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A B S T R A C T

Over the last century, particle accelerators have significantly enhanced our understanding of
the fundamental nature of the universe and, as such, have become ubiquitous tools within
society. The continued search for explanations of phenomena beyond our current best models
motivates the proposal of ever-larger and more expensive particle accelerators. However, the
economic impact of building and operating such machines potentially casts doubt on their
delivery. The exploration of alternative acceleration concepts that can potentially provide a
reduction in the size and cost of these machines has therefore seen a significant growth in
interest over the past few decades.

One such acceleration concept is that of plasma-based wakefield acceleration where high-
intensity particle or laser beams strongly perturb a plasma and, in doing so, generate fields
in their wake that can be used to accelerate charged particles. This is an attractive concept
as plasmas can support accelerating fields multiple orders of magnitude larger than those
provided in conventional accelerators, potentially reducing the accelerating length by similar
scales. While rapid progress has recently been made with regards to high-quality acceleration
in plasma, comparatively little effort has been applied to the study of the frequency at which
this is possible.

The measurements presented in this thesis study the evolution of a plasma as the energy
imparted into it via the wakefield acceleration process dissipates. Such detailed measure-
ments allow determination of the fundamental mechanisms that will limit high-repetition-
rate operation of plasma-based accelerators. As such, these measurements represent a sig-
nificant first step towards the demonstration of plasma-based acceleration at frequencies
comparable to those provided by state-of-the-art conventional accelerators, helping to define
the achievable luminosity of future facilities that rely on such technology.
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I M PA C T S TAT E M E N T

Thanks to recent experimental advances there is little doubt that high-quality acceleration of
electron bunches at large gradients will be achieved in plasma-based accelerators in the near
future. However, a question that is often asked both within the plasma accelerator community
and by the wider community is:

"What is the achievable operating rate of such accelerator devices?".

At present, high-power (joule-level) plasma-based accelerators have only ever operated at
tens-of-Hz frequencies at most, and often far below this level. The prospect of wide-scale
adoption of plasma-based accelerator technologies will be significantly advanced by the
demonstration of operation at repetition-rates on-par with, or beyond, current state-of-the-art
conventional accelerator facilities.

The measurements presented within this thesis attempt to directly address the above ques-
tion by studying the evolution of the plasma following the wakefield acceleration process.
This allows the identification of physical mechanisms that can prevent repeatable, high-
quality acceleration and study of their dependencies on crucial experimental variables, thus
allowing the scaling of these results to parameter ranges of interest for future facilities and
applications. Such facilities include plasma-based particle colliders at their most extreme,
or compact synchrotron radiation sources and medical and defence applications on smaller
scales. The results presented within this thesis therefore have broad reach and applicability
and represent an important first step towards the realisation of high-average-power (>kW)
plasma-based accelerator facilities.
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L I S T O F S Y M B O L S

The following are reference lists of constants and variables that are regularly used within
this thesis. The values of the fundamental physics constants are taken from the U.S. National
Institute of Standards and Technology (NIST) database:

https://physics.nist.gov/cuu/pdf/wall_2018.pdf

Symbol Quantity Value Unit

e Elementary charge 1.60× 10−19 C

me Electron mass 9.11× 10−31 kg

mec
2 Electron mass energy eq. 0.511 MeV

mp Proton mass 1.67× 10−27 kg

mpc
2 Proton mass energy eq. 938 MeV

ε0 Free space permittivity 8.85× 10−12 Fm−1

µ0 Free space permeability 4π× 10−7 Hm−1

c Vacuum speed of light 299 792 458 ms−1

kB Boltzmann constant 1.38× 10−23 JK−1

Table 1: List of constants and their values.
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Symbol Quantity Unit

q Electric charge C

ρ Charge density Cm−3

I Current A
~J Current density Am−2

~E Electric field Vm−1

~B Magnetic field T

φ Electric scalar potential V
~A Magnetic vector potential Tm

β Relativistic normalised velocity -

γ Relativistic Lorentz factor -

λD Debye length m

ne Electron number density cm−3

ni Ion number density cm−3

na Atomic number density cm−3

ωp(e) Plasma (electron) frequency rads−1

kp Plasma wavenumber m−1

λp Plasma wavelength m

ωβ Betatron frequency rads−1

kβ Betatron wavenumber m−1

Te Plasma electron temperature K

Ti Plasma ion temperature K

T Plasma temperature (1T) K

κ Thermal conductivity Wm−1K−1

ν Collision frequency s−1

λ0 Laser pulse central wavelength m

ω0 Laser pulse central angular frequency rads−1

∆τ Relative timing/delay s

εN Normalised transverse emittance m·rad

σ Cross-section m−2

Z Ionisation fraction -

Table 2: List of variables regularly used within this thesis.



1
I N T R O D U C T I O N

1.1 particle accelerators

Particle accelerators are an ubiquitous tool within society with applications ranging from low-
energy electron beam radiation sterilisation, particle beam radiotherapy and semiconductor
ion implantation, to high-energy ultra-intense light sources and particle colliders. At their
most extreme, high-energy particle colliders represent the most powerful microscopes in
existence and have enabled study of the fundamental nature of the universe.

The advent of particle accelerators was conceived at the turn of the 20th century with the
discovery of the electron by J. J. Thomson [1] via investigation of cathode rays, and mea-
surements of the structure of the atomic nucleus by E. Rutherford [2] using alpha particles
generated by nuclear decay. The scientific advances that could be made possible by the use
of higher-energy particles in such experiments was immediately obvious to Rutherford, who
later remarked in his Address of the President to the Royal Society in 1927 [3] that

"It has long been my ambition to have available for study a copious supply of atoms and
electrons which have an individual energy far transcending that of the α and β-particles
from radioactive bodies."

Over the last century, Rutherford’s ambition was achieved thanks to the development of cy-
clotrons, synchrotrons and linear accelerators (linacs), amongst other particle accelerator tech-
nologies, enabling probing of the fundamental structure of particles and, by extension, the
universe. Early discoveries continued with the neutron by J. Chadwick [4] and the positron
by C. D. Anderson [5] in 1932, while, most recently, the existence of the Higgs boson [6, 7]
was confirmed at the Large Hadron Collider (LHC) [8] at the European Organisation for Nu-
clear Research (CERN) in 2012. Development of theoretical descriptions accompanied such
discoveries, culminating in the derivation of the ‘Standard Model’ (SM) [9] of particle physics
in the latter half of the 20th century. While the SM does not provide a complete description
of the universe, it has provided predictions of the existence of fundamental particles and
their interactions that are continuously tested at the largest particle accelerator and collider
facilities.

Yet it is the knowledge of the incompleteness of the SM in its current form that motivates
the pursuit of deviations from its predictions; for example, the existence of ‘dark matter’ —
indirectly confirmed via astrophysical observations of the difference between gravitational
and luminous mass in galaxies [10], measurements of the rotation speeds of stars within
galaxies [11], and the effects of its gravitational lensing [12], to name but a few examples —
is not predicted by the SM. Similarly the non-zero neutrino mass [13], baryon asymmetry [14],

25



26 introduction

and the observation of the accelerating expansion of the universe [15, 16] are all beyond the
Standard Model (BSM). Within the search for possible explanations for these observations,
particle accelerators represent a crucial component — at present, a large number of BSM
searches are already being undertaken at the LHC [17] and will continue over its entire life-
cycle. However, the energy-reach, and hence discovery potential, of the LHC in its current
form is limited and plans for future, more powerful facilities must inevitably be made.

1.1.1 Acceleration of charged particles

Charged particles are accelerated via their interaction with electromagnetic fields. This was
first described at the end of the 19th century by H. Lorentz [18], via the (now-named) Lorentz
force

~F = q(~E+~v× ~B), (1.1.1)

where ~F is the force exerted on the particle, ~E and ~B are the electric and magnetic fields
respectively, ~v is the velocity of the particle and q is its electric charge. This equation implies
that the energy of a particle cannot be increased by the application of a magnetic field —
the resulting force would always be perpendicular to its velocity thanks to the form of the
cross-product. Therefore, to accelerate a charged particle along its direction of propagation,
and hence increase its energy, an electric field must be used. The total energy gained by a
charged particle within an electric field is given by

∆E = q

∫L
0

Ez(s)ds, (1.1.2)

where Ez is the electric field along the direction of propagation (the longitudinal field), s is
the coordinate along the accelerator and L is the total acceleration length. Therefore, at its
simplest level, to increase the energy of particles produced by an accelerator, either the length
of the accelerator or the magnitude of the electric field must be increased.

1.1.2 Limitations of conventional accelerators

Conventional accelerator facilities exist in two forms; linear and circular. Within a linear
accelerator, charged particles propagate through a series of radio-frequency (RF) cavities
where the electric field is varied synchronously with the propagation of the particle bunch
such that it is continuously accelerated to high energies. Acceleration in this way was first
proposed by G. Ising [19] in 1924 and was experimentally demonstrated a few years later by
R. Wideröe [20]. The maximum electric field that can be supported within such RF cavities is
limited by ‘breakdown’ [21] of the cavity walls, where electrons are ionised from the surface
of the cavity, damaging its structure. This limits the accelerating gradient to a few tens of
MVm−1, even in ultra-high vacuum conditions. This effect can be limited by cooling the
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cavity [22] or via the use of dielectric structures that are more resistant to breakdown [23],
but this still remains a fundamental limitation. However, in principle, a linear accelerator
of this form can be made as long as necessary to produce particle bunches of the required
energy and are practically limited by the cost of building and running them. The first large-
scale linear collider was the Stanford Linear Collider [24], with electron and positron bunches
provided by a 3 km-long linear accelerator, achieving a centre-of-mass collision energy of
91GeV. Future proposals for linear colliders [25, 26] have lengths on the order of tens of km
such that higher collision energies (hundreds of GeV) can be achieved.

An alternative to the ever-increasing length of linear accelerators is to recirculate the parti-
cle bunch such that the same accelerating cavities can be used many times — this is the prin-
ciple behind circular accelerators. In this form, the accelerating gradient can be kept modest
[O(10MVm−1)] — far below the ‘breakdown’ limit — thus reducing the required power and
improving stability, while the energy of particles can simply be increased by increasing the
number of passes through the accelerating cavities. The circular trajectory is maintained by
dipole magnets that provide a constant magnetic field that bends the trajectory of charged
particles, with their radius of curvature, ρ, given by

1

ρ
=
qB

p
, (1.1.3)

where p is momentum of the particle and B is the magnetic field strength. Therefore, the
maximum achievable energy within a circular collider is mainly limited by the strength of
available magnets. Superconducting magnets offer the highest magnetic fields, often on the
order of 10T, with those used at the aforementioned LHC consistently operating at 8.3T [8].
This enables acceleration of protons up to energies of 7TeV within the 27 km-long circular
accelerator.

Circular accelerators therefore seem to provide ideal conditions for the acceleration of
charged particles to high energies. However, as the ultra-relativistic charged particles are
accelerated transversely (bent) through the dipole magnets, they emit significant amounts
of synchrotron radiation — a form of highly-directed, wide-spectrum and often high-power
electromagnetic radiation. For each turn around the ring, the amount of energy radiated by
charged particles scales as [27]

ESR ∝
γ4

ρ
, (1.1.4)

where γ = E/mc2 is the relativistic Lorentz factor. Such a strong scaling with the relativistic
factor, γ4, is extremely unfavourable for electrons and positrons as a result of their small mass
and hence severely limits their attainable energies in a circular accelerator. For example, the
predecessor of the LHC, the Large Electron–Positron Collider [28], shared the same footprint
as the current LHC but the particle bunches were limited to energies of 104.5GeV due to the
large synchrotron radiation losses — a factor of 67 lower in energy than that of LHC proton
bunches. One proposal for the next generation of circular colliders, the Future Circular Col-
lider (FCC) [29], has a circumference of 100 km and would use magnets of strength 16− 20T
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to achieve centre-of-mass collision energies of 100TeV in proton–proton operation. However,
the proposed electron–positron collider in the same footprint (FCC-ee) [30] would be limited
to bunch energies of 175GeV. It is therefore clear that future electron–positron colliders must
be linear to reach the TeV-scale.

1.2 plasma-based particle acceleration

Using conventional accelerator technology, linear accelerators would need to have accelerat-
ing lengths of the order of tens of km to reach the TeV-scale — a potentially unrealistic level
of expenditure to both build and operate. As discussed in the previous section, this is due to
the occurrence of ‘breakdown’ within the RF cavities restricting the maximum accelerating
gradient that can be sustained. This therefore invites the proposal to change the medium
within which particles are accelerated — if ‘breakdown’ is the limiting factor, move to a
medium where this is not possible; plasma.

A plasma represents a fully broken-down state of matter and is a quasi-neutral mixture
of ions and electrons that exhibits collective behaviour. This means that at a macroscopic
level, ions and electrons within the plasma are distributed such that it remains electrically-
neutral. However, on a microscopic level, the thermal motion of the constituents can lead to
local regions of charge separation that give rise to electric fields. The approximate scale over
which quasi-neutrality is maintained within a plasma can be defined by its Debye length,

λD =

√
ε0kBTe

nee2
, (1.2.1)

where e is the charge of the electron, ε0 is the permittivity of free space, kB is the Boltzmann
constant, and Te and ne are the temperature and density of electrons within the plasma
respectively. The high density of electrically-charged particles within a plasma, typically of
order 1014 − 1018 cm−3 in plasma accelerators, means electric fields of amplitude far larger
than those supported in the near-vacuum of RF cavities can be maintained within its structure
provided that an appropriate level of charge separation can be achieved.

1.2.1 Laser-driven plasma wakefield acceleration

The first common technique for generating significant charge separation within a plasma was
proposed by Tajima and Dawson in 1979 [31], who noted that the ponderomotive force from
an intense laser pulse would act (primarily) on electrons within a plasma and excite electron
density perturbations in its wake as it propagated. The induced charge separation leads to
the generation of large electromagnetic fields within the plasma, with accelerating gradients
scaling as

E ≈ 100
√
ne [1018 cm−3] [GVm−1]. (1.2.2)
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Clearly, a plasma of density 1018 cm−3 is therefore able to support accelerating gradients of
order 100GVm−1, more than three orders of magnitude greater than typically achieved in
traditional RF cavity-based acceleration, thus significantly reducing the required accelerator
length. This laser-driven technique would become known as Laser Wakefield Acceleration
(LWFA).

LWFA requires the use of a laser pulse that is short with respect to the size of the density
perturbation, defined by the plasma-wave wavelength, λp, which is of order 30µm (∼ 100 fs)
at this density. At the time of publication of the original proposal, sufficiently short, in-
tense laser pulses did not exist to experimentally verify Tajima and Dawson’s predictions.
Alternative schemes such as the ‘beat-wave’ [32] were used to demonstrate the laser-driven
excitation of wakefields within a plasma via the combination of two co-propagating longer
pulses of differing frequency [33, 34]. The development of chirped-pulse amplification [35] in
the 1980s enabled first demonstrations of the short-pulse technique in the 1990s [36–38]. In-
terest in LWFA was intensified in 2004 with the publication of three separate demonstrations
of LWFA where electrons bunches were accelerated to 100MeV-scales in mm-scale plasmas
with few-percent energy spreads [39–41] — the so-called ‘dream beam’ results thanks to their
feature on the cover of the scientific journal Nature alongside this headline.

However, a fundamental limitation of LWFA is introduced by the refractive index of the
plasma. A laser pulse propagates through plasma at a velocity slightly lower than that in
vacuum and hence the wakefield it excites does too. Electrons that are being accelerated
within the wakefield quickly reach ultra-relativistic energies and hence propagate through
the plasma at velocities close to the speed of light, exceeding the velocity of the wakefield.
Over extended propagation distances, electrons outrun the wakefield, transitioning from its
accelerating phase to its decelerating phase within the so-called dephasing length [42],

Ld ≈
λ3p

λ20
, (1.2.3)

where λ0 is the wavelength of the laser pulse. This therefore limits the distance over which
electrons can be effectively accelerated by the wakefield. The dephasing length can be ex-
tended by operating at lower plasma densities (increasing λp), and alternative focusing
schemes have been proposed to overcome this limit [43] but have yet to be experimentally
demonstrated.

1.2.2 Beam-driven plasma wakefield acceleration

An alternative technique for inducing plasma wakefields was proposed a few years after
the seminal work of Tajima and Dawon and suggested the use of a compact bunch of ultra-
relativistic electrons, with their space-charge field providing the perturbing force to generate
charge separation in the plasma [44]. This method is known as beam-driven plasma wakefield
acceleration (PWFA) [45]. In PWFA, the dephasing limitation is avoided through the use of
an ultra-relativistic drive bunch that propagates through the plasma at the same velocity as
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electrons being accelerated within the wakefield. Furthermore, the wakefield can be driven
within the plasma until all the energy of the drive bunch is extracted, allowing large total
energy-transfer efficiencies to be achieved.

First beam-driven PWFA experiments were performed at the Argonne National Laboratory
in 1988, with the demonstration of a two-bunch acceleration scheme [46]. In this scheme, a
leading "drive" bunch transfers energy to the plasma and excites the wakefield, while a
second, lower charge, "witness" bunch follows at the appropriate phase to extract energy
from the wakefield and be accelerated. This is the approach often taken within modern
PWFA experiments.

In the early 1990s, the non-linear "blowout" regime of PWFA [47, 48] was recognised as
having suitable characteristics for high-quality electron acceleration although, again, suitably
intense high-charge, highly-compressed bunches that could operate in such a regime were
not available until experiments performed at the Final Focus Test Beam (FFTB) facility [49] to-
wards the end of the decade. Initial experiments using a highly-compressed bunch of 30GeV
electrons to drive wakefields in a low density plasma (ne ∼ 1014 cm−3) demonstrated the
acceleration of positrons [50] and multi-GeV acceleration of electrons [51], while the energy
doubling of a small fraction of a 42GeV electron beam in a plasma of length 85 cm was
later achieved at higher plasma densities (ne ∼ 1017 cm−3) [52]. These initial experiments
demonstrated that large accelerating gradients could be produced within PWFA schemes,
offering the potential for beam-driven plasma accelerators to provide short "afterburner" sec-
tions appended to conventional linear accelerators to boost their energies before collision [53]
or as the basis for future linear colliders [54]. More recent PWFA experiments have focused
on improving the quality and stability of acceleration using upgraded facilities [55, 56]. Of
particular relevance to this thesis is the Future-oriented Wakefield Accelerator Research and
Development at FLASH (FLASHForward) facility [57] where electron bunches are provided
by a conventional accelerator of exceptional stability [58], enabling detailed measurements
of the wakefield process and its dependencies to be performed. Such measurements are dis-
cussed in detail in Chapters 4 – 6, 8 and 9.

The beam-driven plasma accelerator scheme is not limited to only electron bunches, with
proton bunches also providing suitable drive bunches [59]. The use of high-energy proton
bunches available at facilities such as CERN could potentially allow the acceleration of wit-
ness bunches to TeV-scales in a single extended plasma stage [60]. The Advanced Wakefield
Experiment (AWAKE) at CERN [61] was devised to investigate proton-driven plasma wake-
field acceleration via the use of seeded self-modulation [62] to transform long proton bunches
into effective wakefield drive bunches. Results from this experiment are discussed in detail
in Chapters 3 and 7.

1.3 high-repetition-rate operation of plasma-based accelerators

Rapid experimental and theoretical progress has been made within the field of plasma-
based accelerators over the past two decades. Advances in the use of non-uniform transverse
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guiding structures have enabled the propagation of high-power laser pulses within plasma
over extended distances such that injected electrons reach GeV-scale energies in plasmas of
lengths on the order of a few centimetres [63–65], with the current state-of-the-art demon-
strating an energy gain of 7.8GeV over 20 cm — an average accelerating gradient of almost
40GVm−1 [66]. Improvements in control and stability of the drive and witness beams within
beam-driven plasma accelerators has similarly enabled significant progress to be made in
the quality and efficiency of acceleration [67], with the current state-of-the-art demonstrating
simultaneous per-mille-level energy-spread preservation and instantaneous energy-transfer
efficiencies in excess of 40% at accelerating gradients of 1.3GVm−1 [68]. It is widely ex-
pected that preservation of the transverse normalised emittance, εN, of the witness bunch
— a measure of its quality — will be achieved in the near future alongside an increase in
total efficiency. Doing so will represent the ultimate demonstration of stable, high-quality
acceleration in a plasma-based accelerator.

However, while considerable effort is being applied to improving the quality of plasma-
accelerated bunches, this is not the only crucial parameter that contributes towards the reali-
sation of plasma-based accelerators as facilities, be it future particle colliders, next-generation
light sources or lower-energy accelerators. Using particle colliders as an example, not only
is exquisite beam quality required to enable a large number of collisions to occur per bunch-
crossing, but the frequency of bunch-crossings must also be maximised. These effects are
summarised by the luminosity of the machine, a measure of the event-rate per cross-section,
given by

L = H
N2f

4πσxσy
, (1.3.1)

where H is a small geometrical factor from bunch tilts and pinching effects, N is the num-
ber of particles per bunch, f is the frequency of collisions, and σx and σy are the trans-
verse bunch sizes in the horizontal and vertical planes respectively. Only a small number of
particles within each bunch actually undergoes a collision within each crossing and hence,
within a circular collider such as the LHC, bunches are circulated many times and undergo
many collisions before being dumped. This enables the LHC to operate at very high col-
lision rates with approximately 6× 108 collisions per second and luminosities in excess of
1034 cm−2s−1 [8]. Planned upgrades to the injectors [69] to improve the proton bunch quality
and corresponding detector upgrades are expected to increase this by a further factor of 10
in the future [70].

In contrast, within a linear collider, the natural scheme for plasma accelerators, bunches
cannot be re-circulated and only undergo a single bunch-crossing. Therefore, to maximise
the number of collisions and hence luminosity, both the frequency of bunch-crossings and
the quality of the colliding bunches must be maximised. Internal injection schemes that allow
the generation of ultra-low emittance bunches within the plasma have been proposed [71–
73] and their experimental implementation is on-going [74–76] while plasma acceleration
schemes exist that will allow preservation of the quality of the bunch [47]. It therefore seems
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feasible that high-gradient (>GVm−1) acceleration of ultra-low emittance (εN ∼ 10− 100nm)
beams will be possible in plasma accelerators over the coming years.

Comparatively little research has been performed to study the maximum achievable rate
at which high-quality plasma acceleration can be achieved. This is mostly due to the lack
of availability of suitable drive beams at repetition-rates where this could be studied. High-
peak-power (> 100TW) laser systems that provide laser pulses suitable for GeV-scale accel-
eration of electrons [77–79] typically operate at few- or sub-single-Hz repetition-rates while
beam-driven facilities have previously been operated at 10Hz repetition-rates and below [55,
61]. Straw-man high-average-power plasma-based facility proposals [54, 80, 81] typically as-
sume operating repetition-rates of O(10 kHz) and yet no detailed experimental or theoretical
feasibility studies have yet been performed. However, such studies have been made possi-
ble at the FLASHForward experiment [57] thanks to the use of a super-conducting radio-
frequency (SCRF) linac, FLASH [58], that can provide joule-level electron drive bunches for
plasma wakefield experiments at repetition-rates of up to 3MHz. However, the availability
of suitable drive bunches at such a rate does not mean plasma acceleration is also possible at
this frequency.

1.3.1 Extended timescale evolution of plasma wakefields

Unlike the near-vacuum conditions of a conventional RF cavity, a plasma does not represent
a non-evolving accelerating medium. During the acceleration process, the plasma acts as
an energy transformer, enabling the transfer of energy from the drive bunch to the trailing
witness bunch via the fields driven within it. However, this process is not 100% efficient and
hence a significant amount of energy remains within the plasma following the wakefield
excitation and particle acceleration process. This energy must dissipate, with a number of
evolutionary processes available for this within a plasma occurring over a range of timescales.
These are summarised in Figure 1.3.1 and are briefly outlined as follows:

• Electron plasma response — the plasma wakefield is effectively a local electron density
perturbation driven by, and co-propagating with, an intense drive beam. Plasma elec-
trons respond either to the ponderomotive (laser-driven) or space-charge (beam-driven)
force on the shortest timescales (fs – ps) and create the oscillating wakefield structure
within the plasma. Plasma electrons are excited by the wakefield, gaining large amounts
of energy, and undergo further oscillations following the passage of the beam. These
initially coherent oscillations — the wakefield — gradually decohere due to the local
plasma density gradients and the wakefield structure breaks down.

• Ion plasma response — ions within the plasma also respond to the large-amplitude
wakefields and charge density perturbations, although over a longer timescale (ps – ns)
due to their increased mass relative to that of electrons. The motion of ions can lead to
the development of non-uniform density profiles and dominates mass flow within the
plasma.
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Figure 1.3.1: Representation of an approximate timeline for the mechanisms that dominate the evolu-
tion of a plasma wakefield from indications of measurements performed within the X-3
experiment at FLASHForward. Note, these mechanisms and timescales are for beam-
driven wakefields at plasma densities of order 1016 cm−3 and will vary for different
conditions.

• Re-ionisation — plasma electrons and ions, excited by the wakefield, move through
the plasma and undergo collisions with each other and recombined neutral species
present within the plasma mixture. Such collisions can be of sufficiently high energy
that ions and neutrals undergo ionisation, leading to a local increase in plasma density.
Appropriate collisional cross-sections [82] indicate this re-ionisation effect is expected
over few-ns – µs timescales.

• Recombination and decay — plasmas, perturbed by a wakefield or not, only exist for a
limited period without additional heating mechanisms to sustain the high temperatures
(T ∼ eV) required for significant ionisation fractions to be observed. Usually within
plasma-based acceleration, the plasma is contained within a solid structure such as
a capillary. The solid walls of the structure remain in contact with the plasma and
provide one of the dominant sources of heat loss as heavy species (ions and neutrals)
undergo collisions with the wall. This reduces the temperature of the plasma bulk and
it recombines and decays, typically over µs – ms timescales.

• Gas refill — if the plasma is generated and contained within a capillary surrounded
by near-vacuum, as is typically the case in plasma-based accelerator environments, the
pressure gradient between the high-density plasma and vacuum drives its diffusion.
Additionally, the ionisation process heats the plasma and the increased thermal velocity
similarly increases diffusive effects. This results in a net loss of gas out of the containing
structure which must be replaced before plasma of similar characteristics can be formed
again. The refilling process typically occurs over ms timescales.

It is important to note that all of these mechanisms are strongly dependent on the plasma den-
sity and plasma species, among other variables, and are given in the context of beam-driven
plasma wakefield experiments performed within the X-3 experiment at FLASHForward with
argon plasma typically operated at densities of order 1016 cm−3. This also does not represent
an exhaustive list of possible dissipation mechanisms, but those that are typically observed
to dominate within the FLASHForward experiment.



34 introduction

Clearly, the plasma will evolve significantly following the wakefield acceleration process
and the dissipation of this evolution will likely dominate the ultimate repetition-rates achiev-
able with plasma-based accelerators. To date, only two publications [83, 84] have experimen-
tally observed evolution of the plasma wakefield beyond the initial electron plasma response
by observing effects from the motion of plasma ions. However, neither represents a detailed
study of these effects or their dependencies and hence cannot be used to predict how such
mechanisms may limit achievable repetition-rates.

1.4 outline

This thesis details measurements undertaken by the author at two experimental facilities, the
AWAKE experiment at CERN [61] and the FLASHForward experiment at DESY [57], to ex-
perimentally study the extended evolution of plasma wakefields.

Chapter 2 introduces a theoretical foundation describing plasma wakefield acceleration,
demonstrating the advantageous characteristics of the non-linear wakefield regime.

The second part of the thesis introduces the facilities where measurements key to the results
of this thesis were performed.

Chapter 3 introduces the AWAKE experimental facility and the concept of self-modulation
within a plasma, crucial for the use of long proton bunches as effective wakefield drive
bunches.

Chapter 4 introduces the FLASHForward experimental facility and the experiments be-
ing undertaken there. Particular care is taken to highlight experimental and diagnostic tech-
niques that were developed to enable high-precision measurements of the wakefield process
and its subsequent evolution.

Part three of the thesis is dedicated to introducing the beam-based plasma characterisation
technique developed by the author to enable the study of plasma evolution over a range of
timescales.

Chapter 5 motivates the use of short, high-current electron bunches as diagnostics of
the plasma state, introduces a novel beam-based plasma characterisation technique, and de-
scribes its implementation within the FLASHForward experiment.

Chapter 6 discusses results obtained from application of the aforementioned beam-based
characterisation technique to the study of the recombination and decay of various plasmas
within sources suitable for beam-driven plasma wakefield acceleration.

The fourth and final part of this thesis is focused on the study of the plasma following its
perturbation by the wakefield.

Chapter 7 uses external-injection of witness electrons into the wakefield driven by a self-
modulated proton bunch to study the excitation and decay of a resonantly-driven plasma



introduction 35

wakefield on sub-nanosecond timescales. These measurements were performed in the context
of the AWAKE experiment.

Chapter 8 applies the beam-based characterisation technique to the study of the plasma ion
response to the wakefield excitation process over nanosecond timescales within the context of
the FLASHForward experiment. The dependence of the ion response is studied as a function
of the wakefield amplitude, plasma density and ion mass.

Chapter 9 again applies the beam-based characterisation technique but to measurements
of the plasma evolution over microsecond timescales following wakefield excitation to study
re-ionisation and subsequent decay of the plasma. The effects of electron-impact ionisation
are measured and its dependencies on the plasma density and species are studied.

The final chapter summarises the findings of the measurements presented within this the-
sis and their implications for potential future operating modes of plasma-based accelerators.

In summary, the measurements presented within this thesis represent the first detailed
experimental study of the entire evolution of the plasma wakefield process and its scaling
with relevant experimental parameters, allowing definitive statements about future operation
modes of plasma accelerators to be made.

1.4.1 Contributions of the author

Part II outlines measurements performed at AWAKE and FLASHForward which are nec-
essary to the comprehension of later chapters within this thesis. The author contributed to
these measurements by being part of the team that took the data, analysing the data (or sub-
sets of the data), or discussing the results and subsequent publications at length. However,
the author did not directly lead these studies.

Parts III and IV describe measurements where the author either led the analysis of exper-
imental measurements (in the case of AWAKE; Chapter 7) or devised and performed the
experiments, developed theoretical understanding, and analysed all results (in the case of
FLASHForward; Chapters 5, 6, 8 and 9). All experimental data-taking was performed as
part of a small team with other members of the collaborations and the implications of the re-
sults of the analysis performed by the author were discussed within the wider collaborations.
All simulations described within this thesis were performed by the author unless explicitly
stated otherwise.





Part I

T H E O RY

Part I introduces the fundamental physics that describe a plasma and its interac-
tion with a dense, relativistic, charged particle beam.





2
P L A S M A A S A N A C C E L E R AT I O N M E D I U M

Plasma wakefield theory is typically described using two regimes; the linear regime, where
relative plasma electron density perturbations are small; and the non-linear, ’blowout’ regime
where large density perturbations are considered. First, a derivation of the linear wakefield
theory is outlined following the formalism of Keinigs and Jones [85]. Limitations of the
linear regime are then discussed, providing motivation for operating PWFA in the non-linear
regime. This regime is described in detail following the formalism of W. Lu et al. [86, 87] and
experimental demonstrations of its use are briefly discussed. Finally, the use of the particle-
in-cell method to describe the non-linear plasma dynamics is outlined while the associated
limitations of this method with regards to modelling the extended timescale evolution of
plasma wakefields are presented.

2.1 plasma wakefield acceleration in the linear regime

The linear regime of plasma wakefield is used to describe the response of a plasma to drive
beams with densities (nb) lower than the background plasma electron density (ne), i.e.

nb =
1

(2π)3/2
N

σ2rσz
< ne, (2.1.1)

where N is the total number of charged particles within the beam, and σr and σz are the
RMS width and length of the bi-Gaussian, cylindrically-symmetric bunch respectively. The
response of the plasma to the beam can be described using a fluid description, where its
motion is described by the continuity equation:

∂n

∂t
+∇ · (n~v) = 0, (2.1.2)

where n represents the density of the plasma and ~v is its velocity. This statement is an
application of charge conservation, such that a local change in the plasma density is equal to
the flow of plasma into or out of the region. If electromagnetic fields are present, the plasma
response is described by the Lorentz Law:

m
∂ (n~v)

∂t
= en

(
~E+

~v× ~B

c

)
(2.1.3)

39
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where the electric (~E) and magnetic (~B) fields themselves evolve via Maxwell’s equations:

∇ · ~E =
ρ

ε0
(2.1.4a)

∇ · ~B = 0 (2.1.4b)

∇× ~E = −
∂~B

∂t
(2.1.4c)

∇× ~B = µ0

(
~J+ ε0

∂~E

∂t

)
. (2.1.4d)

where ρ represents the charge density, ~J is the current density, and ε0 and µ0 are the per-
mittivity and permeability of free space respectively. The combination of the previous six
equations can be used to determine the evolution of the plasma and fields in a self-consistent
manner, however their solution cannot be obtained analytically for arbitrary sources. There-
fore, a number of simplifying assumptions must be made:

• The plasma is initially uniform and neutral, such that ne = ni = n0.

• The mass of the ions is much larger than that of the electrons, and hence their mo-
tion is not considered on the timescale of interest. They are therefore assumed to be a
stationary, positively charged, uniform background throughout.

• The source of the perturbation is an ultra-relativistic charged particle beam with v = c.
It is therefore considered to be "rigid" and does not evolve in response to the fields
generated by the plasma.

• nb � ne. This allows the evolution of the plasma electron density to be solved per-
turbatively, n(z, r, t) = n0 + n1(z, r, t), where n1(z, r, t) is a perturbation to the initial
density.

Substituting this form of the density into Eq. (2.1.2) and (2.1.3) gives

∂n1
∂t

= −n0∇ ·~v, (2.1.5)

∂~v

∂t
=

e

me
~E, (2.1.6)

where only terms that are first-order in perturbative quantities are kept. The plasma velocity
~v, and field quantities ~E and ~B are also considered to be perturbations. Taking the divergence
of Eq. (2.1.6) gives

∂∇ ·~v
∂t

=
en0
me
∇ · ~E. (2.1.7)

Substituting the form of ∇ · ~E from Gauss’ Law [Eq. (2.1.4a)],

∇ · ~E =
e

ε0
(n1 +nb) , (2.1.8)
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and combining with the time derivative of Eq. (2.1.5) gives

∂2n1
∂t2

= −
n0e

2

ε0me
(n1 +nb) , (2.1.9)

giving the definition of the electron plasma frequency,

ωpe =

√
n0e2

ε0me
, (2.1.10)

which represents the fundamental measure of the timescale over which plasma electrons
respond to the perturbing particle bunch. This is also commonly referred to as the plasma
frequency, ωp, dropping the specific mention to electrons as ions are typically assumed to be
motionless. In reality ions do respond to the wakefield, typically on a timescale correspond-
ing to their own plasma frequency and this is discussed in detail in Chapter 8. The (electron)
plasma frequency not only defines a fundamental timescale, but is also used to define both
the typical length scale of the plasma response, via calculation of the plasma wavelength,

λp =
2πc

ωp
, (2.1.11)

and the amplitude of the maximal field that can be supported within a cold plasma,

E0 =
mecωp

e
. (2.1.12)

The majority of current PWFA experiments [56, 57, 61] use plasma densities on the order
of ne ∼ 1014 − 1017 cm−3, corresponding to plasma frequencies in the THz range, ωp ∼

5× 1011 − 2× 1013 s−1. The corresponding length scales are given by λp ∼ 3mm − 100µm,
while the maximal field amplitude is E0 ∼ 100MVm−1 − 30GVm−1. Herein represents a fun-
damental advantage and inherent challenge associated with plasma-based acceleration — ac-
celerating gradients orders of magnitude larger than those achieved within conventional RF
accelerators, O(10MVm−1), are readily available but precise control of the particle bunches
on femtosecond- and micron-scales are consequently required.

2.1.1 Plasma response

In order to calculate the response of the plasma to a charged-particle drive bunch, we will
assume an ultra-relativistic (β = 1), radially-symmetric drive bunch with density

nb(r, z, t) = R(r)Z(z− ct). (2.1.13)
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We will solve for the plasma response in the comoving frame of the beam, defined by the
coordinate transform ξ = z − ct, where ξ represents the position along the drive bunch.
Applying this transformation to Eq. (2.1.9) gives

∂2n1(r, ξ)
∂ξ2

+ k2pn1(r, ξ) = −k2pR(r)Z(ξ), (2.1.14)

where kp = ωp/c is defined as the plasma wavenumber. The inverse of this, k−1p , is known
as the plasma skin-depth and represents a measure of the depth in a plasma to which elec-
tromagnetic radiation can penetrate. It is often also used as a wakefield length scale for its
similarity to the plasma wavelength, λp = 2π k−1p . It is possible to calculate the plasma re-
sponse by considering a delta-function longitudinal beam profile, Z(ξ) = δ(ξ). Integrating
both sides of Eq. (2.1.14) from ξ = −ε to ξ = ε in the limit ε→ 0 gives∣∣∣∣∂n1∂ξ

∣∣∣∣
ξ=0

= −k2pR(r). (2.1.15)

For ξ < 0, there is no source and hence no plasma response. For ξ > 0, the source has passed
but the perturbation remains. The solution to Eq. (2.1.14) without a source is A sin(kpξ) +
B cos(kpξ) and the delta-function gives the slope of the solution at ξ = 0. Therefore, it is
possible to infer that A = −kpR(r)/(2πr) and B = 0, giving the Green’s function solution
of [27]

nG1 (r, ξ) = −kpR(r) sin(kpξ)Θ(ξ), (2.1.16)

where Θ(ξ) is the Heaviside step function. It is possible to solve the plasma perturbation
for an arbitrary source function nb = R(r)Z(ξ) by performing a convolution integral of the
source with the Green’s function. For example, for a bi-Gaussian drive beam,

n1(r, ξ) = −
kp

(2π)3/2
Nb
σ2rσz

exp
(
−
r2

2σ2r

)
×∫∞

ξ

exp
(
−
ξ ′2

2σ2z

)
sinkp

(
ξ− ξ ′

)
dξ ′,

(2.1.17)

where Nb is the number of charged particles within the drive bunch, σr and σz represent the
root mean square (RMS) width and length of the bunch respectively, and

nb0 =
Nb

(2π)3/2σ2rσz
, (2.1.18)

represents the peak density of the bi-Gaussian particle bunch.



plasma as an acceleration medium 43

2.1.2 Fields

To derive the corresponding fields in the plasma created by the density perturbations, we
return to Maxwell’s equations. Taking the curl of Faraday’s Law [Eq. (2.1.4c)] and the time
derivative of the Ampere-Maxwell Law [Eq. (2.1.4d)] and combining gives

∇2~E− 1

c2
∂2~E

∂t2
= µ0

∂~J

∂t
+
1

ε0
∇ρ, (2.1.19)

via use of the vector identity ∇×∇× ~A = ∇(∇ · ~A) −∇2~A. There are now two sources, that
of the drive beam and the perturbation to the plasma density, and so the source terms are
split into components, ρ = ρb + ρp and ~J = ~Jb +~Jp where ~Jb = cρbẑ and subscripts are used
to represent the external beam contribution, b, and the induced plasma response, p. Using
Eq. (2.1.3), under the assumption that B is negligible, the relationship between ~Jp and ~E can
be found to be

∂~Jp
∂t

= ε0ω
2
p
~E. (2.1.20)

Substituting this into Eq. (2.1.19) and rearranging gives(
∇2 − 1

c2
∂2

∂t2
−
ω2p

c2

)
~E = µ0c

∂ρb
∂t
ẑ+

1

ε0
∇ (ρb + ρp) , (2.1.21)

which allows the magnetic field to be derived using Faraday’s Law [Eq. (2.1.4c)] using the
vector identity ∇×∇(φ) = 0,(

∇2 − 1

c2
∂2

∂t2
−
ω2p

c2

)
~B = −µ0c∇× ρbẑ. (2.1.22)

The source term within this equation depends only on the beam current via ρb and hence
represents a purely electrostatic plasma response such that the beam does not generate elec-
tromagnetic radiation. Equations (2.1.21), (2.1.22) and (2.1.9) can then be used to describe the
response of the fields and plasma to a non-evolving source.

2.1.2.1 Longitudinal field

A useful tool for solving for the fields induced in the plasma by the response to the bunch is
the Fourier transform in ξ

Ez(ξ) =
1

2π

∫∞
−∞ Êz(k) exp(ikξ)dk (2.1.23)

as it allows derivatives to be expressed as multiplicative operators, i.e. for ξ = z− ct,

∂

∂z
→ ik, (2.1.24)
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1

c

∂

∂t
→ −ik. (2.1.25)

In addition to this, the Laplacian can be separated into its transverse and longitudinal com-
ponents, ∇2 = ∇2⊥ + ∂2z and substituted into Eq. (2.1.21) to give

(
∇2⊥ − k2p

)
Êz = µ0c

∂ρ̂b
∂t

+
1

ε0

∂

∂z
(ρ̂b + ρ̂p), (2.1.26)

where derivatives with respect to z and t cancel thanks to the assumption that the velocity of
the source is ultra-relativistic, i.e. v = c. The previously derived relation, kp = ωp/c is also
used. The source function is defined to be a delta-function in both r and ξ,

ρb = e
δ(r− r0)

2πr
δξ, (2.1.27)

where the delta function in r represents a ring-shaped particle with radius r0. The Fourier
transform of the source is

ρ̂b = e
δ(r− r0)

2πr
. (2.1.28)

Using the expression for the temporal derivative given in Eq. (2.1.25), the Fourier transform
of Eq. (2.1.9) can be written as

c2k2ρ̂p = ω2p(ρ̂p + ρ̂b), (2.1.29)

such that

ρ̂p =

(
k2p

k2 − k2p

)
ρ̂b = e

k2p

k2 − k2p

δ(r− r0)

2πr
. (2.1.30)

Inserting the expressions for ρ̂b and ρ̂p into Eq. (2.1.26) gives

(
∇2⊥ − k2p

)
Êz = e

ikk2p

k2 − k2p

δ(r− r0)

2πr
. (2.1.31)

Note that the contributions from ρb and Jb cancel here because an ultra-relativistic charge
does not source a longitudinal electric field, but rather only a radially-pointing field. The
remaining longitudinal electric field is due to the density modulation in the plasma.

In cylindrical coordinates, the ∇2⊥ operator is

∇2⊥ =
1

r

d

dr

(
r
d

dr

)
+
1

r2
d2

dφ2
(2.1.32)
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but in this case, derivatives with respect to φ are zero due to the radial symmetry of the
source. Therefore, Eq. (2.1.31) can be rewritten

1

r

∂

∂r

(
r
∂Êz

∂r

)
− k2pÊz = e

ikk2p

k2 − k2p

δ(r− r0)

2πr
. (2.1.33)

The LHS of this equation is the modified Bessel equation of zeroth order, with solution

Êz(r) = AI0(kpr) +BK0(kpr) (2.1.34)

if there is no source, where Im and Km are the modified Bessel functions of the mth order.
The Green’s function solution for a radial delta-function can be written as [27]

g0(r, r0) = [I0(kpr)K0(kpr0)Θ(r0 − r) + I0(kpr0)K0(kpr)Θ(r− r0)]

= I0(kpr<)K0(kpr>)
(2.1.35)

giving the solution for the Fourier transformed Ez,

Êz =
1

2π
e
ikk2p

k2 − k2p
g0(r, r0). (2.1.36)

Performing the reverse transform gives the Ez field due to a delta-function source

Ez(r, ξ) =
1

2π
ek2pig0(r, r0)

∫∞
−∞

k

k2 − k2p
eikξdk. (2.1.37)

It is necessary to perform this integral over a contour in the complex plane due to the pres-
ence of the two poles at k = ±kp. The integral is made finite by defining the contour C
using two parts, C1, which is the original integral along the real axis, and C2, an arc in the
imaginary plane with radius that goes to infinity. C2 is chosen such that its contribution to
the integral is zero; by closing in the upper half plane, ikξ < 0 for ξ > 0 and hence the expo-
nential goes to zero as ikξ→ −∞. This will result in only having fields for ξ > 0 as required.
The contour over which this integral is performed is shown for reference in Figure 2.1.1. The
Cauchy Integral Theorem can be used to calculate the value of the integral

2πif(z0) =

∮
f(z)dz

z− z0
, (2.1.38)

where, using partial fractions, the integrand can be rewritten:

Ez =
1

2π
ek2pig0(r, r0)

∮
C

keikξ

k2 − k2p
dk

=
1

2π
ek2pig0(r, r0)

∮
C

eikξ

2

[
1

k− kp
+

1

k+ kp

]
dk.

(2.1.39)
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Figure 2.1.1: Contour for the integral given by Eq. (2.1.37).

