

given wavelength will have only one angle which satisfied the above condition. Thus
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the reflected beam will emit coherently a single wavelength for each angle, thus the

crystal can be regarded as a monochromator. A schematic of the basic setup is shown

in Fig. 3.14. The relationship between position on the CCD and wavelength is a

function of the source to crystal distance, and the camera to crystal distance. In this

diagram, the angle θC is defined as the angle of rotation of the crystal and θS is the

source divergence. An important definition is that of the beam that originates at the

source and is incident on the centre of the crystal, namely the central ray. The CCD is

set in a position such that the central ray is at normal incidence with the centre of the

chip.

This technique was employed to measure photons in the range of 1 to 1.9 keV. The

crystal used was a flat Thallium Acid Phtalate (TIAP) crystal with a lattice spacing

2d = 25.76Å coupled to a CCD camera. The CCD was fitted with filters to introduce

features at known energies and increase contrast in parts of the spectrum. These filters

consisted of µm-scale sheets of aluminium, this material was chosen because its K-

Edge (1560 eV) is close spectrally to the L-shell emission of Ge (1414.3 eV). The

crystal was set at an angle of 18◦ or 36◦ double angle, which was made to coincide with

the expected angle of the Aluminium K-Edge, at 1560 eV θ = 17.97◦. The camera chip

itself was shielded also by 25µm of Beryllium. The source to crystal distance was set

at 110mm.

Table 3.1 X-ray emission Lines for Germanium117

Emission Line Energy /eV First Order Angle of Diffraction (◦)
Kα 11103.1 ± 0.7 2.48
LI 1414.3 ± 0.7 19.90
LII 1247.8 ± 0.7 22.69
LIII 1216.7 ± 0.7 23.30

In the case of the experiment carried out in this work, the camera used for the mea-

surement was an ANDOR DX420, with a 26×26 µm pixel size and cooled to -100◦C.

The calculation of the absolute number of photons is given both by the combination

of the transmission curves for the filtering, the reflectivity of the TlAP crystal as a

function of energy, which is obtained by utilising crystal response found by Savin et

al.140 and the quantum efficiency of the camera. The counts in the specific energy
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bin spanned by the individual pixels can therefore be translated to a photon number,

however this represents the fraction of photons emitted in the solid angle spanned by

the pixel. In order to compute the efficiency of laser energy conversion into x-rays this

photon number must be generalised to the full 4π steradian solid angle, in the shown

experiments, the efficiency was inferred to be 4.9±0.3%.

3.4.2.2 γ-Ray CsI(Tl) Spectrum Determination

High energy photons in the 100s of MeV level to the GeV scale are difficult to measure

through the aforementioned mechanism, due to their reduced wavelength (and Bragg

angle). As such other properties of high energy photons have to be exploited to gain

insight onto the photon spectrum. For this purpose, the EM cascades triggered by the

photons in the scintillators, i.e. what their shape is and how far into the material they

reach, were used to infer the spectrum.

The detector used was a long array of CsI crystals, the array was made sufficiently

long in the axial direction so as to contain the full EM cascade for both Compton and

bremsstrahlung produced photons. Monte-Carlo simulations of the detector can be

performed to quantify the level of scintillation signal to be expected per photon. These

are performed for multiple mono-energetic photon beams to characterise the detector

response141. A correction factor is introduced to make the experimentally measured

yields comparable to the yields on the simulations (obtained from same methods de-

scribed in Sec. 3.7). This correction factor is attained by putting a well-known electron

spectrum onto a converter material of a known thickness and comparing the measured

bremsstrahlung to the expected radiation from simulations. By comparing the two

curves, one can apply a correction factor per crystal to the measured signal.

Finally, the spectral information is gained by introducing perturbations into an ini-

tially assumed exponential photon distribution and comparing the results to the mea-

sured data. Finally, convergence to the approximate shape of the spectrum is reached.

The assumed spectral shape is:

dN
dE

= A×E−2/3× e
E

Ecrit (3.7)

Here A is the amplitude of the spectrum, E is the energy and Ecrit is a characteristic

energy which defines the spectrum. Approximately half of the emitted radiation has an
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energy above Ecrit and the mean energy of the full spectrum is approximately Ecrit/3.

The full description of the iterative method of convergence to a spectrum is detailed in

Behm et al.141. Because the shape of the emission is exponential, resolution at the high

energy end is limited. Due to this, most of the yield calculations were performed by

measuring the electron spectrum experimentally and then simulating converter targets

to get absolute numbers for the expected high energy photon yield.

3.5 Positron Diagnostics

Positrons are one of the by-products from electron bremsstrahlung and pair produc-

tion. A lot of the methods of noise reduction employed rely on the separation of

these positrons from the other two by-products, namely electrons and photons. This is

achieved by the use of magnets, either spectrometer magnets which allow for a char-

acterisation of the electron spectrum post-converter, or analyser magnets which offset

the positron beam spatially from the axial photon beam so as to reduce the amount of

photon noise on the single particle detectors.

3.5.1 Analyser Magnets, Separating Charges and Photons

Two magnets with opposite dispersion were arranged in such a way so as to create a

dog-leg for positrons to travel in. The trajectories of the positrons in this system were

made such that sufficient shielding could be placed in the chamber to mitigate the effect

of noise coming from the primary bremsstrahlung beam on the single particle detectors.

The first analyser magnet introduces an angular shift, that with propagation separates

the positrons from the photon beam. Subsequently, the second analyser magnet brings

the positrons back to propagate parallel to the photon beam, but spatially offset.

The spatial separation of the positrons and the photons enables shielding to be

incorporated to the system, shown in black in Fig. 3.15. The shielding configurations

chosen completely contain photons and the secondary particles they produce with their

interaction with the beam dump, they also act to block lines of sight between the SPDs

and the experimental components which are more likely to produce noise. A more

extensive account of the details of the shielding design is detailed in Sec. 5.3.
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Fig. 3.15 Schematic of the dog-leg used for lepton/photon separation. Here the black squares
are lead walls used to guard the single-particle detectors (SPDs) from unwanted sources of
noise. Photon diagnostics are placed on axis to measure the gamma beam properties.

3.5.2 Single Particle Detectors

The low cross-sections in processes such as Breit-Wheeler Pair production imply that

for the achieved experimental configurations the expectation value of produced pairs

is of the order of unity. As such, the detectors used must not only be exposed to

absolute minimal amounts of noise, but they also have to have a well-characterised

and sensitive response to deposited energy. For this reason, CsI(Tl) scintillator stacks

were again used, as they are one of the brightest optical scintillators. These were often

used in conjunction with high shutter speed cameras with double MCP gain capability.

These cameras are in principle able to measure single photons, and their sensitivity

proved crucial for the measurements of these low yield processes.

The crystals were coated in TiO2, a white opaque substance which eliminates inter-

crystal optical cross-talk. This is crucial to the conclusion that scintillation observed

within a crystal originated within said crystal and not another region of the detector, al-

lowing for spatial resolution to be achieved. However, the resolution of these detectors
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was quite coarse as (5×5×50) mm crystals were used. The elongated axial direction

of the crystals was employed to enable energetic particles to produce EM cascades

within the material thereby increasing the size of their trace at the back of the detector.

This will later on be used as a distinction feature between the low photon energy noise

present in the detector and the potential high energy positron traces.

The method of analysis of these detectors was deemed a significant result from the

pair production experiments and as such the details are shown in Sec. 5.5. However,

the main outline of the approach consists in performing simulations to ascertain the

size of the expected EM cascade trace at the back of the detector. Subsequently, an

image analysis technique is employed to find all local maxima in the detector image,

only to distinguish background from signal by the amplitude and spatial extent of these

local maxima.

3.6 Temporal Overlap, Spectral Interferometry

Temporal overlap of two events in the fs scale is a challenging task, conventional meth-

ods involving diodes will only perform as well as the response time of the diode, lead-

ing to synchronisation in the ∼100 ps scale. If synchronisation is not achieved to

within tens of fs, the processes to be observed will not occur. Therefore, in order to

increase the accuracy of the synchronisation, spectral interferometric techniques can

be used to increase the accuracy to the desired level. It is a well-known fact that, due to

the broad frequency content of ultra-short laser beams, knowledge about timing offset

between two lasers can be obtained through interferometry142,143.

Similar principles may be applied to synchronise two laser beams down to the fs

level. Namely, a superposition of two electric fields consists of both a spatial com-

ponent which varies periodically with the angular mismatch between the two electric

fields, and a temporal component which varies periodically in time. If a diffraction

grating is used, the spectral components of each beam are dispersed in space, allowing

interference to occur over a large range in time. However, this effect will only be ob-

served in the dispersion axis of the diffraction grating. A lens is usually used to hinder

spatial interference in the direction perpendicular to the dispersion axis, thereby allow-

ing only interference of a temporal nature to be studied, a schematic of the setup used

is shown in Fig. 3.16. The nature of the interference is different in the perpendicular-
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to-dispersion axis of the grating, where a spatial interference pattern will be observed.

The resultant interference patterns are then imaged on a CCD for analysis. This tech-

nique is described fully by Corvan et. al144.

Fig. 3.16 Schematic of setup used for spectral interferometry-based synchronisation of two
ultra-fast laser beams. Figure extracted and modified from144.

In order for the interference pattern to be measurable, there is a requirement for

the overlapping beams to be of comparable intensity at the CCD plane. All of the

experiments carried out in this work involve one long focal length optic for particle

acceleration and one short focal length optic for scattering, making this a challenging

condition to meet. In order to carry this out without inducing further path length on

to either of the beams, the polarisation of the two beams was made perpendicular and

polarisers were included in the common beam path.

The interference pattern observed at the CCD can be seen to change substantially

as the arrangement is brought closer to synchronisation as seen in Fig. 3.17. If the

timing offset is too large, no interference pattern will be seen, however, by use of

fast diodes and linear extrapolation of timing offsets it is possible to bring timing dif-

ferences down to a few ps. From this point on, with minor adjustments in delay, the

interference pattern can be re-gained. Spatial offsets between the two beams will result

in the fringe pattern being tilted, with the tilt angle disappearing upon synchronisation

and reversing through it. The method whereby one can converge to synchronisation

relies on the fringe spacing. The spacing increases as the timing improves, therefore
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it is possible to converge to optimum timing by measuring the fringe spacing at either

side, performing linear fits to these values and converging to a maximum, or alterna-

tively, counting the fringes and converging to the minimum value. Not only does this

technique have the power to determine the synchronisation time, but it can also mea-

sure absolute timing differences in an observed interference pattern. The resolution ∆τ

of this type of synchronisation is given by144:

Fig. 3.17 Experimentally attained temporal scan of the delay between two laser pulses and the
resulting shift in the interference pattern at the spectrometer. The narrower or more compressed
the fringes are, the further away from synchronisation. Upon perfect timing the fringe size has
broadened to the extent that it occupies the full bandwidth visible by the spectrometer. Fringe
compression can be seen to occur at either side of temporal mismatch (early or late). Figure
extracted and modified from144.

∆τ =
Nλ 2

L
c∆λ

(3.8)

Where ∆λ is the laser bandwidth, λL is the central wavelength and N is the num-

ber of fringes in the CCD (N = 1 at synchronisation). For the type of experiments

conducted in this work, the resolution achieved at synchronisation was approximately

±15 fs. Note that the resolution improves with increasing bandwidth.
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3.7 Simulation Methods, FLUKA

FLUKA is a Monte-Carlo (MC) simulation tool used to accurately replicate parti-

cle/photon transport and interactions with materials145. Out of its many applications,

it has been used here mostly for the purpose of bremsstrahlung converter design and

shielding of detectors.

FLUKA can simulate photons, electrons and positrons with high accuracy between

the energies of 100 eV and∼ 103 TeV145. In the experiments discussed here, the range

of simulation is in the relativistic regime (∼ 1 MeV) and up to a few GeV. A particle

or photon beam is defined with a certain source size, energy and divergence ranges

(with shapes in either of these being either flat or Gaussian). The user then has to input

the geometry of the experiment in question and assign to it its corresponding materi-

als. Detectors within the simulation are also defined by the user. FLUKA launches

single particles within the specified property range in turn and calculates the proba-

bility of particles undergoing scattering, pair production and/or photon emission as it

passes through the different materials in the simulation. FLUKA performs the same

calculations for all reaction by-products until the particle exits the simulation or falls

below a low energy threshold (set in this case to 0.5 MeV, as below this value particles

are no longer relativistic). The performed simulations, in the interest of computation

time, have been configured to exclude every reaction by-product which is not either an

electron positron or photon.

There are two detectors types which are routinely used for the purpose of noise

calculations, and those are spatial and spectral detectors. On the one hand, spatial de-

tectors consist of a physical mapping of the particle density, which has a few different

applications. Due to convenience of analysis, these detectors are routinely used in 2D,

whereby a plane in the experiment is selected and the desired particle type is tracked

and mapped in said plane. When applied on the whole experiment, spatial detectors

serve to point out the origin of sources of noise as well as giving physical pointers as

to where shielding might be required. In addition, when used at the back of scintillat-

ing materials or bremsstrahlung converters, a cross-sectional plane would allow for the

study of beam divergences.

On the other hand, spectral detectors are scoring detectors, where the energy and

divergence of the desired particle is measured through a boundary. These allow for
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spectra to be computed as a function of solid angle, and is crucial for counting the

expected number of particles through a boundary. The output of the spectral detectors

is usually expressed in terms of number of particles per primary per GeV dN/dE (with

the size of the bin dE specified in the vertical axis). To extract a number of particles for

a given energy band, one must integrate the spectral curve attained along the desired

energy band, with each individual bin being scaled by its magnitude with respect to

1 GeV. For example, if a detector scores 1 particle per primary per GeV in the 99.9-

100.1 MeV bin (bin size is 0.2 MeV), then the total number of particles in this energy

band will amount to 0.2× 10−3/1× Score = 2× 10−4 particles per primary. If the

simulation was done with e.g. 104 electrons, this will imply the total expected number

to fall in the desired bandwidth is 2. An example spectrum of a 100 MeV photon beam

interacting with a 1 mm Tantalum converter is shown in Fig. 3.18.

Fig. 3.18 Spectral detector measuring the output from a simulation in which a collimated
100 MeV photons were made to interact with a 1 mm Tantalum converter target. Spectra of
electrons, positrons and photons post-converter are shown.

Conversely, tracking detectors such as spatial, record particle integrated fluence in

a given plane, namely, the spatial distribution of energy deposition. The output will be

in particles per cm2 per primary. The maximum number registered will thus depend

on the bin physical size, with the maximum number being the ratio of the detector bin
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size relative to 1 cm2. In this way, if a detector has a bin area of 1 mm2 the maximum

number to be recorded per primary at any point will be 100. However, this type of

detector was mostly used to compare yields between different particle types as well as

identifying lines of sight and dominating noise sources. Examples of these sources of

noise are highlighted in Fig. 3.19, where the largest sources of noise in the detector

chamber are induced by particle deflection in the spectrometer magnet interacting with

the chamber entrance as well as by direct lines-of-sight from the first collimator. The

electron plot is akin to the positron plot, but with opposite deflection in the magnetic

field.

Fig. 3.19 Spatial distribution of photons (top) and positrons (bottom) for an initial photon
beam incident on a Tantalum foil converter and propagating through two lead collimators and
into a detection chamber. Colorbar is in units of particles per cm2 per simulated particle, area
of each bin in this case is 0.5 cm2.

FLUKA, as shown in the bottom plot in Fig. 3.19, can also track particles through
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magnetic fields, an extremely useful characteristic as it enables the full-scale exper-

iments to be simulated. Including spectrometer designs for electrons, shielding of

sensitive detectors and quantifying the spatial offset from the expected signal particles

from the axial photon beams created in processes such as bremsstrahlung.
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Chapter 4

Quantum Radiation Reaction

It is well known that an accelerating charge emits electro-magnetic (EM) radiation.

However, the process of emission in itself has to imply a self-force which produces

a recoil effect and a net loss of energy. This recoil is due to the force defined as the

Radiation Reaction (RR) force. The experimental study of the RR force and effect

will be the main focus of the following chapter. Here, the effect of external EM fields

on electron motion, with particular emphasis on the spectral effects due to RR are

experimentally studied.

The existing theoretical frameworks for RR accurately describe effect in both the

low and extremely high EM field intensity regimes. These either rely on conditions

such as the accelerating field being sufficiently weak such that the RR force may be

treated as a perturbation, or high enough intensity for quantum effects such as stochas-

tic photon emission to dominate the dynamics. The exact nature of RR in the interme-

diate regimes is a subject of fervent theoretical investigation3,40,41.

The limits of current technology allow experimentalists to study the regime in

which the intensity is high enough for the onset of quantum effects to become ap-

parent, but not high enough for them to dominate interaction dynamics. The find-

ings highlighted in this chapter show the first experimental indication of the onset of

quantum RR effects in electron interactions with an external laser. These results will

thereby enhance the understanding of this elusive phenomenon. In this work, results

from experiments carried out in the Astra-Gemini laser at the Rutherford Appleton

Laboratory, are shown. Here, electrons of energies up to 2 GeV were made to interact

with an external EM field of dimensionless intensity a0 ∼ 10. The outcomes of the
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research highlighted in this chapter have been published in K.Poder et al.146 and the

following will aim to provide an extensive account of the results from the campaign.

4.1 Motivation

The primary motivation for the study and full comprehension of RR is enhancing the

understanding of the fundamental physics involved. QED is a well-tested theoretical

framework in the perturbative regime. However, there is little known from an exper-

imental perspective about the exact nature of the process of RR at intensities where

a0� 1 and at moderate χ . The experimental results will therefore serve to test the cur-

rent theoretical understanding and benchmark modelling codes used to predict charged

particle dynamics in future facilities with access to higher intensities.

The comprehension of RR is also fundamental to a variety of astrophysical pro-

cesses, as it is expected that fields close to the Schwinger field EC = 1.3× 1018 V/m

could be present in the vicinity of massive astrophysical objects5,147. In this way, ra-

diative losses and RR are often invoked in the modelling of high energy astrophysical

phenomena such as magnetar flares, gamma ray burster jets or pulsar winds148. In

these discussions, radiative losses due to RR are regarded as the trigger for changes in

Relativistic Current Sheet (RCS) evolution, leading to instability modes arising such

as tearing modes.

