High Average Power Plasma

Wakefield Acceleration and Dark
Photon Searches

Adam Scaachi

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
of

University College London.

Department of Physics and Astronomy

University College London

November 18, 2025



2

I, Adam Scaachi, confirm that the work presented in this thesis is my own.
Where information has been derived from other sources, I confirm that this has

been indicated in the work.



Abstract

Particle accelerators have played an instrumental role in the creation of the Standard
Model of particle physics. However, despite its success there remains to be physical
phenomena in nature that the Standard Model does not explain. The need to search
for physics beyond the Standard Model motivates the development of improved ac-
celeration techniques. One such technique is plasma wakefield acceleration, where
the acceleration gradient is induced by the electric fields within a plasma. The ap-
plication of this technique towards particle physics experimentation requires that
the plasma wakefield acceleration process can be continuously repeated, such that
the acceleration signature of one event is identical to the next. The time taken for
the system to return to its original state after an acceleration event determines the
repetition rate of the accelerator. Measurements of the repetition rate of a plasma
wakefield accelerator under a variety of plasma conditions are presented in this the-
sis. The application of such an acceleration scheme to search for the dark photon, a

hidden sector particle beyond the Standard Model, is also investigated.



Impact Statement

Plasma wakefield acceleration has proven to be an effective technique for accelerat-
ing electrons to high energies. However, questions remain regarding the achievable
repetition rate of such a scheme, as well as what applications it may have towards
enhancing high energy physics research. This thesis addresses the refill of material
in the capillary occurring on the millisecond timescale, thereby complementing
existing work of plasma wakefield evolution on the nanosecond and microsecond
timescales. As such, it contributes towards a more complete understanding of the
limitations on the repetition rate of plasma wakefield acceleration, and has an im-

pact on various fields including both particle physics and medical physics.

Also addressed is the use of plasma wakefield acceleration to search for a
hypothetical hidden sector particle known as the dark photon. The use of plasma
wakefield acceleration allows for currently unexplored regions of the parameter
space to be probed, contributing towards filling the gap that existing experiments
have so far been unable to reach. Discovery of the dark photon would provide
evidence of physics beyond the Standard Model, representing a major breakthrough

in our fundamental understanding of the universe.

The role taken by the author in this research includes contributing towards the
collection of data at FLASHForward for the repetition rate study, as well as fully
conducting the subsequent analysis of these datasets. In addition, it includes de-
veloping simulations to model the gas flow through the FLASHForward capillary,

and developing simulations to optimise the configuration of a dark photon search
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experiment and report its sensitivity.

The work contained in this thesis has been used in the following publications:

* A. Caldwell et al., “Particle physics applications of the AWAKE acceleration
scheme,” arXiv:1812.11164, 2018.

* E. Gschwendtner et al., “The AWAKE Run 2 programme and beyond,” Sym-
metry, vol. 14, no. 8, p. 1680, 2022.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics [1] remains the most complete de-
scription of all known elementary particles and how they interact with three of the
four known fundamental forces. The construction of this framework has relied
substantially on the increasingly powerful particle accelerators developed over the
latter half of the 20t century. However, there exists several deficiencies of the SM,
including but not limited to its inability to explain baryon asymmetry [2], the non-
zero mass of the neutrino [3], the accelerating expansion of the universe [4], and the
apparent preservation of CP-symmetry by the strong interaction. Furthermore, it
fails to provide a sufficient candidate for dark matter [5], and some of its predictions
show possible contention with experimental measurements [6, 7]. This motivates
the need to search for physics beyond the Standard Model (BSM), thereby also

motivating the need to develop more powerful particle accelerators.

1.1 Conventional Acceleration

Conventional particle accelerators use radio-frequency (RF) cavities to provide an
oscillating electric field, exerting a force on a charged particle along its direction
of propagation and thereby accelerating it. A limit is posed on the electric field
strength that can be supported by an RF cavity, as too strong of a field would ionise
electrons from its metallic surface, resulting in cavity *breakdown’. Arranging a se-

ries of cavities along a linear path allows for continuous acceleration to indefinitely
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high energies, however this becomes limited in practise by the cost of building and

running an indefinitely long linear acceleration facility.

Arranging RF cavities in a circle and allowing charged particles to circulate
through them repeatedly enables continuous acceleration within a finitely large cir-
cular acceleration facility. This requires manipulating the trajectory of charged par-
ticles, which is achieved by using a magnetic field to bend them with a radius of

curvature, r, given by

14

r=-—,
qB

(1.1

where p and g are the momentum and charge of the particle respectively, and B is

the strength of the magnetic field.

However, circular acceleration is limited by the loss of energy due to syn-
chrotron radiation, an electromagnetic radiation emitted when relativistic charged
particles are subject to an acceleration perpendicular to their velocity. The energy

loss per orbit scales according to

AE o ? (1.2)

where 7 is the Lorentz factor. This is particularly problematic when accelerating
lighter particles such as electrons or positrons, which have a power loss per orbit of

over 10'3 times that of the proton [8].

Consequently, the construction of an electron-positron collider with a centre
of mass energy on the TeV scale would have to be linear; to keep the size and cost
feasible the problem of cavity breakdown would have to be circumvented. One
approach involves accelerating particles within plasma, a state of matter already
ionised to such an extent that large accelerating gradients can be employed without

negating the acceleration medium itself.
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1.2 Plasma Wakefield Acceleration

Plasma refers to an electrically quasi-neutral medium consisting of unbound ions
and electrons. Although unbound, moving charged particles generate electric cur-
rents and thereby influence the other charges, resulting in them behaving collec-

tively.

If the plasma is perturbed, the electrons become displaced with respect to the
ions and are then pulled back by the Coulomb force, this results in plasma oscilla-

tions where the charge density oscillates at the plasma frequency, ®,, given by

2
nee
) = | / , 1.3

where 7, is the plasma electron density, e is the electron’s charge, &j is the permit-

tivity of free space, and m, is the effective mass of the electron. Such perturbations
can be applied by the ponderomotive force from an intense laser pulse, or by the
space-charge field of a particle bunch provided by an electron beam or a proton

beam.

The charge density oscillations generate a strong longitudinal electric field ca-
pable of accelerating trailing particles. The strength of this electric field, E, is given
by

E= "% (1.4)

e

where c is the speed of light.

Particles can be injected into the perturbed plasma at the precise phase of the
plasma oscillations where the electric field is directed in the same direction as the
plasma wave’s propagation. The injected particles are effectively trapped in this

phase and experience sustained acceleration as they travel along with the oscillating
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field.

Through this method, accelerating gradients of O(GVm™!) can be achieved,
significantly higher than the O(MVm™!) accelerating gradients produced in RF
cavities. This allows for particle accelerators to be built with a lower requirement
of physical space and cost, while also bypassing the issue of energy loss due to
synchrotron radiation. However, challenges remain regarding the beam quality,
luminosity, and scalability of such a particle accelerator, and these challenges must

be overcome before this technique can be applied for particle physics experiments.

1.2.1 Laser-Driven Plasma Wakefield Acceleration

These plasma oscillations, also referred to as plasma wakefields, began to gain trac-
tion as a potential particle acceleration structure in 1979 when Tajima and Dawson
proposed using an intense laser pulse to perturb the plasma via the ponderomotive
force, thereby inducing strong electric fields [9]. This idea became known as laser
wakefield acceleration (LWFA) and was demonstrated experimentally by three sep-
arate teams in 2004 [10-12], with each team producing a monoenergetic electron

beam at the 100 MeV energy scale.

However, this technique has several limitations, one of them being the distance
over which particles can be accelerated. As the wakefield travels at the speed of the
laser pulse, which is less than the speed of light in a vacuum, electrons being accel-
erated to velocities close to the speed of light will escape the accelerating region of
the wakefield after a dephasing length, L;, given by

23

Ly~ 35, (1.5)

where A, is the wavelength of the plasma given by

27e
A~ —, 1.6
P~ (1.6)
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and A is the wavelength of the laser used to drive the wakefield. This results in a
dephasing length of 60 mm for a 800 nm laser pulse propagating in a plasma of

density 108 cm—3 [13].

Another issue arises from the repetition rate of the high intensity laser pulses
used to drive the wakefields, which often have a frequency of O(Hz). This presents
a limit on the achievable luminosity of a LWFA beam, further weakening its via-
bility as an alternative to conventional acceleration. Additionally, dispersion of the
laser pulses becomes more pronounced over longer distances, limiting the accel-
eration that can be achieved within a single stage. Experiments have so far only
demonstrated acceleration up to 7.8 GeV in a single stage [14], with simulations

indicating that single stage acceleration up to 10 GeV is possible [15].

1.2.2 Beam-Driven Plasma Wakefield Acceleration

The use of an electron beam as the wakefield driver rather than an intense laser
pulse was proposed in 1985 [16, 17], marking the advent of beam-driven plasma
wakefield acceleration (PWFA). The first demonstration of this idea was achieved
in 1988 at the Argonne National Laboratory, where plasma wakefields were excited
by a leading ’drive’ bunch and probed by a following ’witness’ bunch [18]. As
the electron driver travels through the plasma at the same speed as the accelerated
witness electrons, dephasing will no longer occur, significantly extending the dis-
tance over which particles can be accelerated. Furthermore, electron drive bunches
can be provided at much higher repetition rates than high intensity lasers, greatly

increasing the achievable luminosity of such an accelerated beam.

Further experimental demonstrations of the larger energy gain achievable using
a beam driver were successful. In 2007, the energy doubling of a 42 GeV electron
beam at the Stanford Linear Accelerator Center was achieved in a plasma wakefield
accelerator of length 85 cm [19], albeit with a continuous energy spread. In 2016,

FACET demonstrated an energy gain of 9 GeV for witness electrons driven using a
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21 GeV drive beam, this time with an energy spread of less than 5% [20]. In 2020,
the FLASHForward experiment [21] demonstrated per-mille energy spread preser-

vation using a 1 GeV drive beam to accelerate witness electrons by 45 MeV [22].

However, the distance over which particles can be accelerated is still limited.
The drive beam loses energy as it propagates through the plasma, when it depletes
significantly it will no longer have the sufficient energy required to sustain the de-
sired wakefield amplitude and provide effective acceleration for the witness beam.
This means that dividing the acceleration process into multiple stages would still be

required for reaching the TeV energy scale.

1.2.3 Proton-Driven Plasma Wakefield Acceleration

Proton beams, such as the ones provided by the Super Proton Synchrotron (SPS) and
Large Hadron Collider (LHC), have energies far exceeding even the most energetic
electron beams currently in existence. Such a beam can be used to drive wakefields,

allowing for proton-driven plasma wakefield acceleration (PDPWA) [23].

The AWAKE experiment [24] has so far demonstrated single stage accelera-
tion of a witness beam from 19 MeV to 2 GeV within 10 m using wakefields driven
by 400 GeV protons from the SPS [25]. As proton beam drivers have much higher
energies than their electron counterpart, the length of the accelerator can be scaled
to such an extent that electron acceleration to the TeV scale would be possible
within a single stage [26], greatly enhancing the use of particle accelerators for

high energy physics research.

As the plasma used in the AWAKE experiment is currently produced using
laser ionisation, it will eventually become necessary to explore methods of sustain-
ing a plasma state along larger distances to fully exploit the advantages of PDPWA.
One such method involves applying a high voltage across the gas, thereby ionising

it and forming plasma. Limitations of the acceleration process imposed by the high



1.3. Outline 28

voltage discharge scheme, such as the rate at which it can be repeated, remains an
active area of research and is addressed in this thesis. The potential application of
this acceleration scheme to search for a hypothetical hidden sector particle known

as the dark photon is also addressed.

1.3 Outline

This thesis details the work carried out by the author on the FLASHForward and
AWAKE experiments.

Chapter 2 provides an overview of the FLASHForward and AWAKE experiments,
including a description of their experimental facilities and a summary of their pre-

vious results and future plans.

Chapter 3 details an experimental investigation undertaken to determine the repe-
tition rate of plasma wakefield acceleration under a variety of plasma conditions at

FLASHForward.

Chapter 4 presents simulation results of the entry of gas into the FLASHForward
plasma capillary. Comparisons are then made between the time taken to fill the

capillary and the experimental measurements of the previous chapter.

Chapter S proposes a new search using the AWAKE scheme to produce and de-
tect a hypothetical hidden sector particle known as the dark photon. Simulations
are performed to optimise the experimental configuration and assess its discovery

potential.

Chapter 6 summarises the work and offers suggestions for further study.



Chapter 2

The FLASHForward and AWAKE

Experiments

With plasma wakefield acceleration providing a promising technique to comple-
ment conventional acceleration methods, a widespread effort is being made to
further current understanding of the field and develop the technologies required to
build plasma wakefield accelerators capable of addressing physics questions. The
FLASHForward and AWAKE experiments both contribute towards this effort. A

summary of both is provided in this chapter.

2.1 FLASHForward

The FLASHForward experiment [21] is an electron driven plasma wakefield accel-
erator located at the Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Ger-
many. The three primary areas of exploration are high brightness beam generation
using internally injected electrons, high quality beam generation using externally
injected electrons, and high average power beam generation using externally in-
jected electrons accelerated at a high repetition rate. These goals are pursued by
the X-1, X-2, and X-3 experiments respectively. An overview of the experimental
facility is provided, followed by a discussion of the three main research goals of the

collaboration.
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2.1.1 Experimental Facility

The FLASH linear accelerator (see figure 2.1) is capable of providing ultra-short
(~50 fs), low emittance (2um rad), and low energy spread (0.1%) bunches of
1.25 GeV electrons to FLASHForward through the use of its superconducting nio-
bium accelerating cavities. The longitudinal current profiles of the bunches can be
manipulated [27] to induce a linear correlation between the longitudinal position
and the energy of the electrons within each bunch, this energy chirp enables the
bisection of the electron bunch into a drive and witness bunch pair [28] during their
extraction into the FLASHForward beamline. The beamline consists of seven sec-
tions: extraction and compression, matching and final focusing, central interaction,

initial diagnostics, undulators, X-TDS, and the final dump.

photon science hall
VVvVY v

00 bunch accelerating

RF gun laser compressor module

FLASHFORWARD

Figure 2.1: Schematic of the FLASH superconducting radiofrequency modules supplying
electrons to the FLASHForward beamline. The FLASH1 and FLASH?2 free-
electron laser beamlines are also shown. Image reproduced from Ref. [21].

The extraction and compression section extracts the bunches from FLASH
into the FLASHForward beamline, resulting in a 4 m transverse separation from
FLASH2. Two dipoles are used to correct the trajectory change from the extraction
dipole, and a mask and wedge system known as the scraper is used to remove
parts of beam, generating the drive and witness bunch pairs. The matching and
final focusing section uses a series of quadropoles to focus the beam down to a
transverse size of 5 um, while also reducing the spatial and angular transverse jitter
to <10um and <0.5 mrad respectively. Both of these sections are equipped with
differential pumping stages to provide a gradient from high pressure to the vacuum
further upstream, this compensates for the vacuum degradation that occurs when

gas is loaded into the plasma capillary.
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The central interaction region is composed of a plasma capillary and diag-
nostics mounted upon a baseplate. Beneath the baseplate is a hexapod positioning
system [29], which allows for precise rotational and translational movement of the
capillary. Capillaries with lengths of 33 mm, 50 mm, and 195 mm are available,
each with a diameter of 1.5 mm. The plasma is created by ionising either hydrogen
or argon gas in the capillary by using either a 25 TW laser pulse or an electrical
discharge with voltage up to 25 kV. A series of high strength quadropoles are then
used to capture and transport electrons of up to 2.5 GeV, the electrons then interact
with a dipole magnet before hitting either a LYSO or a Lanex scintillator screen to

measure their energy. The scintillator screen is then imaged using CCD cameras.

An X-band transverse deflecting structure, known as the X-TDS, was installed
in 2019 to allow for reconstruction of the slice emittance in one transverse plane
and the geometric emittance in the other. An electron spectrometer set-up was also
installed to provide the dispersion required for measuring the longitudinal phase
space of the driver and witness bunches [30]. A schematic of the upgraded beamline

is shown in figure 2.2.