Through the previous choice of C2, its contribution to the integral is zero and hence this is
equal to the original integral, Eq. (2.1.37). Application of the Integral Theorem [Eq. (2.1.38)]
then gives

EGz (r, ξ) = −ek2pg0(r, r0) cos(kpξ)Θ(ξ), (2.1.40)

where the Heaviside function, Θ, appears due to the original choice of the contour. This
expression for Ez is often referred to as the single-particle wake functionWz. The longitudinal
electric field sourced by any beam distribution is hence given by the convolution of the wake
function with the beam density

Ez(r, ξ) = −ek2p

∫∞
ξ

∫∞
0

R(r ′)g0(r, r ′)Z(ξ ′)×

coskp(ξ− ξ ′)r ′dr ′dξ ′.
(2.1.41)

2.1.2.2 Transverse Field

Following the same procedure as for the derivation of the longitudinal field, the transverse
components of E and B can be found. Using Eq. (2.1.21) and (2.1.22),

(
∇2⊥ − k2p

)
Êr =

1

ε0

∂

∂r
(ρ̂b + ρ̂p), (2.1.42)

(
∇2⊥ − k2p

)
B̂φ = µ0c

∂

∂r
ρ̂b, (2.1.43)

assuming that the source is radially symmetric and is ultra-relativistic and moves in the +ẑ

direction. Of most interest is the transverse force experienced by beam particles, referred to
as W⊥. Using the definition of the Lorentz Force,

~W⊥ = Err̂+~v×Bφφ̂. (2.1.44)
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where, given that we have assumed ~v = cẑ, we find ~W⊥ = (Er−cBφ)r̂. Combining Eq. (2.1.42)
and (2.1.43) gives

(
∇2⊥ − k2p

)
Ŵ⊥ =

1

ε0

∂ρ̂p

∂r
, (2.1.45)

where again the beam source cancels as the repulsive space charge force is exactly cancelled
by the attractive magnetic force of co-propagating currents. Using the previously defined
form of ρ̂p [Eq. (2.1.30)] gives

(
∇2⊥ − k2p

)
Ŵ⊥ = e

k2p

k2 − k2p

∂ρ̂b
∂r

. (2.1.46)

In cylindrical coordinates (r,φ, z), the Laplacian components are given by(
∇2~A

)
r
= ∇2Ar −

Ar

r2
−
2

r2
∂Aφ

∂φ
, (2.1.47a)(

∇2~A
)
φ
= ∇2Aφ −

Aφ

r2
+
2

r2
∂Ar

∂φ
, (2.1.47b)(

∇2~A
)
z
= ∇2Az. (2.1.47c)

with coupling between the r and φ components. This coupling makes solving these equations
challenging, but under the assumption of cylindrical symmetry, such that there is no variation
in φ, the LHS of Eq. (2.1.30) can be expanded

1

r

∂

∂r

(
r
∂Ŵr

∂r

)
−

(
1

r2
+ k2p

)
Ŵr = e

k2p

k2 − k2p

∂ρ̂b
∂r

. (2.1.48)

The homogeneous solutions to this equation are the modified Bessel functions of the first
order, with the corresponding Green’s function [27]

g1(r, r0) = I1(kpr<)K1(kpr>). (2.1.49)

The Fourier transformed transverse wake function is hence defined as

Ŵ⊥ =
1

2π
e

k2p

k2 − k2p
g1(r, r0), (2.1.50)

and inverting the transform gives

W⊥ =
1

2π
ek2pg1(r, r0)

∫∞
−∞

1

k2 − k2p
eikξdk, (2.1.51)

where the integral is evaluated using the same procedure as to find the longitudinal wake
function, this time yielding a sine function

W⊥ = −ekpg1(r, r0) sin(kpξ). (2.1.52)
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Performing the convolution of the transverse wake function with the beam distribution in
this case gives

F⊥(r, ξ) = −ekp

∫∞
ξ

∫∞
0

∂R(r ′)

∂r
g1(r, r ′)Z(ξ ′)×

sinkp(ξ− ξ ′)r ′dr ′dξ ′.
(2.1.53)

2.1.3 Linear regime limitations

It was shown in Ref. [45] that for a cylindrically-symmetric electron bunch with a parabolic
radial distribution described by

R(r) ∝ 1− r

σ2r
, (2.1.54)

a close approximation to a Gaussian bunch distribution, the integrals in Eqs. (2.1.41) and
(2.1.53) could be given by

Ez = −kpR(r) cos(kpz−ωpt), (2.1.55)

F⊥ = −
1

σ2r

[
K2(kpσr)I1(kpr) −

r

kpσ2r

]
sin(kpz−ωpt), (2.1.56)

respectively, for r < σr. These indicate that wakefields in the linear regime have cosine-like
longitudinal fields with both accelerating and decelerating regions, and sine-like transverse
fields with alternating focusing and defocusing regions. The form of the transverse field is
closely related to the perturbation to the density profile given in Eq. (2.1.16), while the longi-
tudinal field lags this by a relative phase of π/2. The net result of this are regions of phase π/2
that are both accelerating and focusing for electron bunches, allowing the bunch to remain
contained within the wakefield and accelerated over extended distances. A sketch indicat-
ing the regions of relative phase of the longitudinal and transverse wakefields is shown in
Figure 2.1.2 for reference.

At first glance, the linear regime therefore appears to be well-suited for enabling accelera-
tion of electrons at high gradients. However, consider the form of the transverse field given
by Eq. (2.1.56). It contains a linearly-focusing component that is inversely proportional to
kpσ

2
r and a non-linearly-defocusing component that is proportional to I1(kpr). This defo-

cusing component grows with r and hence the transverse bunch size should be small such
that the linear component of the field dominates, i.e. kpσr � 1. However, the evolution of
the bunch itself due to the transerve field must also be considered. The transverse beam
size of an electron bunch within a focusing channel evolves according to the beam envelope
equation [88–90]

d2σr

dξ2
+ k2βσr =

ε2

σ3r
, (2.1.57)
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Figure 2.1.2: Demonstration of the longitudinal and transverse fields in a plasma wakefield and their
relative phase. Reproduced from Ref. [45].

where kβ is the wavenumber of a particle that radially oscillates due to the focusing trans-
verse field and ε is the emittance of the bunch. This implies that there exists a solution where
the envelope of the bunch remains constant throughout propagation, corresponding to the
balance between the divergence of the bunch due to its emittance and the focusing force
supplied by the plasma. This occurs for

σr =

√
ε

kβ
=
√
βε, (2.1.58)

where β = k−1β is the required β-function [91] at focus of the incoming electron bunch. When
the bunch satisfies such a constraint, it is said to be ‘matched’ to the plasma [92, 93]. Away
from this value, the transverse size of the bunch oscillates around that of the matched bunch
as it propagates through the plasma.

To understand one of the constraints the form of the transverse field in Eq. (2.1.56) imposes
on the stable propagation of a bunch, consider a narrow (kpσr � 1) bunch that is not well-
matched into the plasma, i.e. its transverse size does not satisfy Eq. (2.1.58). Initially, thanks
to its small transverse size, the focusing force on the bunch can be assumed to be linear in
r and scales as F⊥ ∝ r/(kpσ

4
r). This force strongly depends on the size of the bunch and

hence evolves as the transverse bunch size oscillates through the plasma. As the bunch size
decreases, the transverse field grows in amplitude, further focusing the bunch in a positive
feedback effect. This increases the local bunch density and more strongly perturbs the plasma
electrons until none are left within the vicinity of the bunch and only plasma ions remain
to provide the focusing force. Such a configuration is referred to as the ’blowout regime’ [48,
89, 94, 95]. Hence the linear wakefield regime is unstable and the bunch will naturally evolve
such that it produces a non-linear wake. However, the non-linear blowout regime has many
advantages for high-quality electron acceleration and is discussed in detail in the following
section.
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2.2 plasma wakefield acceleration in the non-linear regime

The derivation of the linear wakefield regime in the previous section relied on a cold fluid
model of the plasma response to the perturbation by a charged-particle bunch. Use of such
a model prevents consideration of the relativistic motion of strongly perturbed plasma elec-
trons or complete cavitation of the wakefield, the aforementioned blowout. Hence, a fully
relativistic, non-linear kinetic theory was sought as described in Refs. [47, 96]. Such deriva-
tions of the non-linear regime of the plasma wakefields relied on a Hamiltonian description
of the relativistic plasma electrons given by

H = γmec
2 + qφ (2.2.1)

where φ is the scalar potential of the wakefield, q = −e is the charge of an electron, and the
energy of a particle is related to its momentum, p, by

γ =

√
1+

p2

m2ec
2

. (2.2.2)

The momentum of a particle is related to the canonical momentum ~P via

~P = ~p+
q~A

c
, (2.2.3)

where ~A is the vector potential of the wakefield. An important approximation with regard
to the motion of the particles is now made, that of the quasi-static approximation (QSA) [47].
This states that the motion of plasma electrons that respond to the perturbation from the
drive bunch occurs on a timescale far shorter than the perturbation to the drive bunch in-
duced by the plasma response. Use of such an approximation enables the decoupling of the
two evolutionary timescales and is commonly used within particle-in-cell (PIC) simulations
to enable considerable speedup as the plasma and bunch response can be separately calcu-
lated. Under the QSA, the Hamiltonian defined by Eq. (2.2.1) depends on z and t via the
combination ξ = z− ct. By definition, dH/dt = ∂H/∂t and hence

∂H

∂t
= −c

∂H

∂ξ
= −c

∂H

∂z
= c

dPz

dt
, (2.2.4)

via Hamilton’s equations, leading to the constant of motion

d

dt
(H− cPz) = 0. (2.2.5)

Before the drive bunch arrives the plasma electrons are stationary and hence H− cPz = mec
2.

After the arrival of the bunch,

H− cPz = γmec
2 + qφ− cpz − qAz = mec

2, (2.2.6)
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via Eqs. (2.2.3) and (2.2.5). This leads to the definition of the wakefield pseudo-potential
ψ = φ−Az such that

γmec
2 − cpz = mec

2 + eψ. (2.2.7)

Application of the Lorenz gauge condition,

∇ · ~A+
1

c2
∂φ

∂t
= 0, (2.2.8)

allows Maxwell’s equations to be re-written

(
1

c2
∂2

∂t2
−∇2

)~A
φ

 =

 µ0~J
ρ/ε0

 . (2.2.9)

At this point, we adopt the formalism within Ref. [87] and move to normalised ‘plasma’ units
where timescales are normalised to the plasma frequency, ω−1

p , length scales to the plasma
skin-depth, k−1p , velocities to the speed of light, c, and charges to the electron charge, e. In
addition, the use of the QSA implies temporal derivatives are much smaller in magnitude
than spatial derivatives in the co-moving frame, i.e. ∂t � ∂ξ. This allows Maxwell’s equations
to be rewritten

−∇2⊥

~A
φ

 =

~J
ρ

 , (2.2.10)

and the wakefield pseudo-potential therefore obeys the Poisson-like equation

−∇2⊥ψ = ρ− Jz. (2.2.11)

The form of the longitudinal field can be extracted from the relation between the electric field
and the vector and scalar potentials in the Lorenz gauge

~E = −∇φ−
∂~A

∂t
, (2.2.12)

such that

Ez =
∂ψ

∂ξ
. (2.2.13)

Hence the form of the wakefield pseudo-potential is of most interest and can be used to de-
scribe the fields induced within the plasma. The source of the pseudo-potential depends only
on the plasma charge density, ρ, and the axial current, Jz, via Eq. (2.2.11) which themselves
depend on the fields via the equation of motion for plasma electrons [96],

d~P⊥
dξ

=
1

1− vz

[
−~E⊥ + (~v× ~B)⊥

]
. (2.2.14)
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The definition for the relativistic factor (in normalised units), γ = (1+ P2)1/2, can be com-
bined with the constant of the motion derived earlier,

γ− Pz = 1+ψ, (2.2.15)

a repeat of Eq. (2.2.7) in normalised units, to link the axial momentum of plasma electrons to
their transverse motion via the pseudo-potential,

Pz =
1+ P2⊥ − (1+ψ)2

2(1+ψ)
, (2.2.16)

γ =
1+ P2⊥ + (1+ψ)2

2(1+ψ)
, (2.2.17)

1− vz =
1

γ
(γ− Pz) =

2(1+ψ)2

1+ P2⊥ + (1+ψ)2
, (2.2.18)

such that once P⊥ is solved via Eq. (2.2.14), the axial momentum, and hence Jz, can be
calculated. Note that the drive bunch does not contribute to ψ as Jzb = cρb, and hence
cρb − Jzb = 0.

2.2.1 Solving the equation of motion

The equation of motion for the transverse motion of plasma electrons perturbed by an elec-
tron bunch can first be solved via the application of the Dawson sheet model [97] where a
plasma is approximated by concentric rings of infinitely long sheets of electrons on a uniform
ion background. The force on an electron ring can then be calculated from determination of
the electrostatic force from the total charge within that ring. This approach is strictly only
valid provided that electron rings do not cross each other, as occurs within the blowout
regime, and hence such an approximation enables determination of the transition between
the linear and blowout regimes.

By applying the non-relativistic limit (vz � v⊥ � 1, v⊥ ≈ dr/dξ) to Eq. (2.2.14) and
assuming that the total force on an individual electron ring includes contributions from the
ion charge, electron bunch charge and plasma electron charge within the ring, the equation
of motion can be re-written,

d2r

dξ2
= −

1

2
r+

c(r0, r, ξ)
r

, (2.2.19)

where r0 is the initial position of the sheet, and r is its radial position at ξ. The first term on
the RHS comes from the uniform ion background while the second term represents the force
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(a) (b)

Figure 2.2.1: Solution of Eq. (2.2.22) over 0 6 r 6 1k−1p for a bi-Gaussian drive beam with σr = 0.1,
σz =

√
2 and (a) nb0 = 1 and (b) nb0 = 5. The colour of a given electron trajectory

represents the initial radial position of each electron and is the same for both figures.
The 1 and 2σ contours of the drive beam are plotted using black and grey dashed lines
respectively.

from the electron charge within the ring, consisting of both the drive bunch and the plasma
electrons. Under the assumption of no trajectory crossing, this term can be calculated via,

c(r0, r, ξ) =
1

2
r20 +

∫r
0

r ′nb(r
′, ξ)dr ′, (2.2.20)

where nb represents the drive bunch density distribution. For a bi-Gaussian drive beam
described by

nb(r, ξ) = nb0 exp
(
−(ξ− ξ0)

2

2σ2z

)
exp

(
−r2

2σ2r

)
(2.2.21)

this integral can be performed analytically and the equation of motion becomes

d2r

dξ2
= −

1

2
r+

1

r

{
1

2
r20 +nb0 exp

(
−(ξ− ξ0)

2

2σ2z

)[
σ2r

(
1− exp

(
−r2

2σ2r

))]}
. (2.2.22)

This equation of motion can be solved numerically to give the plasma electron response
as shown in Fig. 2.2.1. In this figure, the response of plasma electrons to a bi-Gaussian drive
beam with σr = 0.1, σz =

√
2 and (a) nb0 = 1 and (b) nb0 = 5 is solved. In Figure 2.2.1(a)

the trajectories of plasma electrons can be seen to converge at the rear of the wakefield but
trajectory crossing is not observed. However, when the plasma is more strongly perturbed, as
in Figure 2.2.1(b), trajectory crossing can be seen. This clearly indicates a natural transition
from no crossing to crossing, and represents the transition from the linear regime to the
non-linear regime. It was shown in Refs. [86, 87] that this transition occurs for peak beam
densities exceeding nb > 1.792ne0.
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Figure 2.2.2: Example of the non-linear blowout regime excited by a high-density electron bunch. (a)
Plasma electron density profile. (b) Radial lineout of the plasma electron density at ξ =

−230µm, close to the maximum radius of the wakefield cavity.

The transition to plasma electron trajectory crossing means the simplified Dawson sheet
model can no longer be used and a more general model is required to describe wakefield
excitation in the non-linear blowout regime. An example of such a blowout is shown in Fig-
ure 2.2.2 and demonstrates complete cavitation of the wakefield by the high-density drive
bunch such that no plasma electrons remain within the bubble. A detailed derivation of the
three-dimensional non-linear wakefield theory follows using the formalism first described in
Refs. [86, 87]. This is necessary background as within Chapter 8 the derivation is extended
to consider non-uniform ion density profiles to assist interpretation of beam-based measure-
ments of wakefield-induced ion motion. Note, coefficients within this derivation may differ
by factors of −1 from those found in Refs. [86, 87] as a different definition of the co-moving
frame (ξ = ct− z) was used in that case.

The blowout regime can be modelled by using the observation that the plasma density
and current profile can be split into three distinct regions that each contribute to the fields
experienced by electrons as shown in Figure 2.2.2(b); the first is the wakefield cavity where
plasma electrons have been expelled and only the uniform ion background remains. At the
edge of this region exists a thin sheath where plasma electrons stream around the cavity
and have high density, and beyond this exists a linear response region where the plasma
perturbation is small. The shape of the cavity, and hence fields within, can be described by
considering the trajectory of the inner-most plasma electron, rb(ξ).

Within the blown-out cavity, for r 6 rb and for r � σr, the forms of the potentials are
given by

φ = φ0(ξ) −
r2

4
+ λ(ξ) ln r, (2.2.23)

Az = Az0(ξ) + λ(ξ) ln r, (2.2.24)
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where the second term on the RHS of Eq. (2.2.23) comes from solving Poisson’s equation in
a cylindrical cavity of uniform ion density, terms with 0 subscripts represent on-axis values
at r = 0, and λ(ξ) represents the contribution from the drive bunch density via

λ(ξ) =

∫r�σr
0

r ′nb(r
′, ξ)dr ′, (2.2.25)

while the logarithmic dependence, ln r, appears due to the integration of the 1/r dependence
in the force due to the bunch. Under the QSA, the gauge condition, Eq. (2.2.8), can be rewrit-
ten in normalised units as

1

r

∂(rAr)

∂r
=
∂

∂ξ
(φ−Az), (2.2.26)

for a cylindrically-symmetric system such that the radial component of the vector potential,
and hence the radial plasma current, is defined by

Ar = σ(ξ)r, (2.2.27)

where

σ(ξ) =
1

2

dψ0(ξ)

dξ
, (2.2.28)

and ψ = ψ0 − r
2/4 from the combination of Eqs. (2.2.23) and (2.2.24). Using these relations,

the force acting on a plasma electron at r = rb(ξ) or for an electron within the drive bunch
can be written as,

F⊥ = −(Er − vzBφ) =
∂φ

∂r
− vz

∂Az

∂r
+ (1− vz)

∂Ar

∂ξ

= −
1

2
r+ (1− vz)

λ(ξ)

r
+ (1− vz)

dσ

dξ
r,

(2.2.29)

where the first term is due to the uniform density ion cavity as before, and the latter two
terms represent the electric and magnetic fields from the drive bunch and radial plasma
currents respectively. For ultra-relativistic electrons within the drive bunch, vz ∼ 1 and hence
the force is purely due to the ion cavity whereas plasma electrons, whose velocities can range
between −1 6 vz � 1, experience the full electromagnetic nature of the wake. To calculate the
force on an electron at the boundary of the cavity, σ(ξ) must be determined via calculation
of ψ0(ξ).

Application of charge conservation, ∂ρ/∂t+∇ ·~J = 0, allows the continuity equation to be
derived,

∂

∂ξ
(ρ− Jz) +∇⊥ ·~J⊥ = 0, (2.2.30)
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which when integrated gives the requirement

d

dξ

∫
r(ρ− Jz)dr = 0. (2.2.31)

Far in front of the bunch where no perturbation to the plasma has occurred, ρ − Jz = 0,
and hence the integral must equal zero for all ξ. At each ξ, the source of ψ is given by the
combination of the charge due to the ion background, ρion, and the plasma electrons, ρe,
alongside the axial plasma electron current density, Jze, via

ρ− Jz = ρion + ρe − Jze, (2.2.32)

where ρion = 1 for all r as the ions represent a uniform, constant background density. Within
the blown-out wakefield cavity, plasma electrons are entirely expelled and hence ρe− Jze = 0
for r < rb. However, its value sharply rises at the edge of the cavity within the surrounding
thin sheath, and then exponentially falls away outside this. It was shown in Refs. [86, 87]
that reproduction of the exact form of ρ− Jz in the sheath and surrounding region was not
necessary to accurately predict the wakefield response and instead the form of the pseudo-
potential could be approximated by

ψ =
r2b(ξ)

4
(1+β(ξ)) −

r2

4
, (2.2.33)

where

β(ξ) =
(1+α)2 ln(1+α)2

(1+α)2 − 1
− 1, (2.2.34)

and α = ∆/rb is a measure of the combined relative size of the sheath and linear regions
outside the wakefield cavity compared to the size of the cavity itself. If the plasma is strongly
perturbed by a bunch of very high density, the radius of the cavity far exceeds that of the
sheath and β � 1. However, if a weak non-linear blowout is driven, the contributions from
the sheath and linear regions outside the cavity must be considered and β ≈ 2 lnα.

The form of the wakefield pseudo-potential is given in Eq. (2.2.33) and can hence be used
within the relativistic equation of motion for a plasma electron,

dP⊥
dξ

=
1

1− vz
F⊥, (2.2.35)

the LHS of which can be rewritten,

dP⊥
dξ

=
d(γv⊥)

dξ
=
d

dξ

[
γ(1− vz)

d

dξ
r⊥

]
=
d

dξ

[
(1+ψ)

d

dξ
r⊥

]
, (2.2.36)
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and Eqs. (2.2.18) and (2.2.29) can be combined to give the equation of motion for a plasma
electron at rb,

d

dξ

[
(1+ψ)

d

dξ
rb

]
= rb

(
−
1

4

[
1+

1

(1+ψ)2
+

(
drb
dξ

)2]
+
dσ

dξ
+
λ(ξ)

r2b

)
. (2.2.37)

By performing the relevant substitutions, i.e. the form of ψ(rb(ξ)) from Eq. (2.2.33) and σ
from Eq. (2.2.28), the equation of motion of a plasma electron at the cavity boundary can be
rewritten in the following form,

A(rb)
d2rb
dξ2

+B(rb)rb

(
drb
dξ

)2
+C(rb)rb =

λ(ξ)

rb
, (2.2.38)

where the coefficients are given by

A(rb) = 1+

[
1

4
+
β

2
+
1

8
rb
dβ

drb

]
r2b, (2.2.39)

B(rb) =
1

2
+
3

4
β+

3

4
rb
dβ

drb
+
1

8
r2b
d2β

dr2b
, (2.2.40)

C(rb) =
1

4

1+ 1(
1+ β

4 r
2
b

)2
 . (2.2.41)

This equation of motion can be solved numerically for a given drive bunch, defined by λ(ξ)
via Eq. (2.2.25), and the corresponding longitudinal field can be calculated via,

Ez(r, ξ) =
dψ

dξ
=
d

dξ

[
1

4
r2b(1+β(ξ))

]
. (2.2.42)

An example of the numerical solution to Eqs. (2.2.38) and (2.2.42) for an electron bunch of
RMS length kpσz = 1, width kpσr = 0.1, and charge 3.8nC centred at ξ = −3 k−1p on a
background plasma density of ne = 1016 cm−3 is shown in Figure 2.2.3.

The transverse wakefield is provided by the force from the unshielded ions that remain
within the cavity and hence is simply given by

W⊥(r, ξ) = −
r

2
, (2.2.43)

in normalised units, assuming a uniform ion density. The above two equations indicate why
the blowout regime is ideally suited for the acceleration of electrons. The longitudinal field,
Eq (2.2.42), is independent of r and hence all particles within a given longitudinal slice within
the wake experience the same longitudinal field amplitude. The transverse field, Eq. (2.2.43),
is independent of ξ and linear in r and hence the emittance of a witness bunch can be
preserved as it propagates through the plasma [48].
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Figure 2.2.3: Solution to (a) Eq. (2.2.38) and (b) Eq. (2.2.42) for an electron bunch of RMS length
kpσz = 1, width kpσr = 0.1, and charge 3.8nC centred at ξ = −3 k−1p on a background
plasma density of ne = 1016 cm−3.

2.2.2 Beam-loading

The non-linear blowout regime hence represents the optimal regime for electron acceleration
thanks to its large amplitude accelerating gradients (>GVm−1) and linear transverse fields.
Typical PWFA experiments assume a ‘two-bunch’ scheme where a short, high-density elec-
tron bunch drives a large amplitude wakefield within the plasma and is followed by a second
‘witness’ electron bunch that samples the wakefield driven by the first bunch and is acceler-
ated to high energies. However, while the longitudinal field within the non-linear blowout
has been shown to be independent of r, it has a clear ξ-dependence as can be observed
in Figure 2.2.3(b). A witness bunch placed towards the rear of the wakefield cavity will ex-
perience a longitudinally-varying accelerating field, causing particles at different ξ-positions
within the witness bunch to be accelerated to different energies and will hence induce a large
energy spread. However, this effect can be countered by appropriately tailoring the current
profile of the witness bunch such that it locally ‘flattens’ the wakefield in its vicinity, an effect
commonly referred to as ‘beam-loading’ [98, 99].

In the linear wakefield regime, the field experienced by a witness bunch is the sum of the
wake from the leading drive bunch and the wake driven by the witness bunch itself [99],
which can be written as

Ez(ξ) = Ez0 cos(kpξ) − ek2p

∫ξ
ξ0

λ(ξ ′) cos[kp(ξ− ξ ′)]dξ ′, (2.2.44)

using Eq. (2.1.41), where ξ0 represents the longitudinal position of the leading edge of the
witness bunch with respect to the local maximum of the field. It was shown in Ref. [99] that a
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current profile of the form λ(ξ) = aξ+ b leads to an accelerating field of constant amplitude,
Eacc, within the vicinity of the witness bunch, where the coefficients are given by

a = −
Ez0
e

cos(kpξ0), (2.2.45)

b =
Ez0
e

[
sin(kpξ0)

kp
− ξ0 cos(kpξ0)

]
. (2.2.46)

Such a current profile is triangular (or trapezoidal if sharply cut at the rear), with a sharp rise
in current at its leading edge followed by a linear fall off. This represents the opposite of the
‘optimal’ drive bunch current profile where the current rises linearly from its leading edge
and sharply drops at its rear [100]. Performing the integration within Eq. (2.2.44) using the
optimal bunch profile reveals that the value of the accelerating gradient at which the witness
bunch loads the wakefield depends on its position via Eacc = E0 cos(kpξ0). Additionally
the efficiency with which the witness bunch can extract energy from the wakefield is given
by η = 1 − E2acc/E

2
z0 = sin2(kpξ0) and hence also depends on its relative position [99].

These dependencies indicate that it is not possible to simultaneously maximise both the
accelerating gradient and the efficiency in the linear regime — the efficiency only reaches
100% for zero accelerating field and vice versa. Something of a compromise can be found
by setting kpξ0 = π/4 such that approximately 50% of the wake energy can be extracted by
the witness bunch while it experiences an accelerating gradient of approximately 70% of the
peak.

Building upon the description of the non-linear wakefield developed in Refs. [86, 87], it
was shown in Ref. [101] that the same trapezoidal current profile provided local flattening of
the wakefield in the non-linear blowout regime. In this case the coefficients were given by,

a = −
Eacc

e
, (2.2.47)

b =
Eacc

e

ξ0 +
√(

eEacc

mecωp

)4
+

(
ωpRb

2c

)4 , (2.2.48)

where Rb is the maximum radius of the blown-out wakefield cavity and Eacc is again a
function of ξ0. In this case, the energy extraction of the witness bunch was shown to be
described by

QaccEacc =
mec

2

64re
(kpRb)

4, (2.2.49)

where re is the classical electron radius and Qacc is the total witness bunch charge. The total
witness bunch charge that can be accelerated within the wakefield depends on the acceler-
ating gradient. However it was shown that the energy extraction efficiency could be close
to 100% for any Eacc in the blowout regime [101] — another crucial advantage compared
to the linear regime. This was confirmed in PIC simulations that consistently demonstrated
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Figure 2.2.4: Experimental demonstration of beam-loading, and hence energy-spread preservation,
in the non-linear regime with simultaneous high energy-transfer efficiency within the
FLASHForward experiment. Image reproduced from Ref. [68].

approximately 90% efficiency for a range of optimally-loaded witness bunches at different
longitudinal positions (and hence Eacc) within a given wakefield [102].

Experimentally, the FACET experiment [55] first demonstrated the effect of loading a non-
linear beam-driven wakefield with witness bunches measured to have energy spreads on
the order of 2% following acceleration by approximately 2GeV, while the average energy-
transfer efficiency was measured to be (29.1 ± 8.9)% across 92 events [67]. More recently
the FLASHForward experiment [57] demonstrated beam-loading and field-flattening in the
vicinity of the witness bunch at the few-percent level, allowing energy-spread preservation at
the per-mille level [68] as shown in Figure 2.2.4. Here, the energy-transfer efficiency between
the drive and witness bunch was measured to be (42± 4)% across 5000 consecutive events.
This result is discussed in more detail in Chapter 4.

2.3 the particle-in-cell method

As demonstrated by the previous sections, the modelling of plasma-based acceleration is
highly complex and involves consideration of the non-linear, relativistic interaction between
charged-particle bunches and plasmas. Ever since the seminal work of Tajima and Dawson
in 1979 [31], where controlled plasma-based acceleration was first proposed, computational
methods have played a crucial role in understanding the physical mechanisms at play. While
great advancements have been made in experimental diagnostics that enable measurement of
the complex plasma interaction [103], such as shadowgraphy [104] and progressive sampling
of the wakefield [105], the interaction is still somewhat treated as a ‘black box’ with numerical
simulations used to inform the analysis and interpretation of experimental results. To this
day, it is rare to see publications based on experimental results alone.

The most commonly used numerical method in plasma-based acceleration is the particle-
in-cell (PIC) method [106–108]. A plasma is a collection of charged particles, electrons and
ions, that interact with each other via self-consistently generated fields. The PIC method
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Figure 2.3.1: Representation of a typical time-integration PIC loop. Modified from Ref. [109].

attempts to recreate this using a smaller number of ‘macroparticles’ that each represent a
cluster of real particles with the same charge-to-mass ratio as real plasma electrons and ions
— in a typical PIC simulation, a single macroparticle represents approximately 1000 beam or
plasma particles. The PIC method represents an Eulerian-Lagrangian system where the fields
and charge and current densities are defined on a spatial grid (Eulerian) and macroparticles
move continuously throughout this grid (Lagrangian). Numerical implementation of the PIC
technique proceeds in a loop:

1. Deposit the current and charge at the grid points due to the distribution of the macropar-
ticles.

2. Calculate the associated fields at the grid points via Maxwell’s equations.

3. Interpolate the fields onto the positions of the macroparticles.

4. Advance the positions of the macroparticles according to the fields.

Each iteration of this loop represents a single time-step, ∆tPIC, of the calculation and is
shown in Figure 2.3.1. The size of both the time-step and spatial grid is defined by the
smallest temporal and spatial scales that must be fully resolved. For beam-driven plasma ac-
celerators these are typically the inverse plasma frequency, τ = ω−1

p , and plasma skin-depth,
k−1p , respectively. For laser-driven acceleration this is typically defined by the wavelength of
the laser pulse itself, λ0, and hence much finer spatiotemporal resolution is required in this
case. For both cases, a significant number (tens) of spatial and temporal steps is required per
appropriate scale. If these requirements are not met, effects of numerical dispersion can lead
to unphysical results. This is a result of the finite difference techniques [110] commonly used
to solve the field equations, which cause electromagnetic waves of frequencies close to the
cutoff frequency, ωc ∼ π/∆tPIC, to propagate at speeds lower than the speed of light [111].
This can lead to high energy particles emitting ‘numerical Cherenkov radiation’ and exhibit,
for example, unphysical emittance growth [112].
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Due to the required resolution (. µm) and total number of time-steps, PIC simulations are
incredibly computationally demanding. To enable calculations to be performed on reasonable
timescales, PIC codes are massively parallelised and simulations are regularly performed
on high-performance computing (HPC) facilities capable of performing 1016 floating-point
operations per second [113]. Despite this, three-dimensional simulations of extended (metre-
scale) propagation distances require many millions of time-steps over O(10003) grid points
and hence can take days even when using a large number of cores. This fundamental differ-
ence between the length-scales within the plasma and the typical acceleration lengths that
need to be simulated led to the development of alternative simulation schemes that enable
significant speed-up, one of which is the aforementioned quasi-static approximation.

2.3.1 Quasi-static approximation

In Section 2.2 it was shown that the quasi-static approximation is applicable when the evolu-
tionary timescales of the response of the plasma and the beam differ significantly [47]. The
QSA can be applied to the PIC loop, enabling the treatment of the plasma and particle- or
laser-beam using a decoupled time-advance [114, 115], such that time-steps orders of mag-
nitude larger than those in full PIC schemes can be used. The relevant increase in time-step
can be calculated via consideration of the typical response rate of a charged-particle bunch to
the plasma, given by τβ =

√
2γ/ωp. For typical FLASHForward parameters, γ ∼ 2500 and

hence the evolution time of the electron bunch is approximately 70 times that of the plasma
and a similarly large increase in time-step can be used.

In a quasi-static PIC code, a staggered numerical scheme is introduced where beam and
plasma macro-particles are treated separately in a co-moving frame defined by ξ = z− ct [116–
118]. After the beam-particles and their current are deposited on the grid they are frozen in
place while the plasma-particles are pushed and fields are computed. Plasma-particles are
advanced from their initial, unperturbed state ahead of the bunch in the co-moving frame
and evolve in the negative ξ-direction along the length of the bunch as demonstrated in
Figure 2.3.2. Once the plasma-particles reach the rear of the co-moving frame, the fields and
plasma are frozen while the beam-particles are evolved according to the induced fields within
the plasma over the increased time-step — in this case, ∆tQSA ∼

√
2γ∆tPIC. The resulting

beam-particle distribution is calculated and its current is deposited on a new grid and frozen,
and again a new set of plasma-particles are pushed and evolved in the co-moving frame in
a repeating loop. By decoupling the evolution of the plasma and bunch in this way, the full
three-dimensional electromagnetic field solve and particle push is effectively reduced to a
two-dimensional version, enabling significant speed-up with minimal loss of accuracy [116].

Within this thesis, two quasi-static PIC codes are consistently used for comparison to, and
interpretation of, experimental results. Experiments performed at FLASHForward are com-
pared to the three-dimensional quasi-static PIC code HiPACE [117]. However, due to the
length of both the plasma (Lp = 10m) and proton bunch (σz ∼ 6 − 8 cm) in the AWAKE
experiment, a three-dimensional simulation of the plasma interaction is too computationally
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Figure 2.3.2: Demonstration of a single time-step of a quasi-static PIC code. The current from the
bunch (black) is deposited on the grid and then frozen. The response of plasma electrons
and ions is then calculated from its leading edge to the rear of the simulation window,
ξ = 3→ −6.5 k−1p . The upper row represents the normalised plasma electron density, the
middle row shows the calculated normalised longitudinal field and the lower row shows
the normalised transverse field.

expensive, even when using the quasi-static approach. In this case, the axisymmetric quasi-
static PIC code LCODE [118, 119] is used instead. By assuming cylindrical symmetry of the
system, the response of only a single radial slice of plasma electrons needs to be calculated
along ξ as opposed to the large number of x- and y-slices within a three-dimensional simu-
lation such as those performed in HiPACE. This comes at the cost of the ability to simulate
the effects of, for example, asymmetric focusing or beam tilts that can seed the development
of transverse instabilities such as hosing [120] over the plasma length. However, within the
AWAKE experiment, care is taken to ensure this destructive mode that can lead to the trans-
verse break-up of the beam is not seeded [61, 121].

2.3.2 PIC simulations on extended timescales

When considering high-repetition-rate operation of plasma wakefield accelerators, the ex-
tended evolution of the plasma over nanosecond to microsecond timescales following the
wakefield excitation process must be well understood. Given their success in modelling the
initial interaction between the bunch and plasma, it might be expected that PIC simula-
tions could just be performed over an extended timescale to learn how the plasma evolves
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after the wakefield. However, there are many issues with this approach. Firstly, a full three-
dimensional PIC simulation of only the leading plasma period is already incredibly compu-
tationally expensive, so much so that alternative methods such as the quasi-static approxima-
tion had to be introduced as discussed in the previous section. Simulating timescales many
orders of magnitude larger than this is clearly infeasible.

Use of the quasi-static approximation potentially offers a more suitable method for ex-
tended timescale simulations by simply increasing the length of the simulation window.
By doing this, the evolution of plasma electrons and ions continues to be self-consistently
calculated until the end of the simulation window is reached. However, consider typical
FLASHForward operating parameters; the plasma density at interaction is typically ne ∼

1016 cm−3 and hence a single plasma wavelength represents a timescale of approximately
1ps. Therefore, to simulate a single nanosecond the simulation must be extended by a factor
of approximately 1000. This is potentially feasible, particularly if using the simplifying as-
sumption of cylindical symmetry or by making use of the speed-up associated with perform-
ing such calculations on dedicated graphics processing unit (GPU) nodes that are becoming
readily available at HPC facilities. Many state-of-the-art PIC codes are currently being devel-
oped or updated such that they are compatible with GPU clusters [122, 123]. However, this
does not seem to offer an obvious route towards simulating many nanoseconds or microsec-
ond timescales.

The PIC routine also suffers from numerical scattering and heating effects that, over ex-
tended timescales, can lead to unphysical effects being observed within simulations [124].
Numerical scattering is due to the use of discrete macroparticles to represent the plasma
rather than a smooth particle distribution function. Small fluctuations in the numbers of
macroparticles within a given cell can lead to large changes in its total charge and hence the
corresponding calculated field values. During the particle push, these significant changes in
the value of the field cause macroparticles to experience an instantaneous force which, when
integrated over an extended timescale, leads to heating of the particle ensemble [125]. Numer-
ical heating occurs if the Debye length, λD as defined in Eq. (1.2.1), is not sufficiently resolved
by the grid. In this case, the dispersion relation is altered and high-frequency modes become
aliased to low frequencies, resulting in unphysical heating [126]. This continues until the
temperature is such that the Debye length is resolved by the grid [124]. The growth rates of
these effects can be reduced by using more macroparticles per cell or applying higher-order
particle shapes and field interpolation schemes [124, 127]. However, both solutions signif-
icantly increase the computational effort and only slow the growth-rate of the numerical
effects rather than removing them.

Additionally, over extended timescales, other important physical processes must be con-
sidered within simulations. For example, the standard PIC routine (as in Figure 2.3.1) is col-
lisionless as collisional timescales within the plasma (∼ns [128]) are much longer than those
typically associated with wakefield excitation. However, with regards to high-repetition-rate
operation, collisions are crucial, especially with regards to how energy from the wakefield is
dissipated as is discussed in Chapters 8 and 9. Macro-particle collision routines are already
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implemented within some PIC codes, for example EPOCH [129] uses a binary collision op-
erator based on the approach of Sentoku and Kemp [130], however large numbers of macro-
particles per cell [O(100)] can be required to achieve convergence [129], vastly increasing
computational effort.

It is not clear whether the conventional PIC method can be applied to simulating extended
timescales, particularly in its current form. Once the initial wakefield excitation has dissi-
pated, it is possible that further evolution of the system could be handled by hybrid-PIC
codes (e.g. see Refs. [131–134]) where, typically, the electron species are treated using a fluid
model and ions are represented by macroparticles in a kinetic approach. The use of a fluid
model relaxes the restrictions on the sizes of time-steps and grid cells while ionisation and
collisional effects can be calculated using rate equations [128]. However, defining how and
when to move from a fully-kinetic PIC routine to a hybrid approach and then possibly a full
fluid description poses significant challenges.





Part II

E X P E R I M E N TA L FA C I L I T I E S

Part II outlines the two experimental facilities, and recent experimental highlight
at each, where measurements discussed in this thesis were performed:

• The Advanced Wakefield Experiment (AWAKE) at CERN.

• The FLASHForward Experiment at DESY.





3
T H E AWA K E E X P E R I M E N T

The Advanced Wakefield Experiment (AWAKE) is a proof-of-principle plasma wakefield ac-
celeration experiment based at CERN [59, 61]. It uses a proton bunch produced in the Super
Proton Synchotron (SPS) to drive a wakefield in a laser-ionised 10m-long Rb plasma. Witness
electrons are externally injected into the wakefield and are captured and accelerated.

This chapter first motivates the use of high-energy proton bunches as PWFA drive bunches
and then introduces self-modulation, the mechanism through which long bunches are trans-
formed into trains of micro-bunches that can be effective wakefield drivers. A discussion of
how the wakefield itself evolves during the self-modulation process follows, with particu-
lar attention paid to the effect on the proton micro-bunches and witness electrons captured
within the wakefield. Finally, some experimental highlights achieved during Run 1 of the
AWAKE experiment (2016 − 2018) are discussed; namely the first demonstrations of self-
modulation of a proton bunch by a plasma and the acceleration of electrons in the resulting
wakefield.

3.1 proton bunch drivers

The primary motivation for using a proton bunch as a PWFA drive beam is due to the energy
stored within the bunch. The drive bunches used in the electron-driven FLASHForward

experiment typically have O(nC) charges with energies around 1GeV and hence have joule-
level energy stored within the bunch [57]. As the bunch drives the wakefield it is continually
transferring energy to the plasma and is acted on by the decelerating field driven within its
vicinity. Assuming a moderate decelerating field of magnitude 1GVm−1, an electron in the
drive bunch will become depleted within 1m of propagation, severely limiting the possible
accelerating length. To overcome this limitation and allow acceleration of witness particles
up to tens of GeV and beyond, such that they are of interest for future particle collider
applications, multiple accelerating stages must be coupled together with a new drive bunch
used in each accelerating stage [54]. This presents a significant challenge as witness bunches
produced by plasma accelerators typically have large [O(mrad)] divergence, due to strong
plasma focusing, and percent-level energy spread and, as such, require lengthy, complex
beam transport schemes for in- and out-coupling from plasma stages [135, 136]. To date, only
one experiment has successfully demonstrated coupling of two independent (laser-driven)
plasma acceleration stages [137]. In this case, approximately one-third of the witness charge
was captured in the second stage, indicating the inherent complexity of efficiently combining
multiple plasma stages. The requirement to stage multiple accelerating sections extends the

69
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overall length of the accelerator and reduces the intrinsic advantage of the large accelerating
gradients produced by plasma-based systems.

In contrast, proton beams used in large-scale particle physics experiments have much
higher intensities and energies. For example, a proton bunch produced by the SPS used in
AWAKE typically has a bunch population of approximately 3× 1011 protons and an energy
of 400GeV. This corresponds to a stored energy of 19.2 kJ and could drive wakefields over
hundreds of metres before becoming depleted. Therefore, using proton bunches in PWFA
experiments offers the ability to extend the length of a single acceleration stage such that
the coupling of multiple stages is not required. Previous simulations of LHC-type proton
bunches (Np ∼ 1.15× 1011, E ∼ 7TeV, Es ∼ 130 kJ) have indicated TeV-scale witness electron
energies could be achieved in a single km-scale plasma stage using the AWAKE scheme [60].

Proton bunches therefore appear to be suitable PWFA drive bunches for accelerating wit-
ness electrons to high energies in a single extended plasma stage. However, an additional
complication is introduced due to the length of high energy proton bunches produced by the
SPS. In order to avoid longitudinal emittance blow-up and maintain the design transverse
emittance (εN = 3.5mm·mrad) and beam size (σr = 200 ± 20 µm) at the entrance of the
plasma cell, the proton bunches produced in the SPS and used for AWAKE experiments had
a length of approximately 8 cm RMS [138]. In order to optimally excite the wakefield, drive
beams used in PWFA experiments must be short with respect to the plasma wavelength. The
beam RMS length, σz, should ideally satisfy the relation σz 6 λp/2. The maximum plasma
density that satisfies this constraint for a bunch length of 8 cm is ne = 4.4 × 1010 cm−3,
resulting in a cold wave-breaking field of 20MVm−1 and hence offering no increase in ac-
celerating field over traditional RF cavities. However, it is still possible to use the proton
bunches to drive wakefields in higher density plasma, and hence access larger accelerating
fields, thanks to the process of self-modulation.

Figure 3.1.1: Simulated self-modulated proton bunch density normalised to the plasma density, n0, af-
ter a propagation distance of 10m in a plasma of background density n0 = 2×1014 cm−3.
Dense micro-bunches have formed on-axis while defocused protons can be observed at
larger radii. The initial radial bunch size was σr = 200µm.
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Figure 3.2.1: Seed wakefields for typical AWAKE-SPS proton bunch parameters. Shown are the on-axis
longitudinal wakefield (Ez) in red, off-axis transverse wakefield (W⊥) in blue, and the on-
axis bunch density (nb) in grey. The values are normalised to their relevant parameters:
Ez,W⊥ are normalised to the cold wave-breaking field, E0 = mecωp/e = 1.36GVm−1;
nb is normalised to n0 = 2× 1014 cm−3. On-axis values are measured at r = 0.1 k−1p ,
off-axis values are measured close to the transverse beam size, r = 0.5 k−1p . The black
dashed line represents a Gaussian fit to the unmodulated bunch density.

3.2 self-modulation

Self-modulation is a natural plasma response where the fields induced by the interaction
between a long (σz � λp) driver and a plasma act to modify the structure of the driver itself
such that the fields it drives can be amplified. It was first discussed within the context of laser-
driven wakefield acceleration as a method for increasing the achievable accelerating gradient
via resonant wakefield excitation driven by modulated laser pulses [139–141]. The density
perturbation induced in a plasma by the ponderomotive force of a long, high intensity laser
pulse creates regions of enhanced focusing or diffraction of the laser pulse, depending on the
local density gradient, and acts to modulate the pulse into a series of beamlets with period
equal to the plasma wavelength. These beamlets can then resonantly drive larger amplitude
wakefields. A similar response is also observed for charged particle beams and provides the
mechanism used within AWAKE to permit the use of long proton bunches as PWFA drive
beams. An overview of this process follows and is described in detail in Refs. [62, 120, 142].
Figure 3.1.1 shows an example of a simulated self-modulated proton bunch.