Furthermore, future laser facilities, where expected intensities are of the order of

I ∼ 1023 W/cm2, will have to include RR effects in order to describe particle motion

in these high fields, as they may become comparable to EC in the particle rest frame.

Finally, electron-positron colliders such as the ILC149 or CLIC150 will benefit from

increased knowledge on the subject of RR. This is because the colliding beams in

these facilities will have both high charge and high energy, thus being able to produce

fields close to the Schwinger field in the rest frame of the other. This can have adverse

effects in that the colliding beam may ”feel” the field of the opposing particle beam,

undergo RR and thereby loose a significant fraction of its energy pre-collision through

a process known as beamsstrahlung151.

Electron interactions with external EM fields have been experimentally studied be-

fore, however none of the previous experimental campaigns have had a specific focus

on RR. The main point of previous work has been to study the radiation resultant from
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the interaction as opposed to effects on the electron energy. The first of these cam-

paigns is the SLAC E-144 campaign, in which a 46.6 GeV electron beam collided with

a laser of intensity of a0 ∼ 0.3624. The focus of this experiment however, was on the

onset of non-linear and multiphoton Compton Scattering in the produced radiation and

pair production. In this way, there were no diagnostics present to assess the energy of

electrons post-interaction and as such, no measurements of RR were performed. Other

campaigns have explored non-linear Compton Scattering further and in the presence

of stronger fields, again with a focus on the generated radiation and not the effects on

charged particle dynamics16,54,152.

Radiation Reaction will be the subject of extensive research in the near future, with

campaigns planned in facilities such as FACET II38 and European X-FEL39. These

will constitute systematic studies across a range of intensities after which a full char-

acterisation of the dynamics of electron beams will be assessed. RR will also be one

of the highest factors to take into account when performing experiments in the next

generation of laser facilities, as fields up to I ∼ 1023 W/cm2 will be reached. These

fields will see quantum behaviour play a dominant role in particle dynamics3, a point

in which a complete knowledge of RR will be crucial. In these campaigns, other effects

such as trident pair production shall be explored in parallel34.

4.2 Setup Description

Current technological limits in electric field strength are several orders of magnitude

away from the Schwinger field EC. In order to expect significant quantum effects to

be observable, the field must be of the same order as EC, but it must be so in the rest

frame of the charged particle. Therefore, despite the limitations of current technology

it is possible to access fields close enough to EC as the laser field itself will be Lorentz

boosted. In this way, this type of non-linear QED experiment couples a particle accel-

erator to an ultra-intense laser beam, with the setup shown in Fig. 4.1.
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Fig. 4.1 Radiation Reaction at Gemini, experimental setup. A 9 J, 42 fs laser pulse is focused
into a gas cell, where electrons are accelerated via the non-linear LWFA process. These accel-
erated electrons propagate for ∼ 1 cm until they interact with a tightly focused scattering laser
(at an estimated intensity of a0 ∼ 10). The electrons and Inverse Compton Scattering gener-
ated photons collinearly propagate until a magnet disperses the electrons off-axis for spectral
characterisation. The unperturbed photons continue to propagate, exiting the vacuum chamber
and propagate onto a Thallium-doped Caesium Iodide (CsI(Tl)) stack, where the spatial profile
and overall yield are characterised.

The experiment highlighted in the present work was carried out at the Astra-Gemini

laser at the Rutherford Appleton Laboratory in the United Kingdom. Electrons were

accelerated by means of Laser Wakefield Acceleration (LWFA). The method of injec-

tion used was that of ionisation injection, which lead to the production of broadband

electron beams of energies exceeding 2 GeV. These were subsequently made to interact

with a focused laser beam at an estimated intensity of a0 ∼ 10. Electron spectra were

compared with and without the scattering laser to highlight the differences between the

no RR and RR scenarios, and the resultant radiation was also studied. In the current

section, a detailed account of the electron acceleration, scattering laser and radiation

measurement techniques and components is presented.

4.2.1 Electron Acceleration and Detection

The experiment was performed in an all-optical scenario, a schematic of the employed

scheme is shown in Fig. 4.1. The two nominal 375 TW beams of the Gemini facility

were used for electron acceleration and interaction with the accelerated electron beam

respectively. LWFA was performed by focusing 9J at (42±3) fs using an F/40 spheri-

cal mirror into a gas cell filled with pure Helium. The focal spot achieved for acceler-

ation had a FWHM diameter of (67±2) µm in one axis and (59±2) µm in the other

| 77



4.2. Setup Description

axis. This in turn results in an intensity of I = (7.24±0.68)×1018 W/cm2 or a dimen-

sionless laser intensity of value a0 = 1.84±0.09. This intensity implies LWFA operat-

ing in the blow-out or bubble regime10. With self-injection as the injection mechanism,

a broadband spectrum stretching beyond the 2 GeV level was achieved. The post ion-

isation density of operation was measured with interferometry to be in the regime of

∼ 2×1018 cm−3. From the scaling of betatron sources obtained from LWFA in similar

conditions13, the source size of of the electron beam was estimated to be 1 µm.

Fig. 4.2 Displacement of the electron beam at the spectrometer plane and energy resolution.
The top plot indicates the magnitude of displacement owing to the action of the spectrome-
ter magnet. The bottom plot shows the divergence induced uncertainty in energy134, for this
example it was assumed to be 1mrad. This plots assumes a constant divergence across all en-
ergies and does not take into account the energy dependent divergence highlighted in Fig. 4.5.
The total magnetic field path assumed (

∫
B(x)dx)) was 0.1425 Tm. And the distance from the

end of the magnet to the zero displacement point is 120 cm. The window of detection of the
spectrometer is highlighted in red.

The geometrical configuration of the electron spectrometer and the strength of the

chosen spectrometer magnet made the detection window stretch from the highest ener-

gies exceeding 2 GeV down to 400 MeV. The total magnetic path of the spectrometer

magnet was
∫

B(x)dx = 0.1425 T∗m. The displacement of the particles subjected to

the spectrometer and the divergence-limited resolution of the detector134 as a function

of energy are shown in Fig. 4.2. The displaced electrons were then made to impact
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a 45◦ LANEX screen and recorded with a CCD camera for spectrum determination.

Photons produced at the interaction point were carried to a detector in air through a

kapton exit window, where their transverse profile and their yield was measured with

an on-axis CsI(Tl) scintillator.

4.2.1.1 Pointing Fluctuation Studies

Fig. 4.3 Full-angle pointing fluctuation measured in a purely pointing-dedicated run. 100
Shots are assessed and the overall pointing fluctuation in both transverse directions is assessed.
Here θ‖B and θ⊥B are the fluctuations in the parallel and perpendicular-to-magnetic-dispersion
directions.

LWFA, especially when operated in the blow-out regime, is strongly subject to lo-

cal plasma conditions, laser energy and focal spot fluctuations. These factors affect the

plasma accelerator reliability and one of the consequences is the presence of electron

beam pointing fluctuations. These may impact the overall energy resolution of the sys-

tem as well as modifying the overall radiation yield from Inverse Compton Scattering

(ICS) as spatial overlap at the interaction point may deviate from the optimal. These

pointing fluctuations may arise from a host of different sources, these include density

fluctuations, plasma ripples and micro-shocks modifying points of injection131, varia-

tions in the laser near field profile or indeed aberrations in the driver laser focal spot.
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Pointing fluctuations introduce an uncertainty in the calculations of the electron

spectra. This is due to the shift in the zero position, i.e. the point where the electrons

would arrive at the detector plane in the absence of a magnetic field. In this way,

pointing fluctuations in the dispersion direction of the magnet will result in under or

overestimations of the electron energies. In this study, the fluctuations were measured

at different points in the experiment. The first set of measurements was taken in a

pointing-only dedicated run, whereas the latter study was taken during the runs in

which the RR data was taken. Carrying out this analysis, the dedicated pointing run

showed a full angle pointing standard deviation of θT = (θ 2
‖B +θ 2

⊥B)
1/2 = 3.64 mrad

from the mean pointing offset.

From Fig. 4.3 it follows that the standard deviation of the pointing, i.e. the level

of fluctuation, is comparable in the parallel and perpendicular-to-magnetic-dispersion

directions. This brings with it the important conclusion that if the width of the fluctu-

ations in one of the two directions is measured, the width of the other can be inferred.

This is to be expected as if the focus is correctly optimised and aberrations removed,

LWFA should present cylindrical symmetry. This becomes relevant as pointing fluc-

tuations are not reproducible from day to day, and as such, a measurement of the

pointing has to be obtained in conjunction with the spectrally resolved RR data. Since

the measurement of the electron spectrum deviates electrons on one axis alone, the

perpendicular-to-dispersion direction pointing may be studied, its standard deviation

found and the dispersion direction pointing inferred from that on a run to run basis.

The outcome of the measurements of pointing during the relevant RR runs are shown

in Fig. 4.4. In these runs, LWFA conditions in the RR runs were more favourable and

the pointing fluctuation witnessed a significant improvement, due to an improvement

of the focal spot optimisation, with standard deviations of 1.18 and 1.15 mrad for the

first and second RR runs respectively.
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Fig. 4.4 Full-angle pointing fluctuations around mean pointing. These measurements were
taken measuring only the pointing fluctuation in the direction perpendicular to the magnet
dispersion. The data in this plot is comprised of both runs in which successful RR shots were
taken.

Pointing fluctuations directly affect the expected rate of success of RR shots as they

directly influence the likelihood of achieving spatial overlap between electron and laser

beam. A more detailed study as to how these pointing deviations affect the projected

success rate are provided in Sec. 4.3.4.

4.2.1.2 Energy Dependent Divergence

Measuring the size of the electron beam along the dispersion direction of the magnet

allows for a characterisation of the width of the electron spectrum with energy. Accel-

eration fields within the LWFA bubble act both to accelerate and progressively focus

the trapped electrons, the longer the electrons stay in the bubble, the higher the energy

and the more collimated they are expected to be. In performing the measurements this

was indeed verified to be the case. An exponential fit was found to accurately describe

the relationship between energy and divergence for the measured regime and for these

experimental conditions. The ascertained relationship between divergence and energy

is θe = 14.63× e−5.59×10−3Ee[MeV ]+1.01 mrad.
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Fig. 4.5 Energy dependent divergence for a representative shot in which the RR data was taken,
with the scattering laser off.

The confirmation of there being a relationship between a certain range of electron

energy its divergence will also have a profound impact on the expected RR effects.

Namely, if the cross-section of the electron beam at the interaction point is considered,

different energy bands will be distributed in concentric disks in such a way that the low

energy disks will have a larger diameter than that of the scattering laser beam. While

this does increase the changes of achieving spatial overlap considerably, it also implies

that while a given energy band might interact, it might not do so in its entirety. The

fraction of possible electrons interacting with the scattering laser would thus go down

as the energy decreases. The implications of this energy-dependent divergence on the

expected RR results from simulations are detailed in Sec. 4.3.4.

4.2.2 The Scattering Laser

The 42 fs scattering laser was set up in a fully counter-propagating configuration and

focused (8.8± 0.7) J into a focal spot of (3.3± 0.3) µm FWHM with approximately

5 µm Raleigh range. The scattering laser was made to focus at 1 cm distance from the
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exit of the gas cell. Measurements of the focal spot were taken in low power mode and

for this particular laser system, the full power focal spot increases in size by a factor

of 10%. This led to a peak dimensionless intensity (assuming zero timing offset) of

a0 = 18± 2.55. This focal spot was achieved by means of an f/2 off axis parabola

with an f/7 hole in it so as to allow electrons, gammas and the accelerating laser to go

through unperturbed. It must be noted that the value of focused energy already includes

the energy lost due to the aspect ratio of the aperture in the parabola (11% loss) as well

as the fraction of energy loss due to annular mirror (Fraunhofer) focusing153.
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Fig. 4.6 Comparison between the Airy pattern to be expected from an off-axis parabola without
a hole and the Fraunhofer pattern obtained by an off axis parabola of the experimental charac-
teristics with an F/7 hole. Here the intensity plots are normalised to the peak intensity whereas
the contained energy plots are normalised to the integral of the diffraction pattern from 0 to
+∞. Linear markers denote the FWHM of the diffraction parameter points, pointing out total
enclosed energies of 47% and 31% for the Airy and Fraunhofer patterns respectively. The hor-
izontal axis in this case is the spatial argument we will call x = kasinθ where k the wavevector,
a is the parabola radius and θ is the angle of observation. Further details on the origin of these
parameters can be found in Born and Wolf153.

While there is a net effect of focal spot energy decrease by adding a hole, the

very inclusion of it allowed the geometry of the experiment to be entirely counter-

propagating. This maximises the geometric factor of the quantum invariant parameter
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χ explained in Sec. 2.2. Moreover, fully counter-propagating geometries also enable

timing mismatches to correspond to interactions with modified intensities. In other

words, the interaction will still be successful in the event of a small timing mismatch,

albeit at a lower intensity. The experimentally attained focus as well as its predicted

temporal evolution are shown in Fig. 4.7.

In order to minimise the extent of these timing mismatches, femtosecond timing

through spectral interferometry144 was used to time the accelerating and scattering

laser beams. As discussed previously in Sec. 3.6, both lasers are picked off at the

interaction such that they propagate co-linearly and reflect off the diffraction grating,

to be subsequently imaged on a spectrometer.

Fig. 4.7 Experimentally measured scattering laser intensity profile at focus146. A peak inten-
sity at optimum focus of a0 ∼ 20 and a temporal evolution specified by the right hand plot.
The intensity at which the interaction occurs, at half a bubble radius temporal mismatch (64 fs
delay due to laser-laser synchronisation), is inferred to have a value of a0 ∼ 10 over the central
6 µm (highlighted in red). Calculations of laser intensity temporal evolution were carried out
by A. Di Piazza and M. Tamburini.

Despite the accuracy of this technique (∼ 15 fs), the timing was carried out only be-

tween the accelerating and the scattering laser. However, LWFA electrons trail behind

the accelerating laser by approximately the diameter of the bubble, 2rb as it denotes

the distance between the laser and the accelerating region of the bubble10. The bubble

radius may be derived by equating the ponderomotive force with the force the ions

exert within the bubble, attracting the electrons back and acting as a restoring force.

Moreover, the spatial offset between laser and electron bunch will be given by10

2rb ∼ 4c
√

a0/ωp = 4c
√

a0
meε0

nee2 (4.1)
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Where e, me and ne are the electron charge, mass and density respectively and

ε0 is the vacuum permittivity. Carrying out the calculation for the conditions in the

experiment, electrons are expected to lag behind the laser by 68 fs, approximately cor-

responding to the red line in Fig. 4.7. This inherent time delay has been incorporated

in the modelling and calculations, lowering the intensity from the ideal a0 ∼ 20 value

to the estimated intensity of a0 ∼ 10. This loss in intensity does come with a positive

effect, that being that the focal spot size of the laser increases, this will enable a higher

proportion of the electron beam to see RR effects.

4.2.3 Gamma Ray characterisation

Fig. 4.8 Compton gamma ray beam analysis. Top left corresponds to a background subtracted
raw image. Top right and bottom left correspond to vertical and horizontal lineouts respectively,
which showcase the saturation of the central pixels. A pixel averaged matrix is compiled and
the fit performed to it excluding the saturated pixels. The fitted ellipse highlighted in red
corresponds to the 1/e2 widths. Polarisation direction of the scattering laser in this case is the
horizontal, as apparent from the gamma-ray beam’s increase direction in this plane.

The photons resultant from ICS were measured by an on-axis Thallium-doped Cae-

sium Iodide (CsI(Tl)) detector. The background on this detector was taken in runs

where the acceleration did take place but when the scattering laser was not present.
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This background radiation from the accelerated charged particles was found to be due

to a combination of bremsstrahlung and betatron radiation. Due to its variability and

dependence on electron beam characteristics, an average over successive images was

taken and a background heatmap of the CsI detector was produced. This heatmap

was successively subtracted from the shots in which ICS was observed to isolate its

contribution to the signal.

ICS signal was found to be well characterised by a 2D Gaussian fit. Some of the

shots in which strong ICS was recorded presented saturation on one or two of the

central pixels. When this was the case, a Gaussian fit to the non-saturated pixels was

performed and the value of the saturated ones inferred from the fit. Subsequently, a

quantitative estimate of the total yield was obtained by taking the 2D integral of the

fitted Gaussian over its 1/e2 widths.

The presence of strong ICS signal on the CsI(Tl) detector was the main indicator

that a successful RR shot was taken, in the following, the method for measuring the

degree of success of a particular shot is shown.

4.2.3.1 Determining the Success of an RR Shot

The axial CsI(Tl) detector registered a significant increase in scintillation signal when-

ever good spatial and temporal overlap was achieved, due to the ICS radiation resultant

from the interaction. The presence of Compton signal was the determining feature in

considering shots as successful or not, and the magnitude of the yield was the gauge

as to how apparent the effect on the electron spectrum was expected to be. In this

way, only the high yield shots are expected to present significant changes in the spec-

trum. Consequently, shots with ICS signal just above background or no different to the

background showed little to no changes in the spectrum as compared to their relevant

reference shots.

In order to directly compare RR shots to their references, the gamma ray yield was

plotted with respect to the potential of a given electron beam to produce ICS signal.

This quantity was based on the expected energy in an ICS photon beam (Reviewed in

Sec. 2.2.1.1) Eph, namely Eph ∝
∫

γ2Ne(a0)da0 where Ne(a0) is the number of elec-

trons interacting with intensity a0. If a constant intensity is assumed for the interaction,

Ne becomes the integral of the spectral density
∫

dN/dE, whereas the γ2 factor is in-

cluded by multiplying by the square of the electron energy. Plots showing the shots
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which are to be considered as likely candidates to exhibit RR effects are shown in Fig.

4.9 and Fig. 4.10 for RR runs 1 and 2 respectively.