Phase-I (2017-2019) «—— * ——» Phase-Il (2019+)

Scraper

So '
& ‘é Central H Photon
. . (3} interaction H diagnostics
Extraction & compression E 3 chamber E Undulators (2020+) (2020+)
25 TW laser (outside the tunnel) Matching and final focussing Diagnostics X-band TDS (2019)

Figure 2.2: Schematic of the FLASHForward beamline updated to include the X-TDS and
other features of the Phase-II upgrade. Image reproduced from Ref. [21].

2.1.2 Internal Injection (X-1)

Witness beams can be injected either from an external source, or internally by trap-
ping the ambient plasma electrons. In the case of internal injection, the electron
bunch is formed with a much smaller phase space, resulting in a witness bunch with

much smaller normalised transverse emittance, tens to hundreds of picocoulombs
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of charge, and femtosecond bunch durations [31-33]. These properties provide an
opportunity to generate beams with a much larger brightness compared to conven-

tional accelerators.

A density downramp can be used to reduce the phase velocity of the wake, al-
lowing for fast plasma electrons to rephase into the accelerating region where they
become trapped and form the witness bunch. The X-1 experiment [34] uses electron
beams from the FLASH linac with ~ 800 pC of charge and a mean energy of up
to 1.25 GeV to drive a wake inside the FLASHForward capillary. Two indepen-
dently focused pulses of the 25 TW laser system are used to generate the plasma,
one of which is focused along the electron-beam axis while the other is focused
transverse to it. This combined laser ionisation technique results in a sharp den-

sity spike surrounded by a plateau region, providing the required density downramp.

The X-1 experiment accelerated a drive beam of charge (790 £+ 4) pC to an
energy of (1116 £ 6) MeV and compressed it to a peak current of 2.1 kA. The
50mm long capillary was filled with a mixture of helium and argon gas at a 2:1

3 was achieved. The

ratio, and a plateau plasma density of 1.4%93 x 10'® cm™~
charge was measured using toroids in combination with stripline and cavity BPMs
(beam position monitors) [35], the energy was measured using the spectrometer
dipole and LANEX screen, and the plasma density was determined by comparing

the measured and simulated energy losses of the drive beam.

An investigation was made into how the energy of the witness beam depends
on the presence of the injection laser. Figure 2.3 shows an injected witness beam
charge of (32.1 £ 9.6) pC dropping to (0 + 5) pC when the injection laser path
is blocked, a correlation can then be observed between the witness beam charge
and the energy spectra, demonstrating that the density downramp induced by the
injection laser enables the acceleration of internally injected electrons. The witness

beam charge was measured by subtracting the charge measurements of a down-
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stream BPM from an upstream toroid [36], and measured again independently

using a charge-calibrated phosphor screen in the spectrometer for confirmation.
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Figure 2.3: (a) Energy spectra and (b) charge of the injected witness beam. The injection is
switched off by inserting a beam block inside the injection laser path for shots
101-200 and 301-400. Image reproduced from Ref. [34].

A dataset of 1885 consecutive shots were taken to investigate the reliability of
the acceleration process. Figure 2.4 shows a waterfall plot of the projected witness
beam energy spectra, along with the evolution of mean energy and rms energy
spread. The injected witness beam was measured for (95.4 £ 2.5) % of the shots
attempted, with the measurements demonstrating a mean charge of (33 + 10) pC,

mean energy of (45 & 5) MeV, and rms relative energy spread of 4.4%.

Although internal injection had been previously shown to work in princi-
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Figure 2.4: (a) Waterfall plot demonstrating stable operation across 1885 shots. (b) Mean
energy of the injected witness beam (blue) of (45 &+ 5) MeV and rms energy
spread (red) of 4.4%. Image reproduced from Ref. [34].

ple [31-33], the X-1 experiment demonstrates the first stable operation of this
technique for beam driven wakefield accelerators. Further studies were made into
the injected bunch properties as a function of laser alignment and laser energy, the

results of which can be found in Ref. [34].

2.1.3 External Injection (X-2)

The X-2 experiment aims to demonstrate that the quality of externally injected
electrons can be maintained by simultaneously preserving the emittance and energy
spread while also operating at a high acceleration efficiency. It has been shown
in principle that using high current trailing bunches with a trapezoidal current
profile can flatten the wakefield such that all particles experience the same acceler-
ation [37], enabling the kinetic energy of the wake to be efficiently extracted while

minimising the energy spread.
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Electron bunches with an energy of 1 GeV were provided by the FLASH linac
and then divided into witness and driver bunch pairs using the wedge shaped notch
collimator. A three-dimensional parameter scan of the plasma density, the position
of the notch, and the width of the notch was performed and the transformer ratio
(given by the mean energy gain of the witness bunch normalised by the maximum
energy loss within the driver), the energy-transfer efficiency, and the energy-spread-
to-gain ratio was calculated for each combination of parameters in order to locate

the optimal beam loading operation point (see figure 2.5).
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Figure 2.5: 3D parameter scan of the plasma density (1) versus notch position (2) as a
function of notch width (3). The red circle indicates the determined optimal
operating point. Image reproduced from Ref. [22].

A dataset of 5000 shots was obtained at the optimal operating point (see figure
2.6). High stability is demonstrated throughout the data taking period as the energy
gain is shown to be (45.4 £ 1.4) MeV, stable to 3% rms. The histogram of energy
spread shows 6.4% of the shots to have lower energy spread than the 0.16% FWHM
energy spread seen when the plasma generation is off, meaning that energy spread

has been fully preserved. The rest of the shots show a median energy spread of 0.2%
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FWHM, corresponding to a relative increase of 28%. Energy transfer efficiency,
defined by the ratio of energy gained by the witness bunch to energy lost by the
drive bunch, is found to be distributed between 30% and 50% with an average of

(42 + 4)%.
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Figure 2.6: Waterfall plot demonstrating high stability across 5000 consecutive shots, with
the energy gain of 45.4 MeV stable within 3% rms (& 1.4 MeV). Histograms
of the energy spread and efficiency are also included, showing fully preserved
energy spread in 6.4% of the shots and an energy transfer efficiency distribution
between 30% and 50%. Image reproduced from Ref. [22].

For energy spread preservation to be conclusively demonstrated it is also nec-
essary to show that no charge is lost. A scan of the tail-collimator position was
performed and the charge of the incoming trailing bunch was compared to the
charge of the accelerated witness bunch (see figure 2.7). Both measurements are in
agreement until the tail of the trailing bunch becomes progressively removed from
the wakefield cavity, at which point there is a strong defocusing by the high density

of plasma electrons streaming around the cavity.

Having achieved an experimental demonstration of simultaneously preserving
the energy spread while at a high energy transfer efficiency and with full charge
coupling, the X-2 experiment aims to show further levels of control over the accel-

eration process. The next steps involve the simultaneous preservation of emittance,



2.1. FLASHForward 37

Full trailing bunch Optimal tail collimation No trailing bunch

= - - - -

Incoming trailing charge (toroid)
f Accelerated charge (spectrometer)

—_
a
o
T
1

100

IHIHHM[IIIIIHHII '

Trailing-bunch charge (pC)

0F L T E T LS
1 1 1 1 1 1 1 1

-450 -425 -400 -375 -350 -325 -300 -275
Tail-collimator position, £ (um)

Figure 2.7: Comparison of the incoming trailing bunch charge (grey) with the accelerated
witness bunch charge (blue) in a tail-collimator scan. Full charge coupling is
observed until the position is less than approximately —360 um, at which point
some of the beam particles cross the axis and are defocused by the plasma
electrons. Image reproduced from Ref. [22].

as well as maintaining the quality of externally injected electrons while operating

at larger energy gains.

2.1.4 High Average Power (X-3)

For plasma wakefield acceleration to meet the demands of photon science users and
high energy physicists, it is necessary to demonstrate that operation at high average
power is also possible. The FLASH gun and linac modules operate with a 10 Hz
macro-pulse structure, with each pulse having a 800 ps long SRF flat top consisting
of micro-pulses with up to 3 MHz frequency (see figure 2.8). At full capacity, the
SRF modules can accommodate 2400 bunches per macro pulse, resulting in 24000
bunches per second. With each bunch having energy on the Joule-level, an average
power of 24 kW is achieved, providing FLASHForward with an unmatched capa-

bility for conducting high average power plasma wakefield research.
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Figure 2.8: Schematic of the 10 Hz macro-pulse and MHz bunch train structure provided by
FLASH to FLASHForward for high power experimentation. Image reproduced
from Ref. [38].

The X-3 experiment aims to probe plasma properties over a six order of mag-
nitude temporal range, from the sub-ns level to the ms-level. This is important for
plasma wakefield acceleration as unlike with conventional accelerators the accel-
erating medium now evolves over time in response to perturbations caused by the
previously accelerated bunch. For timescales on the ps to ns level, movement of the
plasma ions result in a non-uniform density profile before the regions of differing
plasma density and temperature eventually equilibrate. On the ms timescale, the
pressure gradient between the plasma in the capillary and the surrounding vacuum
results in a net loss of gas which must be refilled. A review of investigations made
into how ion motion affects the plasma wakefield acceleration process is provided
below, and a more detailed study of how the loss of material from the capillary

affects the plasma wakefield acceleration process is discussed later in this thesis.

Wakefields driven by an intense leading electron bunch were used to perturb
the plasma. A probe bunch, bisected into a pair of bunches, then propagated through
the perturbed plasma at varying times after the leading bunch, allowing for study
into the effect of the perturbed plasma on the acceleration process after a given

amount of time since the perturbation occurred. Comparisons were made with a
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separate run where the plasma was unperturbed, with the relative energy change
and the relative transverse size being used to quantify the difference between the

perturbed and unperturbed case (see figure 2.9).
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Figure 2.9: The relative energy change and transverse size between bunches propagating
through unperturbed and perturbed plasma. Image reproduced from Ref. [39].
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resent the mean energy of the unperturbed and perturbed bunches respectively, and

The relative energy change was defined as where Ug , and Ug j, rep-

Aug represents the average energy gain (or loss) of the trailing probe bunch (or
driving probe bunch). The relative transverse size was defined as W where
o, p and oy, represent the transverse size of the trailing probe bunch in the per-
turbed and unperturbed scheme respectively. The convergence of the perturbed

plasma to the unperturbed state was observed to occur at 63 ns.

After the initial perturbation, plasma ions are impelled towards the beam
axis by the strong radial electric fields of the beam and the decaying plasma
wave [40-43]. After the on-axis density reaches a maximum, the ion wave con-

tinues to propagate outwards. The non-uniformity of the radial density profile to
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lowest order can be expressed as n(r) = ng(1 + ar?), where ng is the on-axis ion
density, « is the curvature of the ion channel, and r represents the radial distance
from the axis. To demonstrate that ion motion can plausibly explain the observed
effect of the perturbation on the acceleration process, values for ng and o were first
extracted from experimental signatures in the energy spectra and transverse distri-
butions of the driving and trailing probe bunches (shown in figure 2.10). These
values were then used to simulate the full evolution of the beam-plasma interaction,
allowing for the comparison of predictions based on the ion motion model to be

made with other features of the data.
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Figure 2.10: Energy spectra and transverse distributions of the driving and trailing probe
bunches after interaction with perturbed plasma. Image reproduced from
Ref. [39].

The three key experimental signatures observed in the energy spectra and trans-
verse distributions are labelled as: (1) the betatron-mismatch bands, (2) transverse
beam size oscillations, and (3) the mean energy evolution. A summary of how these
features arise and how they were used to collectively confirm the ion motion model

is provided:

e Betatron-mismatch bands: This arises from the betatron oscillations that elec-
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trons experience within transverse wakefields. Slices of the bunch with dif-
ferent energies oscillate at different frequencies, resulting in bands of raised
intensity that are independent of the on-axis density. The focusing force at a
given longitudinal slice is modified by a factor 1 4 ar?> when in the presence
of a parabolic transverse-plasma-density profile, allowing for the curvature of

the channel to be extracted from the betatron bands.

* Transverse beam size oscillations: This arises from the longitudinal wake-
field amplitude experienced by the trailing probe bunch decreasing and its
betatron oscillation frequency being modified as the on-axis plasma density
gradually decreases over time. As a result, the bunch accrues a betatron phase
over the plasma length that varies with ng, leading to a differing divergence
and transverse size at the plasma exit which appears in the data as transverse
beam size oscillations. The transverse size is small compared to the parabolic
channel, making this signature independent of & and allowing for the on-axis

ion density to be extracted.

* Mean energy evolution: This arises from a combination of ng and & modify-
ing the wakefield cavity which leads to an energy change in both the driver
and trailing probes. The values of ng and « derived from the above effects
were used to construct an evolving two-dimensional density map which was
used as an input for particle-in-cell simulations, allowing for predictions of
the mean energy evolution of the trailing and driving bunches to be compared
to their measured value from the experimental data (see figure 2.11). The
excellent agreement provides independent validation of the derivation proce-
dure and verifies that the ion motion model is a plausible description of the

physics occurring at this timescale.

The X-3 experiment also aims to investigate how the need to replenish any
material expelled from the plasma affects the efficacy of plasma wakefield accel-
erators. This requires the introduction of a second high voltage discharge system

to ensure that the plasma is refreshed to the same state for the second bunch as
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Figure 2.11: Comparison of the mean energy evolution of the trailing and driving bunches
with the equivalent simulated values. Grey data points correspond to mea-
surements where some charge was lost. Image reproduced from Ref. [39].

it was for the first bunch, an experimental demonstration of which is provided in
chapter 3 of this thesis. As material is ejected from the capillary following the high
voltage discharge, gas must be refilled into the capillary, the dynamics of which
are explored in chapter 4 of this thesis. The final goal of this long timescale study
involves scaling up the number of high voltage discharges, demonstrating that high

average power acceleration can be maintained indefinitely.

2.2 AWAKE

The Advanced Wakefield Experiment (AWAKE) [24] is a proton driven plasma
wakefield accelerator located at the European Organisation for Nuclear Research
(CERN) in Geneva, Switzerland. An overview of the experimental facility is pro-
vided, followed by a review of recent experimental achievements and a discussion

of future plans and potential applications of the scheme.
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2.2.1 Experimental Facility

The AWAKE experimental set-up (shown in figure 2.12) consists of a 120 fs long
laser pulse with a wavelength of 780 nm and an energy of up to 450 mJ. The pulse
propagates through a 10 m long column of rubidium (Rb) vapour, thereby ionising
it to produce plasma. The density of the plasma can be adjusted between 10'* cm—3
and 10" ¢cm™> by controlling the temperature of the rubidium flasks (between

160 °C and 210 °C) on both ends of the plasma cell. Heating the rubidium flasks to

different temperatures allows for a plasma density gradient to be induced.
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Figure 2.12: Layout of the AWAKE experiment. The proton bunch and laser pulse propa-
gate through a 10 m long column of rubidium vapour. The laser pulse ionises
the rubidium to form a plasma which then interacts with the proton bunch,
resulting in wakefields. Electrons are then injected into the plasma cell and
become captured by the wakefields, accelerating them to high energy. Image
reproduced from Ref. [25].

Wakefields are driven by 19 kJ proton bunches from CERN’s Super Proton
Synchrotron (SPS), with each bunch containing between 2.5 x 10'! and 3.1 x 10!

protons, and with each proton having an energy of 400 GeV. Electron bunches with
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a charge of (656 £ 14) pC are generated using a radio-frequency gun before being
accelerated to (18.84 £+ 0.05) MeV using a radio-frequency structure [25]. These
electrons are then injected into the plasma cell, with their injection angle and focal

point being controlled by magnets.

After acceleration in the plasma cell, the electron bunches can be measured
using an electron spectrometer. This consists of two quadrupole magnets, one of
which is used to focus the bunches vertically while the other is used to focus them
horizontally. A 1 m long electromagnetic dipole with an adjustable magnetic field
strength between 0.1 T and 1.4 T is then used to deflect the bunches by an amount
proportional to their energy. The dipole directs the electron bunches to a 0.5 mm
thick gadolinium oxysulfide scintillator screen, and a charge-coupled device (CCD)
camera is used to detect the emitted light. The energy of the accelerated electrons
can then be determined by the horizontal component of their hit positions on the

screen.