3.2.1 Seed wakefields

When a long charged particle beam enters a plasma, its space charge force drives charge sep-
aration between electrons and ions and excites low amplitude (∼MVm−1) wakefields, known
as seed wakefields. An example is shown in Figure 3.2.1 for typical SPS-AWAKE proton bunch
parameters outlined in Section 3.1 on a background plasma density of n0 = 2× 1014 cm−3.
The extrema of the longitudinal wakefield amplitude is approximately constant along the
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Figure 3.2.2: Resonantly excited longitudinal wakefield (Ez, red) and associated wakefield potential
(Φax, green) driven by a self-modulated proton bunch (nb, grey) after a propagation
distance of 3m. The values are normalised to their relevant parameters: Ez,Φax are nor-
malised to the cold wave-breaking field, E0 = mecωp/e = 1.36GVm−1; nb is normalised
to n0 = 2× 1014 cm−3. Values are measured at r = 0.1 k−1p .

entire proton bunch length and equal to approximately 6MVm−1 while the transverse wake-
field, W⊥, is slightly larger in amplitude and initially globally focusing for protons. Electron
oscillations naturally occur at the resonant frequency of the plasma in the linear wakefield
regime and hence a periodic wakefield structure is excited within the long drive bunch. The
low-amplitude transverse wakefield acts on the beam particles and periodically focuses and
defocuses alternating regions of the bunch with period equal to the plasma wavelength. This
results in modulation of the bunch density profile with micro-bunches of increased density
formed on-axis while defocused protons move away from the axis and form a diverging
"halo". The micro-bunches are short with respect to the plasma wavelength (σz < λp/2)
and hence are able to more efficiently drive wakefields within the plasma. This in turn
increases the transverse wakefield amplitude, further focusing micro-bunches and increas-
ing their density in a positive feedback effect. The micro-bunches are naturally separated
by the plasma period and hence their wakefields resonantly combine resulting in a rapid
exponential growth of the longitudinal wakefield amplitude driven by the micro-bunches.
This can exceed GVm−1 at the nominal AWAKE plasma density of 7 × 1014 cm−3 when
using typical SPS proton bunch parameters. An example of the modulated proton bunch
density is demonstrated in Figure 3.2.2 after the proton bunch has propagated 3m through
the plasma. The on-axis micro-bunches (grey) are clearly defined with peak densities an
order of magnitude larger than the initial unmodulated bunch density and are separated
by the plasma wavelength. The longitudinal wakefield (red) grows along τ as it is reso-
nantly excited by the proton micro-bunches, reaching a maximum amplitude of approxi-
mately 0.095 E0 = 130MVm−1. The longitudinal wakefield amplitude can also be observed
to transition from a sinusoidal oscillation at small τ towards a sawtooth profile at larger τ,
indicating transition from the linear regime to the quasi-linear regime along the length of the
micro-bunch train.



the awake experiment 73

3.2.2 Wakefield phase evolution

To discuss the evolution of micro-bunches and their effect on the wakefield (and vice versa) it
is useful to re-introduce the wakefield potential Φ, linked to the longitudinal and transverse
wakefield components via:

Ez = −
∂Φ

∂ξ
, Er −Bθ = −

∂Φ

∂r
, (3.2.1)

which allows easier visualisation of the regions of the wakefield in which proton micro-
bunches will form and remain confined. The force on an axially-moving particle can be
calculated from −∇Φ and therefore proton-confining potential wells correspond to regions
of negative Φ. This can be observed in Figure 3.2.2 where the proton micro-bunches are
clearly aligned with the potential wells. The link to the longitudinal wakefield amplitude is
also demonstrated, with the relative phase of the potential being delayed by π/2 with respect
to the longitudinal field.

Consider the effect of the wakefield potential driven by a single micro-bunch on a back-
ground wakefield potential of constant amplitude; it has the ability to both amplify the wave
and advance its phase, depending on the relative phase of the micro-bunch. Figure 3.2.3
demonstrates this for three different cases:

(a) The micro-bunch is placed at the zero-crossing of the potential (at the maximum decel-
erating gradient). In this case, the micro-bunch purely amplifies the wave.

(b) The micro-bunch is placed at the potential well maximum. The phase is advanced while
the amplitude remains similar.

(c) The micro-bunch is placed in an intermediate position. The wave is amplified while its
phase is simultaneously advanced.

These three cases help to illustrate the modification of the phase of the wakefield during the
self-modulation process. The micro-bunches start to form from the transverse seed wakefields
in the locations of the potential wells, akin to case (b) above. As the bunch density grows the
potential associated with the bunch, ∆Φax in Figure 3.2.3, similarly grows and the phase
advance supplied by the micro-bunch modifies the relative phase of the following micro-
bunch. The potential slowly shifts backwards with respect to the micro-bunches (its phase
velocity is reduced), moving through case (c) and into case (a). At this point, the micro-bunch
is in a position to maximally amplify the wave and the longitudinal wakefield amplitude
grows exponentially. An example of the evolution of the maximal longitudinal wakefield
driven by a self-modulated proton bunch is shown in Figure 3.2.4, with fast amplification of
the wakefield amplitude occurring over a distance of z = 1→ 4m.

However, as can be seen for case (a) in Figure 3.2.3, while the micro-bunch is in a position
to maximally amplify the wave its leading edge extends into a region of positive wakefield
potential. These protons are no longer confined and the transverse wakefield acts to accelerate
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Figure 3.2.3: Simple cartoon representation of the phase-dependent wakefield modification induced
by a micro-bunch. Left: background longitudinal wakefield potential, Φax, (top) and the
additional wakefield potential driven by a bunch of density nb, ∆Φax, (bottom) drawn
separately. Right: linear combination of the additional wakefield potential when the
bunch is (a) in phase, (b) exactly π/2 delayed and (c) exactly π/4 delayed. Recreated
from Ref. [142].

them away from the axis. This reduces the micro-bunch density, shifts the centre of the
micro-bunch backwards, and the ability of micro-bunches to amplify the wave is significantly
reduced. The maximal longitudinal wakefield amplitude saturates (Figure 3.2.4, z ∼ 6m)
before decaying as a significant number of micro-bunches lose the majority of their charge.

As the relative phase of a micro-bunch with respect to the wakefield potential depends
on that of all preceding micro-bunches, both the rate and magnitude of the wakefield phase
evolution varies along the length of the proton bunch. This is demonstrated in Figures 3.2.5
and 3.2.6 which show the evolution of both the on-axis bunch density and the wakefield
potential over the entire plasma length for two temporal regions: Figure 3.2.5 corresponds
to the 100ps-long region directly behind the head of the proton bunch while Figure 3.2.6
corresponds to a 100ps region around the location of the maximal longitudinal wakefield
amplitude (τ ∼ 250ps). The black contours in the upper panels of these images represent
the zero-crossings of the wakefield potential and so define the limits of alternating regions of
positive and negative wakefield potential. These therefore indicate the regions where protons
are expected to remain confined within the wakefield.

During the initial interaction of the head of the bunch (Figure 3.2.5, z < 1m) the wakefield
potential is mostly negative and micro-bunches begin to be formed. As the micro-bunch den-
sity grows and the wakefield amplitude increases, the phase shift induced by the wakefields
of the micro-bunches begins to be observed and the potential shifts backwards with respect
to the co-moving frame. The positive regions of the wakefield potential grow in amplitude
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Figure 3.2.4: Evolution of the maximal longitudinal wakefield amplitude driven by a self-modulated
proton bunch in a background plasma density of n0 = 2× 1014 cm−3.

and extent and cause significant defocusing of bunch particles. Micro-bunches become more
clearly defined by this process and the corresponding growth in wakefield amplitude further
focuses the bunches, increasing the micro-bunch density to its maximum at around z ∼ 4m.
The phase velocity of the wakefield potential remains slower than that of the micro-bunches
causing the heads of the micro-bunches to move into defocusing regions of the wakefield
and charge to be lost.

This effect can be seen even more clearly in Figure 3.2.6 which shows the same evolution of
the on-axis bunch density and wakefield potential, but looks at the region around σz behind
the seed position where maximal wakefields amplitudes are typically observed in simula-
tion [120, 142]. In this case, the micro-bunch peak density is observed slightly earlier during
the propagation (z ∼ 3m). This is because the wakefield amplitude is resonantly excited and
leads to larger amplitude transverse wakefields further along the proton bunch earlier in
the propagation length. After the peak micro-bunch density is reached, a large shift in the
wakefield phase can be observed (z ∼ 4m) causing the leading edge of the micro-bunches
to move into regions of positive wakefield potential. This charge is gradually defocused and
lost from the micro-bunches by z ∼ 8m, corresponding to the decrease in maximal wakefield
amplitude observed at this propagation distance in Figure 3.2.4. By the end of the interaction
length (z = 10m), the continual change in wakefield phase in this region has caused the
micro-bunches to be almost entirely defocused.

The evolution of the wakefield phase both along the proton bunch and the plasma length
causes continuous evolution of the micro-bunch density as demonstrated in Figure 3.2.7. The
upper panel depicts the on-axis bunch density evolution while the lower panel shows the
proton bunch density distribution at z = 3m (upper) and z = 10m (lower). The first micro-
bunches are formed at the rear of the proton bunch and the density of all micro-bunches
grows as the wakefield amplitude grows (z = 1→ 4m) and vice versa in a positive feedback
effect. The shift in wakefield phase experienced by a micro-bunch is a cumulative effect from
all preceding micro-bunches and micro-bunch charge is lost from the rear of the bunch train
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Figure 3.2.5: Upper: evolution of the on-axis proton bunch density at the leading edge of the bunch,
τ = 0→ 100ps. Black contours represent zero-crossings in the wakefield potential. Lower:
Corresponding evolution of the on-axis wakefield potential. The bunch density is nor-
malised to the plasma density, n0, while the wakefield potential is normalised to the
cold wave-breaking field, E0.

Figure 3.2.6: Upper: evolution of the on-axis proton bunch density around the peak of the wakefield
amplitude, τ = 200 → 300ps. Black contours represent zero-crossings in the wakefield
potential. Lower: Corresponding evolution of the on-axis wakefield potential. The bunch
density is normalised to the plasma density, n0, while the wakefield potential is nor-
malised to the cold wave-breaking field, E0.
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Figure 3.2.7: Upper: evolution of the on-axis proton bunch density measured at r = 0.1 k−1p in the co-
moving frame over the entire plasma length. Lower: Comparison between the transverse
proton bunch profile at z = 3m (top) and z = 10m (bottom). The colour axis limits are
chosen to highlight both the on-axis micro-bunches (yellow) and the defocused protons
(blue).

initially. However, as the wakefield amplitude grows, the phase shift is significant along
the majority of the bunch length and by the end of the plasma length, high density micro-
bunches are only observed on-axis for τ . 200ps. This can be observed in the lower panel
of Figure 3.2.7 where at z = 10m the on-axis bunch density is low and regions of strongly
defocused protons can be observed far off-axis. In comparison, at z = 3m, a train of micro-
bunches can be observed on-axis along the length of the entire proton bunch.

3.3 witness electrons

The aims of Run 1 of the AWAKE experiment were to first demonstrate self-modulation of
the proton bunch as discussed in Section 3.2, and then to accelerate electrons that had been
injected into the wakefields driven by the modulated bunch train. The experiment was de-
signed such that a short (σz ∼ λp), O(100pC) electron bunch could be injected at the entrance
of the vapour source alongside the proton bunch with variable trajectory and timing with
respect to the protons. However, injection at the start of the vapour source meant witness
electrons that were captured in the wakefield also experienced the evolution of the phase of
the wakefield potential during the self-modulation process. Section 3.2.2 showed the delete-
rious effect of this on the proton micro-bunches and similar effects are also experienced by
captured witness electrons and will be discussed here.
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Figure 3.3.1: Histograms of the simulated injection positions of captured (red) and lost (grey) witness
electrons in the co-moving frame for an injection delay of τ = 200ps. The corresponding
on-axis seed wakefield potential, Φax, is plotted in blue. The histogram bins have a width
of 1ps and are normalised to the total number of witness electrons injected in simulation;
the wakefield potential is normalised to E0.

3.3.1 Capture at injection

When witness electrons are initially injected they experience the seed wakefields driven by
the unmodulated proton bunch. As shown in Figure 3.2.1, the seed transverse wakefields
are globally focusing for protons at its head, leading to squeezing of the bunch and the
onset of micro-bunch formation. Consequently, the seed wakefields are globally defocusing
for electrons and capture within the wakefields is difficult. It isn’t until further behind the
head of the proton bunch (τ & 50ps) that the transverse seed wakefields have regions that
are focusing for electrons and the corresponding wakefield potential is positive and allows
electrons to be trapped.

Figure 3.3.1 demonstrates this effect for 5000 simulated test-electrons that are injected close
to the axis at the entrance of the vapour source (z = 0m) at a delay of τ = 200ps with respect
to the leading edge of the proton bunch. The witness electrons are longitudinally gaussian-
distributed with a bunch length of σz = 8ps and initial energy of 19MeV. Two histograms
showing the injection position of the witness electrons are plotted; one represents witness
electrons that are captured in the wakefield at the initial injection position and propagate
within the wakefield over the entire 10m plasma length (red); the other represents witness
electrons that are defocused and lost from the wakefield (grey), either at the start of the
simulation or later during the development of self-modulation. Also plotted is the on-axis
seed wakefield potential at z = 0m, demonstrating the positions of positive, electron-focusing
regions and negative, electron-defocusing regions. Witness capture is achieved in the limited
regions of positive wakefield potential as expected, while the vast majority of electrons are
defocused by the seed wakefields and lost.
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Figure 3.3.2: Simulated captured witness evolution over plasma length. (a) Path of randomly-selected
captured witness electrons in the co-moving frame. The color scale represents the energy
of a particle at a given z-position. The background shows the evolution of the longitu-
dinal wakefield amplitude, Ez, normalised to E0. (b) Average captured witness energy
and energy spread as a function of propagation distance, z, for three different injection
delays; 100ps (red), 200ps (blue) and 300ps (green). (c) Fraction of witness particles that
remain within the plasma boundary as a function of propagation distance for the three
injection delays.

3.3.2 Wakefield phase evolution

However, as can be seen in Figure 3.3.1, witness injection at a position of positive wakefield
potential is not a guarantee of successful capture and transport over the entire plasma length.
As discussed in Section 3.2, the phase of the wakefield potential continuously evolves over
the plasma length as the proton bunch undergoes self-modulation, causing witness electrons
that are initially trapped at injection to move into decelerating, defocusing regions where
they can be lost from the wakefield.

Figure 3.3.2 demonstrates the simulated evolution of captured witness electrons over the
plasma length for an injection delay of ∆τ = 200ps. In the co-moving frame (Figure 3.3.2(a)),
the electrons are initially accelerated in the low amplitude wakefield until z ∼ 3m when a
large shift in the phase of the wakefield is observed. This corresponds to the peak micro-
bunch density being reached in Figure 3.2.6 and fast growth in the wakefield amplitude in
Figure 3.2.4 as noted previously. At this point, witness electrons are observed to undergo
dephasing as they move into decelerating regions of the wakefield and a corresponding drop
in the mean witness energy is seen in Figure 3.3.2(b). As the electrons are decelerated their
velocity drops and they slip further backwards in the co-moving frame into the accelerating
phase of the wakefield once again. This re/dephasing continues to happen over the plasma
length as the wakefield phase evolves and is not resolved until the point of self-modulation
saturation. This corresponds to the position at which the wakefield phase stabilises with
respect to the micro-bunches and is observed at approximately z & 7.5m at this density



80 the awake experiment

(n0 = 2× 1014 cm−3); after this point, witness electrons can be continuously accelerated in
the wakefield.

Due to the difference in rate of change of the wakefield phase along the proton bunch,
electrons injected at different temporal delays undergo re/dephasing at different z-positions.
This is indicated in Figure 3.3.2(b) where the evolution of the mean energy (solid line) and
energy spread (shaded region) of all captured witness electrons is plotted as a function of
the propagation distance for three different injection delays; 100ps (red), 200ps (blue) and
300ps (green). As shown in Figures 3.2.5 and 3.2.6, both the amplitude of the wakefield and
its rate of change of phase is much reduced towards the leading edge of the proton bunch
due to the small number of micro-bunches resonantly driving the wakefield. Therefore, for
the shortest injection delay (∆τ = 100ps) significant shifts in the phase of the wakefield are
not observed until larger propagation distances, and the re/dephasing of witness electrons
occurs later in the plasma (z ∼ 5m). In addition to this, the magnitude of the phase shift is
reduced at short injection delays and stable acceleration occurs after the first re/dephasing
cycle. In contrast, at larger injection delays (∆τ = 200, 300ps) two re/dephasing cycles are
observed in the witness energy evolution and consistent witness acceleration occurs after
z & 8m.

Figure 3.3.2(c) shows the fraction of witness electrons that remain within the plasma bound-
ary as a function of propagation distance for the three different injection delays discussed
previously. In all three cases, the vast majority of witness electrons are lost within the first
few metres of propagation. This is due to the nature of the transverse wakefields over the
first few metres as the micro-bunches form. As can be seen in Figure 3.2.1 the transverse
wakefield is initially globally defocusing for electrons near the head of the proton bunch.
However, as the injection delay is increased and the wakefield amplitude grows along the
proton bunch, the transverse wakefield develops increasingly large electron-focusing regions
and the electron-capture phase-space grows. This means a larger fraction of injected witness
electrons follow trajectories that can result in capture within the wakefield as the injection
delay is increased. After the first few metres the rate of loss of witness electrons decreases
significantly as the wakefield amplitude has grown sufficiently to enable stable propagation.
However, a small fraction are lost during the dephasing cycles as captured electrons move
into decelerating, defocusing regions of the wakefield.

In general, injecting witness electrons at the entrance of the plasma source is challenging
due to the defocusing nature of the seed wakefields and those electrons that are captured
experience continuously evolving wakefields due to the development of the proton bunch
self-modulation. This leads to low capture efficiencies (Figure 3.3.1) and witness bunches
with large energy spreads (Figure 3.3.2). This has motivated a fundamental redesign of the
witness injection region for AWAKE Run 2; the vapour source will instead be split into two
separate sections with witness injection occurring in vacuum between the two [143]. The
first cell is used to modulate the proton bunch such that self-modulation saturates, and the
modulated proton bunch is then transported to the second cell to be used for accelerating a
high-quality witness bunch.
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3.4 experimental highlights

The above sections described the self-modulation process of a proton bunch and the intrica-
cies of the subsequent capture and acceleration of electrons within the resulting wakefield.
During AWAKE Run 1 these two main experimental goals were successfully demonstrated.
This section gives a brief overview of the AWAKE experimental setup during Run 1 followed
by a description of these key results.

3.4.1 Experimental overview

Figure 3.4.1: Overview of the AWAKE beamline setup. Image reproduced from Ref. [144].

The proton bunch is extracted from the SPS and transported to the experimental area where
it is focused to a transverse size of σr ≈ 200µm at the entrance of the vapour source and
has a transverse emittance of approximately 3.5mm·mrad. An O(100)pC witness electron
bunch is generated using a frequency-tripled derivative of the main ionising laser pulse
to ensure timing stability at the picosecond-level between the electron bunch and seeding
laser pulse. The electron bunch is accelerated to 19MeV using traditional RF cavities and
transported along the beam line to the entrance of the vapour source where it is injected
into the wakefields driven by the self-modulated proton bunch [145]. The electron bunch
trajectory is typically matched to that of the proton bunch with a small vertical offset and
injected into the plasma at a tunable angle (∼mrad). It is focused to an RMS transverse size of
approximately 500µm at the entrance of the vapour source with a bunch length on the order
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of the plasma wavelength, σz ≈ 8ps. Portions of the witness bunch are hence captured within
multiple accelerating wakefield buckets and therefore it is not possible to extract detailed
longitudinal field structure dependencies below this temporal limit. The relative timing of
the ionising seeding laser pulse and witness electron bunch is adjusted using a delay stage
in the transport line of the laser pulse to the photocathode. Two quadrupoles are placed 4.48
and 4.98m downstream of the exit of the plasma to capture and focus the accelerated witness
electrons before they are horizontally dispersed by a 1m-long C-shaped electromagnetic
dipole and imaged on a scintillator screen [146]. Light emitted by the scintillator screen is
imaged onto an intensified CCD camera. The relationship between the position of an electron
in the plane of the scintillator screen and its energy is calculated using the Beam Delivery
Simulation (BDSIM) code [147, 148] with measured dipole field maps as input. The energy
uncertainty is approximately 2%, calculated via considerations of the accuracy of the field
maps, measurements of the positions of the spectrometer beamline components, and the
resolution of the spectrometer imaging system [149].

Calibration of the charge response of the scintillator screen was performed and validated
via two independent methods. Firstly, electron beams of variable charge were used to study
the scintillator response at the CERN Linear Electron Accelerator for Research (CLEAR) test
beam facility [146]. Secondly, beams of mono-energetic electrons were produced by the strip-
ping of high-energy lead ions accelerated in the SPS and transported to the AWAKE experi-
mental area to be imaged by the spectrometer system in-situ [150]. These two complementary
measurements permitted calculation of the witness bunch charge from measurements of the
integrated light output from the scintillator with an associated uncertainty of 8%.

The vapour is contained in a 10m-long cylindrical cell of diameter 40mm with Rb reser-
voirs at either end [151]. The cell is heated to provide tunable vapour density. The density
of the vapour is monitored by an interferometric measurement at each end of the cell using
white light interferometry around the 780 and 795nm lines of the Rb atom, with an associated
uncertainty of 0.5% [152].

Ionisation of the Rb vapour is achieved using a terawatt-class Ti:sapphire laser. The laser
pulse duration is approximately 120 fs with a pulse energy that can be varied from 40 to
450mJ. The Rayleigh length of the focused laser pulse is 15m, with a spot size of approx-
imately 2mm throughout the entire vapour source. It was assumed that the laser singly-
ionised the Rb vapour in accordance with previous measurements that demonstrated self-
modulation of the proton bunch at a frequency consistent with that of the measured vapour
density [153]. The phase of the laser oscillator is locked to the radio frequency of the cavities
within the SPS, with synchronisation between the laser pulse and time of arrival of the pro-
ton beam measured to be at the picosecond level, thus permitting controlled variations of its
arrival with respect to the proton bunch.
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3.4.2 Experimental observation of proton bunch self-modulation

Proton bunch self-modulation was experimentally observed during AWAKE Run 1 and
is detailed in Refs. [153] and [154]. Two complementary diagnostics downstream of the
plasma exit were used to confirm self-modulation; a streak camera [155] that observed
OTR light emitted by the modulated proton bunch as it passed through an aluminium-
coated silicon wafer that allowed temporally-resolved measurements of the fine-scale proton
bunch structure to be performed (OTR screen in Figure 3.4.1); and two scintillating Chromox
(Al2O3:Cr2O3) screens with imaging setups that allowed measurement of the time-integrated
transverse proton distribution approximately 2 and 10m downstream of the plasma exit
(Imaging station 1 and 2 in Figure 3.4.1).

Streak camera images of the modulated proton bunch captured the bunch structure after
it had undergone interaction with the plasma with picosecond resolution [153] as demon-
strated in Figure 3.4.2. Discrete Fourier transform (DFT) analysis of the resulting images
enabled determination of the modulation frequency of the micro-bunches. Linear wakefield
theory predicts that the modulation frequency (fmod) should be equal to the plasma electron
frequency (fpe) as it is the action of the wakefield on the long proton bunch that drives the
transverse modulation of the bunch:

fmod = fpe =
1

2π

√
npee2

meε0
. (3.4.1)

Evaluation of the proton bunch modulation frequency from streak camera images over an
order-of-magnitude range of Rb vapour densities, 1.3× 1014 cm−3 6 nRb 6 10.5× 1014 cm−3,
was consistent with the expected scaling (orange dashed line, Figure 3.4.3). This measurement
also demonstrated that the plasma was singly-ionised over the propagation axis of the proton
bunch by the ionising laser pulse.

Measurements of the time-integrated transverse proton distribution were used to demon-
strate growth in the transverse wakefield amplitude above that of the seed wakefields and
thus confirm excitation of the wakefield by the self-modulated proton bunch. The light emit-
ted by each scintillating screen was split and sent to two cameras; one to measure the intense
core and the second with a mask in the centre that blocked the light from the core and
hence allowed measurement of the defocused "halo" of protons. Example images are shown
in Figure 3.4.4. Determination of the maximum radius of defocused protons (green regions
in Figure 3.4.4(e)) allows estimation of their divergence angle and hence the average trans-
verse wakefield amplitude driven by the self-modulated proton bunch. This was performed
at two different densities, n0 = 2.1× 1014 cm−3 and 7.7× 1014 cm−3, over a range of proton
bunch populations, Np = (1− 3.5)× 1011, and the transverse wakefield was estimated for
each event under two differing assumptions. First assuming that the maximally-defocused
protons leave the plasma at the exit of the vapour source (W⊥,av,min, black data points in
Figure 3.4.5), representing a minimum estimate of the transverse wakefield amplitude. The
second assumption is informed by simulations which suggest that strongly defocused pro-
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Figure 3.4.2: Streak camera images and associated DFT power spectra of self-modulated proton
bunches at various plasma densities. (a) and (b) correspond to a plasma density of nRb =

2.457×1014 cm−3. (c) and (d) correspond to a plasma density of nRb = 6.994×1014 cm−3.
(e) A full micro-bunch train is observed by combining multiple streak camera images. The
plasma density in this case is nRb = 2.190× 1014 cm−3 with an upwards plasma density
gradient of 3.4%/10m. The red lines represent the positions of the ionising laser pulse.
Image reproduced from Ref. [153].

Figure 3.4.3: Measured mean proton bunch modulation frequency as a function of Rb vapour density.
The orange line represents the expected scaling under the assumption that the Rb is fully
singly-ionised such that nRb = n0. Image reproduced from Ref. [153].
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Figure 3.4.4: Time-integrated proton bunch charge distributions demonstrating defocusing of protons
in the presence of plasma (n0 = 7.7× 1014 cm−3). (a) and (b) are measurements of the
proton bunch core while (c) and (d) represent "halo" measurements (with central mask).
(e) Combined projections of the images from (a) – (d). Image reproduced from Ref. [154].

tons gain most of their transverse momentum at a propagation distance of z ∼ 1.5m and then
radially exit the plasma at z ∼ 4m (W⊥,av, blue data points in Figure 3.4.5). This therefore
perhaps represents a more realistic estimate of the average transverse wakefield experienced
by the maximally-defocused protons. These estimates were then compared to linear wake-
field predictions of the seed transverse wakefield driven by the unmodulated proton bunch
represented by the red lines in Figure 3.4.5. Both predictions demonstrate average transverse
wakefield amplitudes that far exceed the seed wakefield amplitude over a range of plasma
densities and proton bunch populations, verification of excitation of the wakefield by the
self-modulated proton bunch.

3.4.3 Acceleration of witness electrons

Following the demonstration of self-modulation of the proton bunch and wakefield excita-
tion, witness electrons were injected into the plasma to be accelerated in the wakefield; full
details of this experiment can be found in Ref. [144].

Electrons were first injected into low density plasma (n0 = 1.8 × 1014 cm−3) in an at-
tempt to aid their capture as the size of the wakefield increases at lower plasma densities
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Figure 3.4.5: Comparison between estimated average transverse wakefield experienced by maximally-
defocused protons and the seed wakefield amplitude predicted by linear wakefield the-
ory. Blue data points show a best-estimate informed by simulation results, while the black
data points represent the minimum value of the average transverse wakefield amplitude.
Red lines represent the predicted seed transverse wakefield amplitude. Image reproduced
from Ref. [154].

(λp ∝ n−1/2
e ). The electrons were injected at an oblique angle of 1.2− 2mrad at an injection

delay of 200ps. Clear signals in the spectrometer scintillating screen corresponding to accel-
erated electrons were observed as shown in Figure 3.4.6. The accelerated witness signal was
stable and reproducible over an extended time period; Figure 3.4.7 shows the spectrometer
signal for 194 consecutive electron-injection events with a consistent peak in the spectrum
at approximately 600MeV. A scan of the spectrometer quadrupole current (and hence focal
energy) was performed over this time period with only small changes in the resulting energy
spectrum observed confirming the finite energy spread (∼ 10%) of the accelerated witness
bunch. Over a 10m plasma length the mean energy of the witness bunch represents an av-
erage longitudinal wakefield amplitude of approximately 60MVm−1, a small fraction (∼ 5%)
of the cold wave-breaking field at this density, E0 = 1.29GVm−1. However, as demonstrated
in Section 3.3.2 it is likely that the witness electrons underwent multiple dephasing cycles
over the plasma length and the effective acceleration length was much shorter, with much
larger instantaneous longitudinal wakefield amplitudes.

Following successful capture and acceleration of witness electrons at low plasma densities,
modifications to the longitudinal plasma density profile were made in an attempt to increase
the energy of the accelerated witness electrons. The simplest modification is to increase the
background vapour, and hence plasma, density and allow access to larger wakefield am-
plitudes. Figure 3.4.8 demonstrates the effect of increasing the plasma density, with larger
witness energies achieved with increasing plasma density as expected. The final energy of
the witness electrons is a function of two parameters: the average accelerating gradient expe-
rienced by the bunch and the length over which electrons are consistently accelerated. While
the value of the cold wave-breaking field, E0, scales predictably with n1/2pe according to linear
theory, the acceleration length does not remain constant as function of the plasma density.
This is due to the difference in self-modulation evolution for a constant proton beam in dif-
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Figure 3.4.6: Signal of electrons accelerated in the wakefield driven by a self-modulated proton bunch.
(a) Example scintillator image for a plasma density of n0 = 1.8 × 1014 cm−3 with a
density gradient of +5.3%/10m. (b) Projection in the dispersive plane with associated
spectrometer energy axis. Image reproduced from Ref. [144].

Figure 3.4.7: High statistics dataset demonstrating energy stability of accelerated electrons. The
plasma density was kept constant at n0 = 1.8 × 1014 cm−3 over the duration of the
dataset with no density gradient applied. Image reproduced from Ref. [144].
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Figure 3.4.8: Measurement of the highest mean witness energy, µE, achieved at different plasma den-
sities, npe with and without the presence of a plasma density gradient. The value of the
density gradient was optimised experimentally for each density. Image reproduced from
Ref. [144].

ferent plasma densities. As discussed in Section 3.3.2, consistent witness acceleration can
only occur following saturation of the self-modulation process such that the wakefield phase
is constant with respect to the proton micro-bunches and witness electrons. In simulations
self-modulation saturation occurs more quickly as the plasma density is increased, leading
to extended effective acceleration lengths which, in combination with increased wakefield
amplitudes, gives correspondingly higher witness energies.

Longitudinal plasma density gradients were also introduced experimentally by indepen-
dently adjusting the temperature of the Rb flasks at either end of the vapour source. Small
percent-level positive gradients (npe,exit > npe,entrance) were predicted to counter the wakefield
phase evolution discussed in Sections 3.2.2 and 3.3.2 that leads to the loss of proton micro-
bunch charge and witness electrons via dephasing. The introduction of a linearly-increasing
plasma density continuously shortens the plasma wavelength along its length and increases
the phase velocity of the wakefield such that for some "optimum" density gradient the wake-
field phase velocity can be matched to that of the micro-bunches, reducing their rate of charge
loss and minimising dephasing effects [142, 156]. The exact value of this "optimum" varies
with both the plasma density and the injection delay, ∆τ, and hence experimentally it was
varied until the mean witness energy reached a peak. The empirically-discovered values of
the density gradient optima were +5.3%± 0.3%, +2.5%± 0.3% and +2.2%± 0.1% for plasma
densities of 1.8× 1014 cm−3, 3.9× 1014 cm−3 and 6.6× 1014 cm−3 respectively. In all cases, a
significant increase in the measured mean witness energy was observed by the introduction
of a positive longitudinal plasma density gradient as shown in Figure 3.4.8. The largest wit-
ness energies of approximately 2GeV were observed in a plasma of density 6.6× 1014 cm−3

with a longitudinal gradient of +2.2± 0.1% applied.
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3.5 conclusion

Proton bunches represent promising PWFA drive bunches due to their large stored energy
negating the requirement for the staging of multiple plasma acceleration sections to reach
the high energies necessary for future applications. The process of self-modulation has been
shown to transform experimentally-available long proton bunches into effective wakefield
drive beams. The evolution of the wakefield phase during the self-modulation process leads
to significant micro-bunch charge loss and difficulties in the capture and consistent accelera-
tion of externally-injected witness bunches. However, these effects can be minimised through
tuning of the longitudinal plasma density profile and careful choice of the witness injection
position.

During Run 1 of the AWAKE experiment, the main experimental goals were achieved: the
demonstration of self-modulation of a proton bunch in a plasma [153, 154] and the accel-
eration of witness electrons injected into the wakefield driven by a self-modulated proton
bunch [144]. These experiments were completed by May 2018, leaving three experimental
periods before the end of AWAKE Run 1 to perform more detailed parameter scans to better
understand both the self-modulation and witness acceleration processes. One priority of the
remaining experimental periods was to attempt to map the evolution of the wakefield driven
by the self-modulated proton bunch along its length and demonstrate resonant excitation of
the longitudinal wakefield while also exploring the evolution of the wakefield on extended
timescales. These measurements and their analysis is the subject of Chapter 7.





4
T H E F L A S H F O RWA R D E X P E R I M E N T

The FLASHForward experiment is an electron-beam-driven plasma wakefield acceleration
experiment based at the Deutsches Elektronen-Synchotron (DESY) in Hamburg, Germany.
It uses high-quality, low-emittance, GeV-level electron beams produced by the FLASH free-
electron laser (FEL) facility [58, 157, 158] as drive bunches, with witness bunches generated
either via additional cutting and shaping of the drive bunches [159] or via internal injection
of electrons within the plasma [76]. This chapter first gives an overview of the experiment,
before briefly describing the three main scientific goals that are being explored within the ex-
periment. Particular attention is paid to experimental diagnostics and diagnostic techniques
that have been developed at FLASHForward that facilitate detailed reconstruction of the
electron bunches, enabling accurate experiment-simulation comparisons in later chapters.

4.1 experimental overview

A detailed overview of the FLASHForward experiment and its primary scientific goals can
be found in Ref. [57] and are briefly summarised here. A schematic of the FLASH facility
is presented in Figure 4.1.1; the electron bunches are generated at frequencies up to 10Hz
using a photocathode RF gun and accelerated up to energies of 1.25GeV using seven 1.3GHz
super-conducting radio-frequency (RF) accelerating modules (in three sections). The series of
SCRF cavities and bunch compressors within the accelerator permits control of the longitudi-
nal phase space of the bunch [160], with off-crest acceleration in the SCRF cavities typically
used in FLASHForward experiments to produce bunches with a correlation between the
energy and longitudinal coordinate of particles within the bunch, i.e. an energy chirp. Use
of a third-harmonic SCRF cavity in the accelerator beamline gives additional control of the
first and second derivative of the chirp [161], allowing approximately linear energy chirps to
be produced, required for effective drive and bunch pair generation at the collimator [159]
as is discussed in more detail later. Typical electron bunches used for FLASHForward ex-
periments have energy spreads of approximately 0.1%, normalised transverse emittances of
order 2µm, bunch charges approaching 1nC (before collimation), and RMS bunch lengths
between 200− 500 fs with peak currents (Ipk) of order 1− 2.5 kA. The exact peak current can
be tuned depending on the experiment being performed; external injection experiments re-
quire exquisite control of the longitudinal phase space to enable precise bunch shaping and
hence operate at lower bunch compressions (Ipk ∼ 1 kA) whereas internal injection experi-
ments relax these requirements on the longitudinal phase space and prioritise peak current
(Ipk & 2 kA).

91
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Figure 4.1.1: Schematic of the FLASH SCRF front-end supplying the FLASHForward experimental
beamline with high-average-power electron beams. Also shown are the FLASH1 and
FLASH2 FEL beamlines. Image reproduced from Ref. [57].

The bunch is extracted from the FLASH linac using a kicker magnet and transported to
the FLASHForward beamline, an overview of which is presented in Figure 4.1.2. In this
dispersive extraction section, three energy collimators can be independently used to remove
energy slices and further shape the bunch [159]. These represent two metallic blocks that
can be transversely inserted into the beamline to remove charge from the head or tail of
the bunch, and a tapered wedge that can be moved into the beamline and translated hori-
zontally and vertically to remove varying amounts of charge from the centre of the bunch,
thus allowing generation of separated drive-witness bunch pairs of variable charge. Once in
the FLASHForward beamline, the bunch passes through a series of quadrupoles ("Matching
quadrupoles" and "Final focusing quadrupoles" in Figure 4.1.2) that allow the bunch to be
focused down to micron-scale transverse sizes at the entrance of the plasma.

The plasma is contained within a cylindrical capillary of diameter 1.5mm, milled into two
sapphire slabs. Three different lengths of capillary have been used in experimentation thus
far; 33mm, 50mm and 195mm. The capillary is mounted on a hexapod system [162] that per-
mits controlled movement of the capillary with respect to the axis of the electron beam. Two
inlets at either end fill the capillary with variable gas species, with gas density controlled by
the pressure of a buffer volume connected to gas feedthroughs. The plasma can be generated
via two methods; a high-voltage electrical discharge of duration approximately 400 ns, or a
longitudinally-propagating 25 TW laser pulse of duration ∼ 40 fs which ionises a thin column
of plasma contained within the capillary. The discharge voltage can be varied up to 25 kV,
with stable operation in argon typically observed for voltages exceeding 8 kV, although this
is gas species and pressure dependent. The timing of the generation of the plasma can be
controlled independently of the arrival of the electron bunch. The discharge system has been
measured to have an O(ns) timing jitter due to the use of a thyratron switch, while the laser
system is synchronised to the RF linac to within 100 fs [76]. When the discharge system is op-
erational, in- and out-going current traces are measured on every event to allow monitoring
of the stability of the discharge.

After propagating through the plasma, the bunch is captured by a series of quadrupoles
and dispersed by a 1m-long dipole magnet on to a series of scintillating screens attached
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Figure 4.1.2: Overview of the FLASHForward beamline setup. Inset: The electron beam propagates
through a 1.5mm diameter sapphire capillary of variable length. The plasma is generated
either via a high-voltage discharge or laser ionisation from the synchronised 25 TW laser
system. The capillary sits on an adjustable hexapod mount allowing free movement of
the capillary with respect to the axis of propagation of the probe beam.

to the outside of the vacuum chamber to allow measurement of its energy distribution. The
dipole accepts electron energies from a few MeV up to 2.4GeV. The light emitted by the scin-
tillating screens is imaged by a series of six cameras placed around the vacuum chamber;
three cameras are placed along the right-side exit of the dipole chamber and represent a
high-resolution region, while the other three image the 1m-long lower exit of the dipole at
much reduced resolution. The dipole current can be varied to move the bunch into the high-
resolution region of the screen, irrespective of its energy. Two different types of scintillating
screens are used depending on the experiment being performed. For typical single bunch ex-
periments, terbium-doped gadolinium oxysulfide (Gd2O2S:Tb) ‘Lanex’ scintillators are used.
However, their large decay constant, τ ∼ 500mus, leads to the accumulation of scintillation
signal when used in high-repetition-rate, multi-bunch measurements where bunch separa-
tions are typically on the order of 1µs or lower. In this case, a lutetium yttrium orthosilicate
(LYSO, Lu2SiO5) crystal is preferred as it has a decay constant on the order of 100ns and
thus scintillation signals from multiple bunches can be differentiated for bunch separations
exceeding approximately 500ns. The majority of the scintillating material is ‘Lanex’ as it is
easier to work with and replace in case of damage, but a 4 cm region near the lower end of
the high-resolution region of the spectrometer is formed of 200µm-thick LYSO crystal. This
region is imaged by two separate cameras focused on the LYSO crystal that can be triggered
independently to measure the scintillation signals of two temporally-separated bunches in
the same event.

Within the past 18months the FLASHForward beamline has been extended beyond the
electron spectrometer to include a transverse deflecting structure [163, 164] (X-TDS) that en-
ables the measurement of the longitudinal phase space and transverse slice emittance of
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Figure 4.1.3: Schematic of the FLASHForward beamline extension completed in 2019 that introduced
the X-band transverse deflecting structure (X-TDS). The beamline was extended by ap-
proximately 25m and included additional quadrupoles, the X-TDS cavity, an additional
dipole, and two scintillating screens to enable measurement of the transverse slice emit-
tance and longitudinal phase space of the electron bunch. Image recreated from Ref. [167].

the electron bunch, both with and without plasma acceleration, with femtosecond-level res-
olution [165–167]. A schematic of the beamline extension is illustrated in Figure 4.1.3. The
measurement is based on ‘streaking’ of the electron bunch using high-frequency (X-band) RF
fields, such that the field experienced by a particle within the bunch, and hence its deflection,
is correlated to its longitudinal position within the bunch (ξ), effectively mapping the longitu-
dinal plane z onto the transverse plane y. The ξ-dependent deflection can be determined by
measuring the transverse distribution of the bunch at a screen and, if repeated for multiple
phase advances by varying upstream quadrupole strengths, it is possible to reconstruct the
transverse emittance of the bunch as a function of ξ, thus measuring its slice emittance [168].
When additionally combined with a dipole bending in the other axis, such that the energy
offset δ is mapped to the transverse plane x, the resulting distribution measured at a screen
after the dipole can be used to reconstruct the longitudinal phase space of the bunch. The
transverse deflecting structure installed within the FLASHForward experiment is unique in
that the deflecting field has variable polarisation [169]. This allows the bunch to be streaked
at any angle and by combining measurements of the projected profiles at multiple angles it
is possible to produce a three-dimensional tomographic reconstruction of the charge density
distribution of the bunch [170]. The combination of transverse slice-emittance measurements,
longitudinal phase space measurements and bunch tomography techniques enables complete
reconstruction of the six-dimensional phase space of the electron bunch, enabling exquisite
control over the bunch profile and detailed experiment-simulation comparisons [68, 105] be-
yond those previously demonstrated in plasma acceleration. Prior to the installation of the
X-TDS, another transverse deflecting structure [171, 172] in the neighbouring FLASH1 beam-
line was used to characterise the phase space of the electron bunches before they entered that
FLASHForward beamline and is shown in the upper region of Figure 4.1.2.

Alongside the detailed bunch profile reconstruction measurements enabled by the X-TDS,
additional diagnostic techniques have been developed within the FLASHForward experi-
ment to improve control of the electron bunch and hence acceleration process. One such
example that is readily used is the method outlined in Ref. [173] where measurements of the
centroid jitter of electron bunches between two beam-position monitors (BPMs) can be used
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Figure 4.1.4: Example of the two-BPM bunch reconstruction measurement technique. (a) Jitter phase
space measurement of a range of energy slices. Significant dispersion (energy-dependent
offsets) can be observed. (b) Corresponding evolution of the slice β-function around the
focus, indicating a highly chromatic focus. Image modified from Ref. [173].

to reconstruct the β-function of the bunch as it is strongly focused into the entrance of the
plasma. When combined with the upstream collimators, such that individual energy-slices of
the bunch can be selected, this technique enables measurement of the transverse phase space
of multiple bunch slices, demonstrating the chromaticity and slice-dependent focusing of the
bunch as shown in Figure 4.1.4. As this technique is fast and non-invasive, it is used during
the experimental setup to minimise the dispersion of the bunch and perform slice-specific
matching into plasma, enabling high-quality acceleration to be performed.

The use of the FLASH FEL linac that provides short, high-current, high-quality, stable,
PWFA-suitable electron bunches, combined with the array of advanced diagnostic techniques
available within the FLASHForward experiment enables it to perform detailed, high-statistics
studies of electron-beam-driven plasma wakefield acceleration and make large strides to-
wards optimisation of the acceleration process. Initial measurements in this direction have
already been performed, demonstrating the operation of internal injection mechanisms with
the potential to produce even higher-quality bunches, quality-preserving acceleration of
externally-injected bunches and detailed studies of the evolution of plasma after the wake-
field process that are relevant for high-repetition-rate operation. These measurements, in the
context of the scientific goals of the FLASHForward experiment, are outlined in the follow-
ing section.
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4.2 scientific goals

The primary scientific goals of the FLASHForward experiment can be summarised by con-
sideration of the three (current) ‘core’ experiments being undertaken:

• X-1: Controlled internal injection of a high-quality witness bunch.

• X-2: Quality-preservation of an externally-injected witness bunch.

• X-3: High-repetition-rate plasma wakefield acceleration.

An outline of each experiment and recent experimental highlights follows.

4.2.1 X-1: Internal injection

The X-1 experiment aims to demonstrate the controlled injection of high-brightness witness
bunches generated by density-downramps (DDRs) within beam-driven plasma wakefields.
DDR injection uses sharp, imposed gradients in the longitudinal plasma density profile to
locally reduce the phase velocity of the wakefield, extending its length and facilitating the
injection of plasma electrons forming the wake into its accelerating phase, trapping them and
forming a witness bunch [174, 175] as demonstrated in Figure 4.2.1. Injecting into the wake-
field in this way has been shown to result in ultra-high quality witness bunches with sub-µm
normalised emittances in 3D PIC simulations [72, 73], and is highly tunable via modifica-
tion of the profile of the density-downramp [176, 177]. This technique is commonly used in
laser-driven wakefield accelerators [178–180] but stable operation was not previously demon-
strated experimentally in beam-driven wakefield accelerators. Previous beam-driven DDR
studies were typically limited to few successful events as large shot-to-shot jitters prevented
consistent injection [75, 181–183].