Fig. 4.9 Gamma Ray yield vs. potential to create an energetic ICS beam. Data from RR run 1.
The reference shots, where the interaction was not present, describe a linear trend which is an
order of magnitude below the signal observed from successful overlap shots. Shots in which
overlap is not successful are found to have yields comparable to that of the background.

Three regions might be distinguished in Fig. 4.9: on the one hand the background

shots, where RR is not present, and on the other hand, the low and high yield signal

shots, where RR could be present. The only shots in which the effect in the spectrum is

expected to be measurable in the setup described in Fig. 4.1 are the high yield region.

The reason why an above background ICS signal was recorded was probably due to the

interaction of the laser with electrons which are outside of the spectrometer bandwidth.

This implies that effects on the electron spectrum could have been present at energies

below 400 MeV, however they were not measured.
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Fig. 4.10 Gamma Ray yield vs. potential to create an energetic ICS beam for RR run 2. Ref-
erence shots, where RR effects are not expected, describe a linear trend with a certain standard
deviation. Shots in which overlap is not successful are found to have yields comparable to that
of the background.

A method has therefore been established for identifying successful RR shots. In

these shots, changes in the electron spectrum with respect to the no-interaction case

should be apparent. This is the focus of the following section, where test shots with no

scattering laser are compared to successful RR shots.

4.3 Radiation Reaction Measurements

The combination of the electron spectrometer and the axial CsI(Tl) detector were the

primary diagnostics of the experiment. Apart from the aforementioned ICS signal,

the clearest indicator of RR at work is a decrease in the total energy contained in the

electron beam. This was to be ascertained by measuring the changes in the electron

spectrum as compared to no scattering beam. However, spectral changes can only be

measured if the underlying spectrum is stable enough. Fortunately, a correlation was

found between the spectral shape of the electron beam and the acceleration laser beam
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energy. This allowed reference spectra to be directly compared to RR shots within the

same accelerating beam energy. Shot-to-shot fluctuations in the spectra were recorded

and added to the errors.

4.3.1 Spectral Analysis Reference Choice

Fig. 4.11 Cut-off energy (point at which spectral density drops to 10% of its maximum value)
vs LWFA driver laser beam energy. There are shot runs (highlighted in red and magenta) in
which a clear linear correlation is observed and thereby the selection of references within a
given energy band is justified. Other runs e.g. the ones highlighted in black and blue have a
much weaker tendency, thereby leaving the energy band reference selection unjustified.

Sufficiently stable references were a hard requirement of the spectrometer analysis

such that variations from the ”standard electron spectrum” would become appreciable.

Despite the non-linear nature of LWFA, the overall spectral shape of the beams for a

given driver laser energy was well defined. Since the accelerating potential maximum

in the blowout regime scales with intensity10, one can expect the maximum electron

energy to bear some relationship with laser driver energy. However, the precise re-

lationship will also depend on the acceleration and depletion lengths which in turn

depends on gas and laser parameters. In the experiment, the point at which the spec-
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trum dropped to 10% of its maximum value, which was defined as the cut-off energy

(E10%) was found to bear a linear relationship with the driver laser energy. Exploiting

this relationship, shots within a certain driver laser energy interval were expected to

have a reproducible spectral shape. As such, shots with driver energies comparable to

a RR shot were deemed eligible as references for that particular shot. The slope of this

linear relationship was found to vary between runs, and it is expected to be a sensitive

function of the acceleration conditions.

The error in the calculated spectra is a combination of the standard deviation of

the selected reference shots and an account of the pointing deviations measured in the

dispersion direction of the magnet (under/overestimation of energy by shift in electron

zero position). The pointing fluctuation was assumed to be the same for all energies,

and the magnitude of it was taken to be that of the pointing fluctuations observed in

the non-dispersion direction of the magnet. In the runs shown, the half-angle pointing

deviations were measured to be ∼ 0.6 mrad (see Fig. 4.4). The fluctuation was found

to be small enough to see the error from inherent spectral variability in the references

dominate.

4.3.2 Effects on Electron Spectra

Motivated by the aforementioned conclusions, a close inspection was done of the shots

in which good spatial overlap was expected, namely, all shots with gamma-ray yield

2σ above background levels. This threshold was chosen as beyond this level, shots

only have a 5% likelihood of belonging to the same distribution as the background

shots. Reference spectra were chosen in accordance with the relationship between the

cut-off energy and the accelerating laser energy as shown in Fig. 4.11. In this way,

references for RR run 1 (highlighted in red in Fig. 4.11) were broken into ±1 J energy

intervals as the relationship is clearly linear. Conversely, references for the analysis of

RR run 2 (Highlighted in black in Fig. 4.11) were taken throughout the full spectrum

as the relationship between cut-off energy and driver laser is not as apparent.

The features that immediately stand out in the RR run 1 spectra shown in Fig. 4.12

are depletions in electron density at the high energies, as well as an accumulation of

charge at lower energies as compared to the references. This clearly shows signs of

overall energy loss, which in conjunction with the produced ICS signal is a strong in-
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dication that the spatial (and temporal) overlap was good enough for the central (lower

divergence, higher energy) portion of the electron beam to interact. It is apparent thus,

that the electron has, in its interaction with the scattering laser, lost energy by emitting

Compton radiation. While the average RR spectrum certainly shows this trend, it is

not the case for all individual shots. The magnitude of the shift however seems to be

most pronounced for those shots in the upper half of gamma ray yield.

Fig. 4.12 Changes in electron spectra due to radiation reaction, RR run 1. The top six gamma
ray yield shots were selected as being the only ones which showed any significant deviations
from the calculated standard deviation of the mean of the references. Due to the linear rela-
tionship of the electron cut-off energy and the laser driver energy, the references were divided
into two regions of reproducible spectra. Data shown corresponds to the run highlighted in red
in Fig. 4.11, RR run 1

The case of RR run 2 is more complex since the shape of the reference shots is

not as well defined due to the absence of a correlation between laser driver energy and

cutoff energy. As such both references and RR shots are more variable than in the case

of RR run 1. However, even if the average of the RR shots and the references seem to

overlap, if focus is turned to the shots with the highest gamma ray yield (see e.g. Fig.

4.14), the difference becomes apparent and similar properties to those observed in RR

run 1 appear. This suggests that while some shots may indeed show spectral shapes

similar to the reference, the highest gamma ray yield shots share the common trait of
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charge depletion at high energy and accumulation at lower energies.

Fig. 4.13 Changes in electron spectra by virtue of radiation reaction effects. Due to the fact
that the absence of a correlation between cut-off energy and acceleration beam driver energy
in this run, the references were taken for the full range of laser driver energies. Data shown
corresponds to the run highlighted in black in Fig. 4.11, RR run 2.

In order to explore this further, and to find out if the energy lost is indeed propor-

tional to the energy of radiation emitted, the integral of RR spectra was calculated and

compared to the intregral of the mean reference spectra, the result was plotted as a

function of the gamma ray yield normalised to the capability of a given electron spec-

trum of producing gamma rays. The results of this analysis are shown in Fig. 4.15 and

Fig. 4.16 for RR runs 1 and 2 respectively. Here, the error bars represent the difference

in the RR to reference integrals when taking into account references ±σ . While a ±σ

interval is not representative of the full reference population, in the majority of cases a

high gamma ray yield does imply more energy being contained in the references.
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Fig. 4.14 Changes in electron spectra by virtue of radiation reaction effects, RR 2. The top
four gamma ray yield shots are shown. Data shown corresponds to the run highlighted in black
in Fig. 4.11.

Fig. 4.15 Difference in reference to RR shot spectrum integrals vs. gamma ray yield nor-
malised to the total capacity of generating gamma ray radiation. RR run 1.
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Fig. 4.16 Difference in reference to RR shot spectrum integrals vs. gamma ray yield nor-
malised to the total capacity of generating gamma ray radiation. RR run 1.

However, more energy contained in the reference shots is not a sole indicator for

the presence of RR, as it is possible for an RR shot on the lower end of the spectrum to

show poor overlap and therefore produce little to no gamma rays. Conversely, it is also

possible for RR shots to produce significant gamma rays and not manifest significant

changes in the spectrum. An example of this would be to have an RR shot producing

a high energy electron beam and only experiencing overlap at the lower end of the

electron spectrum (outside of the detection window of our detector). The possibility

of these spectral fluctuation and misalignment scenarios occurring is analysed in more

depth in Sec. 4.3.4, and their occurrence directly relates to the fact that individual RR

shots might shown higher spectral content that their references.

Despite the possibility of electron beam-laser misalignments, spectral differences

outside of LWFA fluctuations should be the main source of radiation energy. In this

way, simulations were carried out and the gamma ray yield was calculated as a func-

tion of the total kinetic energy lost through the process of RR and compared to the

obtained data. The theoretical calculations shown in subplot (a) of Fig. 4.17 were pro-

duced assuming the semi-classical framework as it was found to be the model to best
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reproduce the results (shown later in Fig. 4.19). The theoretical points at the lower end

of gamma ray yield were obtained by modifying precisely the proportion of spatial

overlap between laser and the electron beam. The measured data and the simulations

both exhibit linear behaviour, due to conservation of energy, implying that the electron

energy loss is due to radiation emission. Examples of poor, moderate and optimal tim-

ing are shown in the b), c) and d) subplots respectively. Here the error in the horizontal

arises from the variability in the reference spectra.

Fig. 4.17 A detailed look at the combination of total gamma ray yield and electron spectral
variation. (a) constitutes a comparison of the difference in the integrals of electron spectra pre
and post-interaction with photon energy estimates from semiclassical theory. (b)-(d) are direct
comparisons the representative RR shots (Highlighted in red) with the reference shots within
±1 J of the accelerator driver energy of the RR shot in question (in black). Extracted from
Poder et al.146.

4.3.3 Estimating Spectral Radiation Reaction Spectral Shifts

Calculations were carried out to check the consistency of observations with theory.

Out of the RR models, only those stemming from the Landau-Lifshitz (LL) equation,

namely the classical and semi-classical models are described here. The calculations

shown in this section follow the narrative and procedure explained in A.G.R Thomas
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et al.41 and are extensively described in Sec. 2.3. Owing to the primary diagnostic

being the observation of the energy shift when RR was present compared to when it

is not, energy loss calculations were carried out and their results compared to those

observed in the aforementioned campaign.

The equations used in the modelling correspond to the classical (Eq.(4.3)) and

semiclassical (Eq.(4.4)) energy losses as calculated in Sec. 2.3.

∆γ∞

γ0
=

√
π

2
τ0tLω2

0 γ0a2
0

1+
√

π/2τ0tLω2
0 γ0a2

0

(4.2)

Which may be rewritten by introducing the parameter ψ = 10
√

2π3 ω0 τ0 γ0 a2
0 as:

∆γ∞

γ0
=

0.1ψ(t/trad)

1+0.1ψ(t/trad)
(4.3)

Fig. 4.18 Classical and semi-classical simulations of an electron spectrum characteristic of
LWFA at Gemini. The scattering laser intensity is scanned from no interaction up to a0 ∼
12, the maximum intensity inferred from accurate modelling of the experimental results. For
simplicity, this initial spectrum is given by a Gaussian of amplitude 10, central energy of 1500
MeV and a standard deviation of 300 MeV (red rectangle at a0 = 0).

Which simplifies the expression of the semi-classical model simply as:
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∆γ∞

γ0
=

0.1g(χ)ψ(t/trad)

1+0.1g(χ)ψ(t/trad)
(4.4)

Where g(χ) = (3.7χ3 + 31χ2 + 12χ + 1)−4/9 is the ratio between the quantum

emitted intensity and its classical counterpart.

By use of the derived expressions, the energy loss experienced by an electron beam

can be calculated as a function of scattering beam intensity. It must be noted that these

calculations may not be fully representative as they constitute simplified expressions.

In these, the following assumptions are made:

• Initial electron spectra are approximated as Gaussians with the central energy

and width being representative electron spectra routinely achieved in Astra-Gemini

• Full spatial and temporal overlap, all electrons experience the same external EM

field

• Intensity is assumed to be constant throughout the interaction

• A divergence of zero is assumed both for the laser and the electrons

The calculations for spectra similar to those attained in Gemini are assessed and

presented in Fig. 4.18. Here the assumed spectrum is a Gaussian with central energy

at 1500 MeV and a standard deviation at 300 MeV. The unperturbed spectrum (a0 = 0)

is highlighted in red. Here the build-up of the initial spectrum towards the 1 GeV bump

observed in experiment is replicated by both simulations, with the classical approach

clearly showing greater energy loss than its semiclassical counterpart.

4.3.4 Modelling Radiation Reaction

In order to characterise the discrepancies between the different models in more detail,

full scale simulations were carried out to ascertain which of the RR models best de-

scribes the measured spectra. This was carried out by our collaborators M. Tamburini

and A. Di Piazza146, where simulations using all the models of RR discussed in Sec.

2.3 were carried out. These include the perturbative approach, classical RR in the

form of the Landau Lifshitz, semiclassical weighting of the LL model with g(χ), QED

and PIC methods which include quantum effects under the assumption of the validity

of the Constant Crossfield Approximation (CCFA)154. The results of these detailed

simulations are shown in Fig. 4.19.
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Fig. 4.19 Detailed Simulations of experimental results from RR run 1. A reference spectrum
(taken as the mean of the reference shots applicable to the shot in question) in black, the ex-
perimentally attained RR spectrum in red and the simulations in green and blue. Simulation in
a denotes the expected spectral variation assuming a RR is a small perturbation of the Lorentz
Equation. Simulation b constitutes the simulation in which the Landau-Lifshitz equation gov-
erns the dynamics (classical RR). Semiclassical suppression of the classical emission due to
the onset of quantum effects is shown in c. Finally, fully quantum and PIC codes are shown in
d. The uncertainty in the simulation arises from the variability of the initial spectrum and the
expected scattering laser intensity. Figure extracted from Poder et al.146.

From Fig. 4.19 a number of conclusions may be drawn. The first is that the per-

turbative model, which completely ignores RR effects during the interaction, does not

describe the data accurately, from this we gather that non-perturbative RR effects are

present. Furthermore, there is a higher degree of agreement with the semiclassical

model (which contains some inclusion of quantum effects) than with the classical

model, indicating the onset of quantum effects in the studied dynamics. Finally, there

are significant discrepancies between the purely quantum models and the experimental

results, likely owing to the non-validity of the Constant Crossfield Approximation in

the experimental regime reached of χ ∼ 0.2 and a0 ∼ 10. The reason why the approx-

imate intensity is known is due to the combination of the knowledge of the temporal
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offset between the laser and the electrons. At this intensity and in these experimental

conditions, the onset of quantum effects seems to be sufficient to modify the magnitude

of the energy shift. However, the conditions to enter the radiation-dominated regime

of a0 � 1 and χ ∼ 1 have not been met3, quantum stochasticity of radiation and as

such, spectral feature smoothing121,155 are not yet measurable.

4.3.4.1 Spatial Overlap Monte-Carlo Model

a) b)

Fig. 4.20 Schematic outline of the simulation. A simulation box containing the interaction
region is shown, with the laser representing the central circle and with the electron beam posi-
tion being a random number depending on its the input pointing fluctuation. Concentric disks
represent the different energy bands, with the smallest ones being the highest energy. Two sce-
narios are shown: a) depicts the scenario in which the laser misses the electron beam whereas
b) shows the scenario in which optimum overlap is achieved, with the laser being encapsulating
the entire high energy band.

The last effect to take into consideration for modelling RR experiments is pointing

fluctuation and its effect on spatial overlap. Monte-Carlo (MC) simulations were set

up with the measured electron beam pointing data highlighted in Sec. 4.2.1.1. This

results in a probabilistic approach which enables the prediction of the expected suc-

cess of overlap. Two scenarios are considered, the pointing run σe = 2.58 mrad and

RR run σe = 1.17 mrad pointing fluctuations. A simulation box was created where the

centroid of the electron beam was allowed to oscillate between centred and up to the
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measured fluctuation divergence, with a flat probability distribution (as an approxima-

tion). Likewise, the laser beam is allowed to fluctuate by half of the focal spot width.

This results in the probability of interaction being largely dominated by the electron

pointing fluctuation.

Fig. 4.21 MC simulation of electron-laser overlap assuming the pointing run fluctuations.
Maximum probability of overlap for each band corresponds to the ratio between the cross-
sectional area of the band with respect to the laser. The overall probability of an energy band
seeing the laser at all Pint is specified in the top left corner of each subplot. In this way, low
energies are much more likely to interact than high energy ones, while the fraction of electrons
in each band interacting get progressively higher with energy. The probability that some part
of the electron beam will interact is found to be 100%.

In this approach the energy dependent divergence of the electron beam is also con-

sidered, with higher energies presenting lower divergences than their low energy coun-

terparts (see details in Sec. 4.2.1.1). In this way, the full spectrum of electron beams is

broken up into energy bands, each with their own divergence. The effect of the energy-

dependent divergence is two-fold, on the one hand low energy electron interactions are

very likely, and on the other hand, effects in high energy electrons if successful are far

more noticeable. This comes from the size of each electron band relative to the laser

focal spot size. The biggest limitation of the experiment is the low electron energy cut-

off in the spectrometer as this ultimately limits the probability of having an observable
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effect on the electron spectrum. This brings with it an important conclusion, that is

that even if Compton Scattering signal is observed, it does not mean that the Radiation

Reaction effect on the electron spectrum will be measurable.

The simulation details and input parameters are shown in Table 4.1. Here the dis-

tinction between the two columns is due to measured electron pointing deviations at

different times. The first column is comprised of a comprehensive pointing run which

was taken weeks before the radiation reaction data was taken and whose results are

shown in Fig. 4.3. The latter of the two columns is the pointing inferred from measur-

ing pointing deviations in the non-dispersion direction of the spectrometer magnet and

correspond to the fluctuations in Fig. 4.4.

Table 4.1 List of MC simulation parameters for electron-laser spatial overlap.