2.2.2 Self-modulation

Driving wakefields with protons as opposed to electrons is beneficial as the larger
achievable energy of proton beams such as the one provided by the SPS allows for
wakefields to be driven over longer distances, meaning that electrons can then be
accelerated to very high energies within a single acceleration stage. However, the
bunch length of the drive beam is required to be short compared to the wavelength
of the plasma, which is not the case for bunches produced at the SPS. Although
this may seem problematic, a particle-plasma interaction known as self-modulation
allows for long bunches to be split into a series of high density microbunches, fa-

cilitating their use in driving wakefields.

The transverse wakefields driven by a long proton bunch when entering the
plasma periodically focuses and defocuses, resulting in regions of higher and lower

bunch density respectively. The regions of focused protons are separated by the
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plasma wavelength, self-modulating to form a train of microbunches that can
resonantly drive large amplitude wakefields. To prevent the growth of unstable
oscillations in the bunch centroid via a phenomena known as the hosing instability,
the self-modulation must be seeded. This is achieved at AWAKE by using a laser

pulse to create a relativistic ionisation front [24].

Microbunches have been observed for different plasma densities in the
AWAKE experiment [44] using a 73 ps (~1 ps resolution) streak camera win-
dow (see figure 2.13). The top left plot shows the presence of microbunches at low
plasma density (2.457 x 10'4 cm™3), with the time profile (green line) to the left
also showing the microbunches and their periodicity. The bottom left plot shows
the same but at higher plasma density (6.994 x 10'* cm™3), and the plot on the right

shows the full microbunch train with a plasma density of 2.190 x 10'* cm™3.
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Figure 2.13: Streak camera images showing microbunches at low (top left) and high (bot-
tom left) plasma densities. A longer time window is used to show the full
microbunch train at low density (right). Image reproduced from Ref. [44].
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2.2.3 Electron Acceleration

Electron acceleration using a self-modulated proton beam was achieved at the
AWAKE experiment [25]. An image of an accelerated electron bunch on the scin-
tillator screen is shown (see figure 2.14a). A projection (see figure 2.14b) was then

obtained by integrating over a central region of the scintillator.
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Figure 2.14: Image of scintillator screen (a) showing an electron acceleration signal. A
projection of the image is obtained (b) by integrating vertically over the ob-
served charge. Image reproduced from Ref. [25].

The event shown above corresponds to a plasma density of 1.8 x 104 cm ™3,

with a (5.3 £0.3)% density increase over the 10 m plasma cell length in the direc-
tion of the propagation of the proton bunch. The mean energy of the accelerated
electron bunch is (800 + 40) MeV, with a FWHM of (137.3 4+ 13.70) MeV and
O(pC) charge.
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The reproducibility of the electron bunch acceleration was investigated by
plotting the projections from consecutive electron-injection events over a 2 hour
running period (see figure 2.15). The quadropoles were varied to focus over a range
of approximately 460 to 620 MeV, and other parameters such as the proton-bunch
population naturally vary each shot. Despite this, the electron bunches were shown
to be consistently accelerated to an energy of approximately 600 MeV. The plasma
density for this running period was also 1.8 x 10'* cm ™3 however no density gradi-

ent was present, resulting in a different energy from the event shown in figure 2.14.
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Figure 2.15: Projections obtained from consecutive electron-injection events over a 2 hour
running period. Each event is a vertical integration of a background subtracted
spectrometer image. Image reproduced from Ref. [25].

The effect of introducing a plasma density gradient was investigated by de-
termining the maximum energy that could be achieved with and without a density

gradient present (see figure 2.16). In each case, the density gradient was chosen
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to maximise the peak energy that could be observed at a given plasma density. It
can be seen that the highest obtainable energy increases with the density, reach-
ing an energy of (2.0 + 0.1) GeV at a density of 6.6 x 104 cm™3 increasing by

(2.2+£0.3)% in the direction of the propagation of the proton bunch.
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Figure 2.16: Measurements of the maximum energy at different plasma densities, with and
without the use of a plasma density gradient. The gradients chosen were those
observed to maximise the energy gain. Image reproduced from Ref. [25].

2.2.4 Run 2 Programme

Current seeding of the self-modulation process involves using a laser to place a
relativistic ionisation front in the centre of the proton bunch, however this leaves
the front of the bunch un-modulated which could in the case of long plasma cells
interfere with the acceleration process. The self-modulation process can in princi-
ple be seeded by an electron bunch, thereby modulating the entire proton bunch and
allowing the acceleration process to be scaled to larger distances. The current run
of the AWAKE experiment [45] therefore consists of demonstrating seeding using

an electron bunch.
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In addition, the effect of imposing a density step in the plasma will be in-
vestigated. Simulations show that the amplitude of wakefields decays after their
saturation, however the application of a density step can be used to maintain a
near-saturation amplitude for a long distance. A new vapour source with additional
observation ports and diagnostics will be exchanged with the current source, en-

abling direct measurements of the plasma wakefields.

As the self-modulation was found to saturate over a distance of 3 to 5 m [46],
experiments involving a 10 m long self-modulator plasma followed by a 10 m long
accelerator plasma will be conducted. To facilitate this, a second electron source
and a second vapour source will be implemented into the beamline (as shown in
figure 2.17). The second vapour source will be ionised using a second laser beam
that is injected from the downstream end, propagating backwards with respect to

the proton beam.
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Figure 2.17: Layout for run 2 of the AWAKE experiment showing the new electron source,
vapour source, and laser beam that are to be introduced. Image reproduced
from Ref. [45].

Finally, the second plasma source will be exchanged with a different plasma
technology. Creating plasma using laser ionisation becomes limited at longer dis-

tances by the depletion of energy as the laser pulse propagates through the vapour,
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therefore plasma sources without length limitations will be investigated. The use of
helicon argon plasma [47] and direct-current electrical discharge in noble gases [48]

are currently under study.

2.2.5 Particle Physics Applications

The first considered application of electron bunches provided by the AWAKE
scheme involves firing them at a metal target, potentially producing a hypothetical
particle known as the dark photon. The collision of an electron beam with a fixed
target requires less challenging beam parameters than other use cases such as an
electron-positron collider, making it a suitable initial application while still having
a strong and novel particle physics case. The design of a dark photon search exper-

iment based on the AWAKE scheme is the focus of chapter 5 of this thesis.

Another considered initial application is the investigation of strong-field quan-
tum electrodynamics (QED) in electron-laser collisions. As electrons pass through
an intense laser pulse they experience a strong field within which QED becomes
non-linear. Such experiments are capable of probing physics within extraordinary
conditions, such as those at the surface of a neutron star or the event horizon of a
black hole. As the collision rate is limited by the roughly 1 Hz repetition frequency
of high power lasers, the requirement on the luminosity of the electron bunches is
less stringent, resulting in this being a suitable initial application of the AWAKE

scheme.

Collisions between electrons and protons provide the next potential applica-
tion. As the emittance of the proton beam dominates, less stringent requirements
are placed on the emittance of the electron beam, making it a suitable near future
application. Collisions between O(50GeV) electrons and protons from the LHC, as
proposed in the PEPIC (plasma electron-proton/ion collider) project [49], allow for
investigation into quantum chromodynamics in a new kinematic regime. Collisions

between 3 TeV electrons and protons from the LHC, as proposed in the VHEeP
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collider [50], allow for investigation into hadronic cross sections and their potential
saturation, while also being sensitive to physics beyond the standard model such as

quark substructure and leptoquarks.

Lastly, the use of the AWAKE acceleration scheme is considered as a possible
technology for the injector of a future electron-ion collider (EIC) at Brookhaven
National Laboratory [51]. The EIC is expected to collide 275 GeV protons from its
4 km long proton accelerator with electrons of up to 20 GeV. The AWAKE scheme
can provide an electron beam meeting the specifications of the EIC, and potentially
provide even higher energy electrons, thereby extending the kinematic reach of the

EIC in its investigation of parton dynamics in the proton [52].



Chapter 3

Repetition Rate of Plasma Wakefield

Acceleration

Continuous repetition of the plasma wakefield acceleration process is necessary for
the application of this technique to particle physics experimentation. The use of a
second high voltage discharge system to ensure that the plasma is refreshed to the
same state for the acceleration of a second electron bunch is demonstrated at the
FLASHForward experiment, and the time taken for this to occur has been measured

experimentally under a variety of plasma conditions.

3.1 Motivation

A gradient in the pressure between the plasma capillary and surrounding vacuum
results in the expulsion of some of the plasma. Restoration of this lost material can
be achieved by filling the capillary with gas and using it to create more plasma. Any
plasma remaining in the capillary after the expulsion will undergo recombination,
and therefore must also be converted into plasma again. The time taken for the
plasma to achieve the same state for the acceleration of a subsequent electron bunch
as it was for the previous electron bunch determines the rate at which the plasma

wakefield acceleration process can be repeated.

In the case of plasma generation using a high voltage discharge system, contin-



3.2. Experimental Method 53

uous plasma wakefield acceleration would require either stacking several discharge
units, or developing a discharge unit with a switch capable of indefinitely reigniting
the plasma at a sufficiently high frequency. The latter option, being more flexible
and efficient, is planned to be employed at the FLASHForward experiment. Once
installed, the validity of sustained plasma wakefield acceleration at high repetition
rates can be tested. Prior to this, an upper limit on the repetition rate of unsustained
plasma wakefield acceleration can be determined through the use of a single addi-

tional discharge unit identical to the current unit.

3.2 Experimental Method

Operation of the FLASHForward beamline with two identical and independently
controlled discharge units allows for a second high voltage discharge to be fired
through the gas at a variable time delay with respect to the first discharge. The
acceleration of an electron bunch via the plasma created during the second dis-
charge is characterised for different values of this time delay. The repetition rate
can then be obtained by determining the minimum separation in time at which the
acceleration signal is seen to be consistent with the signal observed when using

only a single discharge.

The timeline of the experiment relative to the first high voltage discharge, as
well as the typical timescales of processes that govern plasma wakefield evolution,
are shown below (see figure 3.1). The time delay between the two discharges varies
between 0.5 ps and 20 ms, and the electron bunch is injected shortly after the second
discharge. This range encompasses the gas refill timescale, enabling measurements

of the time taken for the lost material to be replenished.

Measurements in argon plasma were taken for each combination of backing
pressures of 15.4, 20.6, 30.1, and 40.0 mbar, and discharges of 15, 20, and 25 kV,

with the exception of an unstable configuration at 40.0 mbar and 25 kV where
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Figure 3.1: Timeline of the experimental method, indicating when the second high volt-
age discharge and the beam injection occurs relative to the first high voltage
discharge. The timescales of processes that govern plasma wakefield evolution
are also shown.

the acceleration signal fluctuated significantly. Backing pressure refers here to the
absolute pressure of gas in the buffer volume of the FLASHForward gas system

(see figure 3.2), and can be adjusted using a flow valve.
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Figure 3.2: Schematic of the FLASHForward gas system. High pressure gas is regulated
to ~1 bar and a flow valve limits gas flow to the buffer volume. Gas can only
exit the system via the ends of the plasma cell, resulting in a constant mass flow
between the flow valve and vacuum.

A ‘separation’ scan and a ‘reference’ dataset was taken for each configura-
tion. The separation scan refers to measurements taken for a variety of time delays
between the first and second discharge, and the reference dataset refers to the mea-
surements taken using only one discharge. The reference images were taken to be
compared with each time delay in the separation scan, allowing for the repetition
rate to be determined. Measurements in hydrogen plasma were also taken using a

configuration of 17.5 mbar and 27 kV.
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3.3 Spectrometer Image Analysis

Interaction of background particles with the spectrometer screen results in the pres-
ence of pixels throughout the image with count rates arising from sources other than
the signal bunches. These background counts are removed from the spectrometer
image using various background subtraction techniques. This allows for the bunch

energies to be determined, thereby enabling a plasma reset signature to be defined.

3.3.1 Pixel Threshold Value

A region of the spectrometer image that does not contain the drive and witness
bunches is selected so that the distribution of background counts can be investi-
gated. This region was selected as the first 300 rows in the spectrometer image

shown below (see figure 3.3).
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Figure 3.3: An unprocessed spectrometer image of size 1056 by 890 pixels. The region
selected for investigating the distribution of background counts is indicated by
a red rectangle.
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The distribution of background counts is plotted (see figure 3.4). The mean
pixel count in this region, &, is determined to be 0.4711 pixels, and the root mean

square of pixel count in this region, xgys, is determined to be 4.4967 pixels.
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Figure 3.4: Distribution of pixel counts in the background region.

Defining a pixel threshold value, x7, allows for pixels to be classified as back-
ground and therefore removed if their counts are below the threshold. This threshold
is defined as

X7 = X+n-Xgus, (3.1)

where n is a positive integer selected such that as many background pixels are
removed as possible without affecting the drive and witness bunches. Although
removing background pixels below the threshold value does not sufficiently remove
all background, it greatly increases the computation speed of the subsequent back-
ground subtraction techniques that are yet to be applied. The effect of defining the

pixel threshold value for n ranging from O to 3 was investigated (see figure 3.5).
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Figure 3.5: The drive (left) and witness (right) bunches shown after the first background

subtraction stage. Pixels with values below the threshold value are set to zero.
A threshold value of xp = X+ n - xgys is used where n = 0,1,2,3 from top to
bottom.
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Setting n equal to 3 was found to sufficiently speed up the background subtrac-
tion procedure of this spectrometer image while also leaving the drive and witness
bunch signals unaffected. As images taken within the same run have similar beam
parameters, the determined value of n is suitable for all spectrometer images within
a given dataset. However, across multiple runs, it is possible that the value of n will

need to be determined again.

3.3.2 Connected Component Analysis

A connected component refers to a collection of pixels, each of which being con-
nected to at least one other pixel in the collection. Two pixels are part of the same
collection if they are connected along the horizontal, vertical, or diagonal direction.
The construction of these components allows for their comparison by properties
such as total area or mean pixel value, leading to the identification of the drive and

witness bunches among the background.

In the simplest scenario, as is the case for the spectrometer image mentioned
thus far, the connected components can be listed in descending order based on their

total area (see table 3.1).

Table 3.1: List of the total area and mean pixel value of the five largest connected com-
ponents in the spectrometer image discussed above. Components are listed in
descending order based on their total area.

Total Area (pixel) | Mean Pixel Value (pixel)
16808 44.274
932 118.7
9 19.0
8 20.625
8 15.875

Removing all connected components other than the two components with the
largest areas results in only the components corresponding to the drive and witness

bunches left remaining (see figure 3.6).
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Figure 3.6: Connected components with areas less than the two largest components are
removed, resulting in only the drive and witness bunches left remaining.

An additional complication arises if the acceleration is low enough such that
the drive and witness bunches are not sufficiently separated, resulting in them form-
ing a single connected component. In this case, removing all components with
areas less than the two largest components results in the combined drive and wit-
ness bunches left remaining, along with the next largest background component(s)

as shown in figure 3.7.
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Figure 3.7: Connected components with areas less than the two largest components are
removed, resulting in the combined drive and witness bunch component left
remaining, along with multiple background components (circled in red) each
having the second largest area.

A table listing the connected components in descending order based on their

mean pixel value reveals that a number of components have the second largest area
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of 3 pixels (see table 3.2).

Table 3.2: List of the total area and mean pixel value of the nine largest connected compo-
nents in the spectrometer image shown in figure 3.7. Components are listed in
descending order based on their mean intensity.

Total Area (pixel) | Mean Pixel Value (pixel)

11547 93.88

3 28.333

22.667
22,0

20.667
18.0

16.333

15.667

15.333

W W W W W W W

The mean pixel values of the connected components can be used to determine
whether the drive and witness form two distinct connected components. When they
are separate, the largest component has a lower mean pixel value than the second
largest component (as shown in table 3.1). When they are connected, the largest
component also has the largest mean pixel value (as shown in table 3.2). With
the spectrometer image now being classified as having a connected drive and wit-

ness bunch, all but the largest connected component can be removed (see figure 3.8).
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Figure 3.8: Connected components with areas less than the largest component are removed,
resulting in only the connected drive and witness bunches left remaining.
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Identifying whether the drive and witness bunches are connected using this
method relies on the assumption that the witness bunch has a larger mean pixel
value than the drive bunch. Although this is true for every spectrometer image in
the dataset discussed above, different runs with different beam parameters can result
in the drive bunch having the larger mean pixel value. This is problematic as the
largest connected component will also have the largest mean pixel value whether

the drive and witness bunches are connected or not.