Figure 4.2.1: 3D PIC simulation demonstrating the evolution of a beam-driven wakefield as it prop-
agates through a density-downramp. As the beam propagates, the wakefield cavity ex-
tends as the density decreases, locally injecting and trapping a witness bunch into the
rear of the cavity. Image reproduced from Ref. [176].
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Figure 4.2.2: (a) Energy spectra and (b) charge of the density-downramp injected witness beam. The
injection is switched off by blocking the transverse laser pulse in shot numbers 101− 200
and 301− 400. Image reproduced from Ref. [76].

Within the FLASHForward experiment, generation of a DDR was achieved using two
independently-focused arms of the 25TW laser pulse [76]. One propagated longitudinally
through the gas-filled capillary while the second entered the capillary transversely through
a small hole 20mm along the capillary. The capillary was filled with a mixture of argon
and helium gas at a partial-pressure ratio of 1 : 2 to enable selective local ionisation; the
intensity of the longitudinally-propagating laser pulse was kept sufficiently low to ionise
only the first level of argon, while the transversely-propagating laser intensity was increased
such that it could ionise both the second level of argon and the first level of helium. This
therefore allowed generation of a region of increased plasma density around the focus of
the transversely-propagating laser pulse, representing the DDR [184, 185]. The drive electron
bunch was maximally compressed without concern for linearising its longitudinal phase
space, achieving a peak current of 2.1 kA [76].

A brief discussion of the stable demonstration of DDR injection in a beam-driven wakefield
accelerator at FLASHForward follows; all results mentioned can be found in Ref. [76]. Laser-
controlled injection was first demonstrated, with witness bunches of charge 32.1 ± 9.6pC
generated when the transverse laser was present and disappearing when the transverse laser
was blocked, as demonstrated in Figure 4.2.2. Following this, a dataset of 1885 consecutive
injection attempt events was recorded with witness bunches observed in 95.4% of the events
with a mean charge of 33± 10pC, mean energy of 45± 5MeV and an RMS relative energy
spread of 4.4%. These witness bunches were accelerated over the remaining capillary length
after the density-downramp, indicating an average accelerating gradient of approximately
2GVm−1. The transverse RMS normalised emittance of the witness bunch projected over all
events was measured to be εnx = 9.3± 0.3µm.

Two parameter scans were then performed to investigate dependencies of the witness
bunch on the experimental conditions; the energy of the laser pulses (in both arms), and the
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Figure 4.2.3: Left: (a) Binned variation of mean witness bunch energy with the laser energy over 1885
consecutive events. (b) The laser pulse energy was scanned over a wider range. Mea-
surements (blue) indicate good agreement with a simple model (black) predicting the
variation of plasma density as a function of the laser energy, based on the assumption
that the longitudinal field scales as n1/2e . Right: Effect of the positioning of the laser-spot
centroid on the measured charge of the witness bunch. Images reproduced from Ref. [76].

vertical position of the transversely-propagating laser pulse within the longitudinal plasma
column. The mean energy of the witness bunch was observed to increase with increasing
laser pulse energy as demonstrated in the left side of Figure 4.2.3. The measured increase in
mean witness energy could be reconstructed using a model (black line, Figure 4.2.3(b)) that
calculated the expected plasma density as a function of the laser energy via the ADK ioni-
sation model [186], and the resultant effect this has on the longitudinal wakefield amplitude
under the assumption that it scales as n1/2e . The vertical position of the transverse laser arm
was modified by moving its entire focusing assembly in the y-direction to ensure its focus
was not modified. This changed the overlap between the DDR and the propagation axis of
the drive electron bunch, reducing the amount of charge injected into the wakefield. The
density ramp produced by the transverse laser pulse has a finite length and spatial structure
influenced by the focal spot of the laser pulse. As the overlap between the electron bunch
and DDR changes, the region over which injection occurs is modified, resulting in changes
in the witness bunch charge. Experimental measurements of this effect are presented in the
right side of Figure 4.2.3 and compared to 3D PIC simulations of the injection region that
use the measured transverse laser pulse spot as input to predict the (asymmetric) downramp
profile, showing reasonable agreement.

The X-1 experiment has successfully demonstrated generation of a DDR-injected witness
bunch in a beam-driven plasma wakefield [76]. Future studies will focus on improving con-
trol of the injection process, particularly the brightness of the resultant witness bunch by
reducing its emittance and energy spread. This will be achieved by optimising both the drive
bunch properties and the properties of the density-downramp.
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4.2.2 X-2: External injection

The X-2 experiment aims to maintain the quality of an externally-injected witness bunch,
particularly demonstrating simultaneous preservation of its emittance and energy spread,
while operating at high total acceleration efficiency. Theoretically, this has been shown to be
possible in the non-linear blowout wakefield regime [48, 86, 87] via (i) beam-loading of the
wakefield [98–101, 187], where the longitudinal field is locally flattened by the presence of
the witness bunch, and (ii) correct matching of the bunch into the plasma [188–190], where
the focusing provided by the ion column balances the divergence of the beam such that the
beam envelope experiences no oscillations as it propagates.

To be able to achieve preservation of the quality of an externally-injected witness bunch,
precise control of the drive and witness bunches and the plasma wakefield itself must be
achieved; this is only possible by using similarly precise diagnostic techniques. Within the X-
2 experiment, a technique for measuring the longitudinal wakefield amplitude experienced
by the drive and witness bunches was developed, allowing sampling of the wakefield with
femtosecond-level resolution [105]. This measurement involved progressively removing the
rear of a linearly-chirped electron bunch using the energy collimators in the dispersive sec-
tion of the beamline [159]. Removing charge from the rear of the bunch does not alter the
wakefield experienced by the remaining charge as demonstrated in Figure 4.2.4. Therefore,
by comparing measurements of the energy spectra as charge is progressively removed from
the tail of the bunch, it is possible to determine the energy and thus longitudinally-averaged
wakefield amplitude experienced by each slice of the bunch. This measurement technique
was shown to be consistent with 3D PIC simulations of the experiment over a range of
plasma densities and bunch profiles as demonstrated in Figure 4.2.5.

Figure 4.2.4: Example of the collimation-based wakefield sampling technique. (a) A strongly corre-
lated longitudinal phase space allows progressive removal of energy slices. (b) The elec-
tron bunch interacts with plasma and excites a density wake with large amplitude longi-
tudinal fields. (c) Removing charge from the bunch tail alters the wakefield behind the
bunch, but not that experienced by the remaining charge. Image modified from Ref. [105].
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Figure 4.2.5: Measured longitudinally averaged plasma wakefields for (a) a nominal bunch profile
and plasma density. (b) The measurement is repeated at an 80% higher plasma density,
demonstrating shortening of the wakefield. (c) The centre of the bunch is removed to pro-
duce a drive-witness pair at the nominal plasma density. The wakefield is identical at the
head, but significantly altered at the rear after charge has been removed. All measure-
ments are compared to 3D PIC simulations using the experimentally measured bunch
profile and plasma density. Image reproduced from Ref. [105].

Armed with the ability to accurately tune the longitudinal phase space [161] and shape
the current profile [159] of an electron bunch, measure its slice emittance and reconstruct its
Twiss parameters at focus [173], and finely sample the longitudinal wakefield it drives [105],
the X-2 experiment is in an ideal position to demonstrate the preservation of the quality of
an externally-injected witness bunch. First steps towards achieving this were taken in the
measurements presented in Ref. [68] where energy-spread preservation and high efficiency
acceleration of an externally-injected witness bunch in a plasma wakefield were simultane-
ously demonstrated for the first time.

In these measurements, the electron bunch produced in the FLASH linac was divided into
a drive-witness bunch pair using the wedge-shaped notch collimator [159] in the dispersive
section of the beamline. A parameter scan of the position and width of the notch collimator
(to vary the drive-witness bunch charge ratio) and the plasma density was performed to
enable identification of the point of optimal acceleration of the witness bunch. This three-
dimensional parameter scan represented 12675 events in total. Once the optimal setup had
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Figure 4.2.6: (a) Spectrometer images at the optimal operating point as well as the corresponding
energy spectra for events with and without plasma interaction. (b) High stability is ob-
served across 5000 events. (c) The energy spread is preserved in 6.4% of these events
and nearly preseved in the remaining events. (d) Simulataneously, high energy-transfer
efficiency is observed, distributed between 30% and 50%. Image reproduced from Ref. [68].

Figure 4.2.7: Demonstration of full charge coupling through comparison between the incoming wit-
ness bunch charge (grey) and the accelerated charge measured on the spectrometer
screen (blue) via a scan of the tail-collimator position. Full charge-coupling is observed
until ξ . 360µm at which point the additional charge extends outside the wakefield
cavity and is strongly defocused by returning sheath electrons. Image reproduced from
Ref. [68].
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Figure 4.2.8: (a) Longitudinally-averaged wakefield measurement, both for optimal beam-loading
(blue points) and the full bunch (grey points) in excellent agreement with PIC simula-
tions (lines), demonstrating flattening of the longitudinal wakefield. (b) PIC simulation
snapshot demonstrating the optimal beam-loading working point. Image reproduced from
Ref. [68].

been identified (shown in Figure 4.2.6(a)), 5000 consecutive acceleration events were recorded
and demonstrated 45.4± 1.4MeV energy gain in a plasma of length 34.2mm, representing an
average accelerating gradient in excess of 1.3GVm−1. Figure 4.2.6(b) shows a waterfall image
of the energy spectra of all events. Of these 5000 events, the initial FWHM relative energy
spread of the witness bunch of 0.16% was preserved in 6.4%, while the rest showed a 28%
median energy-spread growth to 0.2% FWHM as shown in Figure 4.2.6(c). The acceleration
efficiency is calculated by the ratio of the energy gained by the charge in the witness bunch
to the energy lost by the charge in the drive bunch. At the optimal working point, the energy-
transfer efficiency was measured to be 42± 4%, demonstrated in Figure 4.2.6(d).

One-hundred percent charge coupling of the witness bunch into the wakefield was addi-
tionally demonstrated at the optimal acceleration configuration via a tail-collimator position
scan as shown in Figure 4.2.7. The charge of the accelerated witness bunch was measured on
the charge-calibrated scintillating spectrometer screen and compared to measurement of the
bunch charge upstream of the plasma interaction. The measurements agree until the tail of
the witness bunch extends outside the wakefield cavity, causing it to be defocused by return-
ing sheath electrons. Confirmation of beam-loading of the wakefield by the witness bunch
at the few-percent level was demonstrated via the wakefield sampling technique introduced
previously [105] and showed significant flattening of the longitudinal wakefield as can be
seen in Figure 4.2.8.

Given the excellent recent experimental progress that has been enabled by improved con-
trol and measurement of the wakefield process, the X-2 experiment is in position to demon-
strate emittance preservation of the witness bunch in the near future. Following this, demon-
stration of GeV-level energy gain while simultaneously preserving witness bunch quality
and maximising the total efficiency of the acceleration process will be the focus of future
experimental studies.
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Figure 4.2.9: Schematic of the 10Hz macro-pulse and MHz bunch train structure available to
FLASHForward for high-power experimentation. Image adapted from Ref. [57].

4.2.3 X-3: High-repetition-rate plasma wakefield acceleration

Building on the progress made by the X-2 experiment, the X-3 experiment aims to demon-
strate high-quality acceleration of an externally-injected witness bunch at the highest possible
repetition-rate, eventually demonstrating the operation of a > 10kW average power plasma-
based accelerator.

FLASHForward is uniquely positioned within the plasma-based accelerator community
to study high-repetition-rate operation thanks to the capabilities of the FLASH linac that pro-
vides electron beams for experimentation. The FLASH photocathode gun and linac modules
operate with a 10Hz macro-pulse structure, where each macro-pulse contains an approxi-
mately 800µs-long RF flat-top in which electron bunches can be accelerated with exquisite
stability at up to 3MHz micro-pulse frequencies [57, 58]. A schematic of the macro-pulse
structure is shown in Figure 4.2.9. At full capacity, this therefore represents 2400 bunches per
macro-pulse and thus the potential to deliver 24, 000 bunches per second to the FLASHForward

experimental area. Additional flexibility is introduced thanks to the presence of three sepa-
rate photo-injector lasers that can be used in parallel to produce electron beams of similar
characteristics [58]. By using more than one photo-injector, the FLASH linac is able to provide
two electron bunches at the limit of the frequency of the SCRF modules, 1.3GHz, and hence
bunch separations of 769ps are achievable. The X-3 experiment has developed the necessary
expertise to readily make use of this functionality, enabling the generation of two similar (but
not identical) PWFA-suitable drive bunches at separations ranging from 769 ps to the full ex-
tent of the RF flat-top, in steps of 1.3GHz, representing a six order-of-magnitude temporal
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range. This has enabled experimental study of the evolution of plasma wakefields over such
a range for the first time and is the focus of later chapters of this thesis.

Plasma wakefield acceleration has never previously been performed at MHz repetition-
rates; beam-driven wakefield accelerators typically operate at 10Hz and below [56, 61] and
high-power (> 100TW) laser-driven wakefield accelerators are typically operating at single-
Hz rates and below [77–79]. Lower-power LWFAs (few-TW) have been operated at kHz
repetition-rates but typically use short gas jet targets and have not yet demonstrated ac-
celeration of electrons beyond a few MeV [191–193]. It is also not yet possible to simulate
plasma wakefield evolution over extended timescales using the PIC technique due to the
accumulation of numerical effects that cause such simulations to lose accuracy. Hence, the
initial purview of the X-3 experiment is to develop diagnostic techniques that can be used to
probe the evolution of the plasma at such repetition-rates — one such example is discussed
in Chapter 5 — to develop an understanding of the physics that will limit the ultimate
repetition-rates available to plasma-based accelerators.

Alongside study of the plasma evolution at high-repetition-rates, a number of technological
advances must also be made. At present, the plasma is often generated at FLASHForward

using a high-voltage discharge that, in its current setup, cannot yet be operated at MHz
repetition-rates. Modifications must be made to enable this, then stable operation at such
rates must be demonstrated. Additionally, the effect of this load on the capillary itself must
be studied, as has previously been performed for similar capillary discharge waveguides that
aim to be operated at kHz repetition-rates [194]. Furthermore, it has previously been shown
that a significant amount of plasma is expelled from capillaries following the discharge, lead-
ing to significant evolution of the longitudinal plasma density profile [195]. Either this expul-
sion needs to be minimised or the capillary refilled (or likely both) to enable reproducible
density profiles to be generated at high-repetition-rates, motivating redesign of the capillary
and associated systems to enable this. An additional consideration is that, during its lifetime,
the plasma transfers a significant amount of heat to the capillary walls [196, 197], an effect
that will likely be amplified by the transfer of energy from the bunches driving the wake-
field. This must be efficiently dissipated, possibly via external cooling systems, to ensure the
capillary does not become damaged during high-average-power operation.

4.3 conclusion

The FLASHForward experiment is uniquely positioned to move beam-driven plasma accel-
erators from research facilities towards user facilities. This will require stable operation of
high-quality acceleration at high-repetition-rates and, as demonstrated in the previous sec-
tions, rapid progress is already being made on both fronts via the three ‘core’ experiments.
Generation of internally-injected witness bunches via density-downramp injection in a beam-
driven wakefield accelerator has already been demonstrated within the X-1 experiment and,
with further optimisation, promises the production of ultra-high quality witness bunches
with sub-µm normalised emittances. The X-2 experiment has demonstrated precise measure-



the flashforward experiment 105

ment and control of the wakefield, preserving per-mille energy spreads while simultaneously
operating at high instantaneous efficiencies. It is expected that the recent progress of the X-2
experiment will enable the demonstration of emittance preservation of the witness bunch
during the acceleration process in the near future, with large strides made in improving the
total efficiency of the accelerator in unison. The X-3 experiment has made significant progress
towards understanding the limitations that will be placed on high-repetition-rate operation
of beam-driven plasma wakefield accelerators thanks to the development of a beam-based
diagnostic technique, discussed in detail in Chapter 5, that has enabled study of the plasma
over extended timescales. First experiments studying the evolution of plasma and ways to ad-
just its lifetime are detailed in Chapter 6, while detailed studies of the response of the plasma
to the wakefield process over a range of timescales are discussed in Chapters 8 and 9. This has
enabled the FLASHForward experiment to make significant progress towards the demon-
stration of PWFA at high-repetition-rates, although further technological advances must be
made in tandem to make the operation of a > 10kW average-power plasma accelerator a
reality.





Part III

U N P E RT U R B E D P L A S M A E V O L U T I O N

Part III details the development of a beam-based measurement technique at FLASH-
Forward that enabled studies of the evolution of a plasma over extended timescales.
It is first bench-marked against a standard plasma density diagnostic and then
used to study a range of unperturbed plasma states with a view to adjusting the
lifetime of a plasma such that it can be optimised for high-repetition-rate opera-
tion.





5
B E A M - B A S E D P L A S M A C H A R A C T E R I S AT I O N T E C H N I Q U E

As described in the previous chapter, the X-3 experiment aims to demonstrate stable plasma
wakefield accelerator operation at the highest possible repetition-rate. In order to do this, the
bunches used as drive beams within the PWFA process must be generated, and the plasma
itself must be refreshed, at the appropriate frequency. State of the art super-conducting radio-
frequency facilities [157, 198, 199] have demonstrated the ability of conventional linear accel-
erators to generate trains of electron bunches suitable for use as PWFA drive-bunches at MHz
frequencies and beyond, with exceptional stability. However, comparatively little research has
been performed to study the extended evolution of the plasma following the wakefield accel-
eration process. For typical FLASHForward experimental parameters, energy is deposited
into the plasma by the drive bunch via the wakefield at a rate of multiple Joules per metre,
driving subsequent evolution of the plasma and heating it significantly. This must dissipate
such that the plasma can recover to its initial state before the arrival of the following bunch
for a stable, repeatable acceleration process to be possible.

In order to study the rate at which this occurs, diagnostics that are sensitive enough to
detect local, small-scale changes to the plasma state over a wide range of timescales are
essential. Via the X-2 experiment, in particular Ref. [68], the FLASHForward experiment
has demonstrated the sensitivity of the plasma acceleration process to the exact bunch and
plasma profile, with exquisite control of both necessary to achieve high-quality, repeatable
acceleration. This inadvertently highlights the suitability of the drive bunch itself as an effec-
tive probe of the plasma state. By improving our understanding of the coupling between the
state of the plasma and the drive bunch, it would be possible to extract information about the
plasma from measurements of the bunch. This approach can be used to study the evolution
of the plasma by adjusting the arrival time of the bunch with respect to its generation, with
potentially significantly improved sensitivity compared to other diagnostics.

This chapter outlines the development of exactly such a beam-based diagnostic technique.
First, existing plasma density diagnostics are introduced before the beam-based method is
motivated and compared. Next, a description of the experimental implementation of this
technique and all associated analysis is outlined. This technique underpins further measure-
ments of the extended timescale evolution of plasma sources and plasma wakefields that are
discussed in later chapters.

5.1 existing plasma density diagnostics

In order to understand and place limitations on the repetition rate of future plasma-based
accelerator facilities, studies of the evolution of plasma on extended timescales must take
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Figure 5.1.1: Sketch of the two-colour laser interferometry measurement principle. A detailed descrip-
tion can be found in the text. Reproduced from Ref. [200].

place such that their lifetime, and the lifetime of any perturbations induced by the wakefield
process, can be identified. Many diagnostic techniques exist for probing plasma densities, a
selection of which are outlined in the following section that are readily used in the context of
PWFA experiments and hence provide useful comparison points for the beam-based method
introduced here. The diagnostic techniques discussed are two-colour laser interferometry
(TCI) and spectroscopic measurements of the broadening of characteristic emission lines,
both of which are available within a dedicated plasma source development laboratory at
DESY, while previous beam-based measurements are also presented.

5.1.1 Two-colour laser interferometry

The principle behind the common-path two-colour laser interferometry technique relies on
the difference between the shift in phase and envelope accumulated by two laser pulses of
different frequencies as they propagate through a plasma [200, 201]. A sketch of the measure-
ment principle is demonstrated in Figure 5.1.1. Within a TCI measurement, two short pulses
of differing wavelength are generated via the propagation of a single laser pulse through a
frequency-doubling beta-barium borate (BBO) crystal. This creates two pulses that are intrin-
sically locked in phase and timing, one with a wavelength equal to that of the original pulse
("red"), and one with half this wavelength ("blue"). The two pulses are directed through a
glass block to provide a constant temporal offset, t0 in Figure 5.1.1, as a result of their differ-
ing frequency, "blue" trailing "red". The pulses then propagate through the plasma accumu-
lating a density-dependent phase shift and envelope slippage, according to their frequencies,
and are then passed through a second BBO crystal. The "red" pulse is frequency-doubled
in the second crystal but its envelope slippage and phase advance are conserved [201]. The
two 400nm pulses are then imaged on to a slit into a spectrometer such that an interference
pattern can be observed as demonstrated in Figure 5.1.2.

By extracting the phase shift observed in the interferogram as a function of time, it is
possible to extract the evolution of the plasma density via the relation:

ne =
4ε0mec

3e2
ω0
Lp
∆φ, (5.1.1)
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Figure 5.1.2: Example measurement of the evolution of the interference pattern created via the TCI
technique as a function of time during a plasma discharge. Reproduced from Ref. [195].

where ω0 is the fundamental frequency of the laser (λ0 = 800nm), Lp is the plasma length,
and ∆φ is the total integrated phase shift accumulated during propagation through the
plasma [200, 201]. As indicated by Eq. (5.1.1), the minimum measurable plasma density
is a function of the resolution of the spectrometer, i.e. the measurement of ∆φ, and the
plasma length Lp. At FLASHForward, the length of the capillaries used are typically tens
of mm, limiting the minimum plasma density that can be resolved using this technique to
densities significantly exceeding 1015 cm−3 [195]. This technique is therefore well-suited to
accurately determining operating plasma densities (ne ∼ 1016 cm−3), but its suitability for
measuring the extended evolution of plasma sources, crucial for X-3 experiments studying
high-repetition-rate operation, is limited.

5.1.2 Spectral line broadening

A second technique that is commonly used to measure the density of a plasma is the broad-
ening of characteristic emission lines via the Stark effect [202], where spectral lines can be
shifted or split by the presence of an external electric field. Within a plasma, even if the
macroscopic electric field is zero, ions and electrons within the plasma move generating lo-
cal electric fields that lead to the broadening of spectral emission lines [203]. By measuring
the temporally- and spectrally-resolved emission characteristics of a plasma, it is possible to
study its density evolution.

Typically, measurements of spectral line broadening are performed around the Hα line of
the Balmer series as this exhibits a temperature-dependent power law relationship between
the broadening observed and the plasma electron density over the range of interest for PWFA
experiments (ne ∼ 1015− 1018 cm−3) [195]. To do this, gases must be doped with few-percent
levels of hydrogen and care taken to determine emission lines characteristic of the different
gas species. Figure 5.1.3 demonstrates such a measurement; (a) shows the emission spectra
of a pure argon plasma, used to identify peaks within the spectra that could contribute to the
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Figure 5.1.3: Example measurement of the emission spectra from (a) pure argon and (b) argon doped
with 5% hydrogen. Reproduced from Ref. [195].

appearance of spectral broadening of the Hα line shown in (b) for an argon plasma doped
with 5% hydrogen. By measuring the full width at half maximum (FWHM) of the Hα spectral
line, ∆λ, the plasma density can be extracted using methodology developed by, for example,
Gigosos and Cardenoso [204, 205], using the simple relation:

ne = A ·∆λB, (5.1.2)

where A and B are constants derived from fits to simulated data that is bench-marked against
experimental measurements [206]. Emission light from the plasma can be collected from any
region of the plasma, allowing this technique to be used to spatially-resolve the plasma den-
sity profile. For example, the evolution of the longitudinal density profile of discharge-ionised
plasmas was measured in this way in Ref. [195]. The light emitted by the plasma must be
collected over a limited temporal period such that the plasma density does not vary signifi-
cantly during the measurement [O(10)ns]. This limits the sensitivity of this technique as the
amount of light emitted by the plasma decreases as the plasma density decreases. Within the
dedicated plasma source diagnostic laboratory at FLASHForward, the signal-to-noise ratio
becomes too low to accurately determine the plasma density for densities below 1016 cm−3

despite the use of an intensified-CCD camera [195]. This can be improved by extending the
exposure time of the camera, but at the cost of temporal resolution. Therefore, while spec-
tral line broadening represents an accurate plasma density diagnostic at typical operating
densities that additionally permits extraction of spatial information, in its current setup it
does not have sufficient temporal (and hence density) resolution to allow measurement of
the extended evolution of plasmas and the wakefield process necessary to advance the X-3
experimental goals.
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Figure 5.1.4: Evolution of the on-axis density of a laser-ionised plasma column measured using the
modulation frequency of a self-modulated proton bunch. Three different ionising laser
pulse energies were measured, 135mJ (left), 95mJ (centre) and 40mJ (right). Reproduced
from Ref. [207].

5.1.3 Previous beam-based plasma density measurement techniques

Two experiments have previously used PWFA drive bunches to probe the density of plas-
mas [207, 208]. Both measurements relied on the modulation of a long (σz � λp) bunch
induced by plasma wakefields driven in the linear regime.

It was previously demonstrated in the AWAKE experiment that a long proton bunch can
become transversely modulated at the plasma frequency by the wakefield it drives when
propagating through a plasma [153]. Therefore, the plasma density can be extracted by mea-
suring the modulation frequency of the proton bunch. This is the approach taken in Ref. [207].
During this experiment, the arrival time of the proton bunch was varied with respect to the
generation of the plasma and its modulation frequency was measured using a streak camera.
The rubidium plasma was generated using an ionising laser pulse and the density evolution
of the resulting plasma column was studied as a function of the laser pulse energy as shown
in Figure 5.1.4. The measurements demonstrated reasonable agreement with a model describ-
ing the expansion and recombination of the plasma column. This measurement technique is
highly accurate but is limited in its density range that can be probed. Within the current
AWAKE experimental setup, the streak camera used to measure the modulation of the pro-
ton bunch has picosecond-level resolution [153] and therefore its temporal resolution is not
sufficient to allow plasma densities above approximately 1015 cm−3 to be measured. As dis-
cussed extensively in Chapter 3, it takes a significant propagation distance within the plasma
for the proton bunch to become self-modulated. As the plasma density lowers, the distance
over which this occurs increases and hence multiple-metre length plasmas must be used (as
a reminder, the plasma length at AWAKE is 10m). The minimum plasma density measured
within Ref. [207] was approximately 1013 cm−3, multiple orders of magnitude lower than TCI
or spectral broadening techniques. However, if TCI were used on a plasma of similar length,
the sensitivity achieved in Ref. [195] would suggest plasma densities approaching 1012 cm−3

could be accurately measured.
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Ref. [208] similarly used modulation of a long bunch in plasma to estimate the plasma
density. In this case, a low energy electron bunch was used and its longitudinal phase space
was measured at the exit of the plasma using a transverse deflecting structure combined
with a dipole. The argon plasma was contained within a cell of length 100mm and was
ionised using a 2.4 kV discharge. The longitudinal phase space of the bunch became mod-
ulated at the plasma frequency and hence Fourier analysis allowed determination of the
plasma density as a function of the relative arrival time of the bunch with respect to the
discharge initiation. This technique enabled plasma density measurement over an approx-
imate range of 1013 − 1016 cm−3, although determination of the modulation frequency at
high densities was complicated by the appearance of multiple peaks within the Fourier spec-
tra due to the evolution of the phase velocity of the wakefield during modulation. This effect
is minimised at AWAKE due to the high rigidity of the highly-relativistic proton bunch. The
beam-based measurements in Ref. [208] were compared to spectroscopic measurements of
Hα line-broadening, showing reasonable agreement.

Both beam-based measurements discussed here rely on the measurement of the modula-
tion of long bunches and hence are not necessarily compatible with high-gradient electron-
driven PWFA facilities where the bunch is compressed to produce peak currents in excess
of 1 kA. They are also limited at high plasma densities by the inability to accurately deter-
mine the modulation frequency. The beam-based characterisation technique developed at
FLASHForward and discussed in the rest of this chapter represents a far simpler measure-
ment that is compatible with high-gradient PWFA facilities and gives access to a larger range
of plasma densities. Additionally, thanks to its simplicity and sensitivity, it enables online
plasma density monitoring that can be used while experiments are being performed.
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Figure 5.2.1: Comparison between the longitudinal field driven by a bi-Gaussian distributed electron
bunch of RMS length 100 fs and charge 1nC focused to a transverse size of 10µm in
plasma of density equal to 2× 1016 cm−3 (light blue, solid), 1× 1016 cm−3 (dark blue,
dashed), and 5× 1015 cm−3 (black, dotted) according to Eq. (5.2.1). The corresponding
bunch current, I(ξ), is shown in red.

5.2 beam-based plasma characterisation

5.2.1 Beam response to plasma of varying density

The amplitude of the longitudinal wakefield driven by a highly-relativistic charged-particle
bunch as it propagates through a plasma is dependent on the plasma density and beam cur-
rent. For a thin bunch (kpσr . 0.1), the on-axis longitudinal wakefield can be approximated
through the relation

Ez(ξ)

E0
' [1− kpσrK1(kpσr)]

∫ξ
∞ dξ ′ cos

[
kp
(
ξ− ξ ′

)]
ρ‖(ξ

′), (5.2.1)

where σr is the RMS transverse bunch size, K1 is the first-order modified Bessel function
and ρ‖(ξ) describes the longitudinal bunch profile. Equation (5.2.1) represents the Green’s
function solution for the plasma response to a relativistic charged-particle bunch [85]. An
example of the wakefield driven by a bi-Gaussian electron bunch of RMS length 100 fs and
1nC charge focused to an RMS transverse size of 10µm in plasma of varying density is shown
in Figure 5.2.1. The relation in Eq. (5.2.1) implies that for an unchanging bunch profile, i.e.
constant Ib(ξ), the density of the plasma can be estimated via measurement of the amplitude
of the wakefield it drives. While it is not possible to directly measure the exact amplitude
of the wakefield at a given position within the plasma, it is possible to infer the integrated
wakefield amplitude by measuring the change in the energy spectrum of a bunch after it has
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Figure 5.2.2: Average decelerating field experienced by a Gaussian electron bunch of charge 1 nC and
RMS length of 100 fs (light blue, solid), 200 fs (dark blue, dashed) and 300 fs (black, dot-
ted) as a function of the background plasma density.

propagated through a plasma of known length. This therefore allows determination of the
longitudinally-integrated effective plasma density experienced by the bunch.

If the bunch is short with respect to the plasma wavelength (σz < λp/2), its entirety will
fill the decelerating phase of the wakefield and the integrated wakefield amplitude can be
calculated by measuring the energy loss of the bunch. However, at high densities the plasma
wavelength is shorter (λp ∝ n−1/2

e ) and the rear of the bunch can extend into the accelerating
phase of the wakefield. At this point, the average decelerating field experienced by the bunch
begins to decrease. The evolution of the average decelerating field experienced by an electron
bunch of varying bunch lengths as a function of the background plasma density according to
Eq. (5.2.1) is demonstrated in Figure 5.2.2. The average decelerating field is calculated using

〈Edec〉 =
ΣξEz,ξdQξ
ΣξdQξ

(5.2.2)

where Ez,ξ is the amplitude of the wakefield at a position ξ in the co-moving frame, dQξ
is the bunch charge in slice ξ and the sum is performed over the electron-decelerating re-
gion (Ez > 0) of the wakefield. As expected, as the bunch length is reduced the bunch is
able to drive significantly larger amplitude average decelerating wakefields, with the peak
deceleration occurring at higher plasma densities. At the lowest plasma densities, the bunch
size is significantly shorter than the plasma skin-depth, k−1p = c/ωp, and the plasma elec-
tron response (and hence wakefield) becomes less sensitive to the exact profile of the bunch,
resulting in similar average decelerating fields for the three considered bunch lengths. Fur-
thermore, the approximation in Eq. (5.2.1) becomes less accurate as the plasma density is
reduced as the bunch density will begin to significantly exceed the plasma density. Once
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Figure 5.2.3: Left: Plasma density corresponding to the maximum decelerating field as a function of
the Gaussian electron bunch RMS length. Right: Inverse plasma frequency at the maxi-
mum decelerating field as a function of RMS bunch length. A linear fit reveals the ex-
pected dependence, στ ∝

√
2ω−1

p .

nb & 10ne, linear wakefield theory has previously been shown to over-estimate the wake-
field amplitude [209].

Figure 5.2.2 demonstrates that there is a plasma density at which the bunch is maximally
decelerated for a given bunch length. The expected dependence of this density on the RMS
length of the electron bunch can be calculated from Eq. (5.2.1) when assuming a Gaussian
longitudinal profile of the form ρ‖(ξ) = −enb exp(−ξ2/2σ2z) [209]:

Ez(0, ξ) = −

(√
2π
mecωp

e

nb
ne

[
kpσz exp(−k2pσ

2
z/2)

]
×

[1− kpσrK1(kpσr)]

)
cos(kpξ).

(5.2.3)

Hence the expression for the longitudinal field is maximised for

dEz(0, ξ)
d(kpσz)

∝
(
1−

1

2
k2pσ

2
z

)
exp(−k2pσ

2
z/2) = 0, (5.2.4)

⇒ σz =
√
2 k−1p , (5.2.5)

a well-known result of linear wakefield theory [85]. This is demonstrated in Figure 5.2.3
which shows the plasma density at which the maximum decelerating field is observed as a
function of the RMS bunch length according to Eq. (5.2.1). As expected, the inverse plasma
frequency, ω−1

p , scales linearly with the RMS bunch length, στ, with gradient equal to 1/
√
2.

Hence, the magnitude of the average decelerating field experienced by a bi-Gaussian electron
bunch in plasma can be approximated by [209, 210]

〈Ez〉 ≈
mecωp

e

nb
ne
kpσz exp(−k2pσ

2
z/2) [1− kpσrK1(kpσr)] . (5.2.6)
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5.2.2 Using a short beam to measure plasma evolution

Figure 5.2.2 demonstrates that for fixed bunch parameters the average decelerating field that
acts on an electron bunch varies monotonically with the plasma density up until the RMS
bunch length exceeds approximately

σz &
√
2 k−1p =

√
2 c

(
nee

2

meε0

)−1/2

. (5.2.7)

This therefore means that short (σz ∼ 100 fs < k−1p ), high current (∼ kA) electron bunches
can be used as a probe for a large range of plasma densities. By changing the relative time
of arrival of an electron bunch with respect to the generation of a plasma and measuring the
energy spectrum of the bunch after it has interacted with the plasma, the effective density of
the plasma can be calculated as a function of time. This method is very similar to two-colour
laser interferometry in that it measures the longitudinally-integrated effect of a plasma but
has the distinct advantage that an electron bunch will still drive a wakefield of significant
amplitude at low plasma densities (ne < 1016 cm−3) allowing density measurement over
much longer timescales provided the energy spectrum of the bunch can be measured with
sufficient resolution following its interaction with plasma. In addition to this, it only probes
the plasma density local to the propagation axis of the bunch — the region relevant to acceler-
ation experiments — the relaxation of which is crucial to understanding high-repetition-rate
operation limitations.
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5.3 experimental implementation

Experiments to test and develop this beam-based diagnostic technique were undertaken at
the FLASHForward facility. The electron bunch typically used within PWFA experiments
was used as a probe bunch and allowed measurement of the evolution of a plasma over
timescales up to 80µs and densities as low as 1013 cm−3, approximately two orders of mag-
nitude lower than achievable using two-colour laser interferometry within the same setup.
This section outlines the typical experimental setup used to execute these measurements and
the analysis performed to determine the plasma density evolution. As an example, measure-
ments performed to study the evolution of a krypton-filled discharge capillary are used, but
the same technique is applied to all datasets discussed thereafter.

5.3.1 Experimental setup

The experiments at FLASHForward used a PWFA drive beam interacting with a plasma
generated via high-voltage discharge. The electron bunch had a charge of 982.4 ± 1.9pC
and was accelerated to an energy of µ0 = 1030.1± 0.1MeV with an energy spread of σ0 =

1.5 ± 0.1MeV. The bunch was compressed to an RMS length of στ = 373 ± 5 fs and the
longitudinal phase space of the bunch was measured using an X-band transverse deflecting
structure within the FLASHForward beamline and is shown in Figure 5.3.1. The bunch
was strongly focused at the entrance of the plasma cell achieving β-functions on the order
of 10mm, estimated using the jitter of beam position measurements on either side of the
interaction chamber [173]. After interacting with the plasma, the beam was captured and
focused by a quadrupole triplet and dispersed vertically by a 1m-long dipole magnet on to a
200µm-thick scintillating crystal (LYSO). The dipole current was set to 390.0± 0.1A allowing
energies between 866.44 ± 0.13MeV and 1130.16 ± 0.21MeV to be measured as shown in
Figure 5.3.2. The crystal was imaged by a digital camera with a sensor made up of 2048×1024
pixels. The corresponding physical size of the pixels in the image plane was measured using
a resolution target and determined to be 25.3 ± 0.1µm. Scattering of the electron bunch
as it passed through the vacuum chamber separating the accelerator environment and the
scintillating screen limited the spatial resolution of the spectrometer to 57µm. The theoretical
energy resolution of the spectrometer across the LYSO crystal is presented in Figure 5.3.2 for
reference.

The discharge delivered a pulse of voltage 25 kV and duration of approximately 400ns.
The discharge is switched using thyratron with an intrinsic jitter measured to be on the order
of a nanosecond. The discharge trigger is locked to the RF of the FLASH linac and operates
at a frequency of 108.3MHz, allowing temporal steps of 9.23ns. The gas pressure within the
capillary is not measured but the buffer volume pressure was kept constant at 15.1± 0.1mbar
throughout the measurement.

To perform the measurement, the timing of the initiation of the discharge was changed
with respect to the arrival of the electron bunch. Two scans were performed; the first at
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Figure 5.3.1: Reconstruction of the probe electron beam according to longitudinal and beam jitter
phase space measurements. Upper left: Longitudinal phase space. Upper right: Trans-
verse beam profile in the y− ξ plane. Lower left: Beam current distribution. Lower right:
Slice emittance in x and y planes.

Figure 5.3.2: Left: energy-position relation in the plane of the scintillating crystal for the dipole
spectrometer settings used in this measurement calculated via single particle tracking
through measured dipole field maps. Right: Theoretical energy resolution of the spec-
trometer system, not including effects from scattering of the beam within the vacuum
chamber.
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Figure 5.3.4: Electron bunch charge measured as a function of the beam arrival time during the dis-
charge timing scan shown in Fig 5.3.3. The mean bunch charge is represented by blue
crosses with error bars equal to the standard error on the mean. The individual measure-
ments are shown by light grey dots. The dashed grey line represents the mean bunch
charge measured at a toroid upstream of the plasma.

arrival times between −0.65− 20.58µs with a resolution of 0.46µs, and the second at larger
separations with arrival times between 20.58− 73.19 µs with a resolution of 2.63µs. 20 events
were recorded at each step of the scan, with the entire dataset comprising of 940 events. The
measured energy spectra of the bunches following interaction with the plasma as a function
of the relative arrival time of the bunch are displayed in Figure 5.3.3.

For negative arrival times, where the bunch arrives before the initiation of the discharge,
the bunch is unaffected and passes straight through the capillary and is imaged on the
spectrometer. These events represent a reference measurement of the energy distribution of
the bunch without any plasma interaction and are used to calculate µ0 and σ0, the mean
energy and energy spread of the non-interacted bunch respectively. Figure 5.3.4 shows the
electron bunch charge measured at a BPM approximately 2m downstream of the exit of the
capillary for the discharge timing scan presented in Figure 5.3.3. Without any plasma present,
the bunch charge is slightly lower than that measured by a toroid upstream of the plasma
cell, represented by the dashed grey line. This is a result of the small β-functions required
to achieve matching of the bunch into the plasma. To be able to produce β-functions on the
order of 10mm at the entrance of the plasma, the bunch must be strongly focused and hence
also has a large divergence. When there is no plasma present in the capillary, the beam has no
external focusing force acting on it and freely diverges. Therefore, a small fraction of particles
hit the beam pipe during transport to the spectrometer and are lost, causing a reduction in
the charge measured after the interaction chamber by approximately 4%.

At short times following the culmination of the discharge (. 4µs), the plasma density is
highest and its wavelength, and correspondingly the size of the wakefield cavity, is shortest.
As can be seen in the lower left panel of Figure 5.3.1, the beam extends over approximately
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Figure 5.3.5: Simulated longitudinal phase space of the electron bunch following 50mm propagation
in plasma of density 7× 1016 cm−3. The phase space becomes modulated as the bunch
extends over multiple accelerating and decelerating phases.

500µm. This distance corresponds to the wavelength of a plasma of density approximately
4.5× 1015 cm−3. Hence, for densities larger than this value, the bunch will extend over more
than one plasma period. The bunch extends into multiple decelerating and accelerating re-
gions and the longitudinal phase space becomes modulated. This effect was used in Ref. [208]
to infer the plasma density as discussed previously. An example of this is demonstrated in
Figure 5.3.5 which shows the simulated longitudinal phase space of the electron bunch af-
ter propagating for 50mm in a plasma of density equal to 7× 1016 cm−3. When the bunch
is longer than a single plasma period, significant parts of the bunch experience regions of
transversely defocusing fields induced by the return of sheath plasma electrons at the rear
of the wakefield cavities, causing a reduction in the amount of charge that is transported
through the plasma and captured by the post-plasma quadrupoles as shown at short delays
in Figure 5.3.4.

As the beam arrival time moves further from the initiation of the discharge, the plasma
recombines and the density at the point of interaction decreases. At an arrival time of around
9µs following the initiation of the discharge, the plasma has recombined such that its density
is low enough that the wakefield cavity is of a similar length to the bunch. At this point, the
majority of the bunch is in the transversely focusing phase of the wakefield and an increasing
bunch charge is successfully transported through the plasma and imaged by the spectrometer.
A significant amount of accelerated “witness” charge with energies exceeding those of the
bunch without any plasma interaction (E > 1035MeV) is also observed in the spectrometer
images in Figure 5.3.3. At these densities, the wakefield is in the blow-out regime and the rear
of the electron bunch is approximately matched into the resulting ion column [188–190]. This
means the envelope of the bunch does not oscillate in this region and the witness particles are
simultaneously focused and accelerated by the wakefield and are successfully transported to
the electron spectrometer.

A modulation in the measured bunch charge is observed in Figure 5.3.4, with local minima
at approximately 10.5µs and 13.5µs and maxima at approximately 9µs and 11.8µs after
the initiation of the discharge. In the blow-out regime the focusing force in the rear of the
wakefield is dependent on the density of ions in the channel. Electrons in the bunch undergo
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Figure 5.3.6: Example single electron betatron oscillation trajectories for different plasma densities and
electron energies. As the density is changed (dashed or continuous lines) the phase of the
oscillation at the exit of the plasma changes. The difference in phase advance induced by
a small change in the density varies for different electron energies (blue or red). These
trajectories assume a background density of 1.0 × 1016 cm−3 (dashed line) and 1.3 ×
1016 cm−3 (continuous line) and electron energies of 1020MeV (blue) and 950MeV (red)
and are calculated using Eq. (5.3.1).

transverse betatron oscillations in the plasma with a frequency dependent on their energy
and the plasma density:

ωβ =
ωp√
2γ

. (5.3.1)

Therefore, different slices of the bunch (with different energies) oscillate at different fre-
quencies and exit the plasma having acquired a different total betatron phase. An electron
is most likely to be captured by the post-plasma quadrupoles if its angle to the longitudinal
axis of propagation as it leaves the plasma is small, i.e. it is near the maximum amplitude of
its betatron oscillation, and vice versa if the electron is near a zero-crossing of its trajectory.
As the bunch arrival time, and hence plasma density, changes, the number of oscillations
that individual energy slices of the beam undergo in the plasma correspondingly changes as
shown in Figure 5.3.6. This results in different portions of the bunch having small enough di-
vergence at the plasma exit to be successfully captured by the post-plasma quadrupoles and
transported to the spectrometer as a function of the plasma density, resulting in oscillations
in the measured post-plasma bunch charge as a function of beam arrival time as observed in
Figure 5.3.4. The frequency of the measured bunch-charge oscillation in Figure 5.3.4 lowers
as the plasma density decreases and the betatron frequency correspondingly lowers.