Interaction Simulation Parameters Pointing Run Fluctuation RR Spec. Pointing
E > 1 GeV e− Div. θe /mrad 1 1
(0.6 < E < 1) GeV e− Div. θe /mrad 1.3 1.3
(0.4 < E < 0.6) GeV e− Div. θe /mrad 2 2
(0.3 < E < 0.4) GeV e− Div. θe /mrad 3.2 3.2
E > 1 GeV e− Radius re/µm 6 6
(0.6 < E < 1) GeV e− Radius re/µm 7.5 7.5
(0.4 < E < 0.6) GeV e− Radius re/µm 11 11
(0.3 < E < 0.4) GeV e− Radius re/µm 17 17
Laser Radius rl /µm (a0 > 10) 5 5
Full-angle e− Pointing Fluct. σe /mrad 2.58 1.17
Full-angle Laser Pointing Fluct. σl /mrad 0.2 0.2
E> 0.6 GeV Overlap Success Rate 95% 100%
E> 1 GeV Overlap > 50% 12% 25%

Both scenarios yield high probability of interaction, which is consistent with ob-

servations. When timing was at its optimum, the probability of observing above back-

ground Compton signal on the on-axis gamma ray diagnostics was observed to indeed

be close to 100 %, with only a handful of shots showing comparable-to-background

gamma ray yields in Fig. 4.9 and Fig. 4.10. The details of the proportion in which

energy bands interact are shown in Fig. 4.21 and Fig. 4.22. The main limitation on

overlap seems to be dominated by long-term timing drifts in the laser system.
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Fig. 4.22 MC simulation of electron-laser overlap assuming pointing in the spectrometer plane.
Maximum probability of overlap for each band corresponds to the ratio between the cross-
sectional area of the band with respect to the laser. The overall probability of an energy band
seeing the laser at all Pint is specified in the top left corner of each subplot. In this way, low
energies are much more likely to interact than high energy ones, while the fraction of electrons
in each band interacting get progressively higher with energy. The probability that some part
of the electron beam will interact is found to be 100%.

A dramatic increase in the likelihood of high energy interactions is observed when

the pointing fluctuation is improved, not only does the overall probability increase, but

also the percentage of fully overlapped shots increases significantly. The overlap frac-

tions shown in Fig. 4.21 and Fig. 4.22 represent fractions of the area covered by the

laser compared to the full area of the energy disk in question. Consequently, the max-

imum possible proportion of effect visible would be the ratio of the areas spanned by

the laser and the energy band. In this way, the maximum possible overlap percentages

are 69.4% for the E> 1 GeV band; 44.4% for the 0.6 <E< 1 GeV band; 20.7% for the

0.4 <E< 0.6 GeV energy band and 8.7% for the 0.3 <E< 0.4 GeV band.

From the aforementioned, it is therefore expected of a shot with perfect overlap to

have more appreciable effects on the electron spectra at high energies. This is con-

sistent with measurements and findings in that all high yield gamma shots presented

significant variations at the high energy end of the electron spectrum. The model also

shows that the probability of achieving some sort of spatial overlap is unity upon per-
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fect timing, which is consistent with experimental observations as above-background

Compton radiation was produced when timing was optimal with very high likelihood.

The overall probability of seeing effects at the higher energies, depends on the degree

of variability of electron spectra. While the probability that the high electron band en-

ergy in Fig. 4.22 will interact with the laser is unity, the probability that at least 50% of

the electrons will experience the RR effect is 25%. This is in contrast with the higher

fluctuations in Fig. 4.21, where not only does the probability of interaction in the E > 1

GeV drop to 53%, but also the probability that more than half of these electrons will

experience RR effects drops to 12%. With this comes the important conclusion that

even if ICS signal is recorded, a measurable shift on the electron spectrometer does not

have to be present. However, the likelihood of producing measurable spectral shifts in-

creases dramatically as the pointing fluctuation of the electron beam improves, as well

as spectral shape reproducibility.

4.4 Methods of Improvement

LWFA is a highly non-linear method of particle acceleration. The fluctuations present

in laser systems in terms of spectral shape, pointing and timing delay introduce un-

wanted limitations in the performance of all-optical Compton Scattering/ Radiation

Reaction experiments. These limitations can be summarised in three main points: spa-

tial overlap, temporal overlap and electron spectrum reproducibility. While the follow-

ing section provides a brief outline and possible solutions, a more extensive account of

these limitations can be found in Samarin et al.156.

4.4.1 Alternative Methods for Increasing Spatial Overlap

Spatially overlapping two laser beams is straightforward, it is only because of angular

pointing fluctuations of the electron acceleration phase that spatial overlap becomes a

problem. Due to its dependence on focus quality and the inherent variability of laser

systems in general, it is a shortcoming which is difficult to overcome. However, there

are LWFA mechanisms which enable the distance between acceleration and interaction

to be minimised, e.g. using gas jets instead of gas cells. This technique was used

to study RR in Cole et al.106. Even if the inherent pointing stability of gas jets is
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not as good as that of gas cells, accelerating and interacting within micrometre-scale

distances allows for a minimisation of the fluctuation effects.

In addition, gas jet configurations allow for different methods of injection to take

place, such as shock injection, where it is possible to attain mono-energetic features in

an electron beam29,106 and make those interact with an incoming laser. This allows for

the limitation of the problems pertaining to both spectral reproducibility and pointing

fluctuation.

However, most of the QED experiments which intend to explore quantum effects

in detail benefit not only from reliable electron spectra, but also from highly energetic

electrons. Therefore, gas cells provide the suitable alternative for stable acceleration.

Having a vessel into which gas can settle into equilibrium prior to acceleration al-

lows for extended acceleration lengths leading to stable spectra at high energy to be

achieved131. This is due to the presence of long density ramps along the gas cell axis

as compared to the sharp gradients present in gas jets.

Recently developed techniques for laser stability optimisation at Gemini have been

included after these experiments as the requirements were made apparent. The pointing

stabilisation technique involves the inclusion of a backward-propagating infrared beam

which is relayed back up the laser chain to an active feedback system which includes

a position sensor and a fast mirror. If a fluctuation is detected, the fast mirror will act

to counteract the fluctuation157.

If the pointing is stable enough, one can extend the distance between accelera-

tion and interaction, which is beneficial as it is enables energy filtering components

to be included in the experiment, these include plasma lenses and magnetic filtering

chicanes.

4.4.1.1 Plasma Lens, Implementation and Limitations

A discharge capillary is a sapphire tube with electrodes at each end, over which a dis-

charge is applied, the inside gas is ionised creating a linear radial dependent magnetic

field which acts to counteract the inherent divergence on an input electron beam137.

This technique has since been used for a variety of applications, more notably multi-

staged particle acceleration158 and single stage accelerator up to 8 GeV with 20 cm

acceleration length159.
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Fig. 4.23 Active plasma lensing schematic, a discharge capillary full of ionised gas sets up
a radially increasing azimuthal magnetic field, resulting in an overall focusing force. On the
right, a chromaticity comparison is shown between the active plasma lens system, highlighted
in red, and state of the art solenoids and quadrupole triplet systems, highlighted in black and
blue respectively. In this plot, |∆F |/F0 represents the absolute fractional difference between
the focal spot for a given energy as compared to the overall focal length.

By use of these components, it is possible to create an experimental component

which serves to focus a given electron energy in an arbitrary point along the accel-

erating laser axis. By choosing the focus of the desired electron energies to lie in a

particular position and overlapping the scattering laser with only this component of

the beam, one can even single out particular energies for the interaction. Subsequently,

runs in which focusing strength is varied can be carried out to study the effect of RR as

an energy dependent process. The capability to focus at large distances from the accel-

eration region also enables the possibility of incorporating further filtering components

into the system, be it to reduce the electron bandwidth further or to make space for fur-

ther shielding to improve detector sensitivity. By acting as a charged particle imaging

system, angular pointing fluctuations are suppressed by virtue of the focusing action

and therefore, plasma capillaries may in conjunction be used to increase the reliability

of the electron pointing.

4.4.2 Electron Spectrum Reproducibility

Identifying shifts in spectra is only possible if a certain degree of stability is achieved

in the events where RR is not present. This was the reason for the importance of refer-

ence selection as justified by the existence of systematic trends in Sec. 4.3.1. Despite
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these trends being identified, tackling the source of LWFA instability would be the ul-

timate gateway towards a full characterisation of RR. These include energy filtering of

inherently broadband electron beams or effective ways of controlling injection.

4.4.2.1 Energy Filtering

The advantage of focusing at large distances enables the possibility of carrying out

further bandwidth reduction of broadband LWFA electron beams. Magnetic chicanes

with spatial filters have been found to be extremely useful at reducing the bandwidth

of an initially large bandwidth electron beam. One of the main drawbacks of this solu-

tion is that it is sensitive to pointing fluctuations, therefore the transmitted bandwidth

will have a pointing limited accuracy. However, if the pointing is stable enough, the

position of the spatial filter may be tuned to block different regions of the spectrum at

a time. Consequently, the study of processes such as RR may be studied as an energy

dependent phenomenon in a systematic fashion.

The biggest drawback of this method of energetic filtering is that the spatial filters

in these compact chicanes are normally placed close to the axis due to the low deviation

experienced by high energy electrons. Interaction of the electrons with this high Z

number slit also produces a close-to-axis Bremsstrahlung photon source, one which

may ultimately outshine the Compton photons from the later interaction. This is clearly

not desirable, therefore the alternative solutions in this section include methods of

electron injection which have proven to have positive effects in reduction of electron

bandwidth and reproducibility. Using these methods, the attainment of a high quality

electron beam would be achieved at the initial stage.

A big contribution factor to a high bandwidth electron beam in LWFA stems from

plasma electrons being injected at different times in the wake and thereby experience

different acceleration lengths. Controlling the point at which electrons are injected may

prove to be the solution to achieving reliable and mono-energetic electron spectra. One

technique to do this is by introducing a shock in a known position in the gas. Often used

in gas jet configurations, shock injection can be used to limit the point of injection to a

small region in which mono-energetic electron beams exceeding the GeV level being

accelerated and presenting 8-10% rms energy spread29.

An alternative injection mechanism which can result in mono-energetic electron

beams is density down-ramp injection76,160. This is a process where the gas density is
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tailored to decrease in a given way so as to facilitate injection and it has been demon-

strated to produce mono-energetic, reproducible electron beams at hundreds of MeVs

worth of energy and reaching sub 1% rms energy spread160.

Fig. 4.24 Density down-ramp injection mechanism and the attainment of sub percent electron
energy bandwidth, extracted from the work of Wang et al.160.

4.4.3 Knowledge of Laser at Focus

While the models used to simulate the process of RR are accurate within their own

regimes of validity, they rely on approximate or idealised scattering laser profiles.

Their accuracy to describe real data would be tremendously enhanced should the 3D

structure of the laser at focus be known, and while at the time of the experimental cam-

paign this was not possible, recent developments have shown that a measurement of

the electric field profile at focus is indeed possible161, even at these extreme intensities.

This is possible by exploiting the presence of spatio-temporal coupling in ultra-

short laser beams. That is, the fact that spatial properties vary in time, with the con-

verse effect being also true, namely that the temporal properties of an ultrashort laser

beam also vary in space. Thanks to this property, a technique called spatially resolved

Fourier transform spectroscopy can be performed, whereby an asymmetric Michelson

interferometer is used to study the evolution of spatial fringes with time. Spatial fringes
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come about when the two interferometer arms are combined due to one arm having a

flat mirror and the second having a convex mirror, as they are re-combined with dif-

ferent divergences, spatial fringes appear. By studying the shape of these fringes as

a function of delay, which has to be controlled to sub laser cycle accuracy, the cross

correlation function, from which the electric field can be extracted, may be inferred.

Thereafter, iterative and Fourier methods are used to reconstruct the 3D shape of the

laser electric field at focus161.

4.4.4 Validity of the Constant Crossfield Approximation

Theoretical calculations for predictions of electron behaviour routinely use the CCFA.

These schemes approximate the external electromagnetic wave as slowly varying or

constant within the formation length of a photon and simplifies calculations signifi-

cantly. The amplitude of the electric field is assumed as constant (often maximum

possible value) throughout the interaction with an electron. This approximation is

valid for regimes of intensity where the photon formation length is small, i.e. a0� 1.

It has been found in fact that in the regime where a0 ∼ 1 the yield of low energy

photons is significantly different than that predicted by the CCFA85. This could be

measured and quantified by the use of crystal spectrometers in RR experiments as

discrepancies between the yield of soft x-rays in the CCFA model and outside of it

should become apparent85. This is because photon formation length is proportional

to the period of the emitted laser radiation (Compton Radiation) as well as inversely

proportional to the intensity of the external electromagnetic field and deviations will be

most apparent when photon formation lengths are large (for soft x-rays). As such, the

magnitude of the discrepancy between CCFA predicted yields and experiments might

provide theorists with clues to fill in the gaps towards building a complete picture of

RR.

4.4.5 Intensity Estimation

The assertion of the intensity of the RR interactions was achieved by means of the

temporal drift estimation and by checking how well simulations reproduced the data.

There is an inherent error in this calculation which doesn’t allow for a clear cut in-

tensity to be identified. This can be overcome by exploiting the divergence of ICS
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photons. Theoretically it has been established that the Compton radiation divergence

in the direction of polarisation of the scattering beam is larger than the divergence in

the transverse direction108 by a factor of a0. Therefore it is experimentally possible to

independently measure the intensity of a Compton Scattering reaction by looking at the

cross-section of the gamma-ray beam. The direct measurement of a0 via this method

has been demonstrated experimentally by Yan el al.54. By use of a gamma ray detector

with higher spatial resolution (e.g. a smaller pixel CsI(Tl) stack), differences between

the in-polarisation-plane divergence and the out-of-polarisation plane divergence can

be recorded to independently measure the intensity.

The calculation of a0 would have to include the inherent electron divergence θe.

In this way, the total measured divergence in each plane (subscript I→ in-plane, sub-

script O→ out-of-plane) might be calculated by θI/O = (θ 2
e + θ 2

i/o)
1/2 where θi/o is

the Compton gamma ray beam divergence. The Compton divergences take on values

θi = a0/γ in the plane of polarisation and θo = 1/γ in the out-of-plane polarisation.

Carrying this calculation out one may arrive at the following expression for a0

a0 =

[(
θI

θO

)2
(

1+
(

θe

θo

)2
)
−
(

θe

θo

)2
]1/2

(4.5)

In the experiments highlighted in this chapter however, the spatial resolution of the

detector (with crystal size spanning 1.51 mrad) was insufficient and this calculation

could not be carried out with a satisfactory degree of accuracy. Consequently, detec-

tors with higher spatial resolution have been designed and built and will be used in

subsequent campaigns for this purpose. The new detectors if used in Gemini would

have a similar angular resolution (of the order of 0.2 mrad) to that used by Yan et

al.54 and thus will be suitable for future a0 direct measurements in the ICS and RR

experiments to come.

4.5 Conclusions

In the proposed experiment, electron beams of up to 2 GeV in energy were made to

interact with lasers of a0 ≈ 10 intensity. During these interactions, Compton radiation

and electron energy loss were observed, suggesting Radiation Reaction effects. These

effects were simulated and it was found that both the perturbative and classical models
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of RR fail to describe the observed spectral shift. In contrast, the semi-classical model,

which incorporates a quantum suppression of the emitted radiation, is the model that

is closest to replicating the observed results, suggesting RR has been observed in a

non-perturbative scenario and with quantum effects starting to play a role in particle

dynamics. The accessed RR regime did not however see quantum behaviour dominate,

as is apparent from the discrepancy of the measured spectrum with QED and PIC

models. In addition to the observed spectral shift, the amount of radiation produced is

consistent with the amount of energy loss witnessed (see e.g. Fig. 4.17).

This experiment served to identify the limitations and the points for improvement

required for future all-optical studies of RR. Apart from the limitations to do with the

used diagnostics, e.g. higher spatial resolution characterisation of the gamma-ray beam

cross-section, the most fundamental limitations lie in the repetition rate and reliability

of laser-plasma accelerators. Increased repetition rates would be fundamental increase

statistics and improve our understanding in a fully quantitative and systematic manner.

Increased reliability in terms of pointing fluctuation, acceleration beam energy and

spectral shape would increase the reliability of the references, thus isolating spectral

shift due exclusively to RR.

While the highlighted experiment is a good start, a full characterisation of RR

would require systematic studies to be performed at a range of intensities. As such,

the aforementioned limitations and improvements in the diagnostics would have to be

addressed and implemented respectively. The combination of conventional accelera-

tor or X-FEL facilities with laser facilities capable of delivering ∼PW powers would

as such, be an improved setup for a comprehensive study of RR and other quantum

phenomena.
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Chapter 5

Breit-Wheeler Pair Production in

Gemini

Pair Production (PP) from direct photon-photon collisions is one of the most funda-

mental processes in QED. Experimental endeavours have up to now, not been able to

measure this process experimentally. There has been a campaign carried out at SLAC

which was able to measure photon-photon collisions via a two-step process24. Specifi-

cally, Compton scattering followed by multi-photon Breit-Wheeler (BW) pair produc-

tion. However, in this experiment, there could have been an added contribution to the

pair yield in the form of trident pair production60. Experimental campaigns thereafter

have yet to measure pair production from the direct BW process exclusively.

The premise of the experiment presented in this chapter is to spatially isolate the

high energy photon production and the photon-photon collisions. In this way, the

single-step photon collision pair production process may be studied. Experimental

results are shown in the linear regime, that is, the regime of low intensity (a0 � 1)

interactions between high energy photons. The linear regime entails the interaction of

only two photons (of frequencies ω1 and ω2) with a centre of momentum energy above

the rest mass of the particle-antiparticle pair, namely ECM = (h̄2
ω1ω2)

1/2 > mec2. The

interaction was carried out by colliding bremsstrahlung (∼ GeV) photons and x-rays

(∼ keV) from solids. The former was the product of LWFA high energy electrons

interacting with a dense high Z material, whereas the latter were produced by direct

nanometre thickness foil irradiation at high intensity. The combined energy of these

two photon sources is just above the centre-of mass energy of the electron-positron
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pair, thus enabling the BW process. This will be the central topic of the following

chapter.