A dataset where the spectrometer images contain drive bunches with larger
mean pixel values than the witness bunches is considered below. In the case that
the drive and witness bunches form two distinct connected components, the two
components with the largest areas are kept and all other components are removed

(see figure 3.9).
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Figure 3.9: A spectrometer image where the drive bunch has a larger mean pixel value than
the witness bunch. Connected components with areas less than the two largest
components are removed, resulting in only the drive and witness bunches left
remaining.

A table listing the connected components in descending order based on their
total area is used to calculate the product of the total area and mean pixel value
for the two largest components to determine their ratio (see table 3.3). For this
spectrometer image, the product of the area and mean pixel value for the largest
and second largest components are found to be 907856 and 24491 respectively,

resulting in a ratio of 37.
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Table 3.3: List of the total area and mean pixel value of the two largest connected com-
ponents in the spectrometer image shown in figure 3.9. Components are listed
in descending order based on their total area. The product of the total area and
mean pixel value is also provided for both components.

Total Area (pixel) | Mean Pixel Value (pixel) | Product of Area and Pixel Value
17441 52.053 907856
595 41.161 24491

Should the drive and witness bunches form a single connected component,
removing all but the two largest area components will result in the combined drive
and witness bunches left remaining, along with the next largest background com-

ponent(s) as shown in figure 3.10.
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Figure 3.10: A spectrometer image from a dataset where the drive bunches have larger
mean pixel values than the witness bunches. Connected components with
areas less than the two largest components are removed, resulting in the com-
bined drive and witness bunch component left remaining, along with a single
background component (circled in red).

A table listing the connected components in descending order based on their
total area is again used to calculate the product of the total area and mean pixel
value for the two largest components to determine their ratio (see table 3.4). For
this spectrometer image, the product of the area and mean pixel value for the largest
and second largest components are found to be 1146202 and 97 respectively, result-

ing in a ratio of 11817.
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Table 3.4: List of the total area and mean pixel value of the two largest connected com-
ponents in the spectrometer image shown in figure 3.10. Components are listed
in descending order based on their total area. The product of the total area and
mean pixel value is also provided for both components.

Total Area (pixel) | Mean Pixel Value (pixel) | Product of Area and Pixel Value
6953 164.85 1146202
8 12.125 97

As the mean pixel value itself is no longer sufficient to classify whether the

drive and witness bunches are separate or connected, the ratio of the products is

used instead. Images where the drive and witness bunches form a single connected

component have a much larger ratio than when the drive and witness bunches are

sufficiently separated. This was verified by plotting the ratio for 200 spectrometer

images that have been classified manually (see figure 3.11).
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Figure 3.11: Ratio of the product of total area and mean pixel value for spectrometer im-
ages where the drive and witness bunches are connected (blue) or separate

(red).

A criteria was defined whereby spectrometer images with a ratio above 103

are classified as having a connected drive and witness bunch, and those with a ratio
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below 103 are classified as having sufficiently separated drive and witness bunches.
With the recently considered spectrometer image now being classified as having a
connected drive and witness bunch, all but the largest connected component can be

removed (see figure 3.12).
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Figure 3.12: Connected components with areas less than the largest component are re-
moved, resulting in only the connected drive and witness bunches left remain-
ing.

3.3.3 Light Leakage

Another source of background arises from light leakage between two adjacent spec-
trometer screens. This is particularly troublesome when the leakage overlaps with
a signal bunch, resulting in a connected component consisting of both the signal

bunch and the light leakage (see figure 3.13).
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Figure 3.13: A spectrometer image where the light leakage overlaps with the witness
bunch, resulting in them forming a single connected component.
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When the acceleration is larger, the witness bunch is located further along the
horizontal axis than the light leakage, thereby forming a distinct connected compo-
nent (see figure 3.14). Such images can be used to construct a prediction of the how

the light leakage will present itself on the spectrometer screen.
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Figure 3.14: A spectrometer image where the light leakage is located between the drive
and witness bunches, resulting in its own connected component.

The leakage component is first isolated by investigating the absolute value
of the orientation for the three connected components with the largest major axis

lengths (see table 3.5).

Table 3.5: List of the major axis length and orientation of the three connected components
with the largest major axis lengths for the spectrometer image shown in fig-
ure 3.14. Components are listed in descending order based on their major axis

length.
Major Axis Length (pixel) | Orientation (°)
525.53 —1.9605
347.65 —88.568
178.45 2.3586

Components where the absolute value of the orientation is less than 85 are
removed, resulting in an image consisting of only the leakage (see figure 3.15a).
This is repeated to obtain a further nine such images (see figures 3.15b to 3.15j),

allowing for a prediction of the leakage to be constructed (see figure 3.15k).
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Figure 3.15: Isolated light leakage components from ten spectrometer images (a-j) are used
to predict the light leakage in further spectrometer images (k).
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The pixel threshold value is set to a lower value than usual to ensure that the
entire leakage can be obtained for all ten of the spectrometer images. The predicted
leakage image is constructed by averaging the ten images and removing pixels with
a low count rate. This prediction can then be subtracted from any image where
the leakage overlaps with a signal component. A demonstration of this subtraction

using the spectrometer image shown in figure 3.13 is shown below (see figure 3.16).
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Figure 3.16: Subtraction of the predicted light leakage component from the spectrometer
image shown in figure 3.13.

3.3.4 Bunch Energies

Determining the energy of the drive and witness bunches requires first converting
the horizontal position of the spectrometer screen into its corresponding energy, the

spectrometer image shown in figure 3.6 is used to demonstrate this (see figure 3.17).
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Figure 3.17: A spectrometer image where the x-axis is converted to energy in MeV.
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This conversion is determined by calculating electron trajectories based on the
dipole current recorded in the dataset, and therefore needs to be determined for
each dataset. A plot showing how each column of pixels corresponds to energy
in the dataset of the above spectrometer image is shown below (see figure 3.18).
The trajectory model has been validated with calibration scans using non-interacted

electron bunches of known energy.
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Figure 3.18: Relationship between the horizontal position on the spectrometer screen and
energy.

The bunch energies, ug, are then calculated for both the drive and witness

bunches using the equation
= Y, Ei-dQ;
2, dQ

where E; is the energy corresponding to column i of the spectrometer image, and

) (3.2)

dQ; is the sum of the pixel values within column i.

A histogram of the sum of pixel values for each energy is shown below (see
figure 3.19). The minima of the histogram located between the first and last non-
zero values is used to determine the range of columns used to calculate the drive
bunch energy (shown in red), as well as the range of columns used to calculate

the witness bunch energy (show in blue). In the case that the drive and witness
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bunches form a single connected component, the energy calculation is done using

all columns to obtain the energy of the combined bunches.
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Figure 3.19: Histogram of the sum of pixel values for each column of energy in the spec-
trometer image shown in figure 3.17. Bins corresponding to the drive and
witness bunches are shown in red and blue respectively.

3.3.5 Reset Signature

The separation scan and reference datasets can be visualised using a waterfall plot.
Each column of this plot is produced by rotating a spectrometer image 90° anti-
clockwise before compressing it into a single column so that it can be inserted into
the waterfall. A waterfall plot of the reference measurements corresponding to the
dataset involving argon plasma with a backing pressure of 30.1 mbar and a high
voltage discharge of 25 kV is shown below (see figure 3.20). It can be seen that the
energy of both the drive and witness bunches steadily increases in the later shots,
suggesting the presence of an unwanted drift in the electron energy during data

acquisition.

Drift in the electron energy during a set of measurements presents a source of
systematic uncertainty that must be accounted for. However, drift in the electron
energy occurring between the separation scan dataset and reference dataset is par-

ticularly problematic as it inhibits their comparison. Consequently, the repetition
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Figure 3.20: Waterfall plot of a set of reference measurements showing a drift in the mea-
sured energy of the drive (lower energy band) and witness (higher energy
band) bunches.

rate is instead found by constructing reset signature plots (see figure 3.21) that com-
pare the consistency of the final measurements in the separation scan. These plots
show that as the time between discharge pulses increases, the energy transferred
from the drive bunch to the witness bunch initially decreases as material is lost from
the capillary. However, at longer times the energy transferred increases as the lost
material is replenished, before a stable energy transfer is reached when the capillary

is full.

The mean energy of the drive and witness bunches for each separation time
are calculated for the purpose of establishing a reset signature. Outlier energies,
defined as energies more than three scaled median absolute deviations from the
median energy, are removed from the calculation of the mean. The uncertainty for

each mean energy is initially (as seen in figure 3.21a) given by the standard error

OE

where og and n are the standard deviation and the number of values of the energies

comprising that mean energy.
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(a) Witness (blue) and drive (red) bunch energies of the separation scan where the uncertainty is
given by the standard error, the combined bunch energies (purple) are plotted where the witness
and drive bunches can not be resolved (top). The reduced chi-squared statistics of horizontal fits

to the drive and witness energies as a function of how many points are fitted (bottom).
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(b) The reduced chi-squared statistics of horizontal fits to the drive and witness energies as a function

of how many points are fitted. The uncertainty is estimated using the reference dataset.
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(¢) The reduced chi-squared statistics of horizontal fits to the drive and witness energies as a function
of how many points are fitted. The uncertainty is inferred a posteriori using the reduced chi-
squared statistics from figure 3.21a.

Figure 3.21: Energies of the witness and drive bunches as a function of time between pulses
of the high voltage discharge, with the reduced chi-squared statistics calcu-
lated using statistical uncertainty (top), estimated using the reference dataset
(middle), and inferred a posteriori (bottom).
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For both the drive and witness energies, a horizontal line is fitted to the final k
points, with k increasing from 2. The reduced chi-squared statistic of the drive and
witness fits, xg and szv respectively, are calculated for each value of k. The largest
value of k for which the reduced chi-squared statistics still indicate a good fit gives

the upper limit on the repetition rate.

Due to the witness bunches carrying less charge than the drive bunches, the
witness energy gain is larger than the drive energy loss. As a result, the witness
bunch energies provide a more sensitive probe of the acceleration efficacy. Conse-
quently, the witness energies are also more sensitive to drifts in the electron energy.
As this source of systematic uncertainty has yet to be accounted for, the reduced
chi-squared statistic of the witness fit suggests a poor fit to the data. Nonetheless, it
can be seen for this particular separation scan that a drastic increase in the reduced
chi-squared statistics occur when performing the fit with the final five points, indi-
cating that the energies are relatively consistent among the final four points and that
the ideal conditions for a subsequent acceleration (where the state of the plasma
capillary is the same as it was for the previous acceleration) may be achieved within
2 ms. Furthermore, it is unlikely that the final eight points are instead what rep-
resent these conditions, as the fluctuation between each of these adjacent points is
on average much smaller than the energy increase between the fourth-to-last and

fifth-to-last point.

Investigations were made into whether a more representative uncertainty could
be determined through comparison of the largest time delay of the separation scan
with the reference dataset. Assuming that the ideal acceleration conditions are
reestablished within 20 ms, any observed difference should arise entirely from the
combined statistical and systematic uncertainties. The relative change in the mean
energies between these two experimental configurations was taken as the corrected
uncertainty on the mean energies of the separation scan, allowing for the reduced

chi-squared statistics to be recomputed (see figure 3.21b). It can be seen that the
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reduced chi-squared statistics now suggest that the model is over-fitting to the data,
indicating that the errors are overestimated. This is likely because the drift in elec-
tron energy between the separation scan and reference measurement is larger than
the drift in electron energy between measurements of different time delays within

the separation scan.

An alternative approach of accounting for drifts in the electron energy is to
use the reduced chi-squared statistics to obtain corrected uncertainty estimates, &,
a posteriori. In the dataset considered here it is clear that the ideal acceleration
conditions are reestablished within at least 5 ms, as this is the time between high
voltage discharge pulses which corresponds to the largest witness bunch energy
gain. As a horizontal fit between the final three points must model the data well, the

corrected uncertainty estimates can be given by
6 =4/0%x?, (3.4)

where o are the initial uncertainty estimates given by the standard error, and x>
is the reduced chi-squared statistic calculated from a fit of the final three points.
Applying this method and recomputing the reduced chi-squared statistics (see fig-
ure 3.21c) indicates that the horizontal fit models the data well, further suggesting
that the corrected uncertainty estimates are representative of the true error. It can
now be seen that performing the fit with the final four points results in x%, <1and
23 < 1, confirming with additional rigour that the ideal conditions for a subsequent

acceleration are achieved within 2 ms.

3.4 Results

The method of estimating the uncertainties a posteriori is applied to all datasets
and the time taken for the plasma to achieve the same state for the acceleration of
a subsequent electron bunch is determined for each of the experimental configura-

tions. Due to having less sensitivity, the reset signature is occasionally achieved
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earlier by the drive bunch than the witness bunch, therefore the reset signature of
the witness bunch is used to determine the reset time. The final waterfall and reset
signature plots corresponding to the argon plasma configurations are shown below
in descending order of pressure, with equal pressures further sorted in ascending
order of voltage (see figures 3.22 to 3.32). Additionally, the plots corresponding to

the hydrogen plasma configuration are also shown (see figure 3.33).
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(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the
electron bunches and their standard error overlaid.
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(b) Bunch energies for the separation scan (top). x%, (middle) and x,% (bottom) against number of
points fitted are plotted, with the reset time circled in black.

Figure 3.22: Data taken in an argon plasma capillary at 40.0 mbar backing pressure using
HV discharge pulses of 15 kV.
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(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the
electron bunches and their standard error overlaid.
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(b) Bunch energies for the separation scan (top). x‘%, (middle) and 1[2, (bottom) against number of
points fitted are plotted, with the reset time circled in black.

Figure 3.23: Data taken in an argon plasma capillary at 40.0 mbar backing pressure using
HYV discharge pulses of 20 kV.



3.4. Results 77

1110

1090

1010

9980

T T 1T T 1 T 1
B N
QQQ Q-Q QQQ Qv Qb O Q.Q' Q.Q' Q- Q‘?Q’.\QJ 1 o '\Q rl/Q
Time between HV discharge pulses (ms)

(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the
electron bunches and their standard error overlaid.
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(b) Bunch energies for the separation scan (top). x‘%, (middle) and 1[2, (bottom) against number of
points fitted are plotted, with the reset time circled in black.

Figure 3.24: Data taken in an argon plasma capillary at 30.1 mbar backing pressure using
HYV discharge pulses of 15 kV.
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(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the
electron bunches and their standard error overlaid.
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(b) Bunch energies for the separation scan (top). x‘%, (middle) and 1[2, (bottom) against number of
points fitted are plotted, with the reset time circled in black.

Figure 3.25: Data taken in an argon plasma capillary at 30.1 mbar backing pressure using
HYV discharge pulses of 20 kV.
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(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the

electron bunches and their standard error overlaid.
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points fitted are plotted, with the reset time circled in black.

Figure 3.26: Data taken in an argon plasma capillary at 30.1 mbar backing pressure using

HV discharge pulses of 25 kV.
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(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the
electron bunches and their standard error overlaid.
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(b) Bunch energies for the separation scan (top). x%, (middle) and x,% (bottom) against number of
points fitted are plotted, with the reset time circled in black.

Figure 3.27: Data taken in an argon plasma capillary at 20.6 mbar backing pressure using
HV discharge pulses of 15 kV.
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(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the
electron bunches and their standard error overlaid.
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(b) Bunch energies for the separation scan (top). x%, (middle) and x,% (bottom) against number of
points fitted are plotted, with the reset time circled in black.

Figure 3.28: Data taken in an argon plasma capillary at 20.6 mbar backing pressure using
HV discharge pulses of 20 kV.
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(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the
electron bunches and their standard error overlaid.
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(b) Bunch energies for the separation scan (top). x%, (middle) and x,% (bottom) against number of
points fitted are plotted, with the reset time circled in black.

Figure 3.29: Data taken in an argon plasma capillary at 20.6 mbar backing pressure using
HV discharge pulses of 25 kV.
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(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the
electron bunches and their standard error overlaid.
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(b) Bunch energies for the separation scan (top). x%, (middle) and x,% (bottom) against number of
points fitted are plotted, with the reset time circled in black.