At even lower plasma densities, approximately 40µs after the initiation of the discharge
in Figure 5.3.4, the entire bunch is successfully transported through the plasma and cap-
tured by the post-plasma quadrupoles, leading to agreement between measurements of the
bunch charge before the plasma (grey dashed line) and after (blue data points). In this case,
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Figure 5.3.7: Example of spectrometer image analysis and signal identification techniques. (a) Raw
spectrometer image from the dataset shown in Figure 5.3.3 corresponding to a beam ar-
rival time of 11.35µs. (b) All contours identified within the image with a continuous raw
pixel count above the cutoff value. (c) Spectrometer image following the signal identifi-
cation procedure outlined in the text.

the interaction between the bunch and the low density plasma means the plasma acts as a
passive plasma lens [94, 211] such that the low-amplitude, radially-focusing transverse wake-
field response balances the natural divergence of the bunch induced by its small β-function
and results in zero loss of charge. After this, as the plasma density continues to decrease,
the wakefield interaction strength further decays and the charge measured after the plasma
decreases and returns to the value with no plasma present (∆τ < 0, Figure 5.3.4).

5.3.2 Analysis of spectrometer images

Use of a LYSO scintillating crystal is advantageous due to its short decay time, however
its increased sensitivity is consequently particularly susceptible to the effect of background
particles interacting with the scintillating material. This is demonstrated in Figure 5.3.7(a)
which shows a typical raw spectrometer image taken during the dataset presented in Fig-
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Figure 5.3.8: Example of the technique used to identify the pixel cutoff value when identifying the
signal region in a spectrometer image for the dataset shown in Figure 5.3.3. (a) and (b)
Raw spectrometer images from within the dataset, with the upper and lower extremities
indicated in grey. (c) Histogram of the average pixel count across all images in the dataset.
The histogram of the central region is plotted in orange and the histogram of the upper
and lower extremities of the image (grey regions in (a) and (b)) is plotted in blue. (d) The
ratio of the frequency of raw pixel counts in the central and upper and lower extremeties
of the spectrometer images. The raw pixel count for which this ratio exceeds 3 is used as
the pixel cutoff value, in this case 21, indicated by the black circle.

ure 5.3.3. A large number of small regions of pixels with low counts are observed away from
the main signal region and can significantly alter measurements of the energy distribution
of the bunch if not removed. The position of these regions varies on a shot-to-shot basis,
indicating its source is the interaction of background particles with the crystal rather than
an issue with the camera sensor itself. In addition to this, light bleeding out of the edge of
the scintillating crystal can be observed at the right hand edge of the image and at a pixel
position corresponding to an energy of approximately 980MeV.

For these reasons, signal identification based on extracting contours of the image was used.
A minimum cutoff pixel count value was defined, and all connected areas in the image with
pixel counts above this value are identified. The cutoff pixel value was chosen by compar-
ing the occurrence frequency of raw pixel counts in different regions of the spectrometer
images as shown in Figure 5.3.8. For each image in the dataset, for example those shown in
Figure 5.3.8(a) and (b), the upper and lower quarters of the image (shown in grey) are sep-
arated and considered to be regions that do not consist of the signal from the bunch which
is purposefully centred within the image during the experiment. A histogram of the aver-
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age frequency of raw pixel counts in these upper and lower regions across all images in the
dataset is then calculated and is shown in blue in Figure 5.3.8(c). Identical analysis is then per-
formed on the remaining central region of all images, where the scintillating signal from the
bunch is observed, and plotted in orange in Figure 5.3.8(c). By comparing the two resulting
histograms, it is clear that for the smallest raw pixel counts (0− 10) the distribution in both
regions is very similar, but beyond this, higher raw pixel counts occur more frequently in the
central region of the images than in the extremities. The ratio of these two distributions can
therefore be used to define a raw pixel count value at which the corresponding pixel likely
belongs to a region of signal from the bunch rather than representing background. The cutoff
pixel count value was chosen to correspond to the raw pixel count at which the ratio of the
frequency exceeds 3. For this particular dataset, this corresponds to a raw pixel count of 21
and a calibrated spectral density of approximately 1pC mm−1MeV−1, although this is calcu-
lated separately for every dataset to account for possible changes in the camera setup. Note,
the cameras used within the spectrometer at FLASHForward have 12-bit sensors, and hence
it is possible for a pixel to have any value in the range 0− 4095. However the background
effects discussed here typically have low pixel values and hence only raw pixel counts in the
range 0− 100 are plotted in Figure 5.3.8(c) and (d).

Once the minimum pixel cutoff value is defined, regions of continuous areas with pixel
counts above this value within a spectrometer image are identified. An example of the result
of this identification procedure is shown in Figure 5.3.7(b). A large number of contours are
found (shown in grey with black outline), and subsequently sorted according to their area.
Background hits can be seen to be restricted to small regions of few pixels and hence the
contour with the largest area is automatically selected as the signal of the bunch, with the
pixel counts of the rest of the image set to zero. The result of this signal identification produce
is shown in Figure 5.3.7(c) and demonstrates successful isolation of the signal region from
the background noise.

Following identification of the signal, the energy distribution of the bunch can be calcu-
lated. To do this, the spectrometer image in Figure 5.3.7(c) is summed over the transverse
plane to give its projection in the dispersive plane as demonstrated in Figure 5.3.9. The
charge-weighted mean energy of the bunch is calculated according to:

µE =

∑
i Ei · dQi∑
i dQi

, (5.3.2)

while the RMS energy spread is similarly calculated via:

σE =

(∑
i E
2
i · dQi∑
i dQi

− µ2E

)1/2
, (5.3.3)

where i represents the columns of the signal region of the image, Ei is the energy associ-
ated with column i, and dQi is the total charge measured within column i. As discussed
previously, to estimate the density of the plasma, the average decelerating field experienced
by bunch must be calculated. Therefore, the summation is performed over the decelerated
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Figure 5.3.9: Energy projection of a spectrometer image with the mean energy, µE = 1009.5± 1.3MeV
marked in red. Any "witness" particles with energies exceeding µ0 + 2σ0 = 1033.1MeV
(represented by the grey dashed line) are removed from the calculation.

region of the bunch with a cutoff energy defined by µ0 + 2σ0 used to identify accelerated
particles as shown by the shaded blue region in Figure 5.3.9. The uncertainty associated with
these calculations includes contributions from the energy resolution of the spectrometer (see
Figure 5.3.2) and the charge calibration of the spectrometer screen which is typically of order
10%. The calculated mean energy of µE = 1009.5± 1.3MeV for the event in Figure 5.3.7 is
represented by the red vertical line and shaded region, while its RMS energy spread is calcu-
lated to be σE = 13.4± 0.3MeV. Assuming a plasma length of 50mm, equal to the length of
the capillary, this therefore represents an average decelerating gradient of 411± 27MVm−1

for this particular event.
For this dataset, twenty events were measured per relative bunch arrival time. Identical

analysis is performed on the spectrometer image from each event, and these results are
combined to give a mean bunch energy of 1009.7 ± 0.3MeV where the total uncertainty,
σ = 0.3MeV, is calculated from a combination of the uncertainty on each individual mea-
surement, σi, via:

1

σ2
=

20∑
i=1

1

σ2i
. (5.3.4)

This therefore results in the determination of an average decelerating gradient of 407±
8MVm−1 for this value of the relative bunch arrival time. This procedure is repeated for
each value of the relative bunch arrival time to give the average decelerating gradient as a
function of the time after the initiation of the discharge.

5.3.3 Plasma density reconstruction

The longitudinally-averaged effective plasma density experienced by the bunch can be recon-
structed by comparing the experimentally-determined average decelerating field experienced
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Figure 5.3.10: Simulated evolution of the value of ∆µ̃ as a function of the propagation distance of a
bunch through plasma for a range of plasma densities. ∆̂µ̃ = ∆µ̃(z)/∆µ̃|Lp represents
the relative value of ∆µ̃ at a particular propagation distance, z, compared to the value
at the plasma exit, ∆µ̃|Lp . The shaded regions represent the uncertainty associated with
the mean energy of the bunch calculated in simulation.

by the bunch to that predicted by three-dimensional PIC simulations. To be able to do this,
the phase space of the bunch must be accurately measured using the diagnostic techniques
introduced in Chapter 4. This allows accurate reconstruction of not only the six-dimensional
phase space of the bunch in simulation but also its slice-dependent focusing at the start of
the plasma. The detailed reconstruction of the bunch used in the measurements discussed in
this chapter are shown in Figure 5.3.1.

The metric introduced to compare the experimental measurements to the output of the
PIC simulations is the fractional energy perturbation per unit length,

∆µ̃ =
µ0 − µE
µ0 · Lp

, (5.3.5)

where µ0 is the mean energy of the bunch without plasma interaction, µE is the mean energy
of the bunch after plasma interaction, and Lp is the plasma length, assumed to be equal
to the length of the capillary, 50mm in this case. This metric represents a measure of the
coupling strength between the electron bunch and the plasma and can be seen in simulation
to saturate at a constant value as the bunch propagates through the plasma. This is illustrated
in Figure 5.3.10 which shows the simulated evolution of the value of ∆µ̃ as a function of the
propagation distance for a range of plasma densities. The value of ∆µ̃ initially varies as the
bunch enters the plasma and undergoes transverse beam size oscillations as it is not optimally
matched to the plasma density [190]. This beam size oscillation results in similar oscillations
in the bunch density and hence wakefield amplitude as the bunch focuses and approaches
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Figure 5.3.11: Simulated relative energy perturbation per unit length, ∆µ̃, as a function of the plasma
density for the bunch profile reconstructed in Figure 5.3.1. The grey shaded regions
represent the uncertainty on the calculation. Data points at high densities (ne & 2×
1016 cm−3) where a large fraction of bunch charge is lost experimentally are plotted for
reference.

a stable propagation mode. The rate at which these transverse bunch size oscillations occur
is defined by the betatron oscillation frequency, ωβ = ωp/

√
2γ, and hence scales with the

square root of the plasma density. This means the beam reaches a stable propagation mode,
allowing it to drive a wakefield of consistent amplitude, more quickly at higher densities,
as demonstrated in Figure 5.3.10. For the bunch used in these measurements, simulations
indicate the saturated ∆µ̃ value is reached within 30mm of propagation within the plasma
for plasma densities exceeding 1014 cm−3. At densities lower than this, ∆µ̃ saturation is not
reached until further propagation distances in simulation and hence larger uncertainties are
associated with the inferred beam-based plasma density measurement.

A series of three-dimensional PIC simulations of the interaction of the electron bunch with
plasmas of density varying from 1013 − 1017 cm−3 were performed. A constant resolution
of ∆x = ∆y = ∆ξ = 0.02k−1p was used, except at low densities where this resolution would
be insufficient to fully resolve the profile of the electron bunch — in this case, a constant
number of grid cells was used, withNx = Ny = Nξ = 100. The simulations used longitudinal
and transverse plasma profiles of constant density in a plasma of length 50mm. The bunch
distribution at the exit of the plasma was used to recreate a simulated energy spectrum
measurement with resolution equal to that available experimentally (δE ∼ 0.2MeV). The
simulated ∆µ̃ was calculated from this as a function of the plasma density and is shown in
Figure 5.3.11.

As expected, the simulated ∆µ̃ varies monotonically over a wide range of plasma densities
until the plasma density is sufficiently high (ne & 2 × 1016 cm−3) that the bunch signifi-
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Figure 5.3.12: Relative uncertainty on the simulated measurement of ∆µ̃ presented in Figure 5.3.11. At
higher plasma densities (ne & 3× 1014 cm−3) the relative uncertainty is below 5%. At
plasma densities below this, the relative uncertainty grows significantly as ∆µ̃ has not
saturated within the plasma length.

cantly extends beyond the first wakefield cavity and a large amount of charge is strongly
defocused by returning sheath plasma electrons at the rear of the cavity. In the experiment
this defocused charge has large divergence and hence is not transported through the plasma
and captured by the imaging quadrupoles. In simulation, it remains within the simulation
window and can still be included in the analysis of the energy spectrum and is represented
by the separated data points in Figure 5.3.11. For densities below this, the simulated relation
between ∆µ̃ and the plasma density bears a very similar resemblance to that predicted by lin-
ear theory via Eq. (5.2.6) shown in Figure 5.2.2, although the linear relation is suppressed at
high density by its exp(−k2pσ2z/2) dependence. For consistency with experimental measure-
ments, the energy spectrum of the simulated bunch at the plasma exit is binned according
to the finite energy resolution of the electron spectrometer (δE ∼ 0.2MeV). The uncertainty
associated with a measurement of the mean energy of the simulated bunch, and hence ∆µ̃,
is calculated using the same technique as in the experiment, although does not include the
uncertainty on the spectrometer charge calibration. At higher densities (ne & 3× 1014 cm−3)
the relative uncertainty is on the order of a few percent as shown in Figure 5.3.12, but in-
creases significantly at low densities where the value of ∆µ̃ has not yet saturated within the
simulated plasma length. In this case, as we do not know the exact plasma length experi-
mentally, the fractional energy perturbation is calculated for multiple timesteps towards the
end of each simulation (z = 30− 50mm). These values are used to find its variation over this
period and provide reasonable bounds for the value of ∆µ̃ and a corresponding increase of
the associated uncertainty. This leads to a significant increase in the relative uncertainty of
the simulated ∆µ̃ for plasma densities between 1013 − 1014 cm−3.

The simulated values of the fractional energy perturbation can then be used to estimate
the longitudinally-integrated effective plasma density experienced by the bunch. Using the
analysis technique discussed in Section 5.3.2, the experimentally measured ∆µ̃ can be ex-
tracted from the spectrometer images presented in Figure 5.3.3 with results shown in Fig-
ure 5.3.13. As discussed previously, when the separation between the discharge initiation
and the arrival of the bunch is short (∆τ . 7µs) the plasma density is sufficiently high that
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Figure 5.3.13: Measurement of the fractional energy perturbation to the probe bunch as a function of
time after initiation of the discharge in a krypton plasma with a buffer volume pres-
sure of 15.1mbar. The data corresponds to that presented in the waterfall image in
Figure 5.3.3. Error bars represent the standard error on the mean. The resolution limit
for this measurement is approximately 3× 10−3m−1.

the wakefield cavity is significantly shorter than the bunch length and a large fraction of the
bunch charge is defocused in the wakefield and lost. This period is represented by the grey
shaded region at short timescales. The peak coupling between the bunch and plasma occurs
approximately 8µs after the initiation of the discharge, with good agreement demonstrated
between the experimentally measured maximum ∆µ̃ = 0.528± 0.012m−1 and that predicted
by simulation in Figure 5.3.11 to occur at a plasma density of (1.33± 0.06)× 1016 cm−3. The
uncertainty on the inferred plasma density is calculated by combining the fractional un-
certainties of both the experimentally-measured and simulated ∆µ̃ in quadrature. For each
experimentally-measured value of the fractional energy perturbation, the plasma density that
gives this value of ∆µ̃ in simulation is determined, allowing reconstruction of the evolution
of the plasma density experienced by the bunch.

The resulting beam-based reconstruction of the plasma density evolution for a discharge-
ionised krypton plasma of buffer volume pressure 15.1mbar is presented in Figure 5.3.14(a).
Thanks to the sensitivity of the beam-based method, plasma densities approaching 1013 cm−3

can be measured, two orders of magnitude larger than would be possible with two-colour
laser interferometry techniques in the same setup [195]. The physics and implications of the
extended timescale evolution of such plasma sources is investigated and discussed further in
Chapter 6.

Figure 5.3.14(b) shows the relative uncertainty associated with each measurement of the
plasma density. At the highest densities, the relative uncertainty is consistently below 5%,
indicating the accuracy of the method at typical PWFA operating densities (ne & 1015 cm−3).
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Figure 5.3.14: Evolution of the longitudinally-integrated effective plasma density for discharge-ionised
krypton with a buffer volume pressure of 15.1mbar. (a) Reconstructed plasma density as
a function of time after the initiation of the discharge, measured using the beam-based
technique. This allows access to extended timescales with density ranges approaching
1013 cm−3. (b) Relative uncertainty of the reconstructed plasma density using the beam-
based technique.

For plasma densities below 1014 cm−3, the relative uncertainty increases significantly due to
the associated increase in the relative uncertainty of the simulated relative energy perturba-
tion indicated in Figure 5.3.12. As discussed before, this is because the wakefield amplitude
continuously evolves over the plasma length as the bunch undergoes matching, meaning the
value of ∆µ̃ does not saturate. The sensitivity of this method can of course be improved by
extending the plasma such that ∆µ̃ can saturate within its length at lower plasma densities
and the accumulated perturbation to the beam is more significant.

The beam-based method has shown to be an effective technique for inferring the plasma
density over a wide range of densities. However, as it relies on a simple measurement of the
difference in energy spectrum of the bunch before and after plasma interaction, it represents
a longitudinally-integrated density measurement and it is not possible to extract information
about the form of the longitudinal plasma density profile. It has previously been shown
that the longitudinal density profile of such capillary discharges evolves significantly over
the lifetime of the plasma as material is expelled from the ends of the capillary [195]. This
motivates the use of a length-normalised metric, ∆µ̃, to interpret the plasma density. As
shown in Figure 5.3.10, the value of ∆µ̃ saturates during the wakefield process after the
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beam stabilises within the plasma, and thus represents a metric that is independent of the
plasma length provided saturation has been reached. Therefore, as long as the plasma length
is sufficient that saturation of ∆µ̃ occurs at that density, it is still possible to accurately infer
the longitudinally-averaged plasma density, irrespective of the true plasma length.

The upper and lower limits of the density range over which this technique can be used
are defined by the bunch and plasma lengths respectively, as well as the spectrometer energy
resolution. Using shorter bunches means the constraint σz &

√
2 k−1p is reached at higher

densities (see Figure 5.2.3) while an increased plasma length leads to detectable changes in
µE at lower densities.

5.4 conclusion

A beam-based plasma characterisation technique has been developed within the context of
the X-3 experiment at FLASHForward. The fast, simple technique relies on comparing mea-
surements of the energy spectrum of an electron bunch with and without plasma interaction
and is compatible with short, high peak current (> kA) electron bunches typically used
in high-gradient wakefield accelerators unlike previous beam-based techniques [207, 208].
When combined with detailed measurement of the six-dimensional phase space of the elec-
tron bunch, PIC simulations can be used to infer the longitudinally-averaged plasma density
experienced by the bunch to an accuracy of a few percent.

This technique was developed as a method for studying the extended timescale evolution
of plasmas, made possible thanks to its increased sensitivity compared to other traditional
techniques such as two-colour laser interferometry. Use of this method allows easy compar-
ison between plasmas of varying species and ionisation mechanism, enabling identification
of mechanisms that can be used to adjust their lifetime as is explored further in Chapter 6.
In addition to this, thanks to the capabilities of the FLASH accelerator described in Sec-
tion 4.2.3, this beam-based technique can be used to perform detailed studies of the evolution
of plasma that has been perturbed by a previous beam, mapping its relaxation and creating
the opportunity to investigate PWFA-operation at high-repetition-rates. This is the subject of
measurements presented in Chapters 8 and 9.
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C H A R A C T E R I S AT I O N O F U N P E RT U R B E D P L A S M A

This chapter applies the beam-based plasma characterisation method introduced in Chapter 5

to measurements of the extended timescale evolution of capillary-based discharge-ionised
plasmas. It begins with a short introduction to capillary discharges, motivating their use in
plasma-based accelerators. The beam-based technique is then used to measure the evolution
of a discharge-ionised argon plasma and is benchmarked against a standard plasma density
diagnostic, two-colour laser interferometry, showing good agreement over the common mea-
surement period while extending the plasma density sensitivity by two orders of magnitude.
Next, the beam-based technique is applied to the study of the extended timescale evolu-
tion of discharge capillary plasmas of four different species, demonstrating the dependence
of their evolution on the ion mass. Finally, additional measurements performed using the
beam-based technique are discussed alongside proposals for future studies to better under-
stand methods for optimising the plasma lifetime to achieve maximal repetition-rates within
plasma-based accelerators.

6.1 capillary-based discharge-ionised plasmas

Gas-filled capillary discharges [63–65, 212, 213] are common plasma sources used within
plasma accelerators due to their relative simplicity and flexibility. Thanks to the radial [214]
and longitudinal [195] plasma density profiles typically produced within capillary discharges,
they can be used to guide high-power laser pulses over extended distances [63–65], enable
schemes for preserving the quality of charged-particle bunches during acceleration using
plasma density ramps [215, 216] and symmetrically focus charged-particle bunches in plasma
lenses [137, 217–219].

A schematic of a typical capillary used at FLASHForward is shown in Figure 6.1.1. A
central cylindrical region is milled into sapphire slabs and then filled with gas via inlets
maintained at a constant pressure to ensure gas uniformity within the region. Electrodes are
placed near to the extrema of the central region and a high-voltage [O(10 kV)] discharge is ini-
tiated between the two. When the discharge is initially fired, the uniform gas density within
the capillary results in a uniform current density being applied across its radius. This heats
the gas via ohmic heating as electrons, accelerated by the applied potential, undergo colli-
sions with neutral atoms and ions, causing the gas to become ionised and a uniform radial
density profile to be established. After around 50ns for typical discharge parameters [196,
197], the gas approaches full ionisation (of its first level) and the plasma temperature in-
creases significantly as the thermal energy is no longer readily absorbed via ionisation. The
solid capillary wall remains cooler, inducing a large temperature gradient across the capil-
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Figure 6.1.1: Schematic of a typical capillary discharge source used at FLASHForward for beam-
driven plasma wakefield acceleration studies. The central cylindrical channel has a diam-
eter of 1.5mm and is milled from sapphire slabs. Gas is fed into the central region via
the two inlets which are connected to buffer volumes filled with the relevant gas at vari-
able pressure. Electrodes are placed at either end of the capillary (brown) and have an
opening with the same diameter as the central capillary. Image reproduced from Ref. [195].

lary radius that results in the build-up of a pressure gradient. In order to return to uniform
pressure conditions, the density is redistributed with a minimum close to the centre of the
capillary where the temperature is highest and a density maximum close to the wall where
the temperature is lowest. The resulting approximately parabolic radial density profile is a
characteristic of capillary-based discharge-ionised plasmas [196, 197, 214]. The timescale over
which the development of the non-uniform radial profile occurs during the discharge has pre-
viously been demonstrated to critically depend on the mass of the plasma ion, with heavier
species exhibiting a uniform radial density profile over extended timescales, allowing the
production of uniformly radially-focusing plasma lenses [219]. The presence of non-uniform
radial density and temperature profiles following the culmination of the discharge has im-
portant implications for the extended timescale evolution of the plasma and is discussed in
more detail in the subsequent sections.

Previous studies of capillary-based discharge-ionised plasmas have typically been focused
on the discharge dynamics [194, 196, 197, 220, 221] and the generation (or suppression) of
the non-uniform radial density profile [214, 219]. However, recently there has been renewed
interest in their evolution over extended timescales [195] as plasma accelerators begin to be
operated at high-repetition-rates. Proposals for future high-average-power plasma-based fa-
cilities [54, 57, 80, 81] typically assume operating repetition-rates of O(10 kHz) with plasma
generation, use, and decay expected to occur within a timescale compatible with these fre-
quencies. However, detailed theoretical descriptions and experimental measurements of rele-
vant plasma sources on this timescale have not yet been performed. The beam-based measure-
ment technique introduced here naturally lends itself to these studies thanks to the extended
plasma density range which can be accessed.
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6.2 beam-based measurement technique bench-marking

To validate the beam-based approach to measuring plasma evolution, direct comparison to a
well-benchmarked plasma density diagnostic must be made. Such a comparison was made
within the FLASHForward [57] experiment at DESY where plasma density retrieval via a
two-colour laser interferometry (TCI) technique is additionally available [195]. Both measure-
ment techniques rely on a longitudinally-integrated density-dependent response, either by
the accumulated phase shift associated with two propagating laser pulses of differing fre-
quency or by the deceleration of a drive beam by its own wakefield, and as such provide a
direct comparison.

6.2.1 Experimental setup

Acceleration and compression of the electron beam was performed by the FLASH super-
conducting linear accelerator [158]. This provided energy-chirped electron beams of mean
energy µ0 = 1122.1± 1.1MeV with an RMS energy spread of σ0 = 2.0± 0.1MeV at a repeti-
tion rate of 10Hz. The bunch charge was initially 599± 1pC, compressed to 212± 2 fs. The
longitudinal phase space of the bunch was characterised in the neighbouring FLASH1 beam-
line using a transverse deflecting cavity [164, 171], allowing accurate recreation of the bunch
properties with approximately 10 fs temporal resolution [172]. The bunch was extracted from
the FLASH beamline and passed through a dispersive section where energy collimators [159]
were used to remove the tail of the bunch and shorten it such that higher densities could be
accurately measured (see Figure 5.2.2), reducing the electron bunch charge to 328± 18pC.
Once in the FLASHForward beamline, a series of quadrupoles were used to focus the bunch
on the entrance of the plasma cell to a transverse size of approximately 10 µm. The argon
plasma was produced within a sapphire capillary of diameter 1.5mm and length 33mm by
a 25 kV electrical discharge of approximately 400ns duration, with the gas pressure of the
buffer volume kept constant at 40.0± 0.1mbar. The relative arrival time of the bunch with
respect to the initiation of the discharge was increased until no significant perturbation to the
energy spectrum of the bunch could be measured, approximately 83µs after the discharge
was fired. Approximately 50 events were recorded for each separation.

The TCI measurement and analysis was performed by a colleague in a separate dedicated
plasma source measurement facility [195]. The Ti:sapphire laser pulse had a central wave-
length of 800nm with a spot size of approximately 0.5mm in the plasma, with the central
100µm of the spatial projection used for density retrieval. Before the plasma the laser pulse
first propagated through a BBO crystal, converting approximately 10% of the pulse into the
second harmonic at 400nm, and then propagated through a 1mm-thick glass plate to gener-
ate a temporal offset between the pulses of approximately 150 fs. After the plasma, a second
BBO crystal was used to double the frequency of a fraction of the 800nm pulse. The two
perturbed 400nm pulses were imaged on to a 10µm slit into a spectrometer, such that the
spectral interference pattern could be observed on a CCD camera. The plasma density was



138 characterisation of unperturbed plasma

then retrieved from measurements of the phase shift as outlined in Section 5.1.1. Measure-
ments of the plasma density were performed until the resolution limit of the technique was
reached, approximately 18µs after the initiation of the discharge.

6.2.2 Density reconstruction

For each event, the mean energy of the decelerated region of the bunch was calculated ac-
cording to Eq. (5.3.2), with a cutoff energy representing an upper bound of the energy of
the bunch without plasma interaction (Ecut = µ0 + 2σ0) applied to remove any accelerated
witness particles from the analysis. The uncertainty associated with an individual measure-
ment of µE includes contributions from the energy resolution of column i and the scintillator
charge calibration which is typically of the order of a few percent. As discussed previously in
Section 5.3.3, the metric introduced to quantify the coupling strength between the bunch and
plasma was the fractional energy perturbation per unit length, given by Eq. (5.3.5). The length of
the plasma continuously evolves as material is expelled out of the capillary into the surround-
ing vacuum [195], however the longitudinal plasma profile could not be measured in-situ and
a fixed plasma length, equal to the length of the capillary, is used in the analysis of both the
beam-based and TCI measurements for consistency. For this reason, the density inferred by
these methods represents a longitudinally-integrated effective density measurement.

The measured ∆µ̃ for the discharge-ionised argon plasma with a buffer volume pressure
of 40mbar is shown in Figure 6.2.1. As the delay between the discharge initiation and the
arrival of the bunch increases, the plasma undergoes recombination, is expelled from the
capillary, and the strength of the interaction decays. Measurements began approximately
4.5µs after the initiation of the discharge (at the peak coupling strength) and continued un-
til the resolution limit of the measurement was reached at approximately 83µs. The same
density reconstruction technique as discussed in detail in Section 5.3.3 was used to extract
the longitudinally-integrated effective plasma density. For the measurements presented in
Figure 6.2.2, a series of simulations were performed in HiPACE [117] using the measured lon-
gitudinal phase space as the input beam distribution. Three-dimensional simulations were
performed in background densities ranging from 1013–1017 cm−3 with a fixed grid size of
∆ξ = ∆x = ∆y = 0.02 k−1p . At the lowest densities where this resolution was insufficient
to properly resolve the bunch distribution a fixed number of grid cells was used instead.
In simulation, the beam propagates through a uniform plasma of length 33mm with iden-
tical analysis to that of the experimental measurements performed on the resulting beam
distribution. The relation between the simulated ∆µ̃ and ne (as in Figure 5.3.11) then allows
determination of the effective plasma density measured in the experiment. The uncertainty
on the density includes contributions from ∆µ̃ measured experimentally and found in sim-
ulation, combined in quadrature. The largest contribution to the experimental uncertainty
is from the positional jitter of the beam in the dispersive section resulting in an increased
variability of the beam charge following collimation (∼ 5%). Simulations with bunches rep-
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Figure 6.2.1: Measured ∆µ̃ as a function of the beam arrival time with respect to the initiation of
the discharge for an argon plasma with a buffer volume pressure of 40mbar. Error bars
represent the standard error on the mean.

resenting the upper and lower bounds of the measured bunch charge were performed and
additionally included within the simulation uncertainty analysis.

A comparison between the inferred plasma density measured using the TCI and beam-
based techniques over the first 20 µs after the initiation of the discharge is shown in Fig-
ure 6.2.2, with the entire measured density evolution presented in Figure 6.2.3. Within the
first microsecond, the plasma density grows as the discharge fires, heating the gas via Ohmic
heating and ionising. Once the discharge switches off, the plasma quickly cools and recom-
bines as ions and neutral species within the plasma undergo collisions with the capillary
walls. At the highest plasma densities (ne & 1017 cm−3), the plasma wavelength is shorter
than the probe bunch length and hence it cannot be used to accurately determine the plasma
density as a large fraction of the bunch charge will extend outside the first wakefield cavity,
be defocused by the transverse wakefield, and lost in transmission through the plasma. In
contrast, at high densities the interferometry technique is at its most sensitive as the laser
pulses acquire the largest phase shift as they propagate through the plasma. A comparison
between the relative uncertainties on the inferred plasma density for the two measurement
techniques is demonstrated in Figure 6.2.4, demonstrating sub-percent fractional uncertain-
ties at densities of approximately 1017 cm−3 when using the laser interferometry technique.
The uncertainty on the laser interferometry measurements includes two main contributions;
the shot-to-shot fluctuations induced by, for example, the nanosecond-level jitter on the thyra-
tron that is used to trigger the discharge, and the so-called instrument function that defines the
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Figure 6.2.2: Comparison between TCI [195] (orange) and beam-based plasma density (blue) measure-
ment techniques for a pure argon plasma with a buffer volume pressure of 40mbar over
a time period of 20µs.

minimum resolvable plasma density. The value of this is calculated by consideration of the ef-
fects of the spectrometer and camera imaging setups and was calculated to be approximately
2.0× 1014 cm−3 as outlined in Ref. [195].

Approximately 4µs after the initiation of the discharge, the plasma has undergone suf-
ficient recombination that its density has reduced to the point at which the beam-based
technique can be used to determine the longitudinally-integrated effective plasma density.
Over the next 15µs measurements of the plasma density were able to be performed with
both diagnostic techniques as the plasma continued to undergo recombination, with rea-
sonable agreement observed between the two. Towards the end of the measurement range
presented in Figure 6.2.2, the TCI measurement begins to reach its resolution limit as the
accumulated phase shift of the laser pulses is too small to be accurately measured. This, in
combination with the increased relative magnitude of the instrument function, leads to a sig-
nificant increase in the uncertainty on an individual measurement. Figure 6.2.4 demonstrates
that below 1016 cm−3 (∆τ & 10µs, Figure 6.2.3), the relative uncertainty of the TCI measure-
ment already exceeds 10% and grows quickly as the density decreases further. In contrast,
the beam-based technique reaches a relative uncertainty of 10% at densities approaching
1014 cm−3 (∆τ & 50µs, Figure 6.2.3), almost two orders of magnitude lower than the TCI
method. Thanks to this increased sensitivity, the beam-based method continues to provide
accurate measurements of the perturbation to the bunch energy spectrum (and hence the
plasma density) over a far larger time period, considerably extending the measurement of
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Figure 6.2.3: Comparison between TCI [195] (orange) and beam-based plasma density (blue) measure-
ment techniques for a pure argon plasma with a buffer volume pressure of 40mbar over
a time period of 83µs, the limit of the beam-based measurement technique. The black
dashed line represents the inferred plasma density when assuming a bi-Gaussian bunch
according to Eq. (6.2.1) with associated uncertainty represented by the grey shaded re-
gion. The first 20µs are as in Figure 6.2.2.

Figure 6.2.4: Comparison between the relative uncertainty of TCI [195] (orange) and beam-based
plasma density (blue) measurement techniques for a pure argon plasma with a buffer
volume pressure of 40mbar over a time period of 83µs, the limit of the beam-based
measurement technique.



142 characterisation of unperturbed plasma

Figure 6.2.5: Comparison between reconstructed probe bunch longitudinal current profile (blue) and
a bi-Gaussian approximation (black, dashed) with a bunch length of 130 fs. The bi-
Gaussian approximation is used in conjunction with Eq. (6.2.1) to predict the plasma
density shown in Figure 6.2.3 via measurements of ∆µ̃ presented in Figure 6.2.1.

the plasma density as shown in Figure 6.2.3. Over this extended timescale, the recombination
of the plasma is observed to slow considerably and moves away from the approximately ex-
ponential decay initially observed. This is in line with similar beam-based measurements of
plasma decay on extended timescales which demonstrated transition towards a power-law
temporal dependency [207, 208]. This considerably extends the lifetime of the plasma when
compared to assuming an exponential decay and has significant implications for the opera-
tion of high-repetition-rate systems which involve the generation of a new plasma for each
acceleration event, potentially limiting them to few-kHz rates for these particular discharge
and gas parameters.

It was previously shown in Chapter 5 that for a thin beam (kpσr . 0.1), the average on-axis
decelerating field in the vicinity of the beam, i.e. a measure of its ability to effectively couple
to the plasma, can be approximated by [210]:

〈Ez〉 ≈
mecωp

e

nb
ne
kpσz exp(−k2pσ

2
z/2) [1− kpσrK1(kpσr)] , (6.2.1)

where nb = (Q/e)[(2π)3/2σ2rσz]
−1 is the beam density, Q is the bunch charge, σr and σz are

the RMS transverse and longitudinal beam sizes, and K1 is the first-order modified Bessel
function. Use of this approximation allows estimation of the longitudinally-integrated plasma
density without detailed measurement of the phase-space of the electron bunch and subse-
quent simulation of its interaction with the plasma. An example of this is also shown in
Figure 6.2.3, where the plasma density is inferred from the measurements of ∆µ̃ in com-
bination with Eq. (6.2.1) under the assumption of a bi-Gaussian bunch with longitudinal
current profile shown by the black, dashed line in Figure 6.2.5. Identical bunch parameters
as those measured in the experiment are used, with an RMS bunch length of 130 fs assumed
to emulate the peak current of the measured non-Gaussian electron bunch (∼ 1 kA). The
maximum density that can be inferred using this approximation is lower than from perform-
ing simulations due to the exp(−k2pσ2z/2) dependence in Eq. (6.2.1) and is approximately
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1016 cm−3 (i.e. measurements from a time of approximately 10 µs after the discharge on-
wards). Good agreement is observed at the highest densities (Figure 6.2.3, 10 . ∆τ . 25µs)
but for ne < 1015 cm−3, nb/ne > 10 and the linear approximation is no longer valid [209].
At this point, the wakefield amplitude is overestimated by linear theory, leading to an under-
estimate of the effective plasma density. However, this example demonstrates that complete
characterisation of the phase space of the probe bunch is not necessary to reasonably infer
plasma densities provided that nb/ne < 10.

6.2.3 Further application of the beam-based technique

The beam-based measurement technique has been shown to compare well to an existing
plasma density diagnostic technique in TCI, while extending the applicable density range
by two orders of magnitude allowing detailed study of the longer timescale evolution of
the plasma. Unlike previous beam-based plasma density measurements [207, 208] that rely
on measuring the plasma-density-dependent modulation of long bunches, this method uses
short [O(100 fs)], high peak current (∼ kA) electron bunches as a probe and, as such, is compat-
ible with existing high-gradient PWFA drive bunches, requiring only an energy spectrometer
as a diagnostic. With detailed characterisation of the probe bunch this metric can be addi-
tionally transformed into an effective plasma density measurement as demonstrated in the
preceding sections.

The identification of the fractional energy perturbation per unit length, ∆µ̃, as a measure of
the coupling efficiency between a given bunch and the plasma through which it propagates
allows fast, comparative measurements of different plasmas using the same probe bunch via
interpretation of this metric alone. This forms the basis for the measurements that follow in
this chapter; a constant bunch is used to measure the evolution of different plasmas on ex-
tended timescales and identify key experimental variables that can be used to minimise the
lifetime of a plasma. Minimisation of this is important as the operation of plasma-based ac-
celerators at repetition-rates that rival state-of-the-art conventional particle accelerators [157,
158, 199, 222] is considered, i.e. tens of kHz to MHz, as the plasma must have relaxed such
that no perturbation from a previous acceleration event can affect any subsequent event.
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6.3 varying plasma species

The plasma species was varied in an attempt to understand the dependence of the lifetime
of the plasma on the mass of the ion. Four different plasma species were investigated across
two datasets (listed in order of increasing mass):

• Helium; mHe = 4.00,

• Neon; mNe = 20.18,

• Argon; mAr = 39.95,

• Krypton; mKr = 83.80,

where the masses are given in atomic mass units; 1 amu = 1.66× 10−27 kg. The first dataset
compared the extended timescale evolution of discharge-ionised neon and krypton, while the
second compared helium and argon. The same probe bunch was used across each dataset
where comparisons are made. The bunch did however differ between the two datasets as the
measurements were performed in different experimental periods due to time constraints and
the availability of the different gas species. A brief description of the probe bunch used in
each measurement is given at the start of each dataset for reference.

6.3.1 Neon vs. Krypton

For this dataset, an electron beam of charge 982± 2pC and energy distribution µ0 = 1030.1±
1.1MeV and σ0 = 1.5± 0.1MeV was compressed to an RMS bunch length of στ = 373± 4 fs
and used to probe discharge-ionised plasmas of differing species and pressure: neon at a
buffer volume pressure of 30.1mbar and krypton at 15.1mbar in capillaries of length 50mm.
The longitudinal current profile of the probe bunch is shown in the inset of Figure 6.3.1. Both
measurements are performed using the same probe beam and so comparison between the
measured ∆µ̃ is sufficient to understand the relative evolution of the plasma states.

Immediately after the culmination of the discharge the plasma density of krypton exceeds
that of neon, indicated by the lower values of ∆µ̃ in the first µs in the lead up to the peak
interaction. This is expected due to the difference in their ionisation energies: the first two
ionisation energies for krypton are [14.0, 24.4] eV compared to [21.6, 41.0] eV for neon [223].
The lower ionisation energies of krypton means ions readily reach higher ionisation states
under similar discharge conditions. In addition to this, the lower initial gas pressure leads
to increased plasma electron temperatures (Te), further increasing the plasma density rela-
tive to neon. This can be quantified using a simple model [224] that solves for the evolution
of the average plasma density during the discharge according to the Saha equation [225]
using representative experimental parameters as input. This model predicts an average ion-
isation fraction of Z = 2.67 for krypton (Te,max = 3.4 eV) compared to Z = 1.04 for neon
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Figure 6.3.1: Comparison between beam-based measurements of the evolution of neon (orange
squares) and krypton (green crosses) discharge-ionised plasma. Error bars represent the
standard error on the mean. Inset: measured longitudinal current profile of the probe
bunch.

(Te,max = 2.7 eV) immediately after the discharge when using experimentally-measured dis-
charge current traces as input. This large discrepancy in the average ionisation fraction more
than accounts for the difference in gas pressure within the buffer volume.

At these early times, when the plasma density is highest, the electron bunch extends over
more than one plasma period. Regions of the bunch experience defocusing forces and up to
60 % of the bunch charge is lost during transmission through the plasma, measured down-
stream of the plasma exit. The peak interaction between the beam and the plasma is the same
for both datasets within experimental uncertainties and corresponds to a plasma density of
approximately 1.4× 1016 cm−3 according to simulation. The minimum densities measured
using the beam-based method approach 1013 cm−3 in both neon and krypton for beam ar-
rival times of 21.4µs and 67.9µs respectively, again demonstrating the large density range
accessible to this technique.

The long timescale behaviour following peak interaction demonstrates a significantly faster
decay of neon compared to krypton. The main contributing reason for this is the difference in
ion mass (mi) between the two species. Following culmination of the discharge, the density
evolution is expected to be dominated by longitudinal outflow [195] and radial diffusion [196,
197] of the plasma towards the wall, driven by the pressure gradients that are created during
the discharge as discussed in Section 6.1. Mass flow is controlled by the ion diffusion (Di)
and viscosity coefficients which both scale as m−1/2

i [226, 227]. In the plasma bulk, quasi-
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neutrality is maintained as the space charge fields induced by electrons with large thermal
velocities act to increase (decrease) the diffusion rate of ions (electrons). Both species diffuse
at the ambipolar rate [228]:

Da ≈ Di
(
1+

Te

Ti

)
, (6.3.1)

tending towards 2Di over microsecond timescales as the ion and electron temperatures
equalise at a temperature T via inter-species collisions. The ion diffusion rate is given by [128]

Di =
T

mi(νii + νin)
, (6.3.2)

where νab represent collision rates between species a and b. The dominant heat loss mech-
anism of the plasma is expected to be via collisions with the capillary wall, described by
Fourier’s law:

q = −κ
∂T

∂r
(6.3.3)

where q represents the heat flux to the wall, κ is the thermal conductivity and ∂T/∂r repre-
sents the value of the radial temperature gradient at the wall. The thermal conductivity can
be described by a sum of contributions from each species [196]:

κ = κe + κi + κn,

=
neT

me(νei + νen)
+

niT

mi(νii + νin)
+

nnT

mi(νni + νnn)
.

(6.3.4)

In the vicinity of the capillary wall, the temperature is sufficiently low that the plasma is
weakly-ionised and the dominant heat exchange comes via collisions between heavy plasma
species (ions and neutrals) and the wall. The relevant collision rates are

νii =
4

3

(
π

mi

)1/2
e4ni ln λii

(4πε0)2(kBT)3/2
, (6.3.5)

νin = nn

(
kBT

mi

)1/2
4πa2,

= νnn,

(6.3.6)

νni = ni

(
kBT

mi

)1/2
4πa2, (6.3.7)

where a is the electron-neutral scattering length and ln λii is the ion-ion Coulomb logarithm,
an approximation of a diverging collision integral that is typically of order 10 and is defined
as

ln λii = ln

[
3

4
√
2π

(4πε0)
3/2(kBT)

3/2

e3n
1/2
e

]
. (6.3.8)
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These transport coefficients all indicate an inverse square root dependence on the ion mass,
i.e.m−1/2

i . The ratio of the decay rate of the interaction following the peak for the two species
is found to be 2.37± 0.14, calculated from exponential fits to the measurements presented in
Figure 6.3.1 over timescales of 5 − 15µs in neon and 10 − 45µs in krypton. This is close
to the square root of their mass ratio,

√
mKr/mNe = 2.04, consistent with mass flow and

the resultant heat transfer to the capillary wall being one of the dominant mechanisms that
defines the long timescale evolution of discharge-ionised plasma. Further differences between
the two species are likely due to recombination mechanisms that are strongly dependent
on the electron temperature (e.g. the three-body recombination rate ∝ T−9/2e [128]). Hence,
recombination will be accelerated for neon as a result of its lower expected Te immediately
after the discharge and its higher ionisation energies.

6.3.2 Helium vs. Argon

For the second dataset, an electron beam of charge 455 ± 3pC and energy distribution
µ0 = 1115.5± 1.2MeV and σ0 = 1.7± 0.1MeV was compressed to an RMS bunch length of
στ = 200± 2 fs, giving a peak current of approximately 1 kA. This bunch was used to probe
discharge-ionised helium at a buffer volume pressure of 25.3mbar and argon at 8.6mbar in
capillaries of length 50mm. These buffer volume pressures were chosen such that an equal
plasma density was reached approximately 1µs after the initiation of the discharge, iden-
tified by comparing values of the fractional energy perturbation per unit length, with the
peak ∆µ̃ = 0.63± 0.01 occurring at a plasma density of approximately ne = 2.4× 1016 cm−3

according to simulation. Note, the use of a shorter probe bunch for the measurements pre-
sented in this dataset result in the peak coupling strength occurring at a higher plasma
density than those presented in Section 6.3.1 as expected. The large difference in required
pressure to reach the same plasma density in helium and argon is due to the difference in
breakdown voltage required to initiate the plasma generation for the two species as described
by Paschen’s Law [213, 229]. A 25 kV discharge pulse of duration approximately 400ns was
used to generate the plasma in both cases.

The resulting measurement of the fractional energy perturbation per unit length as func-
tion of time after the initiation of the discharge is shown in Figure 6.3.2. These measure-
ments present the familiar initially exponential dependence of ∆µ̃(t) as also measured in Fig-
ures 6.2.1 and 6.3.1. As in Section 6.3.1, an exponential is fitted to this initial temporal region
to compare the decay rate of the two plasmas; for helium this represents the measurements
of ∆µ̃ between 2− 5µs, while for argon this represents the time period between 2− 20µs. The
ratio of the decay rates was calculated to be 3.23± 0.13, consistent with the mass ratio of the
two species:

√
mAr/mHe = 3.16. This represents a second independent measurement of two

different plasma species using a different probe bunch and demonstrates a similar scaling of
the extended timescale evolution of the discharge-ionised plasma, thus providing confidence
in both the simple m−1/2

i scaling and also the beam-based measurement technique itself.
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Figure 6.3.2: Comparison between beam-based measurements of the evolution of helium (pink circles)
and argon (blue crosses) discharge-ionised plasma. Error bars represent the standard
error on the mean. Inset: measured longitudinal current profile of the probe bunch.