Following, a brief discussion on the prospect of measuring the non-linear Breit-

Wheeler process (NLBW) is shown. This process entails the achievement of pair

production below threshold and involving a combination of multi-photon processes

and quantum tunnelling in the presence of strong EM fields. In this section, experi-

mental design considerations as well as modifications with respect to the linear setup

are described, thus enumerating the steps required to successfully measure the NLBW

process.

5.1 Motivation

The research into this fundamental QED phenomenon is mainly driven by fundamental

science. Pair production represents the time-reversal of particle-antiparticle annihila-

tion33. It has a remarkably low cross-section, which makes its experimental study and

characterisation challenging. In this work, the process of photon generation and pho-

ton collision have been spatially separated in order to fully isolate the Breit-Wheeler

process from other possible sources of pairs. These could be sources which result from

direct electron-laser collisions, or from interactions of the high energy Bremsstrahlung

photons with the experiment shielding. The calculation of the Breit-Wheeler cross-

section experimentally would serve to validate the predictions from linear QED. Ob-

serving this reaction below threshold in the non-linear variant of the process would be

interesting because the result would be a direct result of both multiphoton and quan-

tum effects, both of which will play an important role in experimental campaigns to

be carried out in the next generation of laser facilities. In addition, this work would

serve to benchmark the theoretical codes which include these effects when predicting

the effects of ultrahigh intensities.

Furthermore, Breit-Wheeler pair production is responsible for a few key phenom-

ena in astrophysics. It is believed that this kind of pair production occurs in the vicin-

ity of supermassive astrophysical objects such as the magnetospheres of pulsars162.

Photon-photon pair production is thought to be the phenomenon behind the absence

of high energy photons which originate from the early universe. High energy pho-

tons propagating through space are thought to have a sufficiently large cross-section to
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interact with a cosmic background photon163.

5.2 Experimental Setup

An all-optical setup was used, with the Gemini laser at the Rutherford Appleton Lab-

oratory as the laser facility employed. For the attained experimental conditions, the

expected positron yield was calculated to be one pair for every 5 to 10 shots. Due to

this low rate, the measurement techniques employed had to be highly sensitive and well

shielded from radiation and particles which are not a direct result of the BW process.

However, the method of attainment of high energy photons is that of Bremsstrahlung,

an inherent source of highly divergent secondary particles and photons, which proves

challenging to shield.

In order to limit the spatial extent of the gamma-ray beam and thus prevent high

energy photons from interacting with the experimental apertures, a 100 mm Tantalum

collimator with a 2 mm hole was used to lower the photon flux at high divergence. In

addition, a Tungsten block was used to block half of the gamma-ray beam. This was

done to prevent photons from interacting with the x-ray targets as well as the positron

detectors. Subsequently, a spectrometer magnet was used to deflect the secondary

targets from the photon beam and direct them to an internal lead wall to avoid mixing

them with BW particles. The spectrum of the electrons was characterised from the

dispersion of these secondaries on a scintillating LANEX screen.

Once separated from the secondaries, the photons remaining then propagate through

the x-ray plume resultant from the interaction of the North beam at Gemini with

Germanium nano-dot targets. This is where the BW reaction takes place with the

bremsstrahlung photons and the produced pairs propagating in the same direction.

From this point the products propagate through the aperture in the internal lead wall

and then through a magnetic chicane with dispersion perpendicular to that of the spec-

trometer magnet. This chicane was put in place such that the BW charged particles can

be separated from the photon beam in such a way that only they are directed towards

the single particle detectors. A second external lead wall was used to further limit the

high divergence noise and prevent any line-of-sight from the detectors to the main
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noise source, the Bremsstrahlung converter. An axial beam-dump was built to stop the

photons before reaching the sensitive detectors, made deep enough to contain the EM

cascades from the interaction. Lead lips were attached to this beam-dump which had a

two-fold function. On the one hand, the lead lips contained the back-reflected secon-

daries from the photon beam-dump and on the other, they provide a block for lines-of-

sight between the detectors and the experimental apertures. Finally, sensitive CsI(Tl)

detectors were placed in a lead letterbox cavity who’s only opening corresponds with

the path of the expected BW positrons, of possible energies ranging between 220 and

380 MeV (as this is the acceptance bandwidth of the chicane).

The particles and photons produced in the chamber were characterised outside the

vacuum chamber with various detectors, the exit window employed to avoid affecting

the product properties significantly was a three-aperture kapton window, 125 µm thick.

The three apertures were used to transmit positrons, photons and electrons respectively.

The diagnostics used to characterise the properties were of two kinds, diagnostics for

the gamma-ray photons and diagnostics for the BW positrons. The former consisted

solely of scintillation diagnostics, namely a profile stack of (2× 2× 20) mm CsI(Tl)

crystals which aims to study the beam cross-section, divergence and shape. A deeper

stack of CsI(Tl) crystals of (5× 5× 50) mm with 1mm Aluminium separation plates

was used to measure the spectrum as it was long enough to contain the EM cascade.

On the positron side, a pair of silicon-based Timepix chips were arranged one behind

the other to enable particle tracking, while the remaining particles propagated down to

a detector composed of TiO2 coated arrays of (5×5×50) mm CsI(Tl) crystals which

were coupled to a double MCP gated camera. In this work, emphasis is made solely

on the positron single particle detector.

5.2.1 Electron Acceleration

In a similar fashion to the acceleration scheme described in the previous chapter, the

Gemini laser focused, by virtue of an F/40 off-axis parabola, 6J on target in ∼ 40 fs to

an intensity of 2.91±0.52×1018 W/cm2, with the equivalent a0 being 1.16±0.12. The

accelerating laser was focused into a gas cell filled with H2+2%N2 in such a way that

the dominant injection mechanism would be that of ionisation injection78. Operation

at intensities of a0 > 1 and in these plasma density conditions ne ≈ 2× 1018 cm−3
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implies operation in the blowout regime10. Due to the amount of components which

were required to be present in the experimental chamber, the accelerating beam energy

was restricted to 6 J on target due to the damage threshold of the final folding mirrors

in the F/40 beamline. This ultimately resulted in broad bandwidth electrons of energies

up to 1 GeV being obtained with a mean charge of ≈ 10 pC. This was lower than the

energy that was planned for the experiment, as using the full 9 J on target could have

resulted in peak energies around 2 GeV and an order of magnitude higher charge as

was the case in Ch. 4.

Fig. 5.2 Example electron spectra. Raw data at the top and extracted spectra at the bottom,
spectra have been normalised to the total charge content of the electron beams. Spectra figure
provided by E. Gerstmayr.

5.2.2 GeV Photon Production, Bremsstrahlung

In order to reach centre of mass energies high enough to surpass the mec2 = 0.511

MeV threshold, high energy photons have to be produced e.g. for a 1 keV x-ray pho-
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ton, a 261 MeV photon is required. These are of two types, GeV photons produced by

LWFA electrons and Bremsstrahlung and keV photons from laser-solid interactions.

In order to obtain the GeV-scale photons required, the generated electron beam (di-

vergence in the order of 1 mrad) was put through a 0.5 mm Bismuth converter foil

(Bismuth specifically because it is a dense, innocuous high Z-number material). Three

main by-products are generated in this reaction, namely electrons, positrons and pho-

tons. The products of these reactions have vastly varying energies and divergences,

with some radiation being produced almost in 4π solid angle, but with the output di-

vergence being 1/γ where γ is the electron Lorentz factor, e.g. 0.5 mrad for a 1 GeV

electron beam. Thus, the inclusion of the collimator limits the majority of the ener-

getic Bremsstrahlung output to ±10 mrad from the electron axis. This greatly reduces

the fluence of photons on the edges of the lead wall apertures, which in turn reduces

the probability of producing secondaries within the acceptance energy of the analyser

magnets. The function of these magnets is to steer the BW positrons to the single

particle detectors.

Fig. 5.3 Photon and positron spectra from the interaction of an electron beam with energies
uniformly distributed between 0 and 1 GeV with 0.5mm of Bismuth. Simulation performed
using FLUKA

Because the analyser chicane which guides the signal particles has an acceptance
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bandwidth (220-380 MeV) only the photons with energies above that of the lower limit

of the chicane will be able to produce BW positrons within said acceptance range. A

full simulation of the resultant photon spectrum assuming a flat electron distribution

ranging from 0 to 1 GeV is shown in Fig. 5.3. From these simulations, only a half of

those photons with an energy greater than 220 MeV will continue onto the collimator

as the half closest to the x-ray target is stopped by the W block. At the collimator, the

high divergence photons (mostly low energy) will be spatially filtered out of the gamma

beam, resulting in a characteristic half-moon shape photon beam which is shown in

Fig. 5.5. The photons which have not been affected by the shielding components (and

with energy higher than the lower end of acceptance range of the analyser chicane)

will thus contribute to the measurable BW interaction.

5.2.3 X-Ray Plume, Nano-Target Irradiation

Fig. 5.4 Crystal spectrometer raw data and processes spectrum for 5 consecutive shots. Pro-
cessed spectrum captures the spectral region in which the bulk of x-ray photons were produced.
This was measured at the camera plane and as such is normalised to the solid angle spanned by
each camera pixel, i.e. ∼ 19 µsr. The unnormalised quantity of total photons produced in the
full 4π sr sphere is of order of 1013. Figure provided by C. Colgan.

Germanium dots of 100 nm thickness were the target of a 40 ps beam with 9.18±

0.10 J on target. This along with a phase plate to broaden the focus enabled focusing

down to an elliptical focal spot with 190±5 µm and 80±3 µm diameters, resulting in
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an intensity of (4.81± 0.22)× 1014 W/cm2. The target employed was used such that

there was a high yield of photons at an energy sufficiently high to satisfy the threshold

Fig. 5.5 Alignment of Bremsstrahlung shielding components. x-ray target is set up 1 mm from
axis (centre of cross in laser) in stage a). Subsequently, the W block is aligned such that its
shadow covers the x-ray target. Stages c) and d) correspond to the gamma-ray traces on the
gamma profile after the inclusion of the collimator and collimator+W block respectively.

requirement. This was deemed optimal for a Germanium target on a plastic substrate

as it allowed for the construction of a tape-reel target with hundreds of Germanium

dots applied periodically on the tape surface, allowing for hundreds of shots to be

taken within a single pump cycle. In addition, having the base of the target be a low

Z material supresses the production of background from photons interacting directly

with the target, as well as minimising x-ray absorption. The L-shell emission of the

Germanium resulted in x-rays being generated around 1.4 keV117. The premise behind

using tape drives and extremely thin targets is both one for maximising the x-rays

generated and to minimise the amount of secondaries produced by the main gamma-
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ray beam interacting with the tape drive.

While the threshold for BW is sharp at 0.511 MeV, the cross-section for the re-

action to take place decreases if the centre of mass energy is much higher than this.

The probability of creating a pair has a broad peak at energies up to about twice the

threshold and decreases dramatically for higher ECM. In the experiment, the bulk of

the x-rays produced (shown in Fig. 5.4) contained peaks ranging in between 1.3 and

1.6 keV containing on average ∼ 3×106 photons per Joule. While the shown data is

truncated, the spectrum does extent further, with even a peak at 1.9 keV at an order of

magnitude lower yield (measured with thinner Aluminium filtering on the spectrom-

eter). The energy which satisfies the threshold condition in terms of the gamma-ray

beam is therefore, assuming a minimum photon energy of 1.3 keV, 200 MeV. Depend-

ing on the peak energy which we achieve on the LWFA, the number of bremsstrahlung

photons produced above this threshold may range between (12.80±0.64)×10−3 (for

a peak energy of 1 GeV) and (7.20±0.36)×10−3 (for a peak energy of 800 MeV) per

accelerated electron. The x-ray yield outside the window of detection is inferred by

fitting a Blackbody spectrum to the measured radiation.

5.3 Simulating Gemini, Noise Reduction

Monte-Carlo (MC) methods were used to simulate the amount of background to expect

in the sensitive detector plane. By background we refer to particles not resultant from

the BW process or photons, as they will produce signal similar to that of the desired

BW positrons in the detectors. The simulations were carried out by assuming the

entire laboratory to be in a perfect vacuum to accelerate calculations. Approximate

geometries of the beam dumps and close to axis shielding was included, and magnetic

fields were used in their approximate form, namely not with the exact field maps, but

rather approximated by constant magnetic fields with the same
∫ l f

l0
B(l)dl where

∫ l f
l0

dl

is the length over which the magnetic field is defined134. Counting detectors with

spatial and spectral resolution were included in the key regions of interest.

The main objective of the simulations was to iterate over different shielding con-

figuration designs in order to find the one which most minimises the energy deposited

by the background processes on the positron detectors, while maximising the likeli-
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hood of success of the BW interaction. In this section the final design is going to be

shown, along with the list of signal/noise compromises which had to be taken into ac-

count. The same iterative process would have to be performed for future campaigns

on an experiment-to-experiment basis as the end results are strongly dependent on the

unique characteristics of the setup, e.g. spatial constraints and maximum electron en-

ergies available.

The biggest difficulty in carrying out these experiments is that the starting point

consists of approximately 108 electrons from acceleration, and around 109 overall pho-

tons from the bremsstrahlung process scattered at a wide range of angles. Achieving

low enough levels of noise to be able to distinguish single particles starting from these

initial background values was one of the major points in the design phase of the experi-

ment. This difficulty was further manifested because of the limited spatial extent of the

laboratory, limited to 5 m from the acceleration point. There are three major potential

noise sources, these include the Bremsstrahlung converter, the LWFA electron beam

dump and the axial photon beam dump.

Starting with the bremsstrahlung source, while the addition of a collimator does

perform well at hindering the photon and pair yield at high divergences, it is not able

to neutralise the unwanted secondaries completely. Therefore, the converter target was

not just made with the aim of producing as many high energy photons as possible, but

rather producing as many at high energy and as little at high divergence as possible.

This will ultimately hinder the amount of generated noise and restricts the converter to

the thin target regime. In this target thickness regime, i.e. below one radiation length,

increasing thickness of converter increases the photon yield at high energy. However,

the thicker the converter, the higher the photon yield at large angles, which is counter-

productive from a signal-to-noise perspective. The chosen thickness was 0.5 mm of

bismuth as it produced, for the 1 GeV seed electron beam, the same order of magnitude

as those obtained for higher thicknesses while keeping the overall divergence of the

photon beam below the 10 mrad aperture defined by the Ta collimator. This resulted in

the simulated noise levels at the SPDs being below 10−7 at around 100 MeV positrons

per simulated electron. A schematic of the shielding arrangement is shown in Fig. 5.6.
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5.3. Simulating Gemini, Noise Reduction

Another crucial part of the noise mitigation system was comprised of the apertures

used for the accelerated electron beam dump. After the bremsstrahlung by-products

are produced, the beam of secondary particles and photons is ”cleaned” from charged

particles by virtue of the spectrometer magnet (mean field of 0.8 T and a length of

47 cm). The bent electrons can be used to characterise the spectrum and estimate the

photon yield for a particular shot. The compromise on this component may be regarded

as the balance between two processes: the interaction of the aperture with photons and

its interaction with dispersed electrons. In this way, the smaller the aperture, the more

material the high energy electrons will have to shield the secondaries resultant from

their interaction with the aperture. However, because the bremsstrahlung gamma-ray

beam is also more dense and energetic towards the centre, the smaller the aperture,

the higher the degree of interaction of these photons with the aperture edges and the

higher probability of producing background pairs. For the attained electron beam of 1

GeV, the latter of these two was found to dominate as the displacement of the 1 GeV at

the beam dump plane is 6 cm, by which point the photon flux has dropped by 4 orders

of magnitude, not to mention that most of the high divergence photons will have low

energy. As such, the aperture was made to span the shadow of the collimator ∼ 1 cm

plus an extra 1.5 cm in the electron dispersion direction. This leaves roughly 3.5 cm

transversely of beam dump to cover the high energy electrons. The aperture in the

horizontal plane was made much wider so as to further mitigate pair production from

photon-aperture interactions. The thickness of the electron beam dump was made to be

15 cm of Pb with a 1 cm Al plate to slow the electrons down prior to their interaction

with the Pb.

The final critical component of the shielding is the beam dump for the axially

produced photons from Bremsstrahlung. This component had to be thick enough to

contain the full EM cascade caused by the high energy photons, and had to contain

the reflected secondaries from this interaction so as to prevent them from propagating

into the SPD plane, located directly behind this beam dump. As such, 5 cm of PTFE,

followed by 2.5 cm Al and finally 40 cm of lead were used for this purpose, thereby

containing the cascade produced from 1 GeV photons with∼10 cm thickness to spare.

The compromise in this component arises from the fundamental requirement to block

any lines of sight between the aforementioned noisy components (Converter target
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5.3. Simulating Gemini, Noise Reduction

Fig. 5.7 Particle and photon spatial distribution in the Linear Breit-Wheeler experiment, top
view]. Spatial scales (Horizontal and Vertical axes) are in units of cm and the colour bar is
in units of particles per cm2 per accelerated LWFA electron. Individual pixels span an area of
0.56 cm2. Diagram is to scale, black shaded areas correspond to lead shielding components
and magnetic fields are highlighted in blue. Simulated with 106 primary electrons.
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and electron beam dump aperture) and the SPDs and the fact that the path of the BW

signal particles is to remain unblocked. Therefore, the higher the tolerance in the

line-of sight block, the more BW bandwidth would be stopped by the shielding ar-

rangement. This problem arises due to the constraint in space in the laboratory which

prevents a full separation of the BW particles from the photon beam. The component

used to block this line of sight, which will be referred to as lead lips hereafter, was a

5 cm thick layer of Pb spanning ±10 cm vertically above/below axis. The space in

between the electron side and the positron side lead lips was made to be 30 cm in order

to fit the gamma-ray diagnostics. In order to block the lines of sight with 5− 10 cm

tolerance the lead lips were made to protrude from the photon beam dump by 80 cm.