Figure 3.30: Data taken in an argon plasma capillary at 15.4 mbar backing pressure using
HV discharge pulses of 15 kV.
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(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the
electron bunches and their standard error overlaid.
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(b) Bunch energies for the separation scan (top). x%, (middle) and x,z) (bottom) against number of
points fitted are plotted, with the reset time circled in black.

Figure 3.31: Data taken in an argon plasma capillary at 15.4 mbar backing pressure using
HV discharge pulses of 20 kV.
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(a) Waterfall plot of the separation scan and reference measurements with the mean energy of the

electron bunches and their standard error overlaid.
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(b) Bunch energies for the separation scan (top). x%, (middle) and x,z) (bottom) against number of

points fitted are plotted, with the reset time circled in black.

Figure 3.32: Data taken in an argon plasma capillary at 15.4 mbar backing pressure using

HYV discharge pulses of 25 kV.
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Figure 3.33: Data taken in a hydrogen plasma capillary at 17.5 mbar backing pressure using
HV discharge pulses of 27 kV.
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3.5 Discussion

The reset signature of the drive bunch is achieved either earlier or at the same time
as the reset signature of the witness bunch for each configuration, indicating that
while the drive bunch signature is less sensitive it still provides results consistent
with the witness bunch signature. The reset times for each configuration of argon
plasma are shown below (see figure 3.34), where the reset signature of the witness

bunch is used to determine the reset time due to its higher sensitivity.

It can be seen that having too high of a backing pressure causes the reset time
to increase substantially. Similarly, having too low of a pressure also causes a slight
increase in the reset time. Changes in the discharge voltage have a less significant
effect, however it can still be seen that higher voltages sometimes result in faster
reset times. These results suggest that there is an optimal pressure value, between

15.4 and 30.1 mbar in the case of argon, where the reset time is minimised.
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Figure 3.34: Measured reset times for different experimental configurations of the argon
plasma capillary. The grey cell corresponds to a configuration where no mea-
surements were taken.
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Through consideration of the reset times in isolation, an alternative inter-
pretation is that the reset dynamics have converged for pressures at and below
20.6 mbar, with any differences in the corresponding measurements being statisti-
cally insignificant. However, inspection of the reset curves (see figure 3.35) shows
vastly different reset dynamics at 15.4 mbar (red dotted lines) when compared to
20.6 mbar (blue dotted lines), as indicated by the gap between these curves at
smaller discharge pulse delays. This supports the claim that these configurations

can be distinguished statistically despite the similarity between their reset times.
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Figure 3.35: Reset curves indicating the energy of the witness and drive bunches, and there-
fore the readiness of the plasma for acceleration, as a function of time between
the current and previous discharge pulses. The curves are labelled according
to the backing pressure of the configuration.

Further inspection of the reset curves reveals that configurations with higher
pressures take longer for the acceleration to begin. This suggests that the reset time
is largely affected by the expulsion of material, as with more material to expel it
takes a longer time before the capillary can begin to refill. The steeper gradients
on the higher pressure curves indicate that the capillary refills faster at these higher
pressures. However, despite this faster refill, the observation that higher pressure

configurations have an overall slower reset time shows that it is the delay before the
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refill can begin rather than the time taken to refill that dominates the reset time. This

indicates material expulsion rather than material refill to be the dominant limiting

mechanism, contrary to initial expectations.

The observed decrease in reset time at higher discharge voltages likely follows
from a decreased expulsion time due to a stronger discharge, allowing for refill of
the capillary to begin sooner. This is supported by the reset curves for 30.1 mbar
and 40.0 mbar (see figure 3.36), where the curves corresponding to a larger voltage

begin earlier in time. Although the reset curves for 20.6 mbar each begin at the
same time of 0.02 ms, the higher voltage curves show more energy gain at this
time, indicating that more material refill has already occurred. The plasma density
remains large enough to always accelerate the second electron bunch in each of the
15.4 mbar configurations, therefore no comment can be made about how the time
delay for acceleration to begin depends on the discharge voltage. However, it can
be seen that the choice of discharge voltage is less significant for smaller pressures

than for larger pressures, likely because any parameter that affects expulsion will be
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Figure 3.36: Reset curves indicating the energy of the witness bunch as a function of time
between the current and previous discharge pulses for the 15.4 mbar (far left),
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configurations. The curves are labelled according to the voltage parameter of

the configuration.

The fastest measured reset time of the argon plasma capillary, corresponding to
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the 20.6 mbar configurations with 20 kV and 25 kV high voltage discharge pulses,
was determined to be 0.50 ms. This corresponds to a repetition rate of 2.0 kHz,
demonstrating that the acceleration of a subsequent electron bunch can be repeated
at a rate of O(kHz). The measured reset time of the hydrogen plasma configuration
was determined to be 0.22 ms, corresponding to a repetition rate of 4.55 kHz. The
lower mass of hydrogen molecules in comparison to argon molecules, resulting
in faster expulsion and refill, provides a reasonable explanation for why a higher

repetition rate is achieved using hydrogen.

It should be noted that as this study involves measurements of only two con-
secutive acceleration events, it is still unclear if further subsequent acceleration
events can be replicated with the same repetition rate as is reported from these
measurements. Further studies involving the subsequent acceleration of multiple
electron bunches will be critical for establishing the rate limitations of consistent

and sustained plasma wakefield acceleration.

On the other hand, accelerating multiple electron bunches within the same
plasma lifetime, as opposed to generating a new plasma for each acceleration event
as was done here, allows for further increase of the average power of the accelerator.
The European X-ray Free Electron Laser [53] is expected to provide bunch trains
of 2700 bunches with a train repetition rate of 10 Hz and a 220 ns inter-bunch sep-
aration. The International Linear Collider [54] is expected to provide bunch trains
of 1312 bunches with a train repetition rate of 5 Hz and a 554 ns inter-bunch sepa-
ration. Similarly, a mode of operation for plasma wakefield accelerators should be
considered where bunch trains are provided with a train repetition rate of 4.55 kHz
and with an inter-bunch separation of 63 ns. In this case, the train repetition rate
(determined in this chapter) is limited by the expulsion and refill of material in the
capillary, and the inter-bunch separation is limited by the ion motion of the plasma
following the previous acceleration event (as discussed in section 2.1.4). Further

study is needed to determine how many bunches would be within each bunch train.



Chapter 4

Simulation of Gas Filling in the

FLASHForward Capillary

The effects contributing towards the limitation on the maximum achievable repe-
tition rate are not well understood. In particular, it is unclear how the expulsion
and the refill of material individually affect the repetition rate, as well as how these
effects depend on parameters such as the backing pressure. Simulation of the entry
of gas into the plasma capillary is used to provide a more complete understanding

of the reset curve dynamics presented in the previous chapter.

4.1 Motivation

Initially it was assumed that the repetition rate of plasma wakefield acceleration was
ultimately limited by the time taken to replenish lost material within the capillary,
and so it was expected that higher backing pressures would increase the repetition
rate. However, the experimental measurements performed in the previous chapter

show that increasing the backing pressure can in fact decrease the repetition rate.

In order to gain further insight on how the experimental measurements should
be interpreted, it would be useful to understand the dynamics involved with the
filling of the capillary. Any discrepancy between this understanding and the experi-

mental measurements would indicate the effect of other processes on the repetition
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rate, either validating the conclusions made in the previous chapter or prompting

their reassessment.

4.2 Simulation

Ansys Fluent [55] was used to simulate the filling of the FLASHForward cap-
illary. Several equations describing the fluid dynamics of the system are solved
computationally, thereby enabling the behaviour of the fluid flow to be described
(see section 4.2.1). The geometry of the FLASHForward capillary was accurately
modelled, allowing for simulations to be performed in alignment with the experi-
mental configuration (see section 4.2.2). Finally, the pressure at the midpoint of the
capillary as a function of time was determined to be an appropriate metric to gauge
the filling of the capillary, and is therefore selected as the simulation output (see

section 4.2.3).

4.2.1 Theory

The first of these equations is the continuity equation which ensures that mass is
neither created nor destroyed, its general form is given by
dp

=V (p7) =5 (4.1)

where p is the fluid density, 7 is time, V is the velocity of the fluid, and S,, is a source
term representing mass addition. This equation states that the change in density at a
given point in space is determined by the net flow of mass into or out of that point,

accounting for any additional mass sources and sinks.

The second equation is the conservation of momentum equation and is given
by

0 — S
5, (P + V- (pV©F) = ~Vp+ V- (T)+pg +F 4.2)

where p is the fluid density, 7 is time, V is the velocity of the fluid, p is the static
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pressure, 7 is the stress tensor, g is the acceleration due to gravity, and F represents
external forces. This ensures that momentum within the fluid is conserved, taking
into account any forces acting on the fluid due to the pressure gradient, internal

friction, gravity and any potential external forces.

The third equation, used to model heat transfer, is the conservation of energy

equation and is given by

%(pE) +V-(V(pE+p))=V- (keffw—;hjfﬁ (%eff-v)> +8,  (4.3)
where p is the fluid density, ¢ is time, E is the total energy, V is the velocity of
the fluid, p is the static pressure, kg is the effective thermal conductivity, T is
the temperature, /; is the specific enthalpy of species j, fj is the diffusion flux of
species j, Tefr 1S the effective stress tensor, and Sy is a source term representing
external heat sources. This equation shows that the change in energy density at a
given point depends on the convective flux of total energy, as well as the conductive
heat flux, internal heat sources and sinks, heat produced via internal friction, and

any potential external heat sources and sinks.

The realizable k — € model [56] is used to model turbulent flow within the
system, resulting in an additional two transport equations to be solved. The first of
these is used to account for turbulent kinetic energy (k), the energy associated with

turbulent fluctuations in the flow, and is given by

P p) 0 o\ dk
E(pk) - o (pkuj) = ox; KN T gk) a_xj} 4.4)

+ G+ Gy —pe—Yy+ Sk

where p is the fluid density,  is time, x; represents the spatial coordinate in the j-th
direction, u; represents the velocity component in direction x;, u is the dynamic
viscosity of the fluid, y; is the turbulent viscosity, o is the turbulent Prandtl number

for turbulent kinetic energy, Gy represents the generation of turbulent kinetic en-
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ergy due to velocity gradients in the fluid, G;, represents the generation of turbulent
kinetic energy due to buoyancy forces, € is the dissipation rate of turbulent kinetic
energy, Y, represents the dissipation of turbulent energy caused by density fluc-
tuations in compressible turbulence, and Sy is a source term representing external
turbulence sources. This means that the change in turbulent kinetic energy depends
on the transport, diffusion, generation, dissipation and damping of turbulent kinetic

energy, alongside additional contributions from external sources.

The second of these equations is used to account for the dissipation rate of
turbulent kinetic energy (€), the rate at which turbulent kinetic energy is converted

into internal energy, and is given by

0 ) 0 U\ o€
E(pe)Jra—xj (peuj) = F K/ﬁta) a—xj] +pCiSe

+Cie— C38Gb + Se

4.5)

—PC2k+\/—

where p is the fluid density,  is time, x; represents the spatial coordinate in the j-th
direction, u; represents the velocity component in direction x;, i is the dynamic
viscosity of the fluid, 1, is the turbulent viscosity, ¢ is the turbulent Prandtl num-
ber for the dissipation rate, C is a coefficient that adjusts the turbulence dissipation
based on the local strain rate, S is the mean strain rate, k is the turbulent kinetic
energy, Vv is the kinematic viscosity, G; represents the generation of turbulent ki-
netic energy due to buoyancy forces, S¢ is a source term representing additional
influences on the dissipation rate, and C,, Ci¢, and Cs¢ are constants established to
ensure that the model performs well. This means that the change in dissipation rate
depends on the transport, diffusion, generation and dissipation of the dissipation

rate, alongside additional contributions from external sources.

Each of the above continuous equations can be discretised in time and space.
Discretisation in time is achieved through the application of a time integration

scheme to integrate each term of the differential equations over a time step A¢, and
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discretisation in space is achieved by dividing the domain into a finite number of
volumes. Via discretisation, a set of algebraic equations representing the conser-
vation laws are obtained from the continuous equations. These algebraic equations
can then be solved using numerical methods until the solution converges, meaning

that the solution no longer changes significantly from one iteration to the next.

4.2.2 Configuration

To simulate the gas flow through the FLASHForward capillary, it is necessary to
first define its geometry. A model was created (see figure 4.1a) consisting of a
50 mm long capillary with a radius of 0.75 mm. Additional tubes with a radius of
1.5 mm are included towards each end of the capillary, representing the inlet pipes
used in the FLASHForward experiment. The model is then meshed (see figure 4.1b)
in order to discretise the spatial domain, allowing for the comparatively complex

geometry to be described by a collection of simpler volumes.

—

(a) Geometric model.

(b) Meshed model.

Figure 4.1: 3D models of the FLASHForward capillary before meshing (a) and after mesh-
ing (b).

4.2.3 Output

The choice of gas species and the rate at which the gas flows into the inlets are

provided as input parameters. A demonstration of the simulation is examined using
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hydrogen gas and a flow rate of 8 x 10~7 kgs~!. An assessment of how full the
capillary is at a given moment in time can be obtained by inspecting the pressure
within it. The pressure as a function of the longitudinal position along the length of
the capillary is plotted (see figure 4.2) for a variety of times between 0.01 ms and

1 ms, where each pressure value is taken at the centre of the circular cross-section

of the capillary.
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Figure 4.2: Simulation results corresponding to 8 x 1077 kgs~! of hydrogen gas entering
the capillary. The pressure as a function of the longitudinal position along the
length of the capillary is plotted for a variety of times between 0.01 ms (a) and
1 ms (f).
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It can be seen that at smaller times the highest pressure is at the points of
intersection between the inlet pipes and the capillary, whereas the lowest pressure is
at the midpoint of the capillary. As the time increases the pressure at the midpoint
of the capillary increases until it is equal to the pressure at the intersection points.
This configuration achieves equilibrium after approximately 1 ms, and is limited by

the time taken for the midpoint of the capillary to fill.

As the midpoint of the capillary is the last position to be filled, the pressure at
this position can be plotted as a function of time (see figure 4.3). This provides a
gauge of how full the capillary is at any given moment, and is obtained as an output

from each simulated run.
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Figure 4.3: Simulation results corresponding to 8 x 1077 kgs~! of hydrogen gas entering
the capillary. The pressure at the midpoint of the capillary as a function of time
is plotted.

4.3 Gas Filling in the FLASHForward Capillary

The relationship between the flow rate used in the simulation and the pressure used
in the FLASHForward experiment must be found (see section 4.3.1). Once this is

done, simulations that correspond to the experimental configurations discussed in
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the previous chapter can be performed (see section 4.3.2).

4.3.1 Flow Rate Calibration

Experimental data was taken at backing pressures of 15.4, 20.6, 30.1 and 40.0 mbar
for argon, as well as 17.5 mbar for hydrogen. Since the capillary opens to a vacuum,
the pressure inside the capillary is lower than the backing pressure, and it is neces-
sary to know the relationship between the backing pressure set during the experi-
ment and the capillary pressure seen in the simulation. This information is readily
available in the context of the FLASHForward capillary and gas system [57], and
has been plotted below (see figure 4.4). A quadratic function is fitted to the data so

that the capillary pressure resulting from a given choice of backing pressure can be

obtained.
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Figure 4.4: Relationship between the backing pressure of the FLASHForward buffer sys-
tem and the capillary pressure after achieving equilibrium for both argon and
hydrogen.

The relationship between the capillary pressure and the flow rate needed to
achieve such a pressure can be determined by running the simulation with differ-
ent flow rate inputs and then outputting the pressure once equilibrium is achieved

(see figure 4.5a for argon and figure 4.5b for hydrogen). As it is only the equilib-



4.3. QGas Filling in the FLASHForward Capillary 99

rium state that is of interest here, a steady-state simulation is performed rather than
modelling the evolution of the system over time as was done before. A quadratic
function is fitted to the data so that the flow rate needed to achieve a specific capil-

lary pressure can be obtained.
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Figure 4.5: Relationship between the capillary pressure at equilibrium and the flow rate for
both argon (a) and hydrogen (b).
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The flow rate corresponding to a given gas species and backing pressure can
then be determined by first using the fits from figure 4.4 to convert backing pressure
into capillary pressure, and then using the fits from figure 4.5 to convert capillary
pressure into flow rate. The flow rates corresponding to the experimental configu-

rations discussed in the previous chapter are given below (see table 4.1).