The identification of a fractional energy perturbation metric, ∆µ̃, that is easy to interpret
and requires only a single calculation that can be performed during experimentation has
hence revealed important underlying physics, indicating its usefulness as a technique. These
measurements have demonstrated that through careful choice of the plasma species, the
lifetime of discharge-ionised capillaries can be optimised for the operation of plasma-based
accelerators at high-repetition-rates.

6.3.3 A comment on the plasma "lifetime"

While the beam-based measurement technique has been shown to offer an extension in
plasma density sensitivity by two orders of magnitude over the TCI technique, it still reaches
its limit at plasma densities of approximately 1013 cm−3 within the described experimental
setup. We therefore cannot define the "lifetime" of the plasma using this technique as it will
continue to exist and decay beyond this point. However, consider typical values measured
in these datasets; the minimum measurable ∆µ̃ approached 2× 10−3m−1, which for a 1GeV
bunch in a plasma of length 50mm represents a mean energy change of 0.1MeV – a 0.01%
change, highlighting the sensitivity of this technique.

Herein lies an intrinsic advantage of this beam-based technique and the motivation for
the use of an energy perturbation metric. When considering high-repetition-rate operation of
plasma-based accelerators, we are not solely interested in the exact plasma density at some
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specific time after the discharge, but rather whether the plasma density remains sufficiently
high over a sufficiently long time period to significantly affect a subsequent acceleration
event. By using the PWFA drive bunch itself to probe the plasma state and identify the
time at which sub-per-mille perturbations to its energy spectrum are no longer observed, the
time period over which this is the case, and hence the maximum possible repetition-rate, is
automatically determined.

This of course assumes that the chosen high-repetition-rate operation scheme relies on the
generation of a new plasma for every acceleration event and that it is possible to do this at
such a frequency. As discussed in Section 1.3.1, additional measurements performed within
the X-3 experiment at FLASHForward (not discussed within this thesis) indicate that gas
refill of the capillary following firing of the discharge occurs over millisecond timescales. This
would significantly reduce achievable repetition-rates in schemes that rely on regeneration
of the plasma in this way although further optimisation of the capillary design and plasma
conditions can relax this restriction. Alternative high-repetition-rate operation modes based
on using the same plasma more than once during its lifetime also must be considered and
provide the basis for further measurements presented in Chapters 8 and 9.
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6.4 extensions of the beam-based measurement technique

6.4.1 Additional dependencies

It is clear from the measurements discussed in the previous sections that the extended
timescale evolution of a discharge-ionised plasma is a function of not only the plasma species
but a myriad of other variables; for instance, the pressure of the gas within the capillary. Con-
sider the measurement of the fractional energy perturbation to the probe bunch presented in
Figures 6.2.1 and 6.3.2 where discharge-ionised argon plasmas of different pressures, 40mbar
and 8.6mbar respectively, are measured. Note, these measurements were performed with dif-
ferent probe bunches and hence direct comparison of their ∆µ̃ is not valid, although the peak
currents of the bunches was similar in both cases.

Even without direct comparison of the measured ∆µ̃ values, it is clear that the timescale
over which the plasma decays significantly differs in the two cases. The resolution limit of the
measurement is reached at approximately 83µs for a buffer volume pressure of 40mbar com-
pared to approximately 25µs at 8.6mbar. This can be explained by consideration of the ion
diffusion rate given in Eq. (6.3.2). The ion-ion collision rate within this term is proportional
to the ion density and hence the ion diffusion rate is inversely proportional, Di ∝ n−1

i m
−1/2
i .

As the gas pressure is reduced, the ion density after the culmination of the discharge corre-
spondingly decreases and the diffusion rate increases. This results in an increased flow of the
plasma bulk both radially towards the capillary walls, where the plasma quickly cools and
recombines, and longitudinally out the ends of the capillary. This increases the rate of loss of
the plasma via both recombination and expulsion. In addition to this, the discharge param-
eters used in these measurements were the same; 25 kV and 400ns duration. A reduction in
the gas pressure would therefore be expected to result in an increase in the temperature of
the plasma at the culmination of the discharge. This has two effects; (i) further increasing the
ion diffusion rate via Eq. (6.3.2), and (ii) increasing the ionisation fraction of atoms within the
plasma bulk. Higher ionisation states typically recombine more quickly and at high densities
(ne > 1014 cm−3), three-body recombination is expected to be the dominant recombination
mechanism [230]. Its rate has a strong electron temperature dependence, α3 ∝ T

−9/2
e [128],

suggesting that an increased recombination rate would be expected for lower gas pressures
thanks to the increased rate of temperature loss following the discharge.

It is therefore expected that reducing the gas pressure within the capillary offers an avenue
for reducing the plasma lifetime, provided that the required on-axis plasma density can still
be reached following the discharge. To confirm this dependency, additional measurements
of the extended evolution of discharge-ionised plasmas under varying gas pressures using
the same probe beam should be performed. When doing so, the experimental setup should
be modified to allow measurement of the gas pressure within the capillary itself rather than
within the buffer volume. This is necessary as the buffer volume is connected to the capil-
lary via long (metre-scale) gas pipes. Directly measuring the pressure within the capillary
removes the possibility that a non-linear relation between the pressure of the buffer volume
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Figure 6.4.1: Beam-based measurement of the evolution of the radial plasma density profile of an ar-
gon plasma at a buffer volume pressure of 40mbar. Different colour data points represent
three times after discharge initiation: 15.69µs (dark blue), 23.08µs (blue) and 26.77µs
(light blue). Experimental conditions were identical to those presented in Figure 6.2.1.
Error bars represent the standard error on the mean. The two grey, dashed vertical lines
represent the central axis of the capillary (left) and the capillary wall (right).

and the pressure within the capillary itself could obfuscate interpretation of the resulting
measurements.

6.4.2 Radial evolution

A feature of the beam-based measurement technique is that it samples only the plasma den-
sity local to the propagation axis of the probe bunch — even at the lowest plasma densities,
the radial extent of the wakefield is expected to be O(100µm). This therefore means the radial
evolution of the plasma density within the capillary can be probed. Experimentally, this is
achieved by changing the position of the capillary with respect to the propagation axis of
the probe bunch, here defined as the capillary offset. At FLASHForward this is possible as
the base-plate on which the capillary is mounted is connected to a hexapod [162], allowing
consistent translation of the base-plate in all three planes. This measurement concept was
tested during the measurement of the extended timescale evolution of argon at a buffer vol-
ume pressure of 40mbar presented in Figure 6.2.1, with results shown in Figure 6.4.1. Three
different capillary offsets were used in 0.2mm steps at three different timings with respect
to the initiation of the discharge. Measurements were also attempted at a capillary offset of
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0.6mm but significant bunch charge was lost due to the proximity to the wall (at 0.75mm).
These initial measurements indicate a reduction in the coupling strength between the probe
bunch and plasma as the bunch is moved closer to the capillary wall, indicating a decrease
in plasma density with increasing radius at extended timescales after the culmination of the
discharge. Note, this radial density dependence directly contrasts to that produced during
the discharge where a density minimum appears on-axis with an increasing parabolic ra-
dial density dependence towards the wall [196, 197, 224]. As discussed previously, during
the discharge the presence of the capillary wall cools plasma in its vicinity and induces a
characteristic radial temperature (and, hence, density) profile while the plasma near the axis
continues to be heated by the discharge current. However, after the discharge terminates such
radial profiles are no longer supported and the plasma near the wall recombines, inverting
the radial density profile.

Measurements such as these could be repeated with the temporal granularity typically
used in on-axis measurements, such as those presented in Figure 6.2.1, with finer capillary
offset steps to reconstruct the complete radial evolution of the plasma density profile and
compliment the on-axis measurements. Recent advances with control of the probe bunch
focusing and trajectory optimisation [173] would also allow measurements to be performed
closer to the capillary wall. Reconstruction of the radial evolution of the plasma density
in this way would provide useful comparison to 1D MHD simulations [194, 196] that are
frequently used to predict the behaviour of discharge-ionised plasmas and optimise experi-
mental parameters.

6.4.3 Alternative ionisation mechanisms

Another approach for minimising the lifetime of plasmas could be to use a different ionisa-
tion mechanism, thereby modifying the initial plasma state and potentially its extended evo-
lution. One such alternative is ionisation by a short, high-intensity laser pulse, which can pro-
duce spatially-confined plasmas of tunable temperature (e.g. via variation of the laser pulse
polarisation ellipticity [231]), allowing additional control over those typically produced via
discharge-ionisation. While lasers of suitable performance to match recent progress in high-
repetition-rate discharge systems are not yet readily available, there has been recent progress
in their development with high peak power (> 100TW), high average power (> 1 kW) laser
systems expected within the next five to ten years [81]. Laser-driven wakefield acceleration
experiments have already demonstrated operation at kHz repetition-rates using few-mJ laser
pulses [191–193], indicating the potential to develop laser systems that could be suitable for
the ionisation of plasma sources at tens of kHz repetition-rates in the future.

Within the FLASHForward experiment, a 25TW Ti:sapphire laser system is available for
studies of controlled internal injection within plasma [76], and hence provides an alternative
ionisation method that can be compared to discharge-ionisation. Exploratory measurements
of the evolution of a laser-ionised plasma were performed in an argon-filled capillary of
length 195mm at a buffer volume pressure of 10.4mbar using an electron bunch with a
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Figure 6.4.2: Beam-based measurement of the evolution of laser-ionised argon plasma at a buffer vol-
ume pressure of 10.4mbar. Inset: short timescale evolution shows the appearance of two
density plateaus. Error bars represent the standard error on the mean.

lower peak current (Ipk ∼ 500A) and are presented in Figure 6.4.2. The measurements were
performed in two separate scans; the first focused on short timescales (up to 2.5µs after the
arrival of the laser pulse) to study the initial evolution of the plasma column and the second
over an extended timescale (25µs) until no significant perturbation to the probe bunch energy
spectrum was observed.

The reduced stability of the laser-ionised plasma as compared to the discharge-ionised can
be immediately noticed in these measurements. The error bars associated with the measure-
ments presented in Figure 6.4.2 fluctuate significantly in size between data points, a result
of the increased shot-to-shot variation of the energy spectrum of the drive bunch following
its interaction with the plasma. This is likely due to fluctuations in the overlap between the
ionised plasma column and the drive bunch caused by pointing jitters of the laser pulse. The
focal length of the ionising laser pulse is of order 18m due to spatial constraints from the ex-
tended accelerator beam-line and hence small pointing jitters upstream caused by vibrations
can lead to significant shifts in the position of the focal spot. The overlap between the thin
plasma column and the electron bunch that is focused to transverse sizes of O(10 µm) can
therefore vary significantly shot-to-shot. This effect is likely amplified by ionisation defocus-
ing effects that are discussed in more detail later.

The peak coupling strength between the probe bunch and the plasma is lower than was
typically observed in measurements of discharge-ionised plasmas for two reasons: (i) the



154 characterisation of unperturbed plasma

use of a probe bunch with a lower peak current and (ii) the effect of ionisation defocusing
reducing the plasma length. Ionisation defocusing occurs due to the non-uniform transverse
density profile produced by the leading edge of the laser pulse as it ionises and focuses in
the resultant plasma [232, 233]. The refractive index, n, of a plasma is given by

n(r, z, t) =

[
1−

(
ω2p

ω20

)]1/2
, (6.4.1)

whereω0 = 2πc/λ0 is the angular frequency of the laser pulse. Hence regions of high plasma
density correspond to lower refractive indices. The intensity of the laser pulse varies across
its leading edge, producing a non-uniform plasma electron density profile with a density
maximum along its propagation axis where the intensity is highest. A density maximum
on-axis corresponds to a refractive index minimum, radially increasing towards the wings
of the pulse. The resultant plasma density profile therefore acts as a lens to the trailing part
of the laser pulse and causes it to refract, reducing its intensity and modifying its structure.
This effect is particularly significant as the pulse comes into focus as only the central region
has sufficient intensity to ionise the gas, creating large local plasma density gradients within
the pulse. This is a particular problem at FLASHForward as the focal length of the ionising
laser pulse is of order 18m, resulting in metre-scale Rayleigh lengths with a focal spot size of
approximately 350µm [76]. Ionisation defocusing effects can be dominant if the defocusing
length, ld, is shorter than the Rayleigh length [233],

ld =
λ0
2

nc

ne
, (6.4.2)

where λ0 is the central wavelength of the laser pulse and nc = (ε0me/e
2)ω20 is the critical

plasma density for a wave of angular frequency ω0. Typical FLASHForward operating pa-
rameters assume a plasma density of order 1016 cm−3 while the central wavelength of the
ionising laser pulse is approximately 800nm, giving a defocusing length of ld ≈ 7 cm, consid-
erably shorter than the Rayleigh length of the pulse and indicating that ionisation defocusing
is expected to be significant for this parameter range. Therefore, we do not expect the plasma
to be ionised along the entire length of the 195mm capillary and the plasma density is likely
to vary radially across the width of the plasma column.

Despite the expected non-uniformity of the initial plasma density profile complicating in-
terpretation of the measurement, effects of the plasma evolution can be extracted from the
measurements presented in Figure 6.4.2 and comparisons to similar discharge-ionised mea-
surements can be made. Over the first 0.5µs, the coupling between the probe bunch and the
plasma, and hence the plasma density, appears to remain constant. This is likely due to the
initial spatial distribution of the plasma. When ionising using a laser pulse, only a thin fila-
ment of plasma is ionised around the laser focus. Conversely, during a discharge the plasma
is generated throughout the entirety of the capillary. Therefore, the laser-ionised plasma can
initially rapidly expand into the surrounding volume unlike the discharge-ionised plasma.
The expansion of the plasma column begins from its outer edge, etching away towards the
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centre of the plasma column, and a finite amount of time passes before the on-axis density
(that the probe bunch experiences) reduces, here approximately 0.5µs. A similar effect is
observed in Ref. [207] where the plasma density of the central laser-ionised column remains
approximately constant over the first microsecond.

A second, small density plateau is observed approximately 1µs after the laser propagates
through the gas. This possibly corresponds to the time at which the expanding plasma col-
umn reaches the capillary walls, marking the transition from the initial rapid expansion of
the column to a diffusion- and recombination-dominated decay as is observed in discharge-
ionised plasmas. It is possible to estimate the electron temperature of the laser-ionised plasma
from determination of this expansion time. The front of the plasma filament expands radi-
ally into the capillary and the rate at which this occurs has previously been shown to be
described well by the Sedov-Taylor solution for the expansion of ideal gases [231, 234, 235].
This describes the idealised expansion of a cylindrical region of gas of temperature T and
following the derivation in Ref. [231], the evolution of the position of the shock front can be
described by:

rs(t) = (γ+ 1)1/2
(
ZEk
mi

)1/4
[r0(t+ τ0)]

1/2 (6.4.3)

where γ = 5/3 is the adiabatic index, Z is the average ionisation fraction (here assumed to be
unity), Ek = (3/2)kBT is the mean electron energy, r0 is the initial plasma radius and τ0 is a
constant that can be calculated from the initial conditions:

τ0 =
1

γ+ 1

(
mi
ZEk

)1/2
r0. (6.4.4)

Using an initial plasma radius of rplas ≈ 150µm and an expansion time of ∆t ≈ (1 ±
0.2)µs, the mean temperature can be estimated to be 0.35 < T < 0.80 eV. While this esti-
mate encapsulates a large range of temperatures, it is important to note the almost order
of magnitude difference with respect to discharge-ionised plasmas where multi-eV electron
temperatures have been inferred from comparisons between laser interferometry and spec-
troscopic measurements of the plasma density immediately following the culmination of
the discharge [195]. Despite this difference in initial plasma temperature and the fast initial
drop in plasma density as the column expands as demonstrated in Figure 6.4.2, on extended
timescales it appears as though the plasma exists over a similar timescale to discharge-ionised
plasmas. This suggests that the plasma lifetime is not strongly dependent on the ionisation
mechanism for these parameters as collisional and diffusive effects equilibriate the plasma
states over microsecond timescales and heat loss to the capillary walls and subsequent recom-
bination becomes the dominant evolution mechanism. It could be expected that this would
not be the case for a laser-ionised plasma that is not confined within a capillary, as the ini-
tial expansion of the plasma column would continue uninhibited. It is unfortunately not
possible to measure this within the FLASHForward experiment due to stringent vacuum
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requirements within the accelerator limiting the maximum achievable gas pressure of the
chamber outside of the capillary.

To be able to make definitive comparisons between discharge- and laser-ionised plasmas,
these measurements should be repeated in conditions where ionisation defocusing effects
can be minimised. For example, reducing the capillary length to 50mm as was used in the
discharge-ionised measurement presented previously. Additionally, an alternative gas species
with a reduced ionisation threshold, for example hydrogen, could be used to minimise the
laser intensity required to ionise the gas and hence achieve ionisation further in the wings
of the laser spot, reducing the ionisation defocusing effect. Measurements of discharge- and
laser-ionised plasmas over a range of gas pressures should be performed using the same
probe bunch to allow easy direct comparison.

The effect of the plasma electron temperature on the extended evolution of the plasma
could additionally be studied by controlling the ellipticity of the ionising laser pulse by
passing the pulse through a quarter-wave plate. It has previously been shown that the aver-
age electron temperature can be varied by changing the ellipticity of the pulse as electrons
released during ionisation acquire kinetic energy in the plane transverse to the axis of prop-
agation of the laser pulse [231, 236]. Given that the mass flow rate of the plasma depends
on its temperature, it would be expected that its density evolution can be altered in this way,
particularly during the initial expansion of the plasma column within the first microsecond.
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6.5 conclusion

The beam-based measurement technique introduced in Chapter 5 has been applied to the
study of the extended evolution of plasma. The use of a simple metric that corresponds to
the strength of the interaction between a bunch and the plasma [Eq. (5.3.5)] has been shown
to provide an effective probe of the plasma state and allow comparison between different
plasmas. When combined with a measurement of the six-dimensional phase space of the
bunch, possible at FLASHForward thanks to the recent advances in available diagnostic
techniques, this metric can be transformed into an integrated plasma density measurement
that compares well with TCI techniques, extending the plasma density sensitivity by two or-
ders of magnitude within this setup. Even without exact reconstruction of the probe bunch,
the plasma density can be inferred from linear theory when assuming a bi-Gaussian distri-
bution provided that nb/ne < 10.

Use of the beam-based measurement technique indicated that the extended timescale evo-
lution of the discharge-ionised plasma is dominated by its mass flow, longitudinally and
transversely, exhibiting the expected inverse square root dependency on the mass of the ion.
Lowering the capillary pressure was similarly observed to reduce the plasma lifetime, likely
due to the induction of larger relative pressure gradients and temperatures driving increased
mass flow rates. A scheme for measuring the radial dependency of the plasma density within
the capillary was defined with initial measurements presented, demonstrating a decreasing
plasma density as the bunch approached the capillary walls as the reduced temperature in
this region leads to a reduction in the ionisation fraction. Application of this measurement
scheme would enable reconstruction of the radial evolution of a discharge-ionised plasma
over an extended timescale, providing an invaluable comparison to one dimensional MHD
simulations that are readily used. Initial measurements of the extended evolution of a laser-
ionised plasma are presented, demonstrating initial expansion of the ionised plasma column
and a transition to the capillary-wall-driven decay observed in discharge-ionised plasma fol-
lowing this. Combining this measurement technique with ionising laser pulses of varying
ellipticity would enable the study of the dependency of the evolution of the plasma column
on the electron temperature.

In summary, the beam-based technique has been shown to provide a fast, easy-to-interpret
measurement of the evolution of a plasma that can be applied to a wide range of systems.
The measurements presented here indicate that the lifetime of the discharge-ionised plasma
can be minimised by using light gas species, for instance hydrogen, at low pressures. Given
that measurements of a discharge-ionised helium plasma demonstrated no significant effect
on the bunch energy distribution within 10µs of its generation (Figure 6.3.2), it is reason-
able to expect a similarly short lifetime in hydrogen and hence a maximum possible plasma
regeneration rate approaching 100 kHz, on-par with current and proposed conventional ac-
celerator facilities that operate at rates of tens of thousands of bunches per second [58, 198,
199]. However, it is important to note that these facilities achieve this by operating in a pulsed
mode where a large number of bunches (∼ 1000) are accelerated at much higher frequencies
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(∼MHz) but contained within RF macro-pulses that operate at lower frequencies (∼ 10Hz),
as discussed in Chapter 4, rather than operating continuously at O(10 kHz) frequencies.

This therefore raises the question of whether a similar "burst" operation mode would be
possible in plasma-based accelerators such that they are compatible with state-of-the-art con-
ventional accelerators that are likely to provide the drive and witness beams, particularly
in the case of beam-driven plasma wakefield accelerators. In this operation mode a single
plasma would be created, used multiple times to accelerate particles within its lifetime and
then decay, after which a subsequent plasma would be created and the process repeated
ad infinitum. The crucial difference though is the presence of the plasma as an acceleration
medium as opposed to the ultra-high vacuum environments of conventional accelerators. A
plasma does not represent a fixed, non-evolving medium as demonstrated by the measure-
ments within this chapter, and hence its evolution during and after the acceleration process
must be considered and possibly utilised. A large amount of energy is transferred to the
plasma from the bunches via the wakefield and this will drive subsequent evolution of the
plasma, akin to the heating provided by the discharge or laser during ionisation. To date,
only two publications [83, 84] have experimentally observed further evolution of a plasma
over sub-nanosecond timescales driven by the energy transferred into the plasma from the
bunches. These do not represent detailed studies of this evolution or its dependencies, and
measurements over longer microsecond timescales that could be crucial to high-repetition-
rate operation of plasma accelerators have yet to be performed.

Coupled with the unique capabilities of the FLASH accelerator systems described in Sec-
tion 4.2.3, the beam-based measurement technique presented here lends itself to such de-
tailed measurements thanks to its inherent sensitivity to the plasma conditions. Detailed
measurements of the evolution of a plasma following the wakefield acceleration process over
timescales from few-nanoseconds to tens of microseconds using the beam-based characteri-
sation technique are presented in Chapters 8 and 9.



Part IV

P E RT U R B E D P L A S M A E V O L U T I O N

Part IV describes detailed measurements of plasma wakefield evolution both dur-
ing and after its perturbation by a drive beam and spans the entire temporal range
described in the introduction in Chapter 1.

In Chapter 7, measurements of the growth and decay of the wakefield amplitude
along a self-modulated proton bunch are discussed. These measurements were
performed at AWAKE and demonstrate the growth in amplitude of resonantly
combined wakefields and the onset and effects of plasma electron trajectory-
crossing and phase mixing that lead to decay of the wakefield amplitude on
sub-nanosecond timescales.

Chapter 8 presents detailed measurements of the motion of ions within the plasma
driven by the wakefield excitation process on nanosecond timescales. Chapter 9

extends these measurements up to tens of microseconds, investigating the re-
ionisation of the plasma induced by the energy transfer from the drive bunch.
These represent the first detailed measurements of their kind, were performed
at FLASHForward, and are made possible using the beam-based technique dis-
cussed in Part III.





7
S U B - N A N O S E C O N D R E S O N A N T WA K E F I E L D E X C I TAT I O N

This chapter details experiments performed at AWAKE to attempt to measure the evolution
of the longitudinal wakefield driven by a self-modulated proton bunch along both the length
of the plasma and the length of the bunch itself. This was achieved by varying the temporal
delay between the arrival of the ionising laser pulse and the witness electron bunch, the
laser–electron delay, ∆τ. The experimental results are split into two sections according to the
timescales over which they were performed:

• The first corresponds to a dataset taken in September 2018 and focuses on "short"
timescales where the delay between the ionising pulse and the witness bunch was
limited to ∆τ 6 365ps. This measurement aimed to demonstrate resonant excitation of
the longitudinal wakefield amplitude.

• The second dataset was taken in November 2018 and focused on "extended" timescale
evolution of the wakefield, ∆τ 6 800ps. An additional experimental variable was in-
cluded within these measurements: modifying the position of the ionising laser pulse
within the proton bunch to change the number of protons that underwent interaction
with the plasma and hence modify the maximal wakefield amplitude. This is referred
to as the seeding position.

The measurements and analysis presented in this chapter were recently published,

[237] J. Chappell et al. (AWAKE Coll.), Phys. Rev. Accel. Beams 24, 011301 (2021).

7.1 measurement overview

An overview of the entire AWAKE Run 1 setup can be found in Section 3.4.1, however
specifics of the experimental setup for the measurements discussed in this chapter follow
and are summarised in Table 3 for reference. The witness electron bunch had a charge of ap-
proximately 300pC and its trajectory was matched to that of the proton bunch with a small
vertical offset. This allowed the electron bunch to be injected into the wakefield at a small
vertical angle of approximately 0.5mrad with its focus in the plane of the entrance of the
vapour source. The plasma density was kept constant at n0 = 2× 1014 cm−3 with a constant
longitudinal density profile maintained throughout the measurements; while larger witness
energies could be observed at higher plasma densities (see Section 3.4.3 or Ref. [144]), achiev-
ing consistent witness capture was more challenging at higher densities and hence lower
operating densities were preferred for systematic studies.

161

https://doi.org/10.1103/PhysRevAccelBeams.24.011301


162 sub-nanosecond resonant wakefield excitation

Plasma

Density [cm−3] 2× 1014

Radius [mm] 2

Ionising laser pulse

Energy [mJ] 56.1± 1.5

Pulse length [fs] 120

Electron bunch

Energy [MeV] 19

Norm. emittance [mm·mrad] 10

Transverse size at focus [µm] 500

Charge [pC] 300± 8

RMS bunch length [ps] 8

Focal position [m] 0

Trajectory at focus On-axis; −0.5mrad (vert.)

Proton bunch Section 7.3 Section 7.4

Energy [GeV] 400

Norm. emittance [mm·mrad] 3.5

Transverse size at focus [µm] 200

Bunch population [1011] 3.13± 0.16 2.83± 0.14

RMS bunch length [ps] 257± 3 255± 3

Seeding position [ps] +100 [−200, 0,+200]

Table 3: Summary of experimental parameters. These also represent the values used in the simulations
outlined in Section 7.2. The seeding positions are defined relative to the centre of the proton
bunch with positive values representing seeding ahead of the centre.

The electron spectrometer dipole current was set to 100A allowing electron energies rang-
ing from 84MeV to 2GeV to be measured as shown in Figure 7.1.1. The spectrometer optical
system was designed to achieve a resolution of 1mm in the dispersive plane, corresponding
to a theoretical energy resolution of < 2% except at the high energy region of the scintillating
screen (ζ < 100mm). During the experiment, a protective fire window was added to the
optical line of the spectrometer for safety reasons. Unfortunately, warping of this window
caused a reduction of the resolution of the spectrometer system in the dispersive axis to ap-
proximately 2mm, measured in situ using a resolution target in combination with a fixed
light source that mimicked the emission profile of the scintillating screen [146, 149].

Typically, the timing of the arrival of the ionising laser pulse was chosen to be close to the
centre of the proton bunch. This meant the plasma was generated in the region around the
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Figure 7.1.1: AWAKE electron spectrometer position-energy relation (left) and theoretical resolution
(right) for a dipole current of 100A. These relations are calculated via beam tracking sim-
ulations performed using BDSIM using measured dipole field maps as input. ζ = 0mm
corresponds to the end of the scintillating screen closest to the proton beam trajectory.

maximal unmodulated proton bunch density and ensured that the wakefields driven by the
unmodulated bunch were sufficiently large in amplitude to seed self-modulation rather than
allowing non-axisymmetric modes such as hosing to develop from small-scale plasma non-
uniformities [61, 120]. Three different seeding positions were used in the study of extended
timescale wakefield evolution, corresponding to ionising laser pulse arrival times of 200ps
ahead of, behind, or in the centre of the proton bunch as shown in Figure 7.1.2. The ionising
laser pulse energies for these seeding positions were measured using an energy meter to be
55.1± 0.8mJ (200ps ahead), 58.7± 1.2mJ (centre) and 54.5± 0.9mJ (200ps behind), hence the
plasma radius is expected to be consistent across all three measurements [207].

Moving the seeding position within the proton bunch modifies the amplitude of the seed
wakefields driven by the unmodulated proton bunch due to the change in bunch density
that initially interacts with the plasma. When seeding 200ps ahead of, or behind, the cen-
tre of the proton bunch, the seed wakefield amplitude is reduced compared to the central
seeding position as shown in Figure 7.1.3. However, in all three cases the seed wakefield is
sufficiently large in amplitude to seed self-modulation and results in reproducible wakefield
phase, essential for consistent acceleration of high-quality witness bunches [61]. In addition
to this, changes in the seeding position modifies the number of protons within the bunch that
can undergo interaction with the plasma and hence the wakefield amplitude driven by the
modulated bunch. By moving the seeding position ahead of the centre of the proton bunch
more protons undergo interaction with the plasma and the maximal wakefield amplitude is
increased (and vice versa) as demonstrated in the right panel of Figure 7.1.2.

Analysis of spectrometer images

For an event to be included in this analysis, a minimum witness charge of 50 fC needed to
be detected on the spectrometer screen in order to eliminate events where sufficient witness
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Figure 7.1.2: Left: Illustration of the normalised beam density, nb, corresponding to the seeding posi-
tions used in this study. Shaded regions indicate the region of the beam that propagates
through, and hence interacts with, the plasma. Left, upper: Seeding 200ps ahead of the
centre. Left, middle: Seeding in the centre of the proton bunch. Left, lower: Seeding
200ps behind the centre. Right: Simulated evolution of the maximum longitudinal field
over the entire plasma length for the three different seeding positions for a plasma den-
sity of ne = 2× 1014 cm−3. The proton bunch parameters are the same as those used for
studying extended timescale wakefield evolution described in Section 7.4.

Figure 7.1.3: Seed longitudinal wakefield amplitude for the three seeding positions used in this study.
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Figure 7.1.4: Upper: Example electron spectrometer image. The light blue regions near the edges rep-
resent the mask used to isolate the scintillating screen in spectrometer images. Lower:
projection in the dispersive plane, ζ, with the corresponding non-linear energy axis. The
blue vertical line corresponds to the measured mean energy of the witness bunch, µE,
and the blue shaded region represents the energy spread, σE. The orange shaded region
represents the 3σbkg signal cutoff level.

capture was not achieved. An example is shown in Figure 7.1.4. For each event, background
subtraction and geometric corrections [149] were applied to the image of the scintillator
screen and the pixel count was integrated over the vertical (non-dispersive) plane. The region
with signal that exceeded the expected background by 3σbkg was identified. The mean energy
of the captured witness electrons was calculated according to

µE =
(Σi Ei · dQi)
(Σi dQi)

, (7.1.1)

where i corresponds to the index of the column of the image in the signal region, Ei is the
energy associated with column i in the plane of the scintillator screen and dQi is the inte-
grated charge measured in column i. The energy spread was similarly calculated according
to

σE =

((
Σi E

2
i · dQi

)
(Σi dQi)

− µ2E

)1/2
. (7.1.2)

The integrated charge of a column was calculated by summing the total CCD pixel counts
of the background-subtracted image and applying the calibrated scintillator charge response
value, (4.22± 0.33)× 105 pC−1.
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7.2 simulation overview

The experimental measurements are compared to 2D cylindrical, quasi-static simulations
performed using LCODE [118]. These simulations solve for the plasma response in the co-
moving frame, defined by ξ = z− ct, and use the experimental proton and electron bunch
parameters as input. The simulation domain spans 0 6 ξ 6 800 k−1p , 0 6 r 6 25 k−1p with a
resolution of ∆ξ = ∆r = 0.02 k−1p where kp = ωp/c. A fixed timestep of ∆t = 100ω−1

p is used
to update both the plasma state and proton beam; for witness electrons, an energy-dependent
reduced timestep is used to fully resolve their betatron oscillations. Approximately 30 radius-
weighted macro-particles per cell per species are used to model the response of plasma elec-
trons and ions with 2.7× 106 equal-weighted beam macro-particles used to model the proton
bunch. The proton bunch is initialised with Gaussian longitudinal and radial distributions.
Modelling of the varying seeding positions used in this study is achieved by using a step
function in the proton bunch density at the relevant seeding position within the bunch. This
negates the need to model the interaction between the ionising laser pulse and the Rb vapour
and hence saves computational resources.

Simulation domain size

Use of a wide simulation domain that extends far beyond the boundary of the plasma (rp =

5.3 k−1p = 2mm) is necessitated by the requirement to continue to track plasma electrons
that are expelled from the plasma [238]. In LCODE, when an electron reaches the radial
boundary at r = rmax it is returned to a location nearby with much reduced momentum [119].
The use of a radial boundary that is too small will lead to expelled electrons hitting the
simulation boundary and will remove any effect from electrons that can later return to the
plasma which, as discussed in more detail later, can be vital to understanding the extended
timescale evolution of the wakefield. An example of this effect is shown in Figure 7.2.1 where
the on-axis longitudinal wakefield at a propagation distance of z = 3m is plotted for three
different values of rmax. The simulations are identical in all other aspects. While no difference
between the simulations is observed on short timescales (∆τ 6 200ps), the longitudinal
wakefield amplitude differs significantly on extended timescales with considerable damping
of the wakefield amplitude in the case of wider simulation windows. The mechanism by
which this occurs is discussed in more detail in the following sections, but this example
illustrates the importance of using a sufficiently wide simulation window when comparing
to experimental results where the boundary of the vapour source itself (20mm) extends far
beyond the expected plasma boundary (2mm). Tests indicated that the radial domain needed
to exceed rmax = 20 k−1p for the extended timescale evolution of the wakefield to converge
for the experimental bunch and plasma parameters. For this reason, all simulations were
performed with rmax = 25 k−1p = 9.4mm.
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Figure 7.2.1: Comparison between simulated longitudinal wakefield amplitude in the co-moving
frame for different radial domain sizes; rmax = 5 k−1p (grey), rmax = 10 k−1p (blue) and
rmax = 25 k−1p (orange) for a propagation distance of z = 3m.

2D vs. 3D simulations

The process of external electron injection is inherently a complicated 3D problem [239] and
therefore perfect agreement between 2D simulations and experiment is not expected. In 2D
cylindrical simulations, the witness electrons are represented by a ring of charge being in-
jected into the wakefield toward the axis as opposed to an electron bunch with pointing jitters
as in the experiment. As such, the total captured charge in 2D is expected to exceed that ob-
served experimentally. O(pC) captured witness charges were typically measured during the
experiment and hence no significant modification of the wakefield amplitude experienced
by the witness electrons via beam loading is expected. For these two reasons, test witness
electrons that can experience the wakefield but do not alter its amplitude or drive their own
wake are used in simulation in an attempt to recreate measured experimental trends.

It is additionally expected that 2D axisymmetric simulations underestimate turbulent ef-
fects due to the imposed symmetry and hence likely provide an overestimate of the wakefield
amplitude at large laser–electron delays following phase mixing. However, at present, three-
dimensional quasi-static simulations of the extended plasma region required for comparison
to experimental observations are prohibitively computationally expensive. In spite of this,
axisymmetric simulations still provide useful comparison and insight into the underlying
physical mechanisms.
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Figure 7.3.1: Experimental results showing mean witness energy for ∆τ up to 365 ps when seeding
100 ps ahead of the centre of the proton bunch. The growth in mean witness energy with
increasing ∆τ is consistent with resonant excitation of the longitudinal wakefield. Error
bars represent the standard error on the mean.

7.3 resonant wakefield excitation

As discussed in Chapter 3, as the long proton bunch becomes modulated it is expected that
the wakefield is resonantly excited by the combined action of micro-bunches driving wake-
fields in the plasma. It was demonstrated in Ref. [154] by measurement of the proton bunch
"halo" that the transverse wakefield amplitude grows far above the predicted seed wakefield
amplitude driven by a long unmodulated proton bunch, indicating further excitation of the
wakefield. However, this measurement was temporally-integrated and hence did not mea-
sure the dependence of the wakefield amplitude along the length of the proton bunch and
demonstrate resonant excitation.

For the first measurement scheme, the delay between the arrival time of the ionising laser
pulse and the witness bunch, ∆τ, was varied between 50− 365ps in steps of 15ps, probing
the integrated longitudinal wakefield after every two micro-bunches (λp/c ≈ 8ps) by mea-
suring the energy spectrum of the resulting witness bunch. The proton bunch population
was (3.13± 0.16)× 1011 with an RMS length of (7.70± 0.08) cm = (257± 3)ps and the seed-
ing position corresponded to 100ps ahead of the centre of the proton bunch. The results are
shown in Figure 7.3.1.

For the smallest delays, ∆τ < 150ps, achieving consistent witness capture was challenging,
resulting in low detected charge with larger mean energy variability and energy spread.
This was likely due to the globally defocusing nature of the seed wakefields at short delays
with respect to the leading edge of the proton bunch as discussed in Section 3.3.1. Witness
capture was not achieved for ∆τ < 90ps, while approximately 30 % of injection attempts
achieved sufficient charge capture to contribute to the measurements for each value of the
laser–electron delay for 90 6 ∆τ < 150ps. However, for ∆τ > 150ps, successful witness
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capture was observed in more than 75 % of events per delay. Nevertheless, the trend for
increasing witness mean energy with increasing laser–electron delay was observed on short
timescales (∆τ < 250ps) and directly demonstrated resonant excitation of the longitudinal
wakefield. At around ∆τ = 250ps ≈ σz, the witness energy was observed to saturate as
predicted by previous simulations [120] and is discussed in more detail in the following
sections.

7.4 extended timescale wakefield evolution

Figure 7.4.1: Comparison between the maximal longitudinal wakefield amplitude evolution for the
proton bunch parameters in Sections 7.3 (orange) and 7.4 (blue). The proton bunch pa-
rameters from Section 7.4 correspond to a central seeding position.

The second measurement campaign was dedicated to studying extended timescale evolu-
tion of the wakefield beyond that presented in Section 7.3. The measured proton bunch pa-
rameters differed between the two measurements and three different seeding positions were
used as discussed previously. For the following measurements the proton bunch population
was measured to be (2.83± 0.14)× 1011 while its RMS bunch length was (7.65± 0.08) cm.
In addition to the change in seeding position between the measurements, the reduction in
bunch population while maintaining approximately the same bunch length reduces the peak
current of the beam by approximately 10%. This results in a reduction in the wakefield am-
plitude over the plasma length as shown in Figure 7.4.1 and, as a consequence, a difference
in the self-modulation saturation length. Therefore, witness electrons captured in the experi-
mental conditions discussed in Section 7.3 will experience a larger amplitude wakefield and
undergo consistent acceleration over a longer distance than those for subsequent measure-
ments, resulting in larger witness energies. For this reason, direct comparison between the
mean captured witness energy of the two measurements cannot be made. However, for the
measurements studying the effect of various seeding positions on extended timescales (up to
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Figure 7.4.2: Experimental results showing the mean witness energy with increasing laser–electron
delays for the three measured seeding positions. Error bars represent the standard error
on the mean.

800ps) detailed in this section, the experimental parameters were kept as consistent as pos-
sible to allow direct comparison. In this case, for the smallest delays (∆τ < 200ps) capture
of electrons was not realised while fewer than 30 % of attempted events per delay achieved
sufficient witness capture to contribute to the measurements of laser–electron delays between
200− 400ps. For larger delays, witness electron bunches of sufficient charge were measured
in approximately 70 % of events per laser–electron delay.

7.4.1 Longitudinal wakefield amplitude

For laser–electron delays larger than 500 ps, the effects of further plasma wakefield evolu-
tion were observed experimentally and are demonstrated in Figure 7.4.2. On these extended
timescales a decreasing witness energy was measured with increasing laser–electron delay,
indicative of a decreasing longitudinal wakefield amplitude along the self-modulated proton
bunch.

Plasma electron trajectory crossing and expulsion

Simulations indicate the decrease in longitudinal wakefield amplitude is as a result of the on-
set of plasma electron trajectory crossing within the wakefield. An example of this is shown
in Figure 7.4.3 which exhibits the simulated plasma electron density (upper) and a selection
of corresponding plasma electron trajectories in the co-moving frame (lower) within 200ps of
the leading edge of the proton bunch after a propagation distance of 3m. As the wakefield is
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Figure 7.4.3: Simulated normalised plasma electron density map (upper) with corresponding plasma
electron trajectories in the co-moving frame (lower) at a propagation distance of z = 3m.
The plasma electron trajectories are coloured according to their initial radial position and
are separated by ∆r = 0.03 k−1p .

resonantly excited, the plasma electron density perturbation grows close to the axis leading
to the development of an increasing radial density gradient. This is plotted in Figure 7.4.4(a)
which depicts the simulated transverse plasma electron density profile for increasing delays
behind the leading edge of the proton bunch. Due to the presence of the radial density gradi-
ent created by the wakefield, plasma electrons experience a spatially-dependent radial force
[Figure 7.4.4(b)] and their initially coherent oscillations begin to mix [97]. This induces cur-
vature in the transverse wakefield [Figure 7.4.4(c)], modifiying its resonant frequency across
the radial plane, while the longitudinal field continues to be excited at the initial plasma
frequency [240]. The wavefront of the density perturbation becomes deformed and electron
trajectories start to cross as shown in Figure 7.4.3. For the plasma channel parameters sim-
ulated here approximately 5 % of plasma electrons are radially expelled from the plasma
as innermost electrons cross trajectories of outer electrons and experience an increased neg-
ative charge density. Example trajectories of radially expelled electrons are shown in red
in the lower panel of Figure 7.4.3. As plasma electron phase mixing is a cumulative effect
that occurs over multiple plasma periods, it first begins at the rear of the proton bunch and
quickly propagates forward as the wakefield potential, and hence density perturbation, as-
sociated with each micro-bunch grows as self-modulation develops along the length of the
plasma [154]. After these inner electrons are expelled as demonstrated in the upper panel of
Figure 7.4.5, outer plasma electrons move inwards to replace them and the plasma becomes
charged at its boundary [241]. This, in combination with the presence of electrons outside the
boundary of the plasma, induces a positive potential in the surrounding volume as shown in
the lower panel of Figure 7.4.5. The potential is attracting for electrons and acts to accelerate
the previously ejected electrons back towards the plasma.
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Figure 7.4.4: (a) Evolution of the transverse plasma electron density normalised to the plasma density,
n0, at increasing delays behind the leading edge of the proton bunch. (b) Corresponding
transverse wakefield, normalised to the cold wave-breaking field, E0. (c) Map of the trans-
verse wakefield at a propagation distance of z = 3m. The dashed, coloured vertical lines
correspond to the timings shown in (a) and (b). Grey lines represent the zero-crossings
of the transverse wakefield and highlight the development of its curvature.

As these electrons re-enter the plasma, they return back on-axis and interfere with the res-
onantly driven wakefield. The combination of this interference effect and the phase mixing
induced by the radial density gradient damps the wakefield amplitude, causing the decay of
the longitudinal wakefield observed in the lower panel of Figure 7.4.5 and the experimentally
measured decrease in witness energy observed for large laser–electron delays shown in Fig-
ure 7.4.2. As the attracting force is low in amplitude when compared to the radial wakefield
near the axis, expelled electrons re-enter the plasma far behind the position at which they are
ejected from the plasma in the co-moving frame. For this reason, while trajectory crossing
is observed to occur earlier than σz behind the seeding position in this simulation, signifi-
cant effects from the return of plasma electrons on the wakefield amplitude do not become
apparent until larger laser–electron delays, ∆τ > 500ps.

This mechanism therefore splits the evolution of the wakefield amplitude into three distinct
regions along the proton bunch:

(i) Initially for small laser–electron delays, ∆τ 6 250ps, the wakefield amplitude grows as
an increasing number of proton micro-bunches contribute to driving the wakefield and
plasma electron oscillations remain coherent. This is the region that is typically studied
experimentally and theoretically as it offers the largest stable wakefield amplitudes
(e.g. [120, 144, 242]). As the proton beam undergoes self-modulation and the wakefield
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Figure 7.4.5: Upper: Simulated plasma electron density map at z = 2.9m. Electrons are ejected from
the plasma as the wakefield amplitude is resonantly excited and trajectory crossing oc-
curs near the axis. Example plasma electron trajectories are plotted for reference (solid
lines). The electron density perturbation driven by the self-modulated proton bunch can
be seen near the axis. Lower: Corresponding on-axis longitudinal field (grey) shows de-
cay for large ∆τ alongside the development of a radial field outside the plasma boundary
(red), measured at r = 7.5 k−1p .

amplitude and density perturbation grow, trajectory crossing is observed in simulation
towards the rear of this region and electrons are ejected from the plasma.

(ii) At around 250 ps behind the seeding position, the wakefield amplitude saturates. The
wakefield amplitude is maintained in this region (250 < ∆τ < 500ps) as outer plasma
electrons replace those ejected via trajectory crossing. Phase mixing effects induced
by the radial density gradient cause electron oscillations to decohere and limit further
growth of the wakefield amplitude along the proton bunch despite an increasing num-
ber of micro-bunches driving the wakefield.