The resulting setup is shown in Fig. 5.7, where the noise in the level of around 1 per

primary on axis has been reduced below 10−6 per primary at the SPD plane by virtue

of the aforementioned magnetic field and shielding configuration. The background at

the SPD plane (when present) is dominated mostly by E < 10 MeV photon noise, a

characteristic which will be exploited to highlight the difference between the ∼ 100

MeV signal and the background. The magnitude of the background is also expected to

be proportional to the yield in the primary contributor of the background, namely the

bremsstrahlung gamma-ray beam, in other words, proportional to electron charge.

5.4 Measuring Single Particles

In the experimental regime attained the expected cross-section for the reactions im-

plies that if Breit-Wheeler does occur in a given shot, one positron will be produced.

In fact, BW pair production within the acceptance bandwidth of the used detection sys-

tem is expected to occur once every 5 to 10 shots (See details in Sec. 2.4.1). In order

to be able to identify a lepton event from a sea of low energy photon background, a

proper characterisation of the detectors used to measure these particles must be car-

ried out. The detectors used to carry out these measurements were a (75× 100× 50)

mm array of (5× 5× 50) mm CsI(Tl) crystals coated in a thin TiO2 layer to elimi-

nate inter-crystal cross-talk. These scintillators were then imaged using double MCP

single-photon-sensitive cameras, this entire detector suite will be hereafter referred to

as Single Particle Detectors or SPDs.

Initial characterisations of the SPDs include an energy calibration with a known
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5.4. Measuring Single Particles

source of radiation. Subsequently, simulations of the detector response to particles of

similar characteristics to those expected from the BW process were carried out. These

will be the subject matter of the following section, where the subject of the expected

positron trace is to be addressed.

5.4.1 SPD Calibration

Fig. 5.8 22Na Decay mechanism. The products of the unstable nature of 22Na results in three
primary products: a 1275 keV photon (99.941% probability per decay); a 546 keV positron
(90.32% probability per decay) and a 1.821MeV positron (0.056% probability per decay).

Despite the low energy photon background in the detector, the positrons expected

to be incident on the SPDs are several orders of magnitude more energetic. However,

if the response of the detector to known amounts of energy is not known, one might

find it difficult to distinguish energetic events from their low-energy counterparts. To

this effect, the response of the detector was calibrated using a radioactive source of

known activity namely, a 22Na source with an activity of 1.6 MBq. The source in this

case was enclosed in a 1mm thick plastic casing.

The decay mechanism of 22Na is well known and is shown in Fig.5.8 which details

the decay of the excited state into neon, the main pathways of which involve two elec-

tron capture (at 9.618% probability per decay) or Beta decay (at 90.326% probability
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per decay), these both result in an excited state of Neon, which decays into the ground

state via the emission of a 1275 keV photons (at 99.944% probability per decay). There

is also a third pathway which is the direct decay of the 22Na to the ground state by the

emission of a single positron at 1.821 keV (at 0.056% probability per decay), we will

assume these positrons are transmitted in the material and casing as they are relativis-

tic. The remaining β+ positrons need to be simulated to find out what fraction of them

makes it out of the material and casing, and what fraction of them annihilate to produce

511 keV photons. These simulations were carried out, revealing the results in Table

5.1.

Fig. 5.9 Secondary particle spectra from the interaction of the 546 β+ positrons with the
casing enclosing the 22 source. The integrated results from these spectra are shown in Table.
5.1. Simulated with FLUKA

The spectra from the resulting interaction can also be found for reference in Fig.

5.9, where the sharp peak at 511 keV indicates the vast majority of 546 keV positrons

annihilating either within the 22Na or the casing. Using the values of Table 5.1 and

using the percentages specified in Fig. 5.8, one may arrive at a value of 2.05 MeV

per decay event. With this interaction in mind, attention must be paid to the rest of
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the effects that might reduce the amount of energy. Namely the fraction of solid angle

covered by the detector (98% of 2π sr) and exposure time (0.5 s). With this the total

energy deposited is Edepo = Solid Angle × Energy per decay × Source Activity ×

Exposure time. Edepo = 806 GeV. This quantity allows for a certain number of counts

per MeV deposited to be calculated for each gain setting in the camera, for the gain

setting used during data acquisition, the calculated number was 537.24±27.94 counts

per MeV.

Table 5.1 22Na β+ positrons secondaries through interaction with casing. Simulated with
FLUKA.

Species Number per Decay Mean Kinetic Energy /MeV Total energy per decay /MeV
Electrons 6.100×10−3 0.211 1.285×10−3

Positrons 1.659×10−1 0.185 3.074×10−2

Photons 1.907 0.507 9.672×10−1

The image treatment for the analysis was simple in that the area corresponding to

the detector was isolated. The background was assumed flat and calculated by taking

an average of the remaining portions of the image (where no detector was present) to

be subtracted from the signal images.

5.4.2 Expected Lepton Signal on SPDs

In order to assess how we expect the BW positrons to behave in a detector, simulations

must be carried out. The probability distribution of pair energies is peaked at half

the energy of the high energy photon164. This may be understood by considering

the centre-of-momentum frame of the photon-photon collision. Because the cross-

section has a peak just above the threshold condition for pair production and tails off

for higher centre-of-mass energies, most of the emitted pairs will have close-to-zero

kinetic energy in the centre-of mass-frame. Consequently, when transforming back

into the laboratory frame, the energy distribution of the produced each of the produced

particles in a pair will be centred at (and with a narrow width) half of the gamma-ray

photon.

The detection system had a spectral range of (220−380) MeV after magnetic fil-

tering. The objective of the simulations is to predict the behaviour these particles will
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have within the detector, which will be an indication of the characteristics of the mea-

sured signal. In order to do this, simulations of the CsI(Tl) detector in full were per-

formed. This includes having the individual crystals arranged with a separation of 100

µm respectively, and looking at the traces of electrons-positrons and high energy pho-

tons at the back of the detector. All of these secondary produce particles will deposit

energy along their tracks as they produce their own particle showers, so their spatial

distribution at the back will give an indication of the expected spatial distribution of

scintillation light.

Fig. 5.10 Evolution of the FWHM of the secondaries with seed particle energy. A power-law
fit was performed to the mean width of all three particle species.

Particles with a single energy and a single divergence were simulated to propagate

onto the SPDs. These were carried out for a large range of energies. Emphasis will later

be made on those positron energies applicable to the linear BW experiment, namely

220 MeV and 380 MeV as these correspond to the lower and upper acceptance limits

of the magnetic chicane. The Full Width at Half Maximum (FWHM) was used to

describe the size of the footprint of the EM cascade at the back of the detector. This was

calculated by taking the mean of the FWHM for the three particle species (electrons,

positrons and photons). The beam widths of the produced secondaries is well described
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by a power law with the energy of the seed particle as apparent from Fig. 5.10.

The cross-section of the cascade is well characterised by a Lorentzian function.

The full width at half maximum for this kind of function in 2D represents the extent

over which 33% of the total energy is contained. Lorentzians decay to zero slowly,

meaning that their spatial extent is high. Identifying individual lepton traces can thus

prove difficult due to potential overlapping. Thus it is important find a method to

identify a feature in the image of a size consistent with the predictions for the chicane

acceptance bandwidth. The FWHM was found to represent a good feature as it is

spatially compact enough to have a low probability of having two close-by events and

big enough to contain an above background amount of energy.

The spatial scale of interest is that of the EM cascade a single particle produces at

the back of the SPD. The secondaries produced by the interaction will deposit energy

in the material, thus resulting in scintillation and as such, the scintillation light density

is assumed to be similar to that of the secondaries. The widths of the EM cascades due

to the expected leptons are shown in Fig. 5.11 and Fig. 5.12. Here the tendency of the

cascade to have an overall narrower width with increasing lepton energy is apparent.

These are the result of 104 positrons with zero divergence and energy corresponding to

220 and 380 MeV respectively.

In terms of energy absorption, within the simulation, a detector was placed at the

back of the CsI stack spanning approximately 2π solid angle from the point where

the leptons enter the stack. The energy recorded in this detector of all three particle

species was integrated, added and then compared to the initial particle beam energy to

ascertain the fraction of the absorbed fraction of energy. This is the energy which will

ultimately be converted to measurable scintillation light.
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The results show a decreasing percentage of the fractional energy deposited onto

the SPDs but an increasing net energy deposition with energy. This is a positive sign in

terms of scaling the experiments up to measure single lepton events at higher energies

as increased energy not only decreases the size of the FWHM but also increases the net

energy deposited and therefore the scintillation yield, leading to better defined peaks

in the images.

Fig. 5.13 Fractional and total energy deposited onto Single Particle detectors as a function of
incident positron energy. Well characterised by a power law in the regime of interest.

5.4.2.1 Cross-Comparison with a Known Positron Source

Now that there is a method of identifying how much energy is incident on the detector,

it is possible to cross-calibrate the amount of energy on the detector with the amount

of energy expected from a Bremsstrahlung beam interacting with a converter. The

converter used was a 1mm thick slab of Polytetrafluoroethylene (PTFE). This con-

verter was chosen and made large to encompass the whole Bremsstrahlung beam as

well as being low Z, which reduced the amount of scattering such that the resulting

positrons will propagate co-linearly with the initial photon beam (as is expected from

the BW particles). In this way, the electrons produced can be characterised and simu-

lated interacting with the Bismuth converter and collimator. Subsequently the resulting
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Bremsstrahlung beam can be simulated in its interaction with the PTFE and all the as-

sumptions carried out to arrive at an expected amount of positrons and energy at the

single particle detectors.

Fig. 5.14 Transmission of positrons generated at the interaction plane/PTFE plane as a function
of energy. This was calculated assuming a flat initial spectrum (shown in a), divergence of 1
mrad for the positrons and ±5 mrad pointing fluctuations (measured). The averaged positron
transmission (mean of transmission at c) is 32% with a mean energy of 307 MeV. Positron
distributions at the SPD plane, both with fine resolution and broken down by scintillator crystal
are shown in b and d respectively. The particle tracking calculations were performed by our
colleague D. Hollatz.

First of all, an electron spectrum and charge must be assumed. The simulations per-

formed assumed 11.5±1.3 pC (measured) of electrons, corresponding to (7.2±0.8)×

107 particles, with a flat spectrum ranging from 0 up to 1 GeV . The first stage of sim-

ulation was to simulate the bismuth converter coupled with the Tantalum collimator.

Due to the effect of the SPD magnetic chicane, only photons with energies larger than

the lower bound of the acceptance of the SPDs are considered. In other words, the pho-

tons not energetic enough to produce positrons in the acceptance bandwidth of the chi-

cane (220-380 MeV) were ignored. Results from simulations indicate a 25%±0.5%,

chance per incident electron of production of a photon with energy above 220 MeV
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i.e. (1.81±0.21)×107 photons. These photons were then simulated and made to in-

teract with the PTFE screen, yielding a (1.10± 0.05)× 10−3 chance per photon that

a positron is created with energies between 220 and 380 MeV (1.99± 0.23)× 104

positrons.

Fig. 5.15 Interaction of a 0.22-1 GeV photon beam with a 1 mm PTFE converter to ascertain
the conversion efficiency into positrons in the chicane acceptance bandwidth. Simulated using
FLUKA.

Results from particle tracing simulations are shown in Fig. 5.14. These assume

divergences up to the measured amount of±5 mrad divergences, the measured system-

atic pointing offset and pointing fluctuations in the experiment. The simulations sug-

gest that 32%±2% on average of the produced positrons will be incident on the SPDs,

a factor which, when added to the previous calculation, yields (6.37± 0.74)× 103

positrons. With the knowledge of the energy deposited fraction to be expected from

these positrons specified in Sec. 5.4.2 we know 31% of the energy will be deposited

onto the CsI and also that the mean weighted energy of the positron beam is 307 MeV,

this implies that each positron will deposit 95.17 MeV on the detectors. However, the

simulations of energy deposited assumed the totality of the detector surface to be CsI,

when in fact there are air gaps between the crystals as well as a layer of TiO2 coating

around the crystals. Adding these gaps in implies that 68% of the detector is made
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up of scintillating material, hence the final result will have to be re-scaled by this per-

centage. With this information combined the resulting expected energy deposited on

the detectors is 411.50± 47.80 GeV. In addition, positrons produced outside the ac-

ceptance bandwidth ((1.40±0.07)×10−3 per incident photon) of the chicane interact

with the shielding components (lead lips) thereby creating low energy noise which is

dominated by photons, in fact 60% of photons in the 380-1000 MeV bandwidth pro-

duce one photon with mean energy of 5 MeV which reaches the SPD. This brings the

expected measured energy at the SPDs up by (76.02±3.80) GeV, finally producing an

expected yield at the SPDs of (487.52±54.45) GeV.

Fig. 5.16 Comparison of the trace left on the Single particle detectors with and without the
PTFE screen in the path of the Bremsstrahlung beam.

When analysing the images of the PTFE shots and with the energy calibration

carried out in Sec. 5.4.1, taking an average over the ten images taken, the deposited

energy found was calculated by taking the measured energy at the SPD plane and

subtracting the background expected from simulations, this led to a total inferred PTFE

contribution of (565± 130) GeV. The discrepancy between measured and expected

(487±54.45 GeV) values may be attributed to the fact that the measured amount is

only the mean of 5 shots, in which the electron yield could have been systematically

higher than the average value. In addition, another reason for the discrepancy could
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be the fact that the PTFE target produces a significant amount of positrons which lie

outside the acceptance bandwidth of the manetic chicane, these leptons would interact

with the outer layers of the lead lips to produce secondary particle showers which could

contribute significantly to the deposited energy on the detectors.

5.4.3 Characterisation of the Gamma-ray Beam

Since the positron yield is going to depend strongly on the quality, energy and den-

sity of the Bremsstrahlung gamma-ray beam, its characterisation and its relationship

with the background on the SPDs was paramount to the full comprehension of the ex-

periment. To this effect, a number of correlations were studied to build a full picture

of what we expect the background to be for a particular set of bremsstrahlung beam

characteristics.

5.4.3.1 Correlation of γ-Ray Yield and Noise

One of the most intuitive premises of the γ + γ experiment is the following simple

assumption, the BW yield is going to be proportional to the number of γ-rays and pro-

portional also to the number of x-rays taking place in the interaction. While the latter

has no effect on the observed noise at the SPDs, the γ-rays from Bremsstrahlung are

the most likely cause of BW-like noise being generated, the reason for this is two-fold.

On the one hand the generated gamma-rays follow a very slowly decaying Lorentzian

distribution, which means that while their mean divergence will be ∼ 1/γ , their full

spatial extent will be much larger. This causes the gammas to interact with the aper-

tures placed for overall noise reduction, producing positrons which are indistinguish-

able from BW ones. On the other hand, the broader the gamma-ray beam is, the more

of it will interact with the x-ray target, potentially again producing indistinguishable

positrons from the Bethe-Heitler, not the BW process.

The data shown in Fig. 5.11 and Fig. 5.12 is representative of the mean trace

left by a particle with a given energy depositing energy onto the SPDs. In reality,

single particles will have paths consisting of a few discrete branching events where

the secondaries deposit energy along these discrete branches. This makes the trace of

an individual particle discrete as opposed to continuous (see e.g. PTFE out subplot in

Fig. 5.16). Indeed, the images recorded exhibited this discrete behaviour in as much

as the signal looked like a collection of discrete single pixel hits more than a smooth
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distributions of scintillation photons. At a first glance, counting the number of discrete

single pixel hits in an image should give an indication of the amount of background.

The observations made at the start of this section imply that the signal and also

the measured noise have to be proportional to the γ-ray yield. Establishing a linear

trend with some uncertainty provides a method of searching for BW signal, as the ex-

pected background SPD signal for a given gamma-ray yield shot is known. Establish-

ing this trend had to be done on a run-to run basis as the conditions of the experiment

e.g. LWFA performance or alignment of the shielding components (Collimator and W

Block) vary from run-to run, thus altering the trend. This suspicion was confirmed,

and it was found that different runs did indeed see different linear trends between SPD

signal and gamma-ray yield.

Fig. 5.17 Gamma-ray yield vs SPD yield. Linear relationship exists between the
bremsstrahlung gamma-ray yield and the noise in the SPD plane.

Consequently, runs made out of exclusively null shots were analysed to establish

whether this linear trend is a recurring feature in the campaign. It was found to be the

case, and the suspicion that it is strongly dependent on the experimental parameters

was also confirmed.

This analysis technique is sensitive to all energy deposited in the detector. The
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shielding of the experiment made it possible to supress high energy photon or lepton

noise, however these detectors are exposed to high amounts of soft radiation and parti-

cles of energies below 10 MeV. Therefore, the contribution of the low energy particles

is too high for the high energy BW events to stand out. Through this method of analysis

therefore it was not possible to observe any BW events above background.

5.4.3.2 Gamma-Ray Beam Pointing

The spatial fluctuations of the gamma-ray beam were assessed using measurements

on the on-axis CsI(Tl) profile screen. The position of the centroid of the gamma-

ray beam was tracked, Gaussian fits were performed to the scintillation profile and

systematic offsets were identified with respect to the laser axis to input into charged

particle tracking simulations.

In order to distinguish between successful shots and unsuccessful shots from a

purely Bremsstrahlung perspective, a Gaussian fit was performed on the gamma-ray

beam. If the photon beam makes it through all the shielding components, it was found

that a fit will be performed with an r2 value above 0.9. If the beam however is of

poor quality and the fit is performed with an r2 below 0.9, then the shot is deemed

unsuccessful and discarded. This is the discard criterion used to determine whether a

given shot should be taken into consideration or not.

A systematic offset with respect to the laser pointing was indeed observed, within

the range of fluctuation of the gamma-ray beam. However, the same particle simula-

tions showed in Fig. 5.14 showed additionally that the transmission of BW particles to

the SPDs does not vary significantly over the range of pointing fluctuations measured,

resulting in about 32% of all the produced positrons arriving at the detector.