Table 4.1: Input flow rates for the gas filling simulation to correspond to a given backing
pressure and gas species in the FLASHForward experiment.

Gas Species Backing Flow
Pressure [mbar] | Rate [kg/s]
Hydrogen 17.5 1.68 x 1077
Argon 15.4 1.03 x 107°
Argon 20.6 1.56 x 107°
Argon 30.1 2.70 x 1076
Argon 40.0 4.15x107°

4.3.2 Gas Filling Curves

The flow rates determined above were used as input parameters to simulate gas
filling in the FLASHForward capillary. As different flow rates result in different
equilibrium pressures, the pressure of the capillary is normalised to represent the
fraction filled, allowing for ease of comparison. The fraction filled is defined as

P(t)
P,

(4.6)

where P(t) is the pressure at the midpoint of the capillary at time ¢, and P, is the
pressure at the midpoint after achieving equilibrium. Values for P, are obtained

from steady-state simulations.

4.4 Discussion

The gas filling curves are plotted for each of the experimental configurations (see

figure 4.6), and the reset curves shown in the previous chapter are presented again
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(see figure 4.7) to facilitate comparison between the simulation and experimental

data.
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Figure 4.6: Simulation results showing gas filling curves for different gas species and back-
ing pressures.
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argon at varying backing pressures.
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It can be seen from the gas filling curves that having a higher backing pressure
results in faster filling of the capillary. This is supported by the gradient of the reset
curves being steeper for higher pressures, which suggests that when the capillary
does start to re-fill it can do so faster when the backing pressure is larger. The
experimental observation that having too low a backing pressure causes an increase
in the reset time can be explained by the increased time it takes for the gas filling to

complete.

The gas filling curves show that the capillary can be considered full in less
than 3 ms for each configuration. However, the reset curves show that for larger
pressures it can take up to 10 ms to achieve the same acceleration signature. This
supports the claim that the material expulsion mechanism itself contributes signif-
icantly to the achievable repetition rate, as gas filling alone can not account for the

observed reset time.

The experimental measurements indicate that a reset time of 0.5 ms is achiev-
able with a backing pressure of 20.6 mbar. However, the corresponding gas filling
curve shows that the capillary can not completely fill within this time. This suggests
that not all material is expelled at lower backing pressures, and that the gas filling
starts with a significant amount of gas already present in the capillary. This is sup-
ported by the experimental observation that at the lowest tested backing pressure
the plasma density remains high enough to accelerate the second electron bunch at

all times.

In summary, the discrepancy between the gas filling simulation and the reset
time measurements indicates that the expulsion of material plays a dominant role in
determining the repetition rate of plasma wakefield acceleration. Agreement would
suggest that each acceleration event is limited by the time it takes to fill an empty
capillary with the expulsion process itself having no interference due to expelling

all material within a negligible amount of time, an assumption previously consid-
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ered to be reasonable. The disagreement highlights that for low backing pressure
configurations the assumption of having to fill an empty capillary is false, and for
high backing pressure configurations the assumption of expulsion not interfering

with the gas refill is false.

Further understanding of the factors that determine the repetition rate of plasma
wakefield acceleration could be obtained by simulating the effect of the high voltage
discharge on the plasma, thereby modelling the expulsion of the material. Consid-
ering this alongside the gas filling study presented in this chapter would provide a
better understanding of the physics processes involved, and a comparison between
these further simulation studies and the experimental measurements presented in
the previous chapter would confirm if the underlying processes have been fully

understood.



Chapter 5

Design of a Dark Photon Search

Experiment

The search for a hypothetical hidden sector particle known as the dark photon may
provide an interesting application for the recent advances in plasma wakefield accel-
eration. A new search is proposed using the AWAKE facility to provide a high num-
ber of electrons on target at a reasonably large energy. Simulations are performed

to optimise the experimental configuration and assess its discovery potential.

5.1 Dark Photons

The Standard Model of particle physics [1] is a gauge quantum field theory based
on the local SU(3)x SU(2)x U(1) gauge symmetry. Despite describing the strong,
weak, and electromagnetic forces remarkably well, there are several deficiencies
that demand the existence of additional physics beyond the Standard Model. Of
particular note, it provides no explanation for the origin of its symmetry, meaning
that a more complete theory could very well include additional gauge interactions.
Furthermore, it offers no insight into the nature of dark matter [5], an unknown

substance known to make up more than 80% of the matter in the universe.

One interesting avenue for the discovery of physics beyond the Standard
Model arises from the potential existence of a hidden sector, an additional sector

of particles that are not charged directly under the forces of the Standard Model
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but rather under at least one new gauge group [S8—61]. Particles of this hidden
sector may provide suitable candidates for dark matter, as they could experience
gravitational interactions while lacking strong and electromagnetic ones. However,
if their only interaction with our visible sector is through the gravitational force,
they are unlikely to ever be detected. As a result, we must disregard the idea that
all interactions are described by a gauge theory and instead rely on the existence of

a portal through which the dark and visible sectors can interact.

5.1.1 Portal Interaction

The form such a portal would take can be classified according to its mediator field,
with the best motivated cases being comprised of the vector (spin 1), neutrino (spin
1/2), Higgs (scalar), and axion (pseudo-scalar) mediators. Of particular interest is
the vector portal as it involves one dark and one visible abelian gauge boson, the
visible boson being the photon of the U(1) gauge group and the dark boson being
a new gauge boson known as the dark photon, denoted A’, which arises from an
additional U(1) symmetry. This is significant because the multiplication of the field
strengths of two abelian gauge fields result in a dimension four operator, allowing
the two gauge bosons to mix kinetically. The portal operator that gives rise to this

kinetic mixing is given by
E
zFqu“W, 5.1
where Fy;y is the photon field strength, F*"” is the dark photon field strength, and &

is the mixing parameter that determines the strength of the kinetic mixing [62].

Experimental efforts to detect the dark photon usually assume that the dark
photon has mass, as this provides a direct coupling between the dark photon and
the current of ordinary Standard Model matter. Further distinctions regarding the
experimental approach are made based on the value of the dark photon mass, as if
my > 2m, the visible decay channel into Standard Model particles becomes avail-

able. The decay into hidden sector states ¥ can also occur but through an invisible
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decay channel provided that m,4s > 2m,, and this channel may even dominate if the
coupling to the hidden sector states is large enough or if the visible decay channel

is kinematically inaccessible.

Interaction between the massive dark photon and particles of the Standard
Model is given by
—SeJ”A;“ (5.2)

where e is the coupling of the visible photon to the visible sector, J* is the elec-
tromagnetic current, and AL is the dark photon field [63]. As the dark photon has
a direct coupling to the electromagnetic current, it can be produced via the same

mechanisms as the visible photon.

5.1.2 Production & Decay

The main production channels are:

* Bremsstrahlung: Electrons incident on a target material with charge Z are
scattered, becoming off shell and emitting a dark photon. This production
mechanism is utilised in beam-dump experiments, where the dark photon
carries most of the beam energy and the electron is scattered at a much
larger angle. This interaction in an electron beam experiment is given by

e~ Z—e ZA.

* Annihilation: An electron-positron pair annihilates, producing one visible
and one dark photon (ee~ — y A’) in the non-resonant case and just a dark
photon (ete™ — A’) in the resonant case. This production mechanism is

+

favoured for detecting invisible decay channels if using either an e™e™ col-

lider experiment or a positron beam-dump experiment.

* Meson decay: Low mass dark photons may be produced in meson decays [64]
as given by M — y A/, where the meson M is a 7°,n,n’,K or D. They

may also be produced in the rare meson decays K — 1w A’,¢ — n A’, and
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D* — D A’. This production mechanism is often utilised in hadronic envi-

ronments where mesons are produced in large quantities.

* Drell-Yan: A quark-antiquark pair annihilates, producing a dark photon as
given by gg — A’ [65]. This production mechanism is employed in hadron

collider experiments and proton beam-dump experiments.

The dark photon can then be detected via a variety of approaches. The case
of a decay to visible final states such as lepton or hadron pairs (A’ — £T¢~ or
A’ — h"h™) is often used in collider and beam-dump experiments. The detection of
dark photon decays are indicated by the presence of a resonance over the irreducible
background. This bump hunt technique is usually accompanied by a reconstruction
of the detected tracks, as the detection of a displaced vertex is indicative of a dark

photon decay.

Bump hunting can also be used in the missing mass distribution to indirectly
detect a dark photon decay into invisible final states. As this method is independent
of the probability of the dark photon decaying, a larger sensitivity can be achieved
for the same luminosity than in the visible final state case. However, this approach

comes with more stringent requirements on the efficacy of the background rejection.

5.1.3 Current Limits

The experimental setup used to detect the dark photon decay greatly affects what
region of the parameter space the experiment is sensitive to. In the case of the vis-
ible dark photon decay, which is henceforth the focus of this chapter, experiments
assuming prompt decays (generally collider experiments) excel at detecting dark
photons with larger mixing values (¢ > 107>) and up to higher masses (several
tens of GeV), whereas experiments assuming decays with a highly displaced vertex
(generally beam-dump experiments) excel when the mixing strength is below 103
and the mass is relatively low (up to a few GeV). Current limits are shown in figure

5.1, with each contributing source detailed below.
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Figure 5.1: Current limits on the mass and mixing strength of dark photons as provided by a
variety of prompt decay experiments (NA48/2, A1, LHCb, KLOE, BaBar, and
CMS) and highly displaced vertex experiments (E774, NA64(e), E141, v-Cal,
CHARM, and E137). Excluded regions from supernovae (SN1987A) and the
magnetic moment of the electron (g-2), are also included. Image reproduced
from Ref. [66].

Prompt Decay Experiments

« NA48/2: A search for dark photon production via the meson decay 7° — y A’
followed by the dark photon promptly decaying into an electron and positron
pair (A’ — e*e™) was performed using a sample of 1.69 x 107 reconstructed

n® — yeTe™ decays [67].

* Al: The spectrometer setup of the Al collaboration was used to search for
electron and positron pairs arising from the possible decay of dark photons

(A" — ete) [68].

* LHCb: Dark photons produced in proton-proton collisions at 13 TeV and

decaying via A’ — utu~ were searched for in a data sample corresponding
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to an integrated luminosity of 5.5 fb~! [69].

KLOE: Dark photon production via annihilation (eTe~ — y A’) followed by
the decay into a pion and antipion pair (A’ — 777 ~) was searched for using

28 million eTe™ — y &t~ events [70].

BaBar: A total of 514 fb~! data was used to search for dark photon decay into
an electron and positron pair or muon and antimuon pair (A’ — eTe™, A’ —

utu) preceded by the et e~ — y A’ annihilation production interaction [71].

CMS: The same search as LHCb was performed using 137 fb~! of fully re-
constructed data and 96.6 fb~! of data with reduced trigger level informa-

tion [72].

Highly Displaced Vertex Experiments

E774: A total of 0.52 x 10'° electrons accelerated to 275 GeV were fired at
a Tungsten target, utilising the Bremsstrahlung production channel (e~ Z —
e~ Z A’) and then searching for decays into an electron and positron pair

A" = eTe ) [73].

NA64(e): Also using the Bremsstrahlung production channel followed by the
dark photon decay into an electron and positron pair, the NA64(e) experiment

fired 8.4 x 10'0 electrons of 150 GeV each at a Tungsten target [74].

El141: A 9 GeV electron beam fired 2 x 10! electrons at a Tungsten target,
again making use of the Bremsstrahlung production channel followed by the

dark photon decay into an electron positron pair [75].

v-Cal: A 70 GeV proton beam fired 1.71 x 10'® protons at a neutrino
calorimeter, the data was reanalysed to set limits for the dark photon which

may have been produced via proton Bremsstrahlung (p Z — p Z A") [76,77].

CHARM: A search for excess electrons in heavy neutrino decays (v, —

v e e7) using neutrinos originating from meson decays was reanalysed to set
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limits for dark photons that may have been produced vian — YA’ and n’ —

y A’ before decaying into an electron and positron pair (A’ — eTe™) [78].

* E137: Data from a 20 GeV electron beam fired at an aluminium tar-
get [79] was reanalysed to look for signals of dark photon production via
Bremsstrahlung (e~ Z — e~ Z A’) followed by decay into electron and
positron pairs (A’ — eTe™) [80]. The analysis was extended to include
dark photon production via the annihilation of positrons produced in elec-
tromagnetic showers with atomic electrons in the target (ete~ — ¥y A’ and

ete” — A [81].

Other limits

* (g-2).: Should the dark photon exist it would contribute towards the value of
the magnetic moment of the leptons. As a result, the precise experimental
measurement of the magnetic moment of the electron (g-2), allows for limits

to be set on the mass and mixing strength of the dark photon [82].

* SN1987A: The production of dark photons in a supernova could result in
contradictions between the observed cooling and theoretical models, as the
more long-lived dark photons would be able to escape thereby generating
excess cooling. This allows for limits to be set on the lower mixing strength

dark photons [83].

5.1.4 Proposed Experiments

It can be seen above that the collider experiments approach the parameter space
from the top and extend downwards, whereas the beam-dump experiments approach
from the left and extend diagonally down and to the right. This results in a gap in the
parameter space that neither experimental approach has so far been able to probe. A
number of proposed experiments hope to address this gap, whereas others are more
suited at extending the current limits further. The projected exclusion regions from
such searches are shown in figure 5.2 and a brief overview of each experiment is

given below:
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Figure 5.2: Projections for proposed dark photons searches (MESA, Belle-II, FCC-ee, HL-
LHC/FCC-hh, LHeC/FCC-eh, NA64(e)"*, AWAKE, HPS, LHCb, FASER,
NA62, SeaQuest, and SHiP) are shown as coloured curves. Existing limits
are shown as grey areas. A red line shows the coupling range of a new gauge
boson X that could explain the ®Be anomaly. Image reproduced from Ref. [66].

* MESA: A 155 MeV electron beam fired at a gas target will be used to pro-
duce dark photons via the Bremsstrahlung interaction. A twin arm dipole
spectrometer will be able to measure the subsequent decays into electron and

positron pairs [84, 85].

* Belle-II: A search for dark photon production via annihilation followed by the
decay into an electron and positron pair or a muon pair will be made based

on the collection of 50 ab~! of data [86].

* FCC-ee: A future circular electron-positron collider could make use of dark
photon production via annihilation (e*e~ — y A’) followed by decay into
muon pairs (A’ — uu~). Exclusion regions for /s = 90 GeV (150 fb~!)
and /s = 250 GeV (5 ab~!) are shown [87].

e HL-LHC/FCC-hh: The high luminosity upgrade at the large hadron collider
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and a future circular proton-proton collider could produce dark photons via
the Drell-Yan process, before decaying into electron and positron pairs or
muon pairs. Exclusion regions are plotted for the HL-LHC (/s = 14 TeV, 3
ab~!) and the FCC-hh (/s = 100 TeV, 3 ab—1) [88].

LHeC/FCC-eh: A future circular electron hadron collider, or a so called large
hadron electron collider built using the current large hadron collider, could
produce dark photons via deep inelastic scattering (e~ parton — e~ parton
A’) which would then decay into lepton pairs. Exclusion regions are plotted
for the LHeC (y/s = 1.3 TeV, 1 ab~!) and the FCC-eh (/s = 3.5 TeV, 3
ab~1) [89].

NAG64(e)**: An upgrade to the NA64 experiment, a run consisting of 5 x 1012

electrons on target will be performed [90].

AWAKE: An experiment is proposed that aims to use plasma wakefield accel-
erated electron bunches provided by the AWAKE facility. The exclusion re-
gion provided in figure 5.2 does not include any evaluation of the background
and so can not be compared fairly with the other regions. More information
on the AWAKE facility was provided in section 2.2, and further details on
the proposed dark photon search are provided in the remainder of this chapter

(see section 5.2 onward).

HPS: An electron beam with energy varying between 2.2 and 6.6 GeV will
produce dark photons via the Bremsstrahlung interaction in a thin Tungsten
target, the following electron and positron pair decay products will then be

measured [91].

LHCD: A total of 15 fb~! data will be taken for dark photon searches using
the D*0 — DA’ followed by decay into an electron and positron pair [92].
In addition, an inclusive approach where the A’ production mechanism need
not be specified can be performed by using LHCb’s high sensitivity to the
A" — utu~ decay [93]. Plans to take a further 300 fb~! of data in a further
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run are also being considered.