(iii) Finally, for ∆τ > 500ps, a significant number of ejected electrons return to the plasma
and their interference with the resonantly driven wakefield on-axis, in combination
with accumulated phase mixing effects, cause further decay in the wakefield amplitude
along the bunch.
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Figure 7.4.6: Comparison between the development of the radial electron density gradient at densities
of (a) n0 = 2× 1014 cm−3 and (b) n0 = 7× 1014 cm−3. The transverse density lineout is
plotted at specific delays with respect to the leading edge of the proton bunch, taken at
equal normalised propagation distances: t = 8000ω−1

p .

Plasma density dependence

The appearance of the onset of plasma electron trajectory crossing so early within the reso-
nantly excited wakefield (∆τ ≈ 70ps) is a consequence of the low plasma density used in
these studies. At a density of 2× 1014 cm−3 the proton beam is narrow relative to the skin
depth of the plasma, σr ≈ 200µm = 0.53 k−1p , quickly exciting the large transverse gradients
necessary to induce plasma electron trajectory crossing. At the AWAKE nominal density of
7×1014 cm−3 where the transverse bunch size is optimised for the plasma density (σr = k−1p ),
the relative bunch density is reduced meaning the growth of the wakefield amplitude, and
hence the transverse density gradient, is far slower. This is highlighted in Figure 7.4.6 which
shows the simulated evolution of the transverse electron density profile at specific delays
behind the leading edge of the proton bunch propagating in background plasma densi-
ties of (a) 2 × 1014 cm−3 and (b) 7 × 1014 cm−3 at equal normalised propagation distances
of t = 8000ω−1

p . At the operating density used for these measurements (2× 1014 cm−3), the
transverse density gradient grows quickly and the wakefield quickly approaches full blowout
near the axis. In contrast, at the nominal density (7× 1014 cm−3) electron density perturba-
tions are typically only of the order of a few percent. The reduction in transverse density
gradient means that plasma electron oscillations remain coherent over longer timescales and
the onset of plasma electron trajectory crossing is not observed in simulation until further
behind the leading edge of the proton bunch (∆τ ≈ 400ps). At the nominal density, it is
rather expected that motion of plasma ions near the axis causes decoherence and decay of
the wakefield on extended timescales [243–245], an effect not observed in the simulations
performed for this study at the operating density.
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Figure 7.4.7: (a) Experimental results showing the mean witness energy with increasing laser–electron
delays for the three measured seeding positions (repeat of Figure 7.4.2 for ease of com-
parison). (b) Corresponding simulation results showing the envelope of the integrated
longitudinal wakefield following self-modulation saturation. Error bands represent the
integrated longitudinal wakefield calculated for upper and lower bounds of the estimated
saturation length zs = 7.5± 0.5m.

Comparison to simulation

Figure 7.4.7 shows a comparison between the experimental measurements of the mean wit-
ness energy in Figure 7.4.2 and the envelope of the integrated longitudinal wakefield for
different laser–electron delays predicted by LCODE simulations using the proton bunch pa-
rameters of the experiment. The wakefield amplitude is integrated over the plasma length
following self-modulation saturation, identified in simulation by the position after which the
wakefield phase remains approximately constant with respect to the proton micro-bunches.
The procedure for identifying the saturation position, zs, is demonstrated in Figure 7.4.8.
This figure shows the evolution of the positions of the zero-crossings of the on-axis longitu-
dinal wakefield, a useful proxy for mapping the phase evolution of the wakefield. The colour
of a line at a given position represents the instantaneous rate of change of the phase of the
wakefield at that location, with darker colours representing larger values. As discussed in
Section 3.2.2, as the proton bunch undergoes self-modulation large changes in the wakefield
phase are observed. However, the wakefield phase is observed to stabilise at approximately
zs = 8.0± 0.5m, with the exact value of zs depending on the delay with respect to the leading
edge of the proton bunch, τ. In general, zs increases slightly with increasing τ as the phase
shift at a given value of τ is accumulated from all preceding micro-bunches.

The self-modulation saturation position corresponds to the position in the plasma at which
consistent acceleration of witness electrons is expected to be possible as discussed in Sec-
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Figure 7.4.8: Simulated evolution of the positions of the zero-crossings of the on-axis longitudinal
wakefield amplitude for 0 6 τ 6 300ps over the entire plasma length in the co-moving
frame. The colour of a line corresponds to the instantaneous rate of change of phase
of the wakefield, ∂τ/∂z, with darker colours representing larger values. The wakefield
stabilises between approximately 7.0 < zs < 8.0m (grey region), at which point the
self-modulation process is said to have saturated.

tion 3.3.2. For this reason, it is chosen as the lower bound for the longitudinal wakefield
integration for comparison to experimental results:∫10m

zs

Wz(s)ds; zs = 7.5± 0.5m. (7.4.1)

The large uncertainty associated with the exact value of zs is chosen to represent reason-
able bounds on the expected witness energy. Even so, the integrated wakefield amplitude
shown in Figure 7.4.7(b) represents an upper bound on the expected witness energy as it
assumes witness electrons remain on-axis in the position of maximal electric field amplitude
over the relevant integrated plasma length. It is rather expected that witness electrons os-
cillate within the accelerating region of the wakefield and therefore have lower energy at
the exit of the plasma than predicted by integration of the simulated longitudinal wakefield,
consistent with the data presented in Figure 7.4.7(a). The trends observed experimentally (Fig-
ure 7.4.7(a)) are reproduced in simulation (Figure 7.4.7(b)) with three distinct regions: initial
growth of the wakefield as it is resonantly excited (∆τ < 250ps), a region of field saturation
(250 6 ∆τ < 550ps), and decay on longer timescales. The experimental results presented in
Figure 7.3.1 for a seeding position 100 ps ahead of the centre of the proton bunch are also
consistent with these findings, but show only the initial growth and saturation regions of the
integrated wakefield amplitude due to the limited range of laser–electron delays measured
(∆τ 6 365ps).

The magnitude of the decay of the integrated wakefield amplitude on long timescales
(∆τ > 500ps) shown in Figure 7.4.7(b) is dependent on the seeding position. This is expected
as trajectory crossing and the subsequent ejection of plasma electrons is a direct result of
the phase mixing induced by the increasing radial density gradient from the cumulative ex-
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citation of the wakefield. When seeding 200ps behind the centre of the proton bunch, the
initial proton bunch density is lower and decreasing along the bunch when compared to the
other two seeding positions. Consequently the wakefield amplitude driven by the modulated
proton bunch is lower as demonstrated in Figure 7.1.2 and simulations indicate that trajec-
tory crossing does not occur until later in the plasma (z > 3m) and further behind the seed
position (∆τ > 300ps). This is exemplified in Figure 7.4.9 which shows the simulated devel-
opment of the radial field outside the plasma boundary (r = 7.5 k−1p ) over the entire plasma
length for the three different seeding positions tested experimentally. The peak amplitude of
the potential induced outside the boundary of the plasma when seeding 200ps behind the
centre of the proton bunch (Figure 7.4.9(a)) is an order of magnitude lower than for the other
seeding positions, indicating far fewer electrons being ejected from the plasma. Therefore,
the long timescale wakefield decay induced by the return of ejected plasma electrons is re-
duced for this seeding position as shown in Figure 7.4.7(b). This was similarly observed in
the experimental measurements shown in Figure 7.4.7(a) where the mean witness energy is
approximately constant with increasing delay when seeding 200ps behind the centre.

In comparison, when seeding 200ps ahead of the centre of the bunch the number of pro-
tons contributing to driving the wakefield is far higher. Larger amplitude wakefields are
driven earlier in the plasma (Figure 7.1.2) and the transverse potential outside the plasma
boundary begins to develop within 2m (Figure 7.4.9(c)). The amplitude of the potential also
exceeds that of the central seeding position shown in Figure 7.4.9(b). Larger on-axis wakefield
amplitudes are driven when seeding 200ps ahead of the centre of the bunch and correspond-
ingly more electrons undergo trajectory crossing and can later return to the plasma and
damp the wakefield on-axis. This results in faster decay of the integrated wakefield ampli-
tude for large laser–electron delays than for the central seeding position as demonstrated in
Figure 7.4.7(b).

In general, the decay of the integrated longitudinal wakefield amplitude on extended
timescales is slower than that of the experimentally-measured mean witness energy. There
are two likely reasons for this:

(i) The definition of the saturation length, zs. For simplicity, a constant value of zs is as-
sumed across the entire range of ∆τ within the calculation of the integrated longitudi-
nal wakefield. As discussed previously the saturation length will vary along the proton
bunch, slightly increasing with increasing ∆τ. A later saturation length reduces the ef-
fective acceleration length of witness electrons that are injected at large laser–electron
delays, further reducing their expected energy at the plasma exit. This motivates the
large range in zs used in the calculations: for smaller values of ∆τ, the witness en-
ergy would be expected to be closer to the upper bound of the integration calculation
(zs = 7.0m) but tends towards the lower bound (zs = 8.0m) as ∆τ increases.

(ii) Use of axisymmetric simulations means that turbulent effects from plasma electron
phase mixing and the return of plasma electrons are likely underestimated leading to
an overestimation of the longitudinal wakefield amplitude, particularly on extended
timescales.
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Figure 7.4.9: Simulated development of the transverse field, W⊥ = Er − cBφ, outside the boundary
of the plasma measured at r = 7.5 k−1p for three seeding positions: (a) 200ps behind the
centre of the proton bunch, (b) in the centre of the proton bunch and (c) 200ps ahead
of the centre of the proton bunch. All images use the same colour scale, logarithmically-
spaced to highlight the difference in magnitude of the field for the three cases.
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Figure 7.4.10: Effect of moving the position of the plasma boundary (rp) in simulation. Upper: Simu-
lated development of the transverse field,W⊥ = Er− cBφ, at a position 0.8mm (2.2 k−1p )
outside the plasma boundary for rp = 1.5mm (a), 2.0mm (b) and 2.5mm (c). (d) Cor-
responding integrated on-axis longitudinal wakefield following self-modulation satura-
tion.

Sensitivity to plasma boundary position

The position of the plasma boundary, assumed to be rp = 2mm in this study, is not mea-
sured experimentally and hence has a large uncertainty. Simulations varying the position of
the boundary between reasonable experimental limits, rp = 1.5→ 2.5mm, were performed
to investigate the effect of this for a central seeding position and are shown in Figure 7.4.10.
When reducing the boundary position to rp = 1.5mm, a 35% increase in the average ampli-
tude of the field generated outside the plasma boundary was observed as an increased num-
ber of plasma electrons gained sufficient transverse momentum following trajectory crossing
to be ejected from the plasma. In contrast, a 20% drop in the average field amplitude was
observed when increasing the boundary position to 2.5mm. However, a correspondingly
smaller change in the integrated longitudinal wakefield amplitude (%-level) was observed
as shown in Figure 7.4.10(d). Therefore, over the range of positions tested in this study, the
amplitude of the integrated longitudinal wakefield was found to be relatively insensitive to
the exact position of the plasma boundary. Despite this, the position of the plasma boundary
may be expected to have a significant effect on the average witness charge and is discussed
in more detail in the following section.
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7.4.2 Witness capture

The development of the potential outside the plasma boundary also affects the amount of
witness charge captured within the wakefield. As discussed previously in Section 3.4.3, sim-
ulations of witness injection have indicated that a significant fraction of witness electrons
injected at the entrance of the plasma can be defocused near the plasma boundary [239] or by
the seed wakefields driven by the unmodulated proton bunch [246]. These electrons are then
observed to oscillate around or near the boundary of the plasma and continue to propagate
along its length. In addition to this, some witness electrons that are captured in the wakefield
during the initial injection can be lost from the wakefield later in the plasma due to dephas-
ing caused by the continuous evolution of the wakefield phase during self-modulation. In
simulation these electrons leave the plasma quickly and are then also observed to continue
to propagate along the plasma length near its boundary. In this study it was found that sim-
ulations indicate that this population of witness electrons can be re-injected following the
development of the potential induced outside the boundary of the plasma, increasing the
captured charge at the exit of the plasma.

This is demonstrated in Figure 7.4.11 which shows the simulated maps of witness capture
positions along the plasma for the three different seeding positions measured experimen-
tally for variable laser–electron delays. Example witness electron trajectories are additionally
shown in Figure 7.4.12(d); some electrons remain close to the axis and trapped within the
wakefield over the entire plasma length, while others are observed to propagate near the
plasma boundary and are injected following the development of the potential outside the
plasma boundary at z > 5m.

When seeding in the centre of the proton bunch for small laser–electron delays (Fig-
ure 7.4.11 (b), ∆τ 6 200ps), capture only occurs at the position of the initial injection of
the witness bunch at the start of the plasma (z < 1m). This is the region of the proton bunch
ahead of the development of the potential outside the plasma boundary demonstrated in
Figure 7.4.9 (b). However, for ∆τ > 300ps a growing amount of charge is re-injected and
captured in the wakefield later in the plasma (6 6 z 6 9m) with increasing laser–electron
delay. This directly corresponds to the evolution of the electron-attracting potential outside
the boundary of the plasma illustrated in Figure 7.4.9. Similarly, when seeding 200 ps ahead
of the centre of the proton bunch (Figure 7.4.11 (c)), significant re-injection and capture is
observed following the development of the potential outside the plasma boundary (z > 5m).
In this case, an increased fraction is re-injected and captured when compared with seeding
in the centre of the proton bunch, consistent with the larger amplitude potential induced out-
side the plasma boundary demonstrated in Figures 7.4.9 (b) and (c). In simulation, for both
seeding positions, there is not a significant difference in the final energy of witness electrons
that are captured either at the start of the plasma and remain within the wakefield through-
out the entire development of the self-modulation (z < 1m), or those that are re-injected
and captured in the wakefield following the development of the potential outside the plasma
boundary (z > 5m) as shown in Figure 7.4.12. Witness electrons that are captured in the
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Figure 7.4.11: Maps of final injection position for witness electrons from simulations of electron injec-
tion. A separate simulation is performed for each laser–electron delay in 100 ps steps.
The colourscale represents the fraction of electrons that are captured in the wakefield at
a particular z-position, normalised to the total number of witness electrons that are in-
jected at the start of the simulation. A cut on the witness electron energy of E > 84MeV
is used to mirror the experimental conditions for the spectrometer dipole.
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Figure 7.4.12: Simulated evolution of the witness energy for (a) electrons that remain trapped in
the wakefield throughout self-modulation, and (b) electrons that are injected following
development of the electron-focusing potential outside the plasma boundary. (c) Nor-
malised histogram of witness energy at the plasma exit. Values are normalised to the
total number of electrons in each injection population to allow comparison of their dis-
tributions. (d) Example witness electron trajectories in the co-moving frame; the colour
scale represents the z-position of an electron. The black horizontal dashed line repre-
sents the position of the plasma boundary. This simulation corresponds to a central
seeding position with ∆τ = 500ps.

wakefield at the start of the plasma undergo dephasing as the wakefield phase continuously
evolves and are decelerated multiple times before self-modulation saturates at z ≈ 7m, at
which point consistent acceleration is observed. Therefore, the effective acceleration length
for witness electrons captured either at the start of the plasma (Figure 7.4.12(a)) or following
re-injection by the potential outside the plasma boundary (Figure 7.4.12(b)) is similar. This
further motivates using the saturation position (zs = 7.5± 0.5m) as the lower limit within the
calculation of the integrated wakefield in Figure 7.4.7(b) when comparing to experimental re-
sults. The energy distribution of the two injection populations at the plasma exit are shown in
Figure 7.4.12(c) normalised to the number of electrons in each population and demonstrates
a similar energy distribution for both. When seeding 200 ps behind the centre of the proton
bunch, successful capture of re-injected witness electrons late in the plasma is not observed
in simulation (Figure 7.4.11 (a), z > 1m). This is due to the reduced amplitude of the focusing
potential outside the boundary of the plasma in this case, as demonstrated in Figure 7.4.9 (a).

For comparison, identical analysis to that presented in Figure 7.4.12 is performed for a sim-
ulation using a central seeding position and an injection delay of ∆τ = 200ps and is shown
in Figure 7.4.13. In this case, the initial injection position is ahead of the effects from the
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Figure 7.4.13: Identical analysis of simulated witness electrons as in Figure 7.4.12, but for ∆τ = 200ps
for a central seeding position. In this case, no witness electrons are re-injected later in
the plasma as the initial injection position is ahead of the effects due to the onset of
plasma electron ejection.

onset of plasma electron trajectory crossing and ejection as can be seen in Figure 7.4.9(b) and
hence no electrons are re-injected at later propagation distances. The trajectories of randomly
selected witness electrons in the co-moving frame in panel (d) all correspond to electrons
that are captured at the beginning of the plasma and remain within the wakefield, propagat-
ing close to the axis over the entire plasma length. Note also the effect of the difference in
saturation length for the two injection delays in these figures. In panel (a) in Figure 7.4.13,
consistent acceleration of witness electrons is observed after the second rephasing cycle at
z ∼ 7.5− 8.5m, whereas it occurred at approximately z ∼ 7m in Figure 7.4.12(a). The reason
for this has been discussed at length previously, but these results further motivate the use
of a wide uncertainty range on the definition of the saturation length for calculations of the
integrated longitudinal wakefield amplitude in Figure 7.4.7.

Experimentally, corresponding signatures consistent with the seed-dependent effect of wit-
ness re-injection following the development of a radial potential outside the plasma bound-
ary were observed and are demonstrated in Figure 7.4.14. This figure shows (a) the average
witness charge measured experimentally and (b) observed in simulation when varying the
laser–electron delay. A minimum witness energy of 84 MeV at the exit of the plasma was
applied in simulation analysis in order to mimic the spectrometer dipole settings used in
the experiment. When seeding ahead of, or in, the centre of the proton bunch, an increasing
witness charge was measured with increasing laser–electron delay. This is consistent with the
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Figure 7.4.14: (a) Experimental and (b) simulation results demonstrating the mean witness charge as a
function of the laser–electron delay. Trends observed experimentally are consistent with
those produced in simulation. Experimental error bars represent the standard error on
the mean. The horizontal dashed line at 50 fC represents the minimum required charge
measured on the spectrometer screen for an event to be included in the analysis.

evolution of the electron focusing field outside the boundary of the plasma created following
plasma electron ejection (Figure 7.4.9) acting to re-inject witness electrons where they can
be captured within the wakefield. However, when seeding behind the centre of the proton
bunch approximately constant witness capture with increasing delay was observed both ex-
perimentally and in simulations. These experimental observations directly correspond to the
trends predicted by the witness injection simulations for the three seeding positions demon-
strated in Figure 7.4.14(b). For ∆τ = 700ps with a central seeding position, a drop in the
average witness charge is observed both experimentally and in simulation. This corresponds
to a large reduction in the amount of charge captured close to the entrance of the plasma
(z < 1m), as shown in Figure 7.4.11(b). In contrast, when seeding 200 ps ahead of the centre
of the proton bunch a smaller fraction of witness electrons are captured for z < 1m at all ∆τ,
resulting in a more consistent average witness charge at large ∆τ both experimentally and in
simulation as the re-injection mechanism dominates.

As discussed in Section 7.4.1, changing the position of the plasma boundary in simula-
tion results in O(10%) changes in the average amplitude of the transverse field generated
outside the boundary by the expulsion of plasma electrons. While this was not observed to
have a significant effect on the integrated on-axis longitudinal wakefield amplitude in simu-
lation, it may be expected to have a larger effect on the captured witness charge. Reducing
the transverse extent of the plasma and the corresponding increase in the transverse field
amplitude could lead to a greater number of witness electrons gaining enough transverse
momentum outside the plasma boundary to be successfully captured in the wakefield upon
their re-injection into the plasma and vice versa. This could be explored further in future
experiments by varying the ionising laser pulse energy to modify the position of the plasma
boundary [207].
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As expected, the simulations predict average captured witness charges that are more than
an order of magnitude larger than those measured experimentally for geometric reasons dis-
cussed previously. While the development of this re-injection mechanism appears to offer
a method for increasing charge capture experimentally, it is important to note that this sec-
ondary injection is not controlled. It will not result in high quality witness bunches and as
such is not desirable.

Wider implications for AWAKE Run 2

The injection scheme for AWAKE Run 2 differs from that used in Run 1 in order to improve
capture, and aid in the preservation of the emittance and minimisisation of the energy spread
of the injected witness bunch [143]. This will be achieved by splitting the plasma interaction
in two; the proton bunch will undergo self-modulation and reach saturation in a first vapour
source before being transported in vacuum to a second vapour source. Witness electrons will
be injected on-axis in vacuum in the drift section between the two vapour sources, and accel-
erated in the wakefield driven by the proton micro-bunch train in the second plasma section.
The electron beam will be injected into large amplitude wakefields driven by the saturated
micro-bunch train (rather than the seed wakefields in Run 1) and hence will experience large
electron-focusing regions of the wakefield at the entrance of the plasma meaning capture
efficiency should grow significantly. This will reduce the population of witness electrons that
are defocused and end up outside the plasma boundary and hence minimise sources of the
secondary injection mechanism identified in this study that can degrade the witness bunch
quality.

The largest acceleration gradients were observed ahead of the onset of effects created by
trajectory crossing and as such the long timescale wakefield effects explored here are not
expected to limit the accelerating gradient, energy gain or charge capture for AWAKE Run
2. The use of longitudinal plasma density gradients/variations will be limited to the first
vapour source where self-modulation occurs while the second vapour source will have a
constant longitudinal density and hence no further modification of the secondary injection
mechanism would be expected by their use.
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7.5 conclusion

The evolution of the amplitude of the wakefield driven along a self-modulated proton bunch
in plasma is measured experimentally by varying the relative timing of the wakefield seed-
ing position and the injection position of witness electrons. Measurements of the mean wit-
ness energy at the plasma exit demonstrate resonant excitation of the longitudinal wake-
field on timescales below the RMS bunch length. The use of a low plasma density (ne =

2× 1014 cm−3) and a correspondingly narrow drive bunch (σr = 0.53 k−1p ) results in the fast
development of strong radial transverse plasma density gradients. The presence of radial
gradients causes phase mixing and plasma electron trajectory crossing within the wakefield,
leading to the expulsion of plasma electrons. An electron-focusing potential is induced in the
volume outside the plasma boundary and acts to accelerate electrons back into the plasma.
The return of electrons damps the wakefield amplitude while increasing witness capture on
extended timescales.

The seeding position is changed to investigate the effect of the longitudinal wakefield am-
plitude on the development of the electron-focusing potential outside the plasma boundary
showing amplified effects for higher amplitude wakefields and vice versa. Agreement be-
tween the witness energy and charge capture trends observed both experimentally and in
simulation provides evidence that the mechanisms identified in this study are the cause of
the decrease in energy gain and increase in charge capture measured on extended timescales.
This study therefore contributes useful information for optimisation of the acceleration pro-
cess for AWAKE Run 2 and beyond.

It is expected that the occurrence of trajectory crossing within the resonantly excited wake-
field is a result of using a narrow drive beam and hence should be suppressed at higher
plasma densities where the relative transverse beam size is larger. Therefore, to further study
the development of this mechanism, similar measurements could be repeated at a range of
plasma densities. This would allow determination of the relative transverse beam size at
which the experimental signatures associated with trajectory crossing can be observed, thus
providing a useful cross-check with simulation predictions and helping to optimise beam
and plasma parameters for future applications.
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F E W- N A N O S E C O N D P L A S M A WA K E F I E L D E V O L U T I O N

Generally, in PWFA operation, plasma ions are assumed to form a static background due to
their large mass and hence their motion is not usually considered. The timescale on which
their motion should be considered can be approximated in the same way as for plasma
electrons, according to their plasma frequency:

ωpi =

√
niZ2e2

miε0
, (8.0.1)

identical to that of plasma electrons, but with their charge represented by Ze where Z is the
charge of the ion, and mi is the mass of the ion. For a singly-ionised plasma where Z = 1

and ne = ni, the plasma ion frequency is therefore calculated by scaling the plasma electron
frequency by the square root of the electron-ion mass ratio:

ωpi =

√
me

mi
ωpe. (8.0.2)

In the case of hydrogen plasma (mi = mp = 1836me) the timescales therefore differ by
a factor of approximately 40, increasing for plasma species with higher masses. At typical
FLASHForward operating plasma densities of ne ∼ 1015 − 1016 cm−3 in argon (mi = 40mp)
plasma, the characteristic ion timescale is ω−1

pi ∼ 50− 150ps, indicating the motion of ions
driven by the plasma wakefield process will occur over nanosecond timescales. This there-
fore potentially represents an impediment to the ability of plasma wakefield accelerators to
demonstrate repeatable acceleration at high-repetition-rates if their motion does not dissipate
on compatible timescales.

This chapter details measurements performed at FLASHForward within the context of
the X-3 experiment using the beam-based plasma characterisation technique introduced in
Chapter 5 that aimed to investigate the development of ion motion following the wakefield ex-
citation process. Signatures within the probe bunch energy and transverse spectra are used to
identify ion motion evolution, allowing its dependence on the wakefield amplitude, plasma
density and plasma species to be investigated.

8.1 ion motion in pwfa

Previous numerical studies of the effects of ion motion within PWFA have typically been lim-
ited to short timescale effects that occur within the first plasma electron oscillation period as
this can be more easily simulated for reasons discussed in Section 2.3.2. Such motion occurs
for the case of ultra-intense drive bunches where the bunch density is many orders of mag-
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nitude larger than the background plasma density [247]. In this case, the charge density of
the bunch is sufficiently high that ions are attracted towards the axis of propagation within
the excitation period of the wakefield, causing non-linear focusing fields to be generated at
the rear of the cavity and severely degrading the emittance of the trailing witness beam. This
realisation led to the development of alternative acceleration schemes including the tailoring
of the transverse bunch phase space [248], or using multiple plasma sections of reducing ion
mass to adiabatically match the witness bunch into the accelerating section [249], in spite of
the presence of background ion motion to allow the witness bunch quality to still be main-
tained throughout the acceleration process. In contrast, an unexpected benefit of ion motion
was detailed in Ref. [250] where the head-to-tail variation in focusing force created by the
development of ion motion within the wake caused the decoherence of beam slice betatron
oscillations and suppressed growth of the hosing instability. The above examples generally
assume collider-relevant bunch parameters with nano-coulomb charges compressed to tens
of kA peak currents and (sub-)micron-scale normalised emittances and hence represent nor-
malised bunch densities on the order of 104, far beyond those available at FLASHForward.

For more modest bunch parameters, ion motion will not develop within the first wakefield
period, but rather over extended timescales. This is of particular importance for wakefield ac-
celeration concepts based on resonant excitation of the wakefield over multiple periods such
as in the AWAKE experiment [61] or in multi-pulse laser wakefield acceleration schemes [251,
252]. For the AWAKE experiment, it was shown in simulation that even for wakefields excited
in the linear regime, small perturbations in the ion background (δni/n0 ∼ 10−2) induced by
transverse wakefields following the development of self-modulation caused turbulent mix-
ing of plasma electrons and suppressed the wakefield amplitude towards the rear of the
bunch [243, 244]. This effect could be overcome by using a heavier plasma species, motivat-
ing the use of rubidium within the final experiment. However, ion motion effects are still
expected to play a part on extended timescales (∼ns) in Rb at the nominal AWAKE operating
density (n0 = 7× 1014 cm−3), possibly enhancing the wakefield amplitude as wake energy
is redistributed on-axis via the motion of plasma ions [245]. In the measurements presented
in Chapter 7, a lower operating density of n0 = 2× 1014 cm−3 meant such ion motion effects
were not observed in simulation over the nanosecond timescale studied experimentally.

Ion motion on extended timescales has been directly observed in two experiments to date:
a cone-like feature was observed to trail electron bunch-driven wakefields in shadowgraphy
measurements in Ref. [83], while the presence of a transversely propagating plasma bound-
ary over nanosecond timescales was measured using a probe laser pulse propagating at a
shallow angle in Ref. [84]. These two measurements confirm the presence of ion dynamics on
extended timescales following the PWFA process, but do not make any attempt to study its
dependencies on relevant experimental parameters such as the plasma density, drive bunch
current, or plasma species. Nor are they able to comment on the lifetime of the perturbation
created by the motion of ions. The measurements outlined in this chapter attempted to per-
form such studies using an extension to the beam-based plasma characterisation technique
introduced in Chapter 5.
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8.2 generation of non-uniform transverse density profiles

We start by considering the effects of the wakefield on the motion of ions within the plasma.
The wakefield excitation process leads to the development of non-uniform background plasma
densities, in particular the presence of peaks within the transverse density profile. Regions
of high electron density appear at two positions in the wakefield; (i) close to the axis of prop-
agation due to a combination of the intense electron drive and witness beams and the high
density of plasma electrons as they return to the axis at the rear of the wakefield cavities;
and (ii) at the maximum radius of the wakefield cavity as streaming plasma electrons collect
at its boundary. These structures form over the first cavity but remain for multiple wakefield
periods before phase-mixing [97] of plasma electrons causes dissipation of the wakefield
structure as measured in Chapter 7. These regions of high electron density attract plasma
ions and, with their effects, and those of the corresponding transverse fields, averaged over
multiple plasma periods as the wakefield structure is maintained, the ions redistribute with
density peaks appearing close to the axis and at the maximum radius of the plasma wakefield
cavity. In order to maintain quasi-neutrality of the plasma, plasma electrons move with the
ions and non-uniform transverse density structures are produced. The dissipation of these
peaks is driven by the pressure gradients induced in the plasma as a result of the combina-
tion of the local density gradients and the energy imparted to the plasma by the beams. This
energy is mostly transferred to plasma electrons involved in the generation of the wakefield
structure, but is gradually distributed over the plasma bulk via their resultant collisions with
other plasma constituents. Therefore, over extended timescales, the initial sharp ion density
spikes diffuse and the evolving transverse density profile can be approximated by a series
of local parabolic channels, akin to those generated on short timescales within discharge-
ionised plasmas contained in capillaries [63, 65] although over much smaller spatial scales in
this case.

The effect of the wakefield on the transverse plasma density profile can be seen by consid-
ering an analogous process where a region of increased temperature near the axis is imposed
on a background plasma of constant density. The evolution of the plasma can be considered
via the fluid approximation, by solving the continuity and heat equations in one dimension:

∂n

∂t
+
1

r

∂

∂r
(rΓi) = 0, (8.2.1)
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where Γi represents the ion flux density, formed of the sum of ambipolar diffusion and fluxes
due to the presence of density and temperature gradients [228]:
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Figure 8.2.1: Evolution of the transverse (a) plasma density profile and (b) temperature when a 50µm
region of plasma on-axis is heated to 10 eV.

where M and D are the mobility and diffusion coefficients of ions and electrons within
the plasma respectively. An example of such evolution, solved using a fourth-order explicit
Runge-Kutta routine within the matlab pdepe package [253], is displayed in Figure 8.2.1. In
this example, an initial temperature of 10 eV is imposed on a region of width 50µm near the
axis, similar to the local effect of the wakefield excitation that leads to heating of the plasma
within its vicinity. The consequent evolution of the transverse plasma density profile and
temperature are shown in Figure 8.2.1(a) and (b) respectively. The increased temperature
near the axis generates a local pressure gradient and, in an attempt to return to uniform
pressure conditions, the plasma density on-axis rapidly drops while a density peak develops
at the edge of the region of increased temperature. As the plasma continues to evolve, the
off-axis peak dissipates and propagates radially outwards while the on-axis density reaches a
minimum before beginning to return to the initial condition as the heat continues to dissipate
through the plasma bulk.

The timescales over which this evolution occurs in this case are approximately two orders
of magnitude larger than is expected in the case of perturbation by a plasma wakefield. This is
because in reality the wakefield has a much larger perturbative effect on the plasma and this
considerably-simplified model does not consider the effect of the time-averaged transverse
wakefield on the initial motion of plasma ions. However, it demonstrates a prediction for
the types of transverse density profiles that could be induced on extended timescales by
wakefield excitation. After the initial evolution (t > 10ns in this case), the transverse density
profile within the vicinity of the axis can be reasonably well-approximated by a series of
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evolving parabolic profiles. As such, the effect of such parabolic density profiles on the PWFA
process is considered within the following section.

8.3 pwfa on parabolic transverse density profiles

The presence of parabolic transverse plasma density profiles significantly modifies the PWFA
process. Its effect can be derived by considering the blowout regime of plasma accelerators
where the perturbation driven by the bunch is sufficiently large to cause complete cavitation
of the wake with all background plasma electrons expelled, leaving only an ion background.
This section builds on the non-linear wakefield theory introduced in Chapter 2, comparing
the motion of electrons both within the bunch and within the plasma for a uniform ion den-
sity profile with that derived here for a parabolic ion channel. The equation of motion for the
wakefield cavity boundary in a parabolic ion channel is derived, enabling calculation of the
longitudinal and transverse fields within the wakefield following the formalism presented in
Refs. [86, 87].

8.3.1 Electron bunch response

8.3.1.1 Particle motion in a blown-out uniform ion channel

The effect on electrons within the drive and witness bunches can be calculated from the
Lagrangian describing the motion of a single particle in a potential, φ:

L = −mec
2
√
1−β2 + eφ. (8.3.1)

The form of the potential can be found using Poisson’s equation, which for a cylindrically
symmetric system is given by

1
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− e (ni −ne)

ε0
. (8.3.2)

In the case of complete blowout, the electron density ne = 0, giving

φ = −
enir

2

4ε0
. (8.3.3)

The radial equation of motion can be found from the Euler-Lagrange equation,

d

dt
(γmeṙ) = −

e2ni
2ε0

r (8.3.4)

and assuming no accelerating field (γ̇ = 0) for a particle with a small radial velocity when
compared to its longitudinal velocity (i.e. vr � vz ∼ c), giving

r̈ = −ω2βr (8.3.5)
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Figure 8.3.1: Example betatron trajectories in uniform (blue) and parabolic (α = 0.5, orange) transverse
density profiles for identical initial conditions: r0 = 0.5, ṙ0 = 0. The corresponding
transverse density profiles are shown in the right panel.

whereωβ = ωp/
√
2γz0 is known as betatron frequency and represents the frequency at which

electrons undergo transverse oscillations within the large amplitude transverse wakefields.
This has solution

r = rβ cos(ωβt) (8.3.6)

for initial conditions r(t = 0) = rβ, ṙ(t = 0) = 0. The radial oscillations of the particle modify
the longitudinal equation of motion. The previous condition γ̇ = 0 implies that the square of
the electron velocity is constant, i.e.

β2 = β2r +β
2
z (8.3.7)

thus allowing calculation of the effect of radial oscillations on the longitudinal velocity of the
particle. Using the expansion βz =

√
β2 −β2r ≈ β
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2

)
, the z-component of the velocity

can be found to be
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Integrating gives
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8.3.1.2 Particle motion in a blown-out parabolic ion channel

If instead of a uniformly-distributed ion background, the channel has a parabolic shape due
to, for example, ion motion created by the wakefield from a preceding drive bunch, the form
of the potential is modified:
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. (8.3.10)
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where α is a scaling factor that describes the shape of the parabolic channel, ni(r) = ni0(1+
αr2). In this case, the potential becomes

φ = −
eni0r

2

4ε0

(
1+

αr2

4

)
. (8.3.11)

Following the procedure for a uniform channel, the equation of motion of an electron in a
parabolic ion channel is given by

r̈ = −
e2ni0
2meε0γ

r

(
1+

αr2

2

)
(8.3.12)

which can be solved numerically. Using the initial conditions r0 = 0.5, ṙ0 = 0 for a parabolic
channel with α = 0.5, the difference in trajectory between a uniform and parabolic channel is
shown in Fig. 8.3.1. The increasing ion density off-axis modifies the local focusing force and
causes an increase in the resulting betatron frequency ωβ.

Constant longitudinal field

It is possible to also include the effect from a constant longitudinal field by modifying the
Lagrangian to include an extra term in φ such that

∂φ

∂z
= −Ez. (8.3.13)

The equations of motion are again found using the Euler-Lagrange equations and are
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(8.3.14)

d

dt
(γmeż) = −eEz. (8.3.15)

With the introduction of the longitudinal field, the previous assumption γ̇ = 0 is no longer
valid. Therefore Eq. (8.3.14) becomes

γ̇βr + γβ̇r = −
e2ni0
2ε0mec

r

(
1+

αr2

2

)
. (8.3.16)

Equation (8.3.15) can be solved trivially to give

γβz = −
e

mec
Ezt+ γ0β0. (8.3.17)

The electron is considered to be highly-relativistic (βz ≈ 1) and hence

γ̇ = −
eEz

mec
(8.3.18)
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Figure 8.3.2: Example betatron trajectories in uniform (blue) and parabolic (α = 0.5, orange) trans-
verse density profiles for identical initial conditions: r0 = 5µm, ṙ0 = 0 in a background
density of ni0 = 5× 1016 cm−3 with a constant longitudinal field of 10GVm−1 (∼ 0.46E0)
applied. The corresponding energy increase is plotted in grey.

which along with the relativistic assumption can be substituted into Eq. (8.3.16) to give
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Consequently, the radial equation of motion of an electron in a blown out parabolic ion
column described by the form ni(r) = ni0(1+ αr

2) under a constant longitudinal field (Ez)
is

(γ0β0mec− eEzt) r̈− eEzṙ+
e2cni0
2ε0

r

(
1+

αr2

2

)
= 0. (8.3.20)

This equation can be solved numerically and example trajectories for a 1GeV electron in
an accelerating field of 10GVm−1 in a plasma of density n0 = 5× 1016 cm−3 and length
50mm are shown in Figure 8.3.2. For this calculation r0 = 5µm and the parabolic channel is
parameterised by α = 0.5. As the energy of the electron grows due to the longitudinal field,
the frequency of the oscillation decreases while its radius also decreases.

8.3.2 Plasma electron response

The presence of a parabolic transverse density profile has an effect on not only the betatron
oscillations of electrons within the drive and witness beams but also on the formation of
the wakefield itself. This can be seen by considering the modification to the equation of
motion for plasma electrons, derived in Ref. [86, 87], and previously given in Eq. (2.2.19).
As a reminder, this equation was derived using the Dawson sheet model [97] where the
plasma can be treated as being made up of a set of concentric, infinitely-long cylindrical
sheets of electrons and ions. It calculates plasma electron trajectories during perturbation by
the drive beam under the assumption that the total force on any individual electron ring is
due solely to the electrostatic force from the total charge within the ring; i.e. the ion charge,
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(a) (b)

Figure 8.3.3: Solution of Eq. (2.2.22) over 0 6 r 6 1k−1p for a bi-Gaussian drive beam with σr = 0.1,
σz =

√
2 and (a) nb0 = 1 and (b) nb0 = 5. The colour of a given electron trajectory

represents the initial radial position of each electron and is the same for both figures.
The 1 and 2σ contours of the drive beam are plotted using black and grey dashed lines
respectively.

plasma electron charge and drive beam charge. It is only valid under the condition that
the trajectory of a given ring never crosses that of a ring outside of it (i.e. that trajectory
crossing is not observed), and is limited to the non-relativistic limit where vz � v⊥ � c, and
v⊥ ≈ dr/dξ. The leading term in Eq. (2.2.19), −r/2, comes from the background uniform ion
density and as such can be modified for the case of a parabolic density profile. The second
term, c(r0, r, ξ)/r, represents the two-dimensional cylindrical electrostatic force from the total
electron charge within the ring at r and is calculated via Eq. (2.2.20) under the assumption of
no trajectory crossing.

In Chapter 2 it was shown that the equation of motion describing the plasma electron re-
sponse to a bi-Gaussian drive bunch is given by Eq. (2.2.22). This equation of motion can be
solved numerically to give the plasma electron response as shown in Fig. 8.3.3. In this figure,
the response of plasma electrons to a bi-Gaussian drive beam with σr = 0.1, σz =

√
2 and

(a) nb0 = 1 and (b) nb0 = 5 is solved assuming a uniform background ion density. In (a),
formation of the wakefield structure due to the perturbation by the drive beam can be ob-
served, with trajectories converging towards the rear of the cavity. In (b), the increased drive
beam density perturbs the plasma more strongly and evacuation of the wakefield structure
is observed towards the rear of the drive bunch. In this case, significant trajectory crossing is
observed at the extremities of the blown-out cavity thanks to the strong perturbative effect
from the high-density drive bunch and hence the solution is not strictly valid. However, it
is still somewhat representative of the wakefield cavity produced by the bunch and can be
used to qualitatively compare to the case of a parabolic ion density profile.

Extending the equation of motion, Eq. (2.2.22), to account for parabolic density profiles can
be simply implemented by considering the modification of the focusing force on a plasma
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(a) (b)

Figure 8.3.4: Solution of Eq. (2.2.22) with modifications for a parabolic ion density profile outlined in
Eqs. (8.3.21) & (8.3.22) for α = 1.0.

electron due to the parabolic ion channel. From the modification to the potential, Eq. (8.3.10),
this becomes
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2
r2
)

(8.3.21)

and a similar modification must be made to c(r0, r, ξ) to account for the change in transverse
density profile
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The equation of motion, Eq. (2.2.22), is otherwise identical and again can easily be solved
numerically as shown in Fig. 8.3.4 for identical conditions as in Fig. 8.3.3 but with a parabolic
density profile parameterised by α = 1.0. In this case, the increased focusing at larger radii
reduces the transverse extent of trajectories of electrons strongly perturbed by the drive beam.
This additionally reduces the longitudinal extent of the wakefield cavity and as such signifi-
cantly modifies the wakefield amplitude. Note also that the introduction of a non-linear term
into the form of the transverse wakefield in Eq. (8.3.21) will prohibit emittance preservation
of a witness bunch accelerated within the wakefield, reducing the bunch quality and high-
lighting the need for uniform transverse density profiles to achieve high-quality acceleration.
This therefore indicates that any ion motion perturbation must dissipate before subsequent
acceleration events can occur to demonstrate repeatable acceleration at high-repetition-rates.

8.3.3 Wakefield cavity shape

The previous derivation can be extended to non-linear theory and applied to the perturba-
tion from high-density drive bunches through use of the quasi-static approximation, as was
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discussed in Chapter 2. There, the solution for the boundary of the plasma bubble (rb) on
a uniform ion background was found from solving the relativistic equation of motion for
a plasma electron, Eq. (2.2.37), for the wakefield pseudo-potential described by Eq. (2.2.33).
This reduced to solving Eq. (2.2.38) with coefficients given by Eqs. (2.2.39) – (2.2.41). A similar
derivation can again be made but for the case of the parabolic transverse density profile given
by ni(r) = ni0(1+ αr

2). In this case, the pseudo-potential within the cavity has a different
form:
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such that at the boundary of the wakefield cavity, the pseudo-potential is now given by
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where β is again given by Eq. (2.2.34). The above equation can then be inserted into Eq. (2.2.37)
to calculate the equation of motion for a plasma electron at the boundary of the cavity. In
this case, the LHS of the equation is given by
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while the major change to the RHS is introduced by the updated form of σ = −(1/2)dψ0/dξ

such that,
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Inserting these terms into Eq. (2.2.37) gives a similar equation to that found for the uniform
case [Eq. (2.2.38)] but now includes an additional term that arises due to the form of the
parabolic profile:
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16
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, (8.3.27)
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while the coefficients are also modified:
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Note that Eq. (8.3.27), and all coefficients within, return to the uniform case given in Eq. (2.2.38)
when α = 0 as expected. The longitudinal field within the wakefield cavity can again be
found via the relation

Ez(r, ξ) =
dψ(r = 0, ξ)

dξ
, (8.3.31)

and hence is given by
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for a uniform ion background and
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4

)
(8.3.33)

in the case of a parabolic density profile. Therefore, once Eq. (8.3.27) is solved, the solution
for rb can be inserted into Eq. (8.3.33) to determine the form of the longitudinal field for a
wakefield driven within a parabolic radial ion density profile.

In the case of an ultra-relativistic blowout, nb � ne, the maximum radius of the wakefield
cavity exceeds the plasma skin-depth, i.e. rm � k−1p , and the width of the cavity far exceeds
that of its surrounding sheath. In this case, β � 1 and the coefficients in the equations of
motion can be vastly simplified. For both a uniform and parabolic transverse ion density
profile they reduce to

A(rb) = Ap(rb) =
1

4
r2b, (8.3.34)

B(rb) = Bp(rb) =
1

2
, (8.3.35)

C(rb) = Cp(rb) =
1

4
, (8.3.36)
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Figure 8.3.5: (a) Numerical solution to Eq. (8.3.37) (grey, dashed) and Eq. (8.3.38) (coloured) for in-
creasing values of α demonstrating narrowing and shortening of the wakefield cavity.
(b) The solutions from (a) are inserted into Eq. (8.3.31) to calculate the longitudinal field
within the cavity.

leading to the familiar equation of motion [86, 87]
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for a uniform background ion density and
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4λ(ξ)

r2b
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for a parabolic ion density profile. Equations (8.3.37) and (8.3.38) are solved in Figure 8.3.5(a)
for increasing values of α = 0− 0.5, demonstrating narrowing and shortening of the wake-
field cavity with increasing curvature as previously observed with regards to the discussion
of plasma electron trajectories in Section 8.3.2. The calculation assumes a bi-Gaussian electron
bunch of RMS length kpσz = 1, width kpσr = 0.1, and charge 3.8nC centred at ξ = −3 k−1p
on a background plasma density of n0 = 1016 cm−3.