Perhaps a more interesting effect might be the presence of a given preference in

pointing with the production of noise, or even with the efficiency of the reaction. The

gamma-ray beam being closer to the x-ray target would imply the γ-rays would inter-

act with a denser x-ray cloud, thereby increasing the chances of production of a BW

positron. Such a correlation, however was not found. So long as the centroid of the

gamma-ray beam made it past the collimator and the Tungsten block, the pointing did

not affect the background at the SPDs significantly.
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Fig. 5.18 Discard criteria for Breit-Wheeler shots. The top two diagrams illustrate the differ-
ence between a shot with poor light shielding at the SPDs and one with appropriate shielding.
Here the yellow box highlights the detector region, the discarded shot, with poor light tighten-
ing, has a significant amount of signal outside the detector region, meaning that the distinction
between scintillation signal and ambient light cannot be made. The bottom two plots show the
difference between a shot where no gammas have been generated (discarded) and one where
the electron acceleration and alignment with shielding components was correct.

5.5 Single Particle Analysis

In light of the shortcomings of the first approach of the correlation of counts on the

SPDs versus gamma-ray yield, a method whereby the lepton signal may be distin-

guished from the low-energy photon noise must be established. The chosen approach

was to exploit the knowledge of the size of the expected lepton trace at the back of

the detector. From Sec. 5.4.2 the size of the FWHM is known and therefore, there

is a feature of a given size and a given intensity distribution which can be sought in

the single particle images. The image analysis technique employed takes the image

of the crystal stack and subdivides each of the crystals into a 3×3 grid, each of these

grid elements will be referred to as macro-pixels. The intensity of each macro-pixel
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is taken as an average between the macro-pixel in question and its eight neighbouring

ones. Because the expected EM cascade FWHM size is approximately that of the 3×3

grid (and signal is expected to be present in all 9), the intensity of the central pixel

will be high enough to stand out from background features where only a few of the

macro-pixels might be bright.

The reason for this nearest-neighbour interpolation is because of the expected BW

particle trace on the detector. Furthermore, the trajectories of the measured particles

and indeed their generated secondaries need not be confined to a single crystal and

therefore the signal may be shared between neighbouring crystals, which should all

contribute to the measurement of a single particle event. In this way, BW positron

events will (as of Fig. 5.11 and Fig. 5.12) leave a scintillation trace of diameter roughly

equal to a physical CsI(Tl) crystal, or 9 macro-pixels. Consequently, a BW positron

will cause 9 macro-pixels to light up, thereby making the central macro-pixel in our

imaging analysis acquire a higher value than one where only one or a few light up due

to low energy photons. In other words, the scintillation trace of the BW signal is much

more localised than that of the background.

After the macro-pixel image is made, a peak finding routine is applied and finds all

the local maxima in the image. While this routine is in fact sensitive to local low ampli-

tude fluctuations in the background, the magnitude of the bright region peaks stand out

from the background ones. It must be noted that this particular procedure is expected

to perform well only in images where sparse event images are recorded such that there

is little to no overlap between lepton events. This limitation would for example imply

that two nearby events would be considered as a single higher magnitude event. As

such, this analysis method pertains to data in which positron hits are expected to be

rarefied.
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5.5. Single Particle Analysis

Fig. 5.19 is included to illustrate the power of this technique. Here, the plot a)

includes a single raw image with an apparent cluster of single photon hits (highlighted

with a red ellipse). After defining the macro-pixel image in b), the code developed

is designed to locate local density maxima in the image which it finds several of, see

peak location matrix in c). However, despite the peak matrix identifying multiple

maxima, only one of these (in this case) has a magnitude higher than that of the general

background. This becomes apparent if a histogram of the magnitudes of the maxima

is produced. This has been carried out in Fig. 5.20, and it serves to illustrate the fact

that sparse background regions seem to follow a distribution, and the high density peak

stands out to the point that it may be identified as a potential event.

Fig. 5.20 The list of peak magnitudes measured in Fig. 5.19 plotted as a histogram. Low
magnitude peaks corresponding to the background seem to follow a distribution. The peak
corresponding to the identified cluster in Fig. 5.19 is clearly outside this distribution.

To confirm that the presence of positrons does affect the overall expectancy of

higher magnitude peaks, a positron source was placed in the way of the photon beam

so as to produce positrons at the interaction point. This was done by placing a 1mm
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thick PTFE sheet on axis and analysing the shots in a similar manner. The PTFE shots

were compared to shots in which no PTFE was present, the comparison is shown in

Fig. 5.21. Due to the fact many positrons are generated at the PTFE sheet (of order

104), the capability of the analysis to identify single events is lost as the peaks are no

longer rarefied. Consequently, the registered peaks will have magnitudes much higher

than those expected from BW shots. However, a clear difference is observed when

comparing PTFE shots with shots where no positrons are expected.

Fig. 5.21 Peak magnitude histogram for the full PTFE run. These are a collection of 9 shots
with and 40 shots without PTFE in the gamma-ray beam. The difference in between the two
setups as far as the SPD is concerned is the absence or presence of Bethe-Heitler positrons
from the interaction of the photons with the PTFE screen. While the positron flux is too high
to point out single events or perform any counting, there is a clear tendency to register high
amplitude peaks when positrons are incident in the detector.

In Fig. 5.21, the vertical axes represent the probability of a given measured peak

to have x amplitude (mean of the 9 pixels) within the total run, which in this case was

comprised of 40 shots without PTFE and 9 shots in the PTFE configuration. In this

way, if an integral was performed over each histogram they would both yield a value
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of 1. The background without PTFE has a well-defined maximum peak amplitude and

the induced presence of positrons at the SPDs gives rise to the measurement of peaks

at higher amplitudes. This distribution, along with those observed for the background

shots in BW runs, seem to follow an exponential or a bi-exponential trend. The fact

that a trend may be identified is key to finding outliers at high energies, which is the

region in which our BW events are suspected to occur.

5.6 Blind Analysis Method

Initially, in order to remove the possibility of unconscious bias in the analysis, a blind

approach, one whereby the shots are not labelled as signal or background was taken.

This approach has two stages: an unblind stage to perform data filtering and a fully

blind stage for analysis.

The first stage in the blind analysis is the one in which shots are put through the

discard tests associated with gamma-ray yield and experimental conditions shown in

Fig. 5.18. These tests include the presence of appropriate light shielding at the SPDs

(no ambient light making it to the detector plane), the attainment of a well aligned

gamma-ray beam (shape of photon beam is such that a Gaussian can be fitted to the

beam profile with an R2 ≥ 0.9) and optimal accelerating/interacting beam timing (ac-

celeration and x-ray beams synchronised). If either of these three conditions is not

fulfilled, the shots are automatically discarded. Once filtered, the shots are assigned

one out of two possible categories: background shots with only the gamma-ray beam

present, and signal shots, where both gamma and x-ray beams are present.

Once the shots for a particular run have been categorised into signal and back-

ground, a function is used where three datasets are produced, one containing purely

background shots, one containing purely signal shots and a third dataset containing a

random permutation of all the shots in both datasets. Once these datasets are collated,

a random number generator is used to select what dataset to sample from and a sub-

sequent random number is used to sample from the dataset. In this way, the output

of the function is a pseudo-dataset containing an unknown proportion of signal and

background shots, randomly sampled and unlabelled. At this point, whatever analysis

is performed on this dataset is completely blind.

The analysis performed was to look at the statistics of the excess events. In this
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case, excess events were defined as events happening above the energy at which the

analytical fit to the background passes the single hit threshold. In order to compare

a pseudo-dataset containing both signal and background with what a purely back-

ground pseudo-dataset would look like, pseudo-datasets were generated using two

instances of the same background runs, and these were compared directly with the

signal+background pseudo-datasets.

Fig. 5.22 Blind Positron Signal Analysis, comparison of Signal+Background vs. Back-
ground+Background pseudo-datasets.

This comparison was performed a large number of times in order to determine the

probability that each of these two different types of pseudo-datasets returns excess

events. Often, the routine returns 0 excess events, as such the proportion of dataset

permutations which return non-zero values was explored, to see if the likelihood of

non-zero event return was a valid indicative of the presence of signal. Moreover, the

Background+Background dataset was compared to the Background+Signal dataset and

the difference in the likelihood of registering non-zero excess events was explored. The

number of permutations required to return 100 non-zero excess event pseudo-datasets

is shown in Fig. 5.22.

The main conclusion to be drawn is that the likelihood of recording excess events

is higher when BW-like signal is present. This is reflected in the number of iterations
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required for the routine to return 100 pseudo-datasets with excess events in both cases.

On the one hand, the Signal+Background case had 100 in 277 or 36.1% of the produced

pseudo-datasets returned non-zero excess events, while the Background+Background

scenario yielded 100 in 1719 iterations or 5.8%. This implies that there is some contri-

bution to high energy events when signal is included, suggesting the possible presence

of single positron events.

The subsequent step would be therefore to unblind the datasets to be able to look

at the individual datasets in detail. This analysis made it apparent that the approach

towards unblind analysis needed to be a statistical one based on event counting. The

procedure for identifying the BW outliers is thus:

1. Compile the background peak data and fit a double exponential to it

2. Compile the signal peak data and overplot the background fit

3. Take the background distribution expectation value λB as the mean of a Poisson

distribution

4. Calculate the probability of signal events in the acceptance bandwidth of the

chicane with λB as the expectation value

The process of counting the events within a given bin can be analysed considering

Poisson statistics. The background fit would thus be the probability of measuring N

events at a given energy. Calculating the significance of a outlier event would have to

be computed taking into account the likelihood that a hit is to be registered at said en-

ergy. So, rather than counting the number of excess events above the single particle hit

threshold, one can compute the likelihood that a collection of signal shots can belong

to the same probability distribution as the one computed for the background. In this

way, the probability of N events in a bin, with a mean λB given by the value of the

background fit in said bin, will be:

P(N) =
λ N

B e−λB

N!
(5.1)

As such, one can compute the probability that a given excess event is in fact due

to the background trend or if it is more likely to be due to another process, namely the

BW process.
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5.7 Unblind Linear Breit-Wheeler Analysis

Fig. 5.23 Direct comparison of background and signal Linear Breit-Wheeler datasets. Back-
ground dataset (top) is comprised of 39 shots. Signal dataset (bottom) is comprised of 38 shots.
The probability of an event in either signal or background is normalised to the total number of
clusters measured in the total signal or background dataset. Probabilities for the three lowest
likelihood signal events are shown as calculated with Poisson statistics. In order to convert
values to probability per shot, the vertical axes would have to be re-scaled by a factor of 32.

Once the method of analysis has been ascertained, now it is possible to do a full

unblind analysis of the recorded data, namely one where signal shots and background

shots are labelled and can be treated separately. In this analysis, the energy of an event

(horizontal axis in Fig. 5.23) is calculated by computing the sum of the 9 macro-pixels

that make up a lepton event. Subsequently, using the energy calibration and by noting

that the macro-pixels contain 25% of the total integral of the full particle event, the

energy of an event can be computed. Once the energy of the events are categorised,

the background shots may be directly compared to the signal shots. The likelihood

of signal events was calculated assuming a Poisson distribution at the low likelihood

end of the spectrum, taking the background distribution as the expected value of the

Poisson at a given energy.

In this way, for a number of N shots, the question is how probable is it for a distri-
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bution corresponding to the background distribution to register one successful event at

a given energy. When performing this comparison, one particular run stands out with

a couple of events seemingly out of the 2σ interval. However, the 2σ is representative

for Gaussian distributions, not binomials or Poisson distributions, hence even if a par-

ticular event lies beyond the 2σ line, the probability that that event is registered can be

larger than the 5% which would be expected from a Gaussian 2σ event.

Looking at the results depicted in Fig. 5.23, there are three events at or above the

2σ line, one of which has a probability below 10% of belonging to the same probability

distribution as the background. The significance of these events cannot be simply cal-

culated by multiplying the probabilities of the three events, but rather must be analysed

by answering the question of how probable is it that a probability distribution like the

one observed in the background will result in three events at energies above 300 MeV.

This was carried out by creating a probability distribution which mimics the shape of

the observed background trend, and randomly sampling this probability distribution

with as many shots as in the signal dataset.

The sampling of the background distribution was carried out by inverse transform

sampling. The method entails the calculation of the cumulative distribution function

and its inverse. A uniformly distributed set of random numbers (calculated by the rand

function in MATLAB) is then inserted into the inverse cumulative, thereby recovering

the original probability distribution. The function used to replicate the results from

the background is shown in Fig. 5.24, where the values of the first 3 bins (the ones

discarded in the exponential fit) have been manually included.

When addressing the question of how likely is it to observe one event in the particu-

lar bin, the calculated the Poisson probabilities shown in red in Fig. 5.23 are recovered

using this numerical method (first three entries in Table 5.2). This indicates the Monte-

Carlo model is correct. Using this method, 105 datasets are produced and the fraction

of these datasets in which produce events at specific regions of the spectrum are de-

tailed. The results from this analysis are shown in Fig. 5.25, with combinations of

specific conditions being shown in Table 5.2.
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Fig. 5.24 Probability distribution for random sampling and therefore for pseudo-dataset gen-
eration. When the sampling is performed for a large number of iterations, this probability
distribution replicates the calculated analytical Poisson distribution of the signal events in Fig.
5.23.

Table 5.2 Numerical probabilities of given combinations of positron events. Values as cal-
culated by 105 iterations of Monte-Carlo Sampling of the measured background probability
distribution.

Event Combination Probability
1 event at 310 MeV 25.3%
1 event at 325 MeV 19.3%
1 event at 365 MeV 10.0%
3 events at E> 305 MeV 25.8%
2 events at E> 330 MeV 20.7%
3 events at E> 300 and 1 event at E> 350 MeV 14.4%
4 events at E> 275 and 2 events at E> 325 MeV 17.7%

All entries to Table 5.2 are representative of the events observed in the presented

experiment, the results show that the probability of these events happening is in excess

of one standard deviation, they are far away from achieving 2σ or 5% significance. The

more conditions are imposed to replicate the data, the more the significance increases.

This is because the likelihood of measuring these specific events are low (product of the

individual probabilities). But the probability of measuring events similar to the ones
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observed is enough for an indication of the possibility of BW occurring. The more

specific this description of a similar dataset becomes, the more unlikely it becomes.

Fig. 5.25 Numerical probability calculation for number of events above certain energy thresh-
olds. Depending on the threshold established, one can calculate the probability of achieving
2σ significance (dashed black line) if the background follows the probability distribution in
Fig. 5.24.

In order to calculate the expected number of events required to obtain this level

of significance, the probabilities as a function of events above different thresholds are

provided in Fig. 5.25. Here, depending on the threshold which is picked, and in this

case being restricted to the bandwidth of the chicane (where event energies above 380

are not counted), one can calculate the number of events which would be required to be

observed to reach the 2σ level. These correspond to 9 or more events above 275 MeV,

6 or more events above 300 MeV, 4 or more events above 325 or 3 events above 350

MeV. Should the signal traces shown in Fig. 5.23 really correspond to positrons, 2σ

significance would have been reached (with the same energy and charge conditions),

by doubling the number of shots taken.
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5.8 Points for Improvement

This experiment constituted a good proof of principle experiment and an example that

the background can be reduced enough to enable the measurement of the of low cross-

section events. These results will be far improved upon in experiments in which the

repetition rate, charge or peak energies are enhanced as compared to the shown cam-

paign. In the following section, a few additions and modifications are proposed to

increase photon yield at the interaction region, or improve the noise conditions at the

SPD plane so as to reduce the likelihood of background high energy events further.

5.8.1 Focusing of high Energy Electrons

Bremsstrahlung radiation, specifically high energy Bremsstrahlung radiation, follows

largely the same direction as the electrons that seed it165, with the added induced

divergence from the Bremsstrahlung process. By use of charge focusing system, it

is possible to make the electrons converge to a small point at enough of a distance

from the acceleration point to incorporate beam filtering components (e.g. a magnet to

separate electrons and positrons from the gamma-ray beam), while maintaining a high

photon density at the interaction point.

While there are various methods for particle focusing, the one which occupies the

least space, allows for easily tuneable change in the focusing power and allows for

symmetrical focusing in a single step is a plasma lens. By varying the amplitude of the

current in the two electrodes one can not only vary the position of the focus but also

the energy which will focus at the interaction point, this is crucial if the performance

of the LWFA degrades over time, which due to damage on the gas cell, tends to be the

case.

The one problem that this technique exhibits is that, while it is the focusing method

which provides the lowest chromaticity as compared to its quadrupole triplet or solenoid

counterparts, it still exhibits a certain degree of chromaticity, ultimately limiting the to-

tal photon density at the interaction point. A way to overcome this shortcoming could

be to attempt achromatic charge focusing akin to light achromatic focusing, i.e. the

combination of a de-focusing and a focusing ”optic” (lens) to make sure a broader

range of energies are focused onto the right spot. This is particular feature would be

useful for the above threshold BW variants, as all the photons above the threshold
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energy would be allowed to come together onto the same spot.

This would be accomplished in the form of a plasma lens doublet, with oppositely

ordered electrodes and synchronised. The initial plasma lens would have the electrodes

set up to defocus the electron beam, the second plasma lens with a larger aperture

would have the electrodes set up for focusing as shown in Fig. 5.26. The net effect

would be to counteract the energy dependent divergence in a way that all electrons

across a large bandwidth come to the interaction point at the same time, ultimately

flattening the chromaticity shown in Fig. 4.23.

Fig. 5.26 Schematic of a plasma-filled capillary doublet, when filled with a plasma and
when oppositely-oriented currents are applied to both capillaries one can conceive a divergent-
convergent lens system to achieve achromatic or broadband focusing at a specific point.

5.8.2 Space and Acceleration Constraints

One of the most important reasons for the limitation on the noise reduction in these

experiments is space. Space is required to achieve a clean separation between the axial

photon beams and the intended signal particle beams. This parameter also affects the

versatility of experimental designs should larger lepton energies be targeted. It also

limited the achievable accelerating laser energy due to fluence limits being reached on

the F/40 line folding mirrors.