* FASER: Long lifetime dark photons produced as a result of proton-proton
collisions at the large hadron collider may decay into lepton pairs at distances
far from the interaction point. FASER hopes to measure such events using

150 fb~! of data, with FASER?2 aiming to collect 3000 fb—! [94].

+ NA62-dump: A total of 10'° protons with an energy of 400 GeV will be used
to create a kaon beam to search for a multitude of feebly-interacting particles.
Limits can be set on the visible dark photon decay as dark photons may be
produced in the dump itself or via the decay of mesons that are produced in

the dump [95].

* SeaQuest: Using a 120 GeV proton beam to fire 10'® protons on target, the
Drell-Yan, meson decay, and proton Bremsstrahlung mechanisms will be used
to produce dark photons. The decay signal will be given by the detection of

an electron and positron pair or muon pair [96].

* SHiP: Protons with an energy of 400 GeV will be used to produce dark
photons via the Drell-Yan, meson decay, proton Bremsstrahlung, and QCD
Compton scattering mechanisms. The experiment will be sensitive to visible
final states producing a displaced vertex. A total of 2 x 10?° protons will be

fired at the target [97].

Along with extending the current limits and addressing the gap in the parameter
space, the proposed experiments will also cover the region corresponding to the
potential existence of a 17 MeV vector gauge boson X, indicated in figure 5.2 by
a vertical red line. Such a boson is motivated by the anomalous opening angle and
invariant mass distributions of e"e™ pairs measured in 8Be nuclear transitions [98],
where such a boson could be produced via ®Be* — ®Be X and then decay via

X —sete.
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5.2 Motivation and Design

Ongoing advances in the field of plasma wakefield acceleration pose an exciting
opportunity for the development of a new electron beam-dump experiment de-
signed to search for dark photons. The use of a bunch structured beam allows for a
much higher number of electrons to be fired at the target when compared to single
electron beam experiments operating for the same duration. The potential gain in
sensitivity that results from providing more electrons is demonstrated by simulating
an example configuration and plotting the exclusion regions corresponding to 104,

103, and 106 electron on target, shown in figure 5.3.

1073 -

104 E

107> 3

Figure 5.3: Exclusion regions plotted for an example configuration for the cases of 10'4,
10'5, and 10'¢ electrons fired at the target.

However, using a bunch structured beam also introduces additional challenges
when it comes to distinguishing between signal and background as many of the
standard cuts are no longer applicable. As a result, the detector design must be
optimised such that the number of background detections are at an acceptable

level, while also maintaining a large proportion of the additional dark photon signal
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gained through the higher beam luminosity.

The proposed experimental setup (shown in figure 5.4) consists of a tungsten
target followed by a vacuum tube, three trackers, and an electromagnetic calorime-
ter. The electron beam is based on the beam parameters that may be achieved by a
potential near-future AWAKE configuration, namely a 50 GeV electron beam with
10° electrons per bunch. Ideally, dark photons would escape the target without any
interaction before decaying into e™e™ pairs inside the vacuum tube. The detection
of two tracks corresponding to an e e pair in all three trackers followed by at least
one electromagnetic shower in the calorimeter provides the experimental signature
of a visible dark photon decay. The case of decays into particles of the hidden
sector is unexplored, as missing energy techniques require the tagging of individual
events and therefore can not be used in conjunction with the pulsed beam structure

produced using plasma wakefield accelerators.

Electromagnetic
Target Vacuum tube Trackers calorimeter

Electron beam A et
—_— - >

Figure 5.4: Schematic of the proposed experimental setup for an electron beam dump ex-
periment used to detect the visible decay of dark photons.

5.3 Simulation

Maximising the discovery potential of such an experiment requires a detailed un-
derstanding of how particles propagate through matter, therefore simulations have
been performed using the GEANT4 toolkit [99-101]. These simulations have been
used to inform the choice of particle tracking technology and the length between the
target and detectors (see section 5.4), as well as the thickness of the target and the
optimal configuration of magnetic fields (see section 5.5). Finally, the simulation

is used to assess the discovery potential of the experimental design (see section 5.6).
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A visualisation of the simulated experiment is shown in figure 5.5, specifically
showing a simulation configuration for studying background particles. A configura-
tion for studying the dark photon signal also exists and is based on the dark photon
class provided by the NA64 collaboration but adapted by the AWAKE collaboration
to account for bunched electrons; this configuration can be used to determine the
number of electrons on target required to exclude the dark photon at the 95% confi-
dence level (see section 5.3.1). Improvements to the track classification were made
to better distinguish between what is considered signal or background (see section
5.3.2). As a bunched electron beam could result in the accumulation of many low
energy particles at the same position in the detector, the ability to group real-time
coincidental events is desirable and was therefore implemented (see section 5.3.3).
A magnetic field was placed after the target to investigate how they affect the sen-
sitivity of the experiment (see section 5.3.4). Lastly, a feature allowing for the
repeat of specific events of interest for acquiring more information or subjecting it

to stricter requirements was developed (see section 5.3.5).

Figure 5.5: Visualisation of the simulated experiment running in a background configura-
tion. The target is shown in blue, the magnetic field in green, Mylar windows
of the vacuum tube in white, and a general detector in red.
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5.3.1 Exclusion Regions

The simulation requires the user to input a mass and mixing strength for the dark
photon, and outputs the probability that a dark photon meets the signal criteria per
electron bunch. For very few or zero signal events the 95% confidence level upper
limit is given by

Nosq, =3 (5.3)

when the number of events observed Nyp,s = 0 [102]. Therefore, the number of
electron bunches required to exclude a dark photon of a given mass and mixing
strength with 95% confidence is given by taking the reciprocal of the probability

and multiplying by 3.

A screenshot showing the table output of the simulation for a variety of mixing
strengths at a mass of 0.008 GeV is shown below (see figure 5.6). A sensitivity
contour is also shown where the first column at m4 = 0.008 GeV corresponds to the
the values in the table. It can be seen that the transition between the blue cells (high
sensitivity) and the yellow cells (low sensitivity) follows the increase and decrease
in the probabilities in the table, note that the order of the mixing strengths in the

table are inverted compared to the plot.

0.0000002 0.0000000001179200 1072 104
0.0000003 0.0000000012159600 1010
0.0000006 0.0000000059352900
0.0000010 0.0000000747958000 10-3 10°
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0.0000027 0.0000036041100000 108
0.0000046 0.0000128352000000 g
0.0000077 0.0001201150000000 10-4 107 £
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0.0000367 0.0204221000000000 . 5
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0.0002953 0.0675519000000000 10°
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Figure 5.6: Table output from the simulation running in the signal configuration, columns
show the mixing strength, mass (GeV), and probability of measuring a dark
photon signal per electron bunch (left). Sensitivity contour where the first col-
umn (my = 0.008 GeV) corresponds to the values from the table output (right).
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5.3.2 Track Classification

The classification of signal and background tracks was originally handled by com-
paring the track identification number of each particle hit, trackID, with the
track identification numbers of the dark photon decay products, electronID and
positronID. This correctly identifies the decay products themselves as signals,
however their interactions can result in the creation of new particles which no
longer match the required identification numbers and are therefore misclassified as

background (see figure 5.7).
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Figure 5.7: Positions of the hits in electromagnetic showers caused by dark photon decay
products have been categorised into signal (blue) and background (red) by the
original event classifier.

Correct event classification (see figure 5.8) was achieved by creating an
algorithm that recursively finds the identification number of the previous par-
ticle, parentID. The G4TrackingManager class was used to create a
map, pairing the IDs of all tracks with their parents. Defining a function
GetParentID (trackID) to return the parentID from the map allows for

any track to be traced back to its origin.
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Figure 5.8: Positions of the hits in the same electromagnetic showers have been categorised
using the new method, the absence of red markers indicates successful event
classification.

Particle tracks can then be classified as signal if its t rackID or parentID
matches with either the electronID or positronID, if there are no matches
then the ID of the previous track is obtained so that it can be tested as well. This
process continues until the particle is either confirmed to have originated from a
dark photon, or until parentID = 0, signifying that the current track is the ini-

tial beam and that all relevant tracks have been tested.

5.3.3 Background Heat Maps

To account for the possibility of many low energy particles escaping the target and
mimicking a single higher energy particle, a simulation configuration was imple-
mented to group nearby hits and sum their frequency and energy. A general detec-
tor was created with a 52x52 cell structure by replicating a single cell along the
y-axis to create a column of cells, and then replicating the column along the x-axis
to create the rows. This allows the column number of a hit to be obtained from the
copy number of the cell volume, and the row number from the copy number of the

cell’s mother volume, a demonstration is shown in figure 5.9.
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--> Event @ starts.
Cell [27,49]
--> Event 1 starts.
Cell [45,28]
--> Event 2 starts.
Cell [47,33]
--> Event 3 starts.
Cell [33,29]
--> Event 4 starts.
Cell [43,33]
--> Event 5 starts.
Cell [38,49]
--> Event 6 starts.
Cell [25,31]
--> Event 7 starts.
Cell [40,27]
--> Event 8 starts.
Cell [36,32]
--> Event 9 starts.
Cell [32,41]

Figure 5.9: Visualisation of the cell structured detector showing a run with 10 particle hits,
the coordinates of the cells for each hit are obtained and printed.

At the end of each event the total number of particles entering each cell is
recorded, along with their total energy. A cone shaped beam angled towards the
top right quadrant of the detector is used to demonstrate the summation of energies
entering through each cell, see figure 5.10. Optionally, the user can choose to nor-
malise the plot to represent a run of 10° electrons fired, giving the expected result

for the background caused by an electron bunch provided by AWAKE.

y-cell
Energy [GeV]

x-cell

Figure 5.10: Visualisation of a run where a cone shaped beam is fired at the top right quad-
rant of the detector (left), the detector is shown as a red grid, particle trajecto-
ries are shown as red lines, and hits are shown as yellow dots. The total energy
entering each cell throughout the run is displayed as a heat map (right).
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5.3.4 Magnetic Field

It is useful to simulate magnetic fields to assess whether they are capable of improv-
ing the sensitivity of the experiment, therefore a volume representing a magnetic
field was added to the simulation. The G4GenericMessenger class was used to
define a new command directory /awake for setting parameters such as the mag-
netic field. These features are displayed in figure 5.11 where a charged particle with
all particle physics interactions disabled travels through the magnetic field (shown
in green), the /awake/field command is used to demonstrate the additional

bending caused by the 0.3 T field compared to the 0.1 T field.

Idle> /awake/field 0.1 T
/awake/field 0.1 T

Idle> /awake/field 8.3 T
/awake/field 0.3 T

Figure 5.11: Visualisation of an event where a charged particle travels through a magnetic
field of 0.1 T (top) and 0.3 T (bottom).

5.3.5 Event Replay

For geometry configurations where background events are uncommon, it could be
useful to repeat previously simulated background events without using comput-
ing resources to re-simulate uninteresting events. A feature was implemented that
saves the status of the random engine for any event where a particle interacts with

a specified geometry. The random engine status can then be restored if any need to
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repeat the event arises, for example re-simulating with a thicker target or acquiring
additional information about the event. A demonstration is shown below (see figure
5.12) where a run involving an isotropic source results in 5 events that interact
with a detector plane, the random engine status for these events are saved and then

loaded in a separate run consisting only of those events of interest.

Figure 5.12: Visualisation of a run where an isometric source results in 5 events that interact
with a detector plane, meeting the requirement for the random engine status to
be saved (left). Visualisation of a separate run where the 5 events of interest
are replayed by loading their random engine status (right).

5.4 Trackers and Decay Volume

The signal criteria for a dark photon to be detected requires that both of the decay
products pass through all of the trackers with a separation distance large enough
such that they can be distinguished from one another. Trackers that are larger in size
are better at ensuring that the decay products are detected, however having a larger
tracker often means having a lower spatial resolution and therefore sacrificing the
ability to distinguish between decay products that are detected close together. As
a result, it is important to understand how the issue of a decay product missing a
tracker compares to the issue of both decay products hitting a tracker close enough
such that they are erroneously detected as one particle. As the position of a decay

product hitting a tracker depends on the distance it travels, the decay volume length
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(distance between the target and the first tracker) must be considered in tandem.

5.4.1 Decay Volume Length

An investigation was made into how the length of the decay volume impacts the
sensitivity of the experiment. Projected exclusion regions for an example configu-
ration with varied decay volume lengths are plotted (see figure 5.13), dark photons
with less than 5 GeV energy are not considered in the analysis as the electromag-

netic shower is poorly described at these energies [103].
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Figure 5.13: Projected exclusion regions plotted for an example configuration with decay
volume lengths of 1 m, 5 m, and 20 m.

It can be seen that longer decay volume lengths excel at detecting lower mixing
strength dark photons. These dark photons have a longer lifetime and therefore a
longer path length, meaning that they are more likely to escape the decay volume
and avoid detection. This can be mitigated by extending the length of the decay
volume, resulting in longer decay length configurations having a larger sensitivity

for the low mixing strength region of the parameter space.
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All configurations perform equally well at detecting dark photons with larger
mixing strengths. These dark photons have a shorter lifetime and therefore a shorter
path length, making them less likely to escape the decay volume. The path length
distribution for dark photons with a mass of 0.1 GeV and a mixing strength of 3
x 107 is plotted (see figure 5.14), where it can be seen that the dark photon is un-
likely to travel more than 1 m before decaying. Increasing the dark photon mass to
0.3 GeV, or increasing the mixing strength to 1 x 10~ results in even shorter decay
path lengths. Consequently, a longer decay volume length is not advantageous for

dark photons in these regions.
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Figure 5.14: Path length distributions for dark photons with my = 0.1 GeV and € = 1
x 107% (red), mys =0.1 GeV and € =3 x 107 (blue), and my = 0.3 GeV and
€ =3 x 1077 (black).

Perhaps surprisingly, a shorter decay volume length does not seem to provide a
significant advantage for higher mixing strength dark photons. Given that a longer
decay volume provides more distance for the decay products to travel apart, it might
be expected that they are less likely to hit the trackers. The observed absence in the
loss of detection efficiency arises from the 5 GeV cut applied to the dark photon

energy, as higher energy dark photons have a smaller opening angle between the
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decay products (see figure 5.15). The lower energy dark photons removed by the
energy cut therefore have a large overlap with the dark photons that would have

avoided detection due to an increased decay volume length.
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Figure 5.15: Relationship between the opening angle of the ete™ pair and the energy of
the parent dark photon. The parameters of the generated dark photons are my;
=0.1GeVande=3 x 107°.

5.4.2 Tracker Size and Resolution

To better understand how the compromise between tracker size and resolution af-
fects a dark photon detection meeting the signal criteria, toy detectors that vary in
size and resolution are defined with specifications resembling a straw tube detector

and a micromegas detector.

Straw tube detectors [104] consist of many thin tubes filled with gas, with
each tube having a wire down the centre. As a charged particle passes through a
tube the gas is ionised, resulting in electron ion pairs. These pairs drift due to a
potential difference between the wire and the walls of the tube, thereby producing
a current. The micromegas detector [105] is also filled with gas, however it uses
a microscopic mesh to form a thin amplification region. When a charged particle

passes through the chamber the gas is ionised and the resulting electron is acceler-
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ated towards the mesh. During this, further electron ion pairs are produced in an
avalanche process, but due to the small amplification region the avalanche is more
localised and controlled leading to a better spatial resolution. On the other hand,

the compact design of the micromegas detector results in a reduced active area.

The specifications of the toy detectors considered in this study are given below:

» Larger size tracker (resembling a straw tube detector): Radius of 2 m and can

distinguish particles at least 5 mm apart.

* Higher resolution tracker (resembling a micromegas detector): Radius of

0.5 m and can distinguish particles at least 1.75 mm apart.

The separation distance between the decay products at the first tracker for a

decay volume length of 1 m is plotted, see figure 5.16.
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Figure 5.16: Separation distance between hits of e™e™ pairs in a tracker located 1 m after
the target for dark photons with my = 0.1 GeV and £ = 1 x 107* (red), my/
=0.1 GeV and € =3 x 107> (blue), and my = 0.3 GeV and € =3 x 1077

(black).