The solutions to the equations of motion are then inserted into Eq. (8.3.31) to calculate the
longitudinal wakefield within the cavity and are shown in Figure 8.3.5(b). The addition of the
parabolic profile shifts the position of the zero-crossing of the longitudinal field, defined by
the position of maximum extent of the wakefield cavity i.e. drb/dξ = 0, forwards within the
wakefield and correspondingly increases its amplitude in the shortened decelerating region
while increasing its gradient, dEz/dξ, beyond this and introducing additional curvature to
the form of the longitudinal field towards the rear of the cavity. As discussed before, the
transverse wakefield within the parabolic ion cavity also includes a non-linear term and
is given by Eq. (8.3.21). These two modifications to the form of the wakefield within the
cavity have the potential to alter both the ability of the witness bunch to optimally load
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Figure 8.3.6: Effect of the introduction of a parabolic transverse density profile parameterised by α = 1

on the wakefield driven by a bi-Gaussian bunch of charge 310pC and RMS length 95 fs
(Ipk ∼ 1 kA) in a plasma of density n0 = 1016 cm−3 according to PIC simulations per-
formed using HiPACE. (a) Plasma electron (blue) and bunch (orange) density maps. (b)
On-axis longitudinal field (blue) and transverse field (orange) measured at 0.4 k−1p for
α = 0 (dashed) and α = 1 (solid). These positions are represented by the dotted-dashed
lines in (a) for reference.

the wakefield and the evolution of its transverse emittance during propagation through the
plasma.

The theoretically-predicted effects of introducing parabolic transverse density profiles are
confirmed via PIC simulations of the wakefield driven by a bi-Gaussian electron bunch with
parameters similar to those expected in the FLASHForward experiment as shown in Fig-
ure 8.3.6. The electron bunch has a charge of 310pC with an RMS bunch length of 95 fs,
giving a peak current of approximately 1 kA. The bunch is focused at the plasma entrance
(n0 = 1016 cm−3) with a β-function of 30mm in x and y assuming a transverse normalised
emittance of εN = 2mm·mrad. Figure 8.3.6(a) shows the plasma electron (blue) and bunch
(orange) density maps, demonstrating that the introduction a parabolic density profile param-
eterised by α = 1 (lower half) has the expected effect on the wakefield cavity shape, signifi-
cantly reducing both its transverse and longitudinal extent. Figure 8.3.6(b) shows the effect on
the longitudinal on-axis field (blue) and the transverse field calculated at r = 0.4 k−1p ≈ 20µm
(orange) with the case of the uniform density profile plotted using dashed lines and that of
the parabolic density profile plotted using solid lines. Similarly to Figure 8.3.5(b), the peak
decelerating field grows in amplitude for α = 1 while the position of the zero-crossing is
moved forwards within the cavity and the form of the longitudinal field develops a curva-
ture towards the rear of the cavity that is not seen in the case of the uniform density profile.
The amplitude of the transverse field within the cavity also increases by approximately 8%
from 2.05GVm−1 (α = 0) to 2.22GVm−1 (α = 1), consistent with the expected scaling of
1+ (α/2)r2 = 1.08 at r = 0.4 k−1p predicted in Eq. (8.3.21).

This section has demonstrated that significant modifications to the wakefield excitation
process are expected when a parabolic radial density profile is present within the plasma.
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The beam-based measurement technique introduced in Chapter 5 therefore seems an ideal
diagnostic, as modifications to the longitudinal and transverse fields within the cavity will
present themselves within measurements of the energy and transverse spectra of the probe
bunch after its interaction with the plasma. Such measurements are the subject of the follow-
ing sections within this chapter, enabling the study of wakefield-induced ion motion within
plasma over nanosecond timescales and beyond.
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Figure 8.4.1: Cartoon representing the beam-based perturbed plasma measurement scheme. In the
"cold" plasma scheme, the probe bunch pair samples the evolution of an unperturbed
plasma with respect to a reference time. In the "perturbed" plasma scheme the probe
bunch pair samples the plasma state following the passage of a high peak current drive
bunch pair at the reference time. Differences in both the energy and transverse spectrum
of the probe bunch between the "cold" and "perturbed" plasma states allow determination
of the extended timescale effect of the PWFA process on the plasma.

8.4 extension of the beam-based plasma measurement technique

The beam-based perturbed plasma measurement technique is a simple extension to the tech-
nique outlined in Chapter 5 and uses two drive-witness bunch pairs with a small, variable
separation to probe plasma evolution on extended timescales. As discussed in Chapter 4,
multiple photocathode lasers are available within the FLASH facility, allowing two electron
bunches with similar parameters to be produced at the cathode and accelerated and trans-
ported to the FLASHForward experimental area with temporal separations at the frequency
of the super-conducting RF cavities within the FLASH beamline: multiples of 1.3GHz (769ps)
up to the length of the RF flat top, approximately 800µs.

The measurement principle, illustrated in Figure 8.4.1, represents a simple drive-probe
system, where the first ("drive" or "leading") bunch pair drives a large amplitude wakefield
(GVm−1) and the second ("probe") bunch pair samples the plasma state at variable times
behind the first. By measuring both the energy and transverse spectra of the probe bunch
pair after interaction with the plasma both with ("perturbed"), and without ("cold" or "unper-
turbed"), the presence of the leading bunch pair, the effect of the leading bunch pair on the
plasma can be ascertained.

8.4.1 Spectrometer signal subtraction

For small temporal separations between the leading and probe bunch pairs, the spectrometer
signals overlap due to the decay rate of the scintillating material, approximately 100ns for
the LYSO crystal used in these experiments. In order to retrieve the signal of the probe bunch
pair for bunch separations where the signals overlap, a signal prediction and subtraction
technique was developed. For each measurement, three different datasets were taken:

1. "Subtraction" dataset: a high-statistics (typically > 100 shots) dataset, recording only the
leading bunch pair signal on the spectrometer following its interaction with the plasma.
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Figure 8.4.2: Example subtraction dataset for the interaction between a leading bunch pair and argon
plasma. (a) Waterfall image of the energy spectrum of all 200 events in the dataset. (b)
Average spectrometer image. (c) Histogram of the drive bunch mean energy following
plasma interaction. (d) Histogram of the witness bunch mean energy following plasma
interaction.

2. "Perturbed" dataset: a scan of the temporal separation between the two bunch pairs
over the desired range, recording both the leading and probe bunch pair signals on the
spectrometer. Typically 50 shots per bunch separation.

3. "Cold" dataset: a repeat of the "perturbed" dataset scan but with only the probe bunch
pair present, recording its signal on the spectrometer.

The subtraction dataset is then used in post-analysis to predict the signal from the lead-
ing bunch pair in the perturbed dataset. This allows subtraction of its predicted signal to
leave only the probe bunch signal in the case of a perturbed plasma. An example subtrac-
tion dataset is shown in Figure 8.4.2 for the interaction between argon plasma at a backing
pressure of 10.6mbar and the leading bunch pair used in ion motion studies presented in
Sections 8.6.1 and 8.6.2.

A subtraction method such as this can only be used if the interaction between the bunch
and plasma is stable on a shot-to-shot basis, typically an issue for plasma-based accelerators
due to the complexity of the non-linear plasma interaction and its sensitivity to the bunch
profile. However, Figure 8.4.2 is an example of the stability of the plasma acceleration process
achieved as a result of the stability of both the electron bunch profile provided by the FLASH
accelerator, and the plasma profile produced by the high-voltage discharge. The mean energy
of the drive bunch following interaction with the plasma was measured to be µE = 1030.5±
0.6MeV, an energy-jitter-to-loss ratio of approximately 3% across 200 events. The witness
bunch mean energy following plasma interaction was measured to be µE = 1097.5± 2.2MeV,
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Figure 8.4.3: Similarity of the predicted bunch profile and that of spectrometer images from indi-
vidual events. Upper: average relative pixel difference between the predicted and true
bunch profile for the dataset shown in Figure 8.4.2. Grey data points represent the av-
erage deviation over the entire bunch profile, whereas blue data points correspond to
the decelerated drive bunch only. The grey and blue shaded regions represent the stan-
dard deviation across the dataset for the entire bunch and drive regions respectively.
Lower: three example bunch profiles showing the difference between the predicted and
true spectrometer signal calculated according to Eq. (8.4.1). The average relative pixel
difference for the three events are: −0.014 (left), 0.081 (centre) and 0.167 (right).

giving a slightly larger energy-jitter-to-gain ratio of approximately 5%. The reason for the
increased jitter of the witness bunch is discussed in detail later.

Given the few-percent repeatability of the plasma interaction, a bunch signal subtraction
technique was developed that predicted the signal that would be associated with the leading
bunch pair. This was used in events where both the leading and probe bunch pair signals
overlap on the spectrometer image to allow reconstruction of only the probe bunch signal.
The predicted signal represented an average bunch profile calculated via a charge-weighted
combination of all events in the subtraction dataset, an example of which is shown in Fig-
ure 8.4.2(b). In order to estimate the uncertainty introduced by the use of this "predicted
bunch" subtraction technique, the predicted spectrometer signal profile was compared to the
true bunch profiles from the subtraction dataset. For each event, the average bunch profile
is rescaled according to its measured bunch charge and compared to the true spectrometer
signal on a pixel-by-pixel basis:

〈δn〉 =
∑
i,j

(
nij − ñij
ñij

)/
N , (8.4.1)
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where i and j represent the rows and columns of the spectrometer image, nij is the true
pixel count, ñij is the predicted pixel count from the rescaled average bunch image and N
is the number of pixels in the signal region identified using the background subtraction
routine described in Section 5.3.2. An example of the result of this calculation is shown in
Figure 8.4.3. The top panel shows the calculated 〈δn〉 for each event in the subtraction dataset
shown in Figure 8.4.2. Despite the previously discussed stability of the energy projection of
the bunch spectrum, there is significant variation in the average relative pixel difference
across the dataset. Closer analysis of the differences in the predicted and true bunch profiles
(Figure 8.4.3, lower panel) reveals that the majority of the difference in signal corresponds to
the accelerated witness bunch. This is expected as the exact form of the wakefield experienced
by a bunch slice is an integral over all preceding bunch slices. Therefore, subtle changes in
the position or current of each bunch slice due to, for example, small fluctuations in the laser
spot profile on the photocathode or RF jitters in the conventional accelerating cavities, are
amplified along the bunch as it interacts with the plasma. It is the bunch tail that experiences
the accelerating phase of the wakefield and is most sensitive to these jitters, resulting in larger
shot-to-shot variability in this region of the spectrometer signal. The averaging procedure has
the effect of blurring the shot-to-shot witness energy jitter observed in Figure 8.4.2(a) and
leads to larger witness energy spreads in the averaged image that contribute significantly
to the difference between true and predicted images. The average relative pixel difference is
shown to reduce considerably when considering only the drive bunch, represented by the
blue data points in the upper panel of Figure 8.4.3. In this case, the standard deviation of
〈δn〉 across the dataset is found to be σ = 0.02 compared to σ = 0.07 when including the
accelerated witness bunch in the analysis. Three examples of the pixel-by-pixel difference
between the true and predicted bunch profiles are shown in the lower panel of Figure 8.4.3,
corresponding to 〈δn〉 = −0.014 (left), 0.081 (centre) and 0.167 (right). These represent cases
where the average relative pixel difference is close to its smallest (left) and largest (right)
for comparison. Clearly, the variation within the drive bunch is much reduced compared to
that in the witness bunch where the energy spread is overestimated due to the averaging
procedure. The measured standard deviation of the average relative pixel difference is then
used as an estimate of the fractional uncertainty introduced within the subtraction method;
7% for this particular dataset. This value is calculated for each separate subtraction dataset
and is typically in the range of 5− 10%.
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8.5 observed ion motion signatures

Throughout experimentation, four signatures were consistently observed in the electron spec-
trometer measurements of the probe bunch pair following their reconstruction.

1. Oscillations in the witness beam transverse size.

2. Modifications to the energy of slices that are maximally focused by the quadrupoles.

3. Perturbations to the witness bunch energy spectrum.

4. Perturbations to the drive bunch energy spectrum.

Possible causes for these signatures and their implications for learning about the evolution
of the ion distribution within the plasma are now discussed.

8.5.1 Witness beam size oscillations

Figure 8.5.1 shows typical projections of the witness bunch spectra in the transverse (non-
dispersive) plane of the electron spectrometer as a function of the separation between the
drive and probe bunch pairs. In this dataset the spectrometer quadrupoles image at an en-
ergy of 1100MeV, close to the mean energy of the witness bunch. The upper panel shows
this projection in the cold measurement scheme where only the probe bunch pair undergoes
interaction with the plasma. The witness bunch transverse size is approximately constant
across the entire 47ns measurement range. In comparison, the projections of the perturbed
plasma scheme show significant oscillations in the transverse size of the witness bunch. In
this case, measurements were performed at two different imaging energies as the witness
bunch mean energy was observed to significantly change as a function of the separation be-
tween the drive and probe bunch pairs as is discussed in more detail later. The middle panel
shows the transverse projection of the witness bunch at an imaging energy of 1100MeV, the
same as in the top panel, while the lower panel shows it for an imaging energy of 1040MeV.
While the absolute value of the beam size in the plane of scintillating screen differs signifi-
cantly for the two imaging setups, consistent oscillations can be observed when compared to
the cold plasma scheme as shown in Figure 8.5.2. This figure shows the relative perturbation
to the witness bunch size, ∆σ̃x, calculated according to:

∆σ̃x =
σx,p − σx,c

σx,c
(8.5.1)

as a function of the separation between the drive and probe bunch pairs. σx,p represents the
RMS transverse bunch size for the "perturbed" scheme and σx,c represents the RMS transverse
bunch size for the "cold" scheme.

The measured bunch size at the scintillating screen will be a function of both the imag-
ing setup and the divergence of the witness bunch at the plasma exit. As discussed in
Section 8.3.1, electrons within the bunches undergo betatron oscillations as they propagate
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Figure 8.5.1: Comparison between typical cold (upper) and perturbed (middle and lower) scheme
transverse spectra indicating signatures of ion motion. (1) Oscillations in the witness
beam size. The perturbed scheme measurements are performed at two different imaging
energies; 1100MeV (middle) and 1040MeV (lower). The cold scheme measurement is
performed at an imaging energy of 1100MeV.

within the plasma as the large amplitude transverse wakefield acts on them. The frequency
of these oscillations, ωβ, depends on the energy of an individual particle via:

ωβ =
ωp√
2γz

. (8.5.2)

Therefore, slices of the bunch with different energies undergo oscillations at different frequen-
cies and exit the plasma at different phase advances of their betatron oscillation. Consider
the evolution of a single energy-slice of a bunch at position ξ1 within the co-moving frame;
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Figure 8.5.2: Perturbations to the transverse witness bunch size as a function of the separation between
the drive and probe bunch pairs for two different imaging energies: 1100MeV (orange)
and 1040MeV (blue).

its transverse size continually oscillates as it propagates through the plasma. Its divergence
is given by dσx(ξ1)/dz and depends on its betatron phase advance [254]:

φ(ξ) =

∫Lp
0

kβ(ξ, s)ds =
1

c
√
2

∫Lp
0

ωp(s)

[
γ0 +

eEz(ξ)

mc2
s

]−1/2
ds, (8.5.3)

where kβ = ωβ/c, Lp is the plasma length, γ0 is the initial slice relativistic factor and Ez(ξ) is
the magnitude of the longitudinal field at slice ξ. If at the plasma exit the slice has undergone
an integer number of oscillations, that is its phase advance φ(ξ1) ≈ nπ where n ∈ Z, it will
leave the plasma with a large beam size and hence minimal divergence. Particles from this
slice will be captured and focused by the spectrometer quadrupoles to a small size on the
scintillating screen and correspond to regions of maximal intensity. In contrast, a different
slice (ξ2) will experience a different longitudinal field and exit the plasma with a betatron
phase advance of φ(ξ2) = (n− 1/2)π such that it is at a spot-size minimum at the plasma
exit. In this case, its divergence at the plasma exit is large and it is imaged to a large spot size
on the scintillating screen with reduced intensity.

In this experiment, the operating parameters were chosen such that the witness bunch is
close to optimally-loading the wakefield in the unperturbed plasma and hence maintains a
small energy spread over the acceleration length. Therefore, the amplitude of the longitudi-
nal field is approximately constant over the length of the witness bunch (Ez(ξ) ≈ Ez) and
hence there should not be significant shifts in the betatron phase advance of different slices
of the witness bunch. This implies that oscillations in the transverse size of the witness bunch
as a function of the bunch separation are instead mainly a result of changes in the on-axis
plasma density that the probe bunch pair experiences, i.e. via theωp(s) term in Eq. (8.5.3). As
discussed previously, after the leading drive-witness pair propagate through the plasma, the
plasma ions are redistributed and a series of approximately parabolic channels are expected
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Figure 8.5.3: Simulated development of the witness bunch divergence as a function of propagation
distance for three different background plasma densities: 8× 1015 cm−3 (grey, squares),
1.0× 1016 cm−3 (blue, circles) and 1.2× 1016 cm−3 (black, crosses).

to evolve. Over this nanosecond timescale, there is not expected to be significant re-ionisation
or decay of the plasma and hence the total number of ions in the region close to the propaga-
tion axis should remain approximately constant. Therefore, to develop large peaks off-axis,
ions from close to the axis must propagate outwards, leading to a correspondingly lower
on-axis density. The probe bunch pair will propagate through this lower on-axis density and
hence experience a different plasma frequency, ωp, and acquire a different betatron phase
advance at the plasma exit. As the parabolic profile dissipates due to its intrinsic pressure
gradient, the on-axis density gradually returns to its original value assuming no further ion-
isation or recombination occurs.

The effect of this is shown in Figure 8.5.3 which plots the simulated evolution of the witness
bunch divergence for an identical bunch propagating in three different background plasma
densities. The divergence of the bunch oscillates as a function of the propagation distance,
with faster oscillation frequencies observed for higher plasma densities as ωβ ∝ ωp ∝

√
ne.

The effect of the plasma density on the betatron phase advance can be seen by considering a
fixed plasma length; for example, let Lp ≈ 32mm. At this point in the propagation length, at
a density of 0.8× 1016 cm−3 the divergence is close to a local maximum and hence a maximal
transverse beam size and minimum intensity would be measured on the spectrometer screen.
In contrast, a divergence minimum is observed for a plasma density of 1.2× 1016 cm−3 and
would correspond to a transverse beam size minimum and intensity maximum at the scintil-
lating screen. Therefore, oscillations in the transverse size of the witness bunch as measured
in Fig. 8.5.2 allow the reconstruction of the evolution of the on-axis density experienced by
the probe bunch, provided that the bunch profile is sufficiently well known to be simulated
accurately. This method additionally relies on the assumption that the plasma length remains
constant for different separations between the leading and probe bunch pairs, a reasonable
assumption over the few-nanosecond timescales considered.
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Figure 8.5.4: Comparison between typical cold (upper) and perturbed (lower) scheme energy spectra
indicating signatures of ion motion. (2) Perturbation to the spectral "focal" lines. (3) Per-
turbation to the witness bunch energy. (4) Perturbation to the drive bunch energy. The
imaging energy is fixed at 1100MeV for both measurements.

8.5.2 Drive bunch focal line perturbations

The second signature corresponds to perturbations in the energies of slices that are maximally
focused in the drive bunch energy spectrum, represented by the (2) marker in Figure 8.5.4.
While the witness bunch is short and loads the wakefield such that the variation in longi-
tudinal field along its length is minimised, the same is not true of the drive bunch which
experiences a large range of wakefield phase and hence longitudinal field amplitude. This
means the betatron phase advance [Eq. (8.5.3)] varies significantly across the drive bunch
at the plasma exit and the divergence of individual energy slices similarly varies. In the
cold measurement scheme (upper panel) this leads to the observation of constant horizontal
lines of increased intensity in the decelerated drive bunch spectrum, corresponding to energy
slices that are minimally-divergent at the plasma exit and hence are focused to maximal in-
tensity on the scintillating screen. Experimentally, these lines have been observed to appear
at approximately constant energies over order of magnitude changes to the plasma density
(not shown here), indicating that the amplitude of the transverse wakefield that leads to their
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Figure 8.5.5: Simplified drawing demonstrating the effect of the betatron phase of individual energy
slices on the beam size and intensity on the scintillating screen. Two different energy
slices (blue and orange) undergo different numbers of betatron oscillations within the
plasma, exiting with maximal (minimal) divergence. The capture optics then focus the
slices to minimal (maximal) beam sizes on the screen. Example spectrometer images are
shown demonstrating regions of maximal and minimal intensity represented by orange
and blue arrows respectively. Shifts in the position of the regions of maximal intensity
can be observed between the cold and perturbed measurement schemes.

appearance is independent of the background plasma density and is rather a function of
only the bunch density. This suggests a (quasi-)linear wakefield regime and is attributed to
the head of the bunch which typically has a larger emittance (and hence lower density) due
to coherent synchrotron radiation effects induced during the transport of the bunch to the
plasma, and hence drives a weaker wakefield. The position of lines of increased intensity
within the energy spectrum are additionally only observed to remain constant for slices that
lose only a small amount of energy, again indicating that low amplitude wakefields cause
their appearance.

In contrast, the positions and intensities of these focal lines are observed to move as a
function of the bunch separation in the perturbed measurement scheme. The largest changes
in focal energy observed in Figure 8.5.4 occur close to the maximum perturbation to the
drive bunch mean energy at a bunch separation of around 10ns (when compared to the cold
measurement scheme) before slowly returning to their original energy as the perturbation to
the drive bunch mean energy similarly decays. As discussed in Sec. 8.3.1, the introduction
of parabolic density profiles will modify the betatron oscillation frequency of energy slices
of the bunch due to the increased off-axis focusing from the radially-increasing ion density.
This modifies the betatron phase advance [Eq. (8.5.3)] of all energy slices such that, for a fixed
plasma length, a different energy slice will have undergone an integer number of betatron
oscillations and exit the plasma at a divergence minimum to be focused to a minimum size
and maximal intensity on the spectrometer screen. This is exemplified in Fig. 8.5.5 which
illustrates the divergent-dependent focusing on the spectrometer screen for two different en-
ergy slices. In the example bunch image in the cold measurement scheme shown in the right
of the figure, there is a clear modulation in the intensity of the spectrometer image, indicated
by orange and blue arrows, corresponding to energy slices of the bunch that are maximally
and minimally divergent at the plasma exit. A similar intensity modulation is observed in
the perturbed measurement scheme, however the position of the intensity maximum has
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Figure 8.5.6: Mean energy evolution for the cold (blue) and perturbed (orange) measurement schemes
of the drive (crosses) and witness (circles) bunches shown in Fig. 8.5.4. The error bars
represent the standard error on the mean.

shifted to a lower energy due to the change in betatron oscillation frequency induced by the
non-uniform transverse density profile.

The energies at which maximal intensities are measured in the perturbed energy spectrum
can be determined and compared to those in the unperturbed plasma spectrum. This shift in
focal energy, in combination with Eq. (8.3.20), can be used to reconstruct the curvature of the
parabolic density profile at each bunch separation, α(∆τ).

8.5.3 Energy perturbations

The final signatures observed experimentally are the perturbations to both the witness and
drive bunch mean energy, represented by the (3) and (4) markers in Figure 8.5.4, indicative of
the modification of the longitudinal wakefield structure by the continuously evolving trans-
verse density profile as discussed in Section 8.3.3. The extracted mean energy of the drive and
witness bunches as a function of the separation between the drive and probe bunch pairs are
plotted in Fig. 8.5.6. In the cold measurement scheme, the drive bunch energy is observed to
slowly trend upwards over the entire measurement range while the witness bunch mean en-
ergy slightly decreases, a result of the recombination of the plasma leading to slightly lower
interaction densities. In contrast, the perturbed witness bunch mean energy initially reduces
when compared to the cold plasma measurement scheme, reaching a minimum at around
10ns, before tending back towards the unperturbed value. A corresponding increase in the
mean energy of the drive bunch is similarly observed over this timescale, clearly demonstrat-
ing the evolution of the ion motion perturbation as it builds over the first few nanoseconds,



few-nanosecond plasma wakefield evolution 213

Figure 8.5.7: Evolution of the relative perturbative effect, ∆µ̃p, calculated via Eq. (8.5.4), for the mea-
surements presented in Figure 8.5.6. The perturbation to the witness bunch is marked
with black circles while the perturbation to the drive bunch is marked with grey crosses.

peaks after approximately 10ns in this case, and then dissipates over the following tens
of nanoseconds. At the shortest bunch separations (∆τ = 0.77, 4.62ns), the majority of the
charge of the witness bunch is not successfully transported through to the spectrometer (as
can be seen in Figure 8.5.4) and hence the witness bunch is not correctly identified by the
automated image analysis algorithm.

The relative perturbative effect induced by ion motion can be calculated from measure-
ments of the drive and witness bunch mean energies (Figure 8.5.6) via the equation

∆µ̃p =
µE,c − µE,p

µE,c · Lp
, (8.5.4)

where µE,c and µE,p are the mean energies of the (drive or witness) bunch in the cold and
perturbed measurement schemes, and Lp is the plasma length, here assumed to be equal to
the length of capillary, 50mm. This is shown in Figure 8.5.7 and again demonstrates growth
of the perturbative effect over the first few nanoseconds, a peak at around 10ns, and dissipa-
tion over tens of nanoseconds. The perturbative effect is significantly greater in the case of
the witness bunch as it is short with respect to the wakefield cavity and experiences only a
small region of the evolving longitudinal wakefield, whereas the longer drive bunch is sub-
ject to the majority of the decelerating phase and hence is less sensitive to small changes. The
use of a relative perturbation metric facilitates easy comparison between measurements per-
formed to investigate the dependency of the ion motion signatures on different experimental
variables and is explored in Section 8.6.

The evolution of the plasma ion distribution induced by the leading bunch pair creates a
combination of non-uniform transverse density profiles and a changing on-axis plasma den-
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Figure 8.5.8: Simulated comparison between the wakefield driven in a uniform transverse density pro-
file (n0 = 5.6× 1015 cm−3) and that with a parabolic profile parameterised by α = 1.3.
The upper half of the image represents the plasma electron density (ne) in the uniform
density case, whereas the lower half represents the parabolic density case. The bunch
density (nb) is plotted in grey and is identical in both simulations. The on-axis longitu-
dinal wakefield is overlaid in blue (uniform) and orange (parabolic).

sity that significantly alters the wakefield structure driven, and experienced, by the probe
bunch drive-witness pair as shown in Section 8.3.3. As the ion channel deepens over the
first few nanoseconds, the on-axis density reduces leading to a reduction in the wakefield
amplitude and lengthening of the wakefield cavity. This additionally modifies the relative
phase of the witness bunch within the wakefield, further reducing the accelerating gradient
it experiences. In contrast, as discussed in Sec. 8.3.2, the presence of parabolic transverse den-
sity profiles act to truncate the wakefield cavity due to the increased focusing off-axis. The
effect of this is shown in Figure 8.5.8 which compares the simulated wakefield response to
an identical drive-witness pair for two cases: (i) a uniform transverse density profile (upper),
n0 = 5.6× 1015 cm−3, and (ii) a parabolic density profile (lower) of the same on-axis density
but with curvature parameterised by α = 1.3. In the case of the parabolic profile the wake-
field cavity is truncated as predicted in Section 8.3.2 and this significantly modifies the form
of the on-axis longitudinal wakefield profile, plotted as solid lines. The peak decelerating
field amplitude is increased by approximately 25% in the parabolic case and the position of
the zero-crossing shifts forwards within the wakefield cavity, as previously discussed in Sec-
tion 8.3.3. This alters the relative phase of the witness bunch within the field and allows it to
significantly load the wakefield, simultaneously increasing its energy and reducing its energy
spread at the plasma exit relative to the uniform case. This effect is observed experimentally
(Figure 8.5.4) as the energy spread of the witness bunch remains small as the perturbation
evolves despite the large change in on-axis density experienced by the probe bunches.
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8.5.4 Transverse plasma density profile reconstruction

The four signatures described above can be used to reconstruct the evolution of the transverse
plasma density. This is because the two parameters required to reconstruct the parabolic
shape, ne0 and α, can be independently determined. The evolution of the on-axis density,
ne0, is reconstructed from measurements of the oscillations in the size of the witness bunch
on the spectrometer screen, while the evolution of the channel curvature, α, is reconstructed
from the change in focal lines within the drive bunch spectrum. These two effects combined
then result in the perturbations to the witness and drive bunch energy spectra. A general
description of the reconstruction process follows:

1. Reconstruct the bunch profile from experimental measurements of the longitudinal
and transverse phase space to be used in simulation. These measurements and their
reconstruction are described in Chapters 4 and 5 and are shown for the probe bunch
bunch used in these measurements in Figures 8.5.9 and 8.5.10.

2. Perform a detailed simulation scan where the reconstructed bunch propagates through
a series of transversely-uniform plasma density profiles over a large range of on-axis
densities (at least one order of magnitude). This scan is used to find the plasma density
which best recreates the experimentally measured energy spectrum in the cold plasma
measurement scheme.

3. From the plasma density scan, determine the divergence of the witness bunch as a
function of the plasma density (e.g. Figure 8.5.3). Match the extrema of the experimental
measurements of the witness beam transverse size (e.g. Figure 8.5.2) to approximate on-
axis plasma densities in simulation.

4. Use the measured deviations to the position of the focal energies within the spectrum
combined with Eq. (8.3.20) to predict the curvature of the density profile as a function
of the bunch separation.

This procedure will return a series of on-axis density values along with their expected
curvature that can be used to recreate the evolution of the transverse density profile. These
are then used in three-dimensional PIC simulations in an attempt to reconstruct the mea-
sured probe bunch transverse and energy spectra. An example for the measurements of the
evolution of the probe bunch presented in Figures 8.5.1 and 8.5.4 is discussed below.

Firstly, the probe bunch must be accurately reconstructed for use in the simulations. Mea-
surements of the focusing of different slices of the probe bunch are shown in Figure 8.5.9,
calculated using the positional jitter of the slice between two BPMs either side of the in-
teraction chamber (with no plasma present). The Twiss parameters of each slice are deter-
mined using the methodology presented in Ref. [173], enabling calculation of the focal plane
of the bunch in both transverse planes, represented by the black dashed lines in the right
panels in Figure 8.5.9. Note, the entrance to the capillary corresponds to a position of ap-
proximately s = −0.2m within this frame. These measurements enable determination of the
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Figure 8.5.10: Reconstruction of the probe bunch pair at the entrance of the plasma used in measure-
ments described in Sections 8.6.1 and 8.6.2. Upper left: longitudinal phase space. Upper
right: bunch distribution in the transverse x− ξ plane. Lower left: current profile. Lower
right: slice-emittance in both the x and y transverse planes.

slice-dependent focusing of the bunch which can then be applied to the reconstructed bunch
profile that is used in the three-dimensional PIC simulations.

Measurements of the phase space of the bunch performed using the X-TDS are recreated
in Figure 8.5.10 and are similarly applied to the simulated bunch profile. The reconstructed
bunch profile is then propagated through longitudinally- and transversely-uniform plasma
of varying density in simulation in an attempt to determine the operating plasma density in
the unperturbed plasma case. The result of such simulations is demonstrated in Figure 8.5.11.

Figure 8.5.11: Comparison between (a) simulated plasma density scan and (b), (c) experimental mea-
surements of the interaction between the probe bunch pair and the unperturbed plasma
for imaging energies of 1040MeV (drive) and 1100MeV (witness) respectively. This scan
is used to identify the operating plasma density.
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Figure 8.5.12: Mean energy (data points) and RMS energy spread (error bars) of the simulated probe
drive (blue) and witness (orange) bunches as a function of the plasma density. The
horizontal dashed lines represent the mean energy of the experimentally-measured
probe bunch for the drive (blue) and witness (orange) bunches respectively, while their
RMS energy spreads are represented by the shaded regions. The vertical dashed line at
ne = 1.75× 1016 cm−3 corresponds to the simulation that shows best agreement and
hence indicates the operating density.

In panel (a), Figure 8.5.11 shows the simulated energy spectrum at the plasma exit after
the probe bunch propagates through 32mm of plasma of varying density, ne = 1.0× 1015 −
2.0× 1016 cm−3, and that measured experimentally in panel (b) and (c) for imaging energies
of 1040MeV (drive) and 1100MeV (witness) respectively. Comparison between the two en-
ables determination of the longitudinally-averaged plasma density experienced by the bunch
pair in the unperturbed plasma state as shown in Figure 8.5.12. In this case, an operating
density of approximately n0 = 1.75× 1016 cm−3 is found to provide the best comparison
to the experimentally measured energy spectrum. This can be compared to measurements
of the plasma density performed in situ using the spectral line broadening technique dis-
cussed in Section 5.1.2. This diagnostic was added to the experimental setup and used a
single fibre optic and collimating lens to transport light emitted by the plasma through a
view-port to a spectrometer located in the neighbouring technical corridor. Measurements
of the light emitted by the hydrogen-doped (2%) argon plasma around the Hα line in the
Balmer series (λ = 656.28nm) indicated a plasma density of (1.77± 0.25)× 1016 cm−3 for
these operating conditions, in agreement with the longitudinally-integrated density found in
PIC simulations.

Once the operating plasma density has been determined, the simulated relative divergence
of the witness bunch at the plasma exit as a function of the plasma density can be calculated.
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Figure 8.5.13: Comparison between (a) the relative divergence of the witness bunch during a simu-
lated plasma density scan and (b) experimental measurements of the witness bunch
size in the plane of the scintillating screen as a function of the bunch separation.

Figure 8.5.13(a) shows this for the plasma density scan presented in Figure 8.5.11. The diver-
gence of the bunch is calculated relative to that found at the operating density, n0, via

∆σ̃x ′ =
σx ′,ne − σx ′,n0

σx ′,n0
, (8.5.5)

where σx ′,n0 is the witness bunch divergence at the operating density and σx ′,ne is the same
at a plasma density of ne. Such a scan can be used to estimate the on-axis plasma density
as a function of the bunch separation for the experimental measurements presented in Fig-
ure 8.5.13(b) as discussed in Section 8.5.1. Measurements of the energy spectra of the drive
and witness bunch in the perturbed plasma state shown in Figure 8.5.4 indicate that the
peak perturbation, and hence on-axis density minimum experienced by the probe bunch
pair, occurs at approximately 9ns. This corresponds to a transverse bunch size maximum
according to Figure 8.5.13(b). At bunch separations larger than this, one further oscillation
in the transverse bunch size is observed before the perturbation tends back to that measured
in the unperturbed plasma state. This behaviour matches well with the simulated witness
bunch divergence over the range of plasma densities from ne ∼ 3.5× 1015− 1.75× 1016 cm−3.
The extrema of the oscillations can therefore be matched to these values, with the peak at
∆τ ∼ 9ns occurring at an on-axis plasma density of ne ∼ 3.5× 1015 cm−3, and following ex-
trema at ∆τ ∼ 13, 18, 29ns corresponding to on-axis densities of ne ∼ 5.5, 8.5, 12.5× 1015 cm−3

respectively. The intervening densities can be interpolated to give the evolution of the on-axis
density for each bunch separation.

The evolution of the curvature of the density profile is extracted from comparisons of the
position of the focal energies within the drive bunch energy spectrum in the perturbed and
cold cases. This is shown in Figure 8.5.14, where waterfalls of the drive bunch energy spectra
for bunch separations ∆τ = 0.77 − 27.72ns are plotted in (a) for the unperturbed plasma
and (b) in the perturbed measurement scheme. The focal energies in the perturbed case are
calculated by performing peak fitting to the projection of the spectrometer images in the
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Figure 8.5.14: Extraction of the focal energies within the measured drive bunch spectra. (a) Drive
bunch energy spectra within the cold measurement scheme. (b) Drive bunch energy
spectra within the perturbed measurement scheme. (c) Extracted energy of the focal
line as a function of the bunch separation for the cold (blue) and perturbed (orange)
schemes.

dispersive plane at each bunch separation and are shown in Figure 8.5.14(c) for this case,
with error bars representing the average FWHM of the peak within each bunch separation
dataset. At bunch separations around 9ns, multiple focal lines appear in a small energy range
within the spectra, leading to an increase in the FWHM as the automatic peak finding routine
cannot always correctly identify individual peaks. At the shortest timescales a large fraction
of the drive bunch charge is lost and the hence identification of the peaks in the spectra is
more challenging. Determination of the change in focal energies within the spectra, as in
Figure 8.5.14(c), can then be combined with Eq. (8.3.20) to extract the value of the curvature
of the transverse density profile as a function of the bunch separation.

The resulting evolution of the transverse ion density profile extracted from the measure-
ments of the spectra of the probe bunch in Figures 8.5.1 and 8.5.4 is shown in Figure 8.5.15.
At short timescales, ∆τ < 4ns, the on-axis density is assumed to have increased as ions are
initially attracted towards the axis by the regions of high electron density within the wake-
field. The on-axis density then decreases to a minimum at approximately ∆τ ∼ 9ns before
slowly returning towards the background operating density of n0 = 1.75× 1016 cm−3 found
via the plasma density scan in Figure 8.5.11. Initially the curvature of the density profile is
assumed to be small and grows to a maximum of α ≈ 1.85, at approximately ∆τ ∼ 9ns,
calculated via the perturbation to the focal energies shown in Figure 8.5.14. Over extended
timescales the curvature approaches zero as the off-axis peak, and hence non-uniformity of
the transverse density profile, dissipates. A map of the radial density profile, normalised to
n0, is shown in Figure 8.5.15(b) for reference.

These parabolic density profiles are then used as input to three-dimensional PIC simu-
lations of the interaction of the reconstructed probe bunch. A separate simulation is per-
formed for each bunch separation using the corresponding predicted parabolic channel in
Figure 8.5.15(b) as the background transverse density profile. The output of these simula-
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Figure 8.5.15: Reconstructed evolution of the transverse ion density profile from the beam-based mea-
surements presented in Figures 8.5.1 and 8.5.4. (a) Extracted values of the normalised
on-axis density, ne0 (grey), and the curvature of the parabolic density profile, α (grey).
(b) Map of the radial ion density profile as a function of the bunch separation. Plasma
densities are normalised to the background operating density, n0 = 1.75× 1016 cm−3.

tions is then compared to the experimentally measured probe bunch energy and transverse
spectra. Such a comparison is shown in Figures 8.5.16 and 8.5.17.

Figure 8.5.16 shows the mean energy of the probe (drive and witness) bunch as a function
of separation between the leading and probe bunch pairs. The experimental measurements
(as in Figure 8.5.6) are represented by the data points while the mean energy of the simulated
drive and witness bunches are represented by the dotted lines. As discussed previously, at the
shortest separations the on-axis density is initially expected to increase as ions are attracted to
regions of increased electron density on-axis as the wakefield structure dissipates. This leads
to highly non-uniform transverse density profiles over small (∼ µm) scales and a significant
amount of charge is lost from the drive and witness bunches of the probe bunch pair as can be
seen in Figure 8.5.4. This loss of charge makes it difficult to reconstruct the density profile at
short separations and significant disagreement between the experimental measurements and
simulation predictions (using an assumed profile) is observed in Figure 8.5.16. It is possible
that this short timescale evolution (∼ns) could be within reach of quasi-static PIC simulations
in the near future and hence should be investigated further to see if improved agreement can
be found. Following this, the evolution of the mean energy of both the drive and witness
probe bunches agrees well with simulation predictions indicating that the transverse profile
reconstruction technique provides a good estimate of the evolution of the plasma.
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Figure 8.5.16: Comparison between the experimentally measured probe bunch mean energies (data
points) and that predicted by three-dimensional PIC simulations (dotted lines) using the
reconstructed transverse density profile extracted via signatures within the measured
spectra as shown in Figure 8.5.15. The error bars (exp.) and bands (sim.) represent the
standard error on the mean. The grey dashed lines represent linear fits to the measure-
ments of the probe drive (darker) and witness (lighter) bunches in the unperturbed
measurement scheme with uncertainties represented by the shaded regions.

Figure 8.5.17: Comparison between the experimentally measured probe bunch energy perturbation
(∆µ̃p) and that predicted by three-dimensional PIC simulations. Both the experimental
and simulated datasets are compared to the linear fits to the mean energies in the
unperturbed measurement scheme as shown by the grey dashed lines in Figure 8.5.16.
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Figure 8.5.17 shows the evolution of the energy perturbation metric defined by Eq. (8.5.4)
for both the experimental measurements and the predictions of simulations using the trans-
verse density profile evolution given in Figure 8.5.15. In both cases, the value of the perturba-
tion metric is calculated via measurements of the mean energy of the perturbed bunches with
respect to linear fits of the evolution of the mean energy of the probe bunches in the case of
the unperturbed plasma. These fits are represented by the grey dashed lines in Figure 8.5.16.
Such fits are used in an attempt to minimise the effect of periodic fluctuations observed in
the measurements of both the cold and perturbed measurement schemes as can be seen in
Figure 8.5.6. The origin of these oscillations is not confirmed, but one possible cause is the
disparity between the RF frequency of the triggers for the bunch and the discharge systems.
While performing these measurements, the arrival time of the leading bunch and the dis-
charge trigger are moved in tandem to maintain a constant interaction plasma density for
the leading bunch. However, the bunch arrival time is defined to the nearest ∆τmin = 0.77ns
(1.3GHz) while the discharge trigger can only be moved in steps of 0.923ns (1.083GHz) as
this is derived from the primary diagnostics trigger at 108.3MHz. This can lead to temporal
discrepancies between the two of up to ∼ 0.5ns which can have a small effect on the plasma
density at interaction. Peaks in the unperturbed witness bunch energy are typically separated
by approximately 6×∆τmin = 4.61ns which corresponds to 5 steps at the discharge trigger
frequency. The combined "beating" effect of these two differing frequencies is therefore con-
sistent with the periodic fluctuations observed in the experimental measurements. However,
the initiation of the discharge itself would be expected to have O(ns) temporal jitter thanks
to the thyratron that is used as a switch, and hence it is likely there are other additional
contributors to this effect. Despite the presence of this oscillation, good agreement between
the experimentally measured values of ∆µ̃p and those found via simulations are observed
following the initial evolution.

Comparisons between the transverse and energy spectra measured experimentally and
recreated using three-dimensional PIC simulations are shown in Figure 8.5.18(a) and (b) re-
spectively. The experimental spectra correspond to measurements of the probe bunch pair
energy distribution for an imaging energy of 1100MeV. The simulated distributions are calcu-
lated by propagating all PIC-simulated bunch macroparticles from the plasma exit through
a simple matrix model of the post-plasma quadrupoles and spectrometer dipole and re-
constructing the measurement of the distribution in the plane of the scintillating screen.
This model recreates the imaging setup used in the experiment and assumed an energy
of 1100MeV with a horizontal magnification factor of −5 in the non-dispersive plane of the
spectrometer and a vertical magnification of −0.97. Reasonable agreement between the sim-
ulated energy spectra and those measured experimentally is again observed except in the
witness bunch on short timescales (∆τ < 5ns) for reasons discussed previously. The position
of the focal line of increased intensity is observed to shift as observed in the experiment, par-
ticularly around the peak perturbation (∆τ ∼ 10ns), as the steep parabolic channel modifies
the betatron frequency of beam particles.
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(a) (b)

Figure 8.5.18: Comparison between the perturbed transverse (upper) and energy (lower) spectra (a)
measured experimentally and (b) recreated in three-dimensional PIC simulations using
the evolution of the transverse density profile shown in Figure 8.5.15.

Use of a simple spectrometer dipole model leads to a difference in the minimum energy
of the decelerated drive bunch between the two spectra. This apparent change in maximal
energy loss is caused by the vertical divergence of particles with energies significantly dif-
ferent to the imaging energy. Its effect can also be seen in Figure 8.5.11 by comparing the
energy spectra of the decelerated drive bunch for the two different imaging energies shown
in panels (b) and (c) of that figure. For this reason, measurements were performed at two
imaging energies, close to the mean energy of the drive bunch (1040MeV) and the witness
bunch (1100MeV), to improve the energy resolution of each bunch individually. There is
also a significant difference between the size of the witness bunch in the plane of the scin-
tillating screen in the experiment and in simulation. This is likely due to the choice of a
longitudinally-uniform plasma density profile within simulations. It is rather expected that
there will be extended, lower density ramps at either end of the plasma as measured in
Ref. [195] that act to reduce the divergence of the bunch as it exits the plasma [190], leading
to less extreme changes in bunch size as it propagates through the imaging optics. Despite
this difference in absolute size, the oscillation in transverse witness bunch size caused by the
evolving on-axis density can still be observed.

The beam-based plasma characterisation method introduced in Chapter 5 has been suc-
cessfully applied to measurements of the evolution of the plasma state over nanosecond
timescales following the wakefield excitation process. Identification of specific features within
the transverse and energy spectra of the probe bunch has enabled reconstruction of the evo-
lution of the transverse plasma density profile with good agreement observed between three-
dimensional PIC simulations and experimental measurements. Such a beam-based technique
is therefore suitably sensitive to be used to study how the evolution of the transverse density
profile depends on different experimental parameters and such measurements are the subject
of subsequent sections within this chapter.
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8.6 ion motion dependencies

After developing the beam-based technique that allows mapping of the motion of ions within
the plasma following a wakefield event as discussed in Section 8.5, the technique was used
to study the dependency of ion motion on three key experimental variables:

1. The amplitude of the wakefield driven by the leading bunch.

2. The background plasma density at the interaction time of the leading bunch.