Furthermore, because of the variability in laser-plasma accelerators, runs taken

in different days cannot be combined as the conditions are not reproducible. Hence,

there is a limited time in which conditions are known to be consistent enough for di-
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rect comparisons. Because of this limited time, increasing the repetition rate would

have allowed for a much more thorough characterisation of the background, and po-

tentially could have seen more than a handful of signal events to improve significance.

Moreover, the maximum lepton energy available and charge were also fundamental

limitations of this all-optical setup, in that the cross-section of pair production per shot

was between 5% and 10%. Coupling of a laser facility capable of producing intensities

in the 1020 W/cm2 regime with a conventional accelerator would see a great enhance-

ment in all of the above constraints. Finally, conventional accelerators are composed

of inherently large chambers and laboratories, this would pose a significant advantage

as the spatial separation between photon and particle beams can be made larger, thus

increasing the space for shielding and relaxing requirements on detector spatial reso-

lution.

5.9 Non-Linear Breit-Wheeler

In the NLBW experiments a few extra components were needed to supress the back-

ground further. This is due to the strong dependence of the NLBW cross-section with

electron beam energy, which basically makes the interaction near impossible for the

intensities achievable in Gemini for electron energies below 1.6 GeV. This makes ev-

ery electron below this energy a possible background source, which if addressed in a

timely manner, would drastically reduce the noise on the positron detectors. This was

done by virtue of a compact magnetic chicane.

The magnetic chicane introduced achieved electron spectra at low energy to not

interact with the converter or the apertures producing high divergence radiation. This

ultimately acts to reduce the overall background on the SPD while simultaneously not

affecting the probability of NLBW to occur. In addition, an extra component had to

be added to the setup to make the size of the gamma-ray beam comparable to that of

the interacting laser. This was attempted by use of a plasma lens. The centroid of the

gamma-ray beam will be located at the focus of the electrons. Thus, by use of this

technique, the photon density can be increased at the interaction point such that the

high energy gamma-ray beam size may be comparable to that of the scattering laser.

The addition of these filtering components further complicates the setup, and puts

stricter conditions on shielding as both the chicane and the plasma lens create noise
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sources very close to the axis. On the one hand, the magnetic chicane is composed

of four dipole magnets in succession with a tantalum block in between the former and

the latter two, which is composed of 10 mm of Tantalum. The interaction of the lower

energy electrons with the thick slab of Tantalum produces not only a great number of

Bethe-Heitler positrons, but also it produces them at high divergences, which makes

their isolation and separation from the photon beam more troublesome. This increases

the requirement on the length of the spectrometer magnetic field which separates the

photons from the charges to make sure the interaction is exclusively between photons.

On the other hand, the plasma lens was included into the system to remove the electron

beam divergence and bring the electron beam to a focus at the F/2 focal plane, and a

converter included in said setup to attempt and reduce the gamma-ray size and increase

overlap. The plasma lens yet again is a source of noise with positrons being produced

close to the axis, however they are produced before the spectrometer magnet, so the

action of all of these components should not affect the single particle detectors.

The observation of Non-Linear Breit-Wheeler was attempted in a similar configu-

ration as in the experiment highlighted in this chapter with the extra filtering compo-

nents added. While these components reached their intended performance, the experi-

ment could not be completed due to the lack of accelerating laser energy. In this way,

the maximum electron energy achieved was in the region of 1 GeV, not being sufficient

to experimentally attempt to observe the NLBW process.

5.10 Conclusions

The comprehension of the phenomenon of pair production from photon-photon colli-

sions will be central in the next generation of laser facilities. In the highlighted work,

the first all-optical attempt at measuring the Breit-Wheeler process is shown. The cam-

paign has been an exercise in experiment optimisation. One in which the background

was made to fall mainly outside of the expected signal bandwidth. The list of com-

promises in terms of shielding, acceptance range and high energy photon yield were

demonstrated to be sufficient to limit the background at high energy.

The analysis method conceived for extracting signal with defined spatial features

from a sea of sporadic and feature-less background was the other advance in this cam-

paign. The method consisted of using image analysis techniques to find maxima of a
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specific size, with the amplitude of these maxima being proportional to the deposited

energy.

The execution of the analysis that followed was performed in two different stages.

The first of these was a blind stage, in which there was no knowledge whether spe-

cific shots being analysed had the Breit-Wheeler effect present or not, in other words,

no knowledge of whether specific shots were purely background or contained signal.

During this stage, the analysis method and calculation of significance were agreed

upon, with each step being initially devised by the author and subsequently scrutinised

and validated by the full collaboration. Once agreed, the second stage consisted of an

unblind approach, where signal and background were compared directly. From this,

statistically significant differences between signal and background were found, sug-

gesting the potential presence Breit-Wheeler positrons with observations beyond the

1σ level. The low cross-sections involved in this process, however, meant that if they

were to be observed, there would only be a handful of events. Higher electron ener-

gies, charge and repetition rates would see the Breit-Wheeler signal and significance

increase in subsequent campaigns.

It must be stressed in addition, that the analysis shown in this work is mostly based

on a single diagnostic. While the conclusions drawn are self-consistent, they are not

final. The final conclusion of the campaign will arrive in the near future upon the

completion detailed analysis of the remaining diagnostics by the full collaboration,

namely, the Timepix and X-ray spectrometer. The experiment design in terms of noise

mitigation and the proposed analysis technique have however shown their potential to

search for low probability events in noisy environments, and will undoubtedly be a

method to consider in future experiments in photon-photon collisions.

In this way, it has been demonstrated that technology can be pushed to the limit

in which this process can become distinctly observable in an all-optical setup. Spatial

constraints in this case limited the performance of the laser-plasma accelerator, both

in terms of peak energy and charge. Even with these shortcomings, the experiment

was able to provide the first all-optical indication of the presence of Breit-Wheeler

positrons. Should this situation be improved upon, to the point of achieving electron

beams such as the ones in Chapter 4 the cross-section would have been improved by

a factor of 10, not only detection of positrons through the linear Breit-Wheeler pro-
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cess to a much higher significance, but also enabling the observation of the non-linear

variant. This line of experiments would also see a major improvement if higher energy

and higher repetition rate conventional accelerator electron beams were used, thus pro-

viding an extra scientific case for the combination of laser facilities with conventional

accelerators.
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Chapter 6

Outlook and Future Work

6.1 On the Improvement of Radiation Reaction Measurements

Carrying out RR experiments in improved conditions, i.e. more energy and narrower

spectra, implies the effect can be significantly more discernible. As a practical ex-

ample of what is achievable from a technological and facility perspective, a spectrum

similar to routinely obtained spectra at FACET-II was simulated. This facility delivers

narrowband electron spectra of up to 10 GeV energies, with the pointing and band-

width precision of a conventional accelerator. Because it is coupled to an ultrashort

laser which currently delivers 0.7 J in 30 fs and it is to be upgraded to 7 J in the near

future, intensities up to the upgrade stage are presented, with spectral differences in be-

tween the two models being appreciable from the a0 ∼ 2 mark, where the difference in

between the semi-classical and classical models is above 200 MeV as seen in Fig.6.1.

Due to the amount of simplifications in these calculations (same ones as presented

in Fig. 4.18 in Sec. 4.3.4), these estimates may be regarded only as approximations.

The main conclusion however, is that the differences observed is still apparent and well

within the measurement capabilities of currently used diagnostics. Fig. 6.1 highlights

the ease at which these models can be contrasted and compared in experimental mea-

surements. With electron beams with sufficiently reliable spectra, even moderate laser

intensities will be able to show differences between a purely classical RR model and

one containing the onset of quantum effects.
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Fig. 6.1 Classical and semi-classical calculations for a conventional Facet-II Electron spec-
trum. The laser intensity is scanned from no interaction to the maximum of 7 J, 35 fs and 3 µm
focal spot diameter predicted for the FACET-II laser upgrade, pre-upgrade expected effects are
those shown up to a0 ∼ 3. For clarity, the seed spectrum is taken as a Gaussian of amplitude
10, central energy of 9 GeV and a standard deviation of 100 MeV (red rectangle). Intensity is
scanned from zero to the maximum possible value quoted assuming all the energy is contained
in the focal spot.

6.2 Multi Peta-Watt Facilities

Experiments which have been carried out are not only limited by the quality of the

particle beams attainable in the acceleration process, but also limited in laser intensity.

Technology is seeing the realisation of the first multi-PW fs scale laser beams only in

recent years. With peak intensities being increased by an order of magnitude, experi-

ments exploring high-field QED in a regime where the quantum parameter χ ∼ 1 are

starting to become possible in the reference frame of relativistic particles of energies

achievable by laser-plasma-accelerators (LPAs).

With projected facilities, electron energies up to ∼ 10 GeV are expected to be pro-

duced with LPAs. Already the BELLA facility has achieved single stage laser plasma

acceleration up to 8 GeV159. Interaction of electrons of such high Lorentz factors, in-

creased by a factor of 4 with respect to the radiation reaction results mentioned in this
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work, where the estimated quantum factor was χ ≈ 0.2, will see quantum dynamics

play a central role in electron-photon interactions. Combining these enhanced parti-

cle energies with increasing intensity capabilities, projected to reach I ∼ 1023 W/cm2

in the next few years, interactions even in the vicinity of χ ∼ 1 in the rest frame of

the electrons will surely be reachable, thus unveiling a hitherto unexplored region of

experimental physics, that of strong-field QED.

Increased intensities and improved LPA performance will, as a result, increase the

likelihood of successfully observing the non-linear variant of the Breit-Wheeler pro-

cess. The cross section for pair production in the collision between a high energy

photon and a number of optical photons is a strong function of the intensity of the op-

tical field as shown in Fig. 2.12 in Sec. 2.4.2 as well as the energy of the gamma ray.

With projected mean interaction intensities in the regime of intensity of 1022 W/cm2

or a0 ∼ 60 already achieved in facilities at the vanguard of laser technology, one can

already appreciate the increase in the cross-sections by several orders of magnitude

in comparison to current attempts at I = 1020 W/cm2 or a0 ∼ 10. Increased cross-

sections will relax the constraints in achievable signal-to-noise constraints and will

prove far simpler to detect and characterise.

6.3 Combination of Conventional Accelerators and High Power

Laser Facilities

Many of the fundamental limitations of the combination of LPAs with high intensity

laser interactions are the low particle energy, high divergence, large bandwidth and

relatively low repetition rate. While LPAs do provide scientists with an attractive tool

for in-house testing of diagnostics and proof-of-principle experiments, much work re-

mains to be done to increase the acceleration capabilities of LPAs as well as their

repetition rate and stability in order to perform systematic studies. Recent advances

with the advent of higher repetition rate PW-scale facilities will see LPAs and the all-

optical approach take a step towards being the main method to probe non-linear QED

processes. The scientific community is putting together efforts to achieve these goals,

with the generation of up to 100 Hz high-power lasers for particle acceleration being

included as a main development requirement in the US accelerator roadmap166. As
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an example, the DiPOLE project has recently demonstrated stable operation of a 10 J

femtosecond laser at a 10 Hz level167.

Alternatively, X-ray facilities and X-ray free electron lasers (XFELs) have con-

ventional accelerators at the heart of their operation. In order to operate to the high

standards required by these facilities, the seeds of undulators and synchrotrons are

high quality high energy electron beams. These electron beams are often discarded

and made to propagate into beam dumps. If a high power laser was incorporated into

the beam-dump, with a suitable diagnostic suite, one could imagine high field QED

experiments happening simultaneously with XFEL operation. This would enable high

energy, reproducible and high repetition rate experiments to be carried out, thus en-

abling systematic studies of quantum effects. Several schemes are currently being

proposed around the world, including the Extreme Light Infrastructure Nuclear Pil-

lar168, FACET-II38, HIBEF169, the LUXE project170 at the European X-FEL39 and

EuPRAXIA171. Experiments where these high quality electron beams are made to

interact directly with laser fields would allow for studies of RR and two-step pair pro-

duction as in Burke et al.24 but with the possibility of studying the process in a higher

intensity regime. Conversely, experiments where these electrons are put through a

bremsstrahlung target prior to interaction could potentially represent the first accom-

plishment of a photon-photon collider.

6.3.1 Other Quantum Effects

In this section, a short remark on some of the exotic phenomena which theorists predict

should occur when electro-magnetic fields reach the Schwinger field are mentioned.

However, it these limits are far from being a reality in the laboratory rest frame, which

is why in order to study the onset of these phenomena we require relativistic particle

beams, so that they may experience Lorentz-boosted fields of these magnitudes.

Vacuum polarisation is the effect whereby photons are allowed to interact with

each other in vacuum2. This deviates from the classical form of Maxwell’s equations

where linearity forbids photon-photon interactions. This interaction is purely a quan-

tum effect and it has the consequence of making photon propagation in vacuum akin

to propagation inside a medium, with a given polarisation and magnetisation. From

a qualitative standpoint, this may be explained by quantum fluctuations, where pho-
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tons may evolve into a virtual electron-positron pair, which may in turn interact with

other photons, before subsequently annihilating. In this way, the presence of an exter-

nal electromagnetic field may affect photon propagation in vacuum2 by e.g. affecting

its refractive index172. Perhaps the most fundamental consequence of vacuum polar-

isation is photon-photon scattering, recently observed by the ATLAS collaboration in

CERN173.

Once EM fields are able to convey energy to a virtual particle-antiparticle pair

throughout their lifetime equal to their rest mass, they will materialise174. Due to

energy-momentum conservation, a plane wave on its own will not allow for this process

to happen as the cross-section for the collision between two co-propagating photons

vanishes. As such it would be necessary to have an extra source of energy, e.g. a

counter-propagating high intensity field, presence of a coulomb field or a high energy

photon (multi-photon Breit-Wheeler)3. This would constitute a seed for EM cascades

of particle pairs and photons to develop, but technology in the short term is a long

way away from achieving the required intensities to observe these effects. Perhaps the

next generation of LPAs, combined with the increased power capabilities of up-coming

multi-PW facilities will be able to ”cast more light” on these elusive phenomena.
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33 R. J. Gould and G. P. Schréder, Physical Review, 1967, 155, 1404.

34 A. Bell and J. G. Kirk, Physical review letters, 2008, 101, 200403.

35 N. Zamfir, EPJ Web of Conferences, 2014, p. 11043.

36 Extreme Light Infrastructure Nuclear Physics (ELI-NP), http://www.eli-np.ro/, Accessed: 2019-

05-01.
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140 D. W. Savin, P. Beiersdorfer, J. C. López-Urrutia, V. Decaux, E. Gullikson, S. Kahn, D. Liedahl,

K. Reed and K. Widmann, The Astrophysical Journal Letters, 1996, 470, L73.

141 K. Behm, J. Cole, J. Wood, E. Gerstmayr, K. Poder, S. Mangles, Z. Najmudin, A. Thomas,

K. Krushelnick, C. Murphy et al., Review of Scientific Instruments, 2017.

142 J. Piasecki, B. Colombeau, M. Vampouille, C. Froehly and J. A. Arnaud, Applied Optics, 1980, 19,

3749–3755.

143 D. Meshulach, D. Yelin and Y. Silberberg, JOSA B, 1997, 14, 2095–2098.

144 D. J. Corvan, T. Dzelzainis, C. Hyland, G. Nersisyan, M. Yeung, M. Zepf and G. Sarri, Opt.

Express, 2016, 24, 3127–3136.

145 A. Ferrari, P. R. Sala, A. Fasso and J. Ranft, FLUKA: A multi-particle transport code (Program

version 2005), 2005.

146 K. Poder, M. Tamburini, G. Sarri, A. Di Piazza, S. Kuschel, C. Baird, K. Behm, S. Bohlen, J. Cole,

D. Corvan et al., Physical Review X, 2018, 8, 031004.

147 B. Zhang and A. K. Harding, The Astrophysical Journal Letters, 2000, 535, L51.

148 C. H. Jaroschek and M. Hoshino, Physical review letters, 2009, 103, 075002.

149 H. Baer, T. Barklow, K. Fujii, Y. Gao, A. Hoang, S. Kanemura, J. List, H. E. Logan, A. Nomerotski,

M. Perelstein et al., arXiv preprint arXiv:1306.6352, 2013.

150 J. P. Delahaye, Towards CLIC feasibility, 2010.

151 C. Schroeder, E. Esarey, C. Geddes, C. Benedetti and W. Leemans, Physical Review Special Topics-

Accelerators and Beams, 2010, 13, 101301.

152 K. Khrennikov, J. Wenz, A. Buck, J. Xu, M. Heigoldt, L. Veisz and S. Karsch, Physical review

letters, 2015, 114, 195003.

153 M. BORN and E. WOLF, Principles of Optics (Sixth Edition), Pergamon, Sixth Edition edn, 1980,

pp. 370 – 458.

154 V. Ritus, Journal of Russian Laser Research, 1985, 6, 497–617.

155 S. R. Yoffe, Y. Kravets, A. Noble and D. A. Jaroszynski, New Journal of Physics, 2015, 17, 053025.

156 G. Samarin, M. Zepf and G. Sarri, Journal of Modern Optics, 2017, 1362.

157 S. Dann, C. Baird, N. Bourgeois, O. Chekhlov, S. Eardley, C. Gregory, J.-N. Gruse, J. Hah,

D. Hazra, S. Hawkes et al., Physical Review Accelerators and Beams, 2019, 22, 041303.

158 S. Steinke, J. Van Tilborg, C. Benedetti, C. Geddes, C. Schroeder, J. Daniels, K. Swanson, A. Gon-

salves, K. Nakamura, N. Matlis et al., Nature, 2016, 530, 190.

159 A. Gonsalves, K. Nakamura, J. Daniels, C. Benedetti, C. Pieronek, T. de Raadt, S. Steinke, J. Bin,

S. Bulanov, J. van Tilborg et al., Physical Review Letters, 2019, 122, 084801.

160 W. Wang, W. Li, J. Liu, Z. Zhang, R. Qi, C. Yu, J. Liu, M. Fang, Z. Qin, C. Wang et al., Physical

| 174



Bibliography

review letters, 2016, 117, 124801.

161 G. Pariente, V. Gallet, A. Borot, O. Gobert and F. Quéré, Nature Photonics, 2016, 10, 547.
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