For dark photons with my, = 0.1 GeV and € = 1 X 10~* (shown in red), and

particularly for dark photons with my = 0.1 GeV and £ =3 x 107> (shown in blue),
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a number of dark photon decays result in a separation distance between decay prod-
ucts of less than the 5 mm spatial resolution of the larger size tracker. This occurs
more for the my = 0.1 GeV and € = 3 x 107> dark photons as the lower mixing
strength can cause the decay to happen closer to the tracker, giving less distance for
the decay products to separate. In both of these cases it is shown to be unlikely for
the decay products to travel so far apart that they would miss the tracker entirely,
meaning that the higher resolution tracker provides more sensitivity. For the dark
photon with my = 0.3 GeV and € =3 x 107> (shown in black), all decay products
are further apart than 5 mm, meaning the high resolution tracker offers no benefit in
this case. The larger separation distances results from having a larger dark photon

mass, which increases the opening angle between the decay products.

The separation distance between the decay products at the first tracker for a

decay volume length of 20 m is also plotted, see figure 5.17.
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Figure 5.17: Separation distance between hits of e"e ™ pairs in a tracker located 20 m after
the target for dark photons with my = 0.1 GeV and € = 1 X 10~* (red), my
=0.1 GeV and € =3 x 107 (blue), and my = 0.3 GeV and € =3 x 107
(black).

When extending the decay volume length to 20 m, the separation distance

between the decay products increases to a large enough extent that the resolution
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of the tracker is not a limiting factor for any of the parameters tested. Much like
with the 1 m decay volume length, the dark photon with my, = 0.3 GeV and € =
3 x 107 results in the largest separation distance between the decay products.
Unlike before, the difference between the my, = 0.1 GeV and € =1 X 10~* dark
photon compared to the my = 0.1 GeV and € =3 x 107> dark photon is much less
pronounced. This is because the difference in path lengths arising from these two
dark photon parameters is small when compared to the 20 m decay volume length.

For a decay volume this long, the larger size tracker provides more sensitivity.

5.4.3 Acceptance

The acceptance, defined as the percentage of dark photons with energy greater than
5 GeV whose decay products both hit the tracker with a large enough separation
distance to be distinguished, is plotted for both types of trackers at a variety of
decay volume lengths (see figure 5.18). The parameters that the dark photons are
generated at are my = 0.1 GeV and € = 3 x 107, as this presents an interesting

target region in the so far unexplored parameter space.
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Figure 5.18: Acceptance for dark photons with my = 0.1 GeV and € = 3 x 107 for both
the larger size tracker and the higher resolution tracker placed at a variety of
distances from the target.
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It can be seen that the higher resolution tracker performs better for shorter
decay volumes and that the larger size tracker performs better for longer decay
volumes, as expected from the simulations shown previously. However, the in-
crease in sensitivity gained from the higher resolution tracker above the larger size
tracker at short distances is relatively small, even for the my = 0.1 GeV and € =
3 x 107> dark photons which were shown to benefit from the higher resolution
tracker more than the other investigated parameters. Conversely, the increase in
sensitivity gained from the larger size tracker at long distances is much larger,
enabling a configuration where much lower mixing strength dark photons can be
probed with minimal sacrifice to the initially defined region of interest. As a result,
a larger size tracker paired with a 20 m long decay volume has been selected. It
should be noted that all simulations correspond to an initial beam energy of 50 GeV,
and that higher energy beams creating higher energy dark photons which decay into
electron and positron pairs with smaller opening angles (as is the case for NA64
and future potential higher energy AWAKE beams) will likely find additional value

in the higher resolution tracker beyond that which has been demonstrated here.

5.5 Target and Magnetic Field

Alongside enabling the production of dark photons, the target is also responsible
for shielding the detectors from particles that could potentially mimic a dark photon
signal. Increasing the thickness of the target or applying a magnetic field can help
to reduce the number of unwanted particles that make it to the detectors. However,
both of these adjustments impact the measurement of the dark photon decay prod-
ucts as well, making it necessary to reach a balance that maximises the dark photon

signal while still achieving a tolerable level of background noise.

5.5.1 Target Thickness

An investigation was made into how the thickness of the target impacts the sensi-

tivity of the experiment. Projected exclusion regions for an example configuration
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with varied target thicknesses are plotted (see figure 5.19). It can be seen that
thinner targets excel at detecting higher mixing strength dark photons. These dark
photons have a shorter lifetime, meaning that they are less likely to escape the
target before decaying. Conversely, lower mixing strength dark photons mostly
travel a long enough distance to escape the target before decaying, resulting in no

significant loss in sensitivity from having a thicker target.

1073

1074 5

10—5 ]

10 ; .
1072 1071

my (GeV)

Figure 5.19: Projected exclusion regions plotted for an example configuration with target
thicknesses of 10 cm, 40 cm, and 150 cm.

In all cases above, the projected exclusion regions assume that no events occur
that are indistinguishable from a dark photon decay event, although the likelihood
of this being true in practice decreases as the target thickness decreases. As the
initial estimate of the achievable sensitivity of this experiment (discussed in section
5.1.4 and presented in figure 5.2) also makes this assumption despite using a 10 cm
target, an assessment of the background for that configuration was performed by
constructing heat maps of the total energy and number of particles reaching the de-
tectors per electron bunch on target (see figure 5.20). As most cells record upwards
of 1 TeV, with the central region recording upwards of 15 TeV, it is clear that any
signal from a dark photon produced using a 50 GeV beam could not have been

identified among the background. Furthermore, the large number of particles pass-
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ing through the trackers would disable any attempt to reconstruct the dark photon
decay vertex. As a result, it is necessary to adjust the target thickness and consider

the use of magnetic fields for reducing the background level to an acceptable state.
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Figure 5.20: Total energy (top) and number of particles (bottom) passing through the de-
tectors, results are normalised to represent one electron bunch.
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5.5.2 Magnetic Field Length

A magnetic field with a field strength of 2 T was placed immediately after the tar-
get. Investigations were made into how effective increasing the target thickness and
the length of the magnetic field is at reducing the number of background particles
detected (see figure 5.21). It can be seen that both increasing the target thickness
and increasing the magnet length reduce the background, as expected. However,
it is also shown that increasing the thickness of the target reduces the background

much more effectively, requiring less physical space to do so.
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Figure 5.21: Number of background particles measured at the up-stream detectors for dif-
ferent configurations of target thicknesses and magnet lengths, results are nor-
malised to represent one electron bunch. Grey cells correspond to configura-
tions where no background is detected within the simulation runtime.

As itis also important to limit the loss of signal while reducing the background,
the signal to background ratio was also investigated (see figure 5.22). Signal here is
defined as the probability of a dark photon detection per electron bunch on target,

therefore this ratio does not represent the signal and background present in a dark
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photon decay event but rather is used to assess how the probability of a detection
varies alongside the background level for any given electron bunch fired at the
target. The dark photons are generated with parameters my, = 0.1 GeV and € =3
x 107>, corresponding to the region of interest in the parameter space identified
during the previous discussion. A clear improvement can be seen as the target
thickness increases, although it is less evident for increases in the magnet length
for targets with a thickness of 20 or 50 cm, suggesting that the loss in signal is
proportionally equal to the loss in background when extending the length of the
magnetic field in these cases. Nonetheless, the 100 cm target length followed by a
magnet length of 50 cm provides the best ratio of all tested configurations, although
it is still plausible that this configuration is surpassed by even thicker targets with

no magnetic field.
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Figure 5.22: Signal to background ratio for different configurations of target thicknesses
and magnet lengths, results are normalised to represent one electron bunch.
Grey cells correspond to configurations where no background is detected
within the simulation runtime. Dark photons are generated with parameters
my =0.1GeVande=3 x 107°.
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5.5.3 Optimal Configuration

The optimal configuration is not necessarily the one that provides the best signal to
background ratio, but rather the one that provides the highest probability of detect-
ing dark photons while presenting a small enough number of background particles
such that there is no chance of misidentifying ordinary Standard Model events as
a dark photon decay. Although an upper limit on the number of measured back-
ground particles required to prevent this is yet to be determined, an estimate of 100
background particles measured per bunch is made to proceed with the comparison

of three potential configurations:

* 100 cm thick target followed by a 50 cm long 2 T magnetic field: Simulations
performed above show this configuration to result in 80 4= 28 measured back-
ground particles, putting it below the upper limit of measured background

particles defined above.

* 130 cm thick target without any magnetic field: The simulations above also
indicate that increasing the target thickness may improve the signal to back-
ground ratio more effectively than configurations with a magnetic field, a 130
cm thick target without any magnetic field is estimated to result in a number

of measured background particles below the upper limit defined above.

* 100 cm thick target surrounded by a 2 T magnetic field of equal length: Pro-
viding a magnetic field within the same physical space as the target may pro-
vide an interesting configuration as it limits the total distance over which dark
photon decay products could be affected. Simulations assume that the mag-
netic field surrounding the target performs equivalently to a magnetic field

placed after the target.

As each configuration is effective at limiting the number of background par-
ticles arriving at the detector, it is computationally demanding to acquire large
statistics. Consequently, 10% of an AWAKE electron bunch was simulated for each

configuration, with the results then normalised to an entire bunch of 10° electrons
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on target (see table 5.1).

Table 5.1: Signal, background, and the signal to background ratio is provided for the fol-
lowing configurations: a 100 cm thick target followed by a 50 cm long magnetic
field, a 130 cm thick target without any magnetic field, and a 100 cm thick target
surrounded by a magnetic field of equal length. Dark photons are generated with
parameters my = 0.1 GeV and € =3 x 1072,

Configuration Signal Background Ratio
Target followed by magnet | (2.9 £0.4) x 107% | 80 & 28 4+1) %1078
Target without magnet (1.6 +0.2) x 10°° 40 £+ 20 (4+2)x 1073
Target surrounded by magnet | (3.3 £0.4) % 10-° 80 + 28 (4+2)x 1078

With the given statistics, the configurations seem to perform similarly. Al-
though more precise comparisons would require further simulation to acquire more
events, it is at least clear that all three configurations are capable of reducing the
number of background particles to a reasonably low level. The configuration con-
sisting of a 100 cm thick target surrounded by a magnetic field of equal length is
henceforth used as its smaller total size provides an advantage when considering
dark photons with other parameters where a larger proportion of the decays may

occur between 100 cm and 150 cm from the start of the target.

5.6 Discovery Potential

The number of electron bunches required to exclude dark photons of any given
parameter point in the mass and mixing strength plane was evaluated for the con-
figuration determined above (see figure 5.23), where one electron bunch consists
of 10° electrons of 50 GeV energy each. This can be used to determine projected
exclusion regions based on the number of electron bunches on target for an exper-
imental set-up consisting of a 100 cm thick target surrounded by a 2 T magnetic
field, with a 20 m long decay volume preceding three trackers of radius 2000 mm
that can distinguish particles at least 5 mm apart. Each electron bunch on target re-
sults in an expected number of background particle measurements of 80 4-28, all of

which are assumed to be incapable of mimicking the dark photon decay signature.
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Additionally, it is assumed that dark photons with energy below 5 GeV can not be

reliably identified as signal events.
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Figure 5.23: Number of electron bunches required to exclude dark photons of any given
parameter point in the mass and mixing strength plane with 95% confidence
for the configuration described in this chapter.

Comparison of the AWAKE dark photon search is made with the current limits
(see top plot of figure 5.24) and limits from other proposed experiments (see bottom
plot of figure 5.24), assuming that 107 electron bunches are provided during the
lifetime of the experiment. The projected sensitivity of the configuration described
in this chapter is indicated in both plots by a cyan curve. The original projected
exclusion region for an AWAKE dark photon search (indicated by a sycamore curve)
makes the assumption that no events occur that are indistinguishable from a dark
photon decay event, an assumption that was shown here to be false. However,
after optimisations were made to the initial configuration it was shown that this
scheme is still capable of probing currently unexplored areas of the parameter space,
specifically in the area that coincides with the gap between beam-dump and collider

experiments.
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Figure 5.24: Current limits (top) and projected exclusion regions of proposed experiments
(bottom) for dark photons in the mass and mixing strength plane. The con-
figuration described in this chapter is indicated on both plots by a cyan curve
labelled AWAKE. Images adapted from Ref. [66].
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Chapter 6

Conclusions

The repetition rate of plasma wakefield acceleration was measured experimentally
under a variety of plasma conditions. It was determined that in the case where the
plasma is generated anew for each event the acceleration can be repeated with a rate
of 2.0 kHz in argon plasma and 4.55 kHz in hydrogen plasma. The use of bunch
trains, where multiple bunches are accelerated within the same plasma, can further
increase the average power of the accelerator. In such a case, the time between each
bunch train is determined by the measurements presented here. Simulations were
performed to further understanding of the physics processes that limit the repetition
rate, providing verification that the expulsion and refill of material following the

high voltage discharge both contribute significantly.

The repetition rate measurements are determined by the time between two
consecutive acceleration events. The extent to which a third acceleration event can
retain the properties of the previous two is so far unknown, and further study should
investigate any limitations that arise when accelerating numerous electron bunches
continuously. For example, it is expected that heating of the plasma by the beam
will increase. Whether this affects the time taken for the state of the plasma to
reset, and whether a steady state of reproducible acceleration can be reached within
a reasonable "warming up’ time remains to be seen. Furthermore, as the average
power of the accelerator increases, so does the need to appropriately manage any

leftover power in the system. This means that further study into improving the



139

power transfer efficiency from the drive to the witness beam should be conducted,

and that an appropriate cooling scheme for the plasma cell should be developed.

The work presented in this thesis has indicated that material expulsion con-
tributes significantly to the repetition rate of a plasma wakefield accelerator, how-
ever not much is known about the dynamics of this expulsion. The introduction of
diagnostic tools to measure this expulsion, as well as the development of simula-
tions to gain an improved understanding of this process, both provide interesting
avenues for further study. Subsequently, improvements to the design of the capil-
lary to minimise material loss could be achieved, thereby increasing the maximum

achievable repetition rate.

A dark photon search based on a potential near-future 50 GeV electron beam
with 10° electrons per bunch was proposed, with simulations performed to optimise
the experimental configuration. This included comparing different tracker technol-
ogy and decay volume length combinations, as well as different combinations of
target thicknesses and magnetic field configurations, ensuring that the background
level was tolerable and that the dark photon signal was maximised. The sensitivity
was then assessed for the optimal configuration and compared to other experiments,
where it was concluded that this search is capable of probing currently unexplored

regions of the dark photon parameter space.

One limitation of this study is that only the decay of dark photons into e*e™
pairs was considered. For dark photons with mass m4 > 2my, the decay into a
U U~ pair is available too. Improvements to the dark photon sensitivity can be
made by considering both decay channels. Furthermore, the sensitivity towards
other hypothetical particles should be investigated and quantified. For example, in-
teraction between high energy bremsstrahlung photons and the nuclei of the target
could result in the production of axionlike particles (ALPs) [106] via the Primakoff

effect [107]. These ALPs could then escape the target before decaying into two
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photons, providing a detectable signature.

The extent to which a far-future TeV energy scale electron beam could further
probe the parameter space remains to be seen and should be considered as a topic
for further study. For an electron beam of higher energy more dark photons would
be produced, and these dark photons would reach higher energies too. On the other
hand, more background particles will also be produced, and these particles will also
reach higher energies. The increased background can be mitigated with additional
shielding, and so the experimental configuration should be re-optimised to account
for the higher energy electron beam. The sensitivity of this new higher energy

configuration can then be determined.

One of the difficulties associated with optimising the experimental configura-
tion arises from quantifying the background. The computational cost of simulating
background events in such an experiment is already large, and it would be consid-
erably more expensive for a TeV energy scale configuration. As a result, further
study would benefit from making use of advances in deep generative models to
simulate particle showers [108], significantly increasing the speed at which these

background events can be generated.

Finally, in addition to computing the exclusion regions, a more complete anal-
ysis could consider non-zero background estimates and explore how likely the ex-
periment would be to observe a statistically significant excess of signal events if the
dark photon model is indeed true. This can be quantified by the expected discovery
significance, often defined as the median significance that would be observed over
repeated experiments. An estimate of this value can be obtained using the Asimov
approximation [109], where the expected background is constrained by a control

measurement obtained via simulation.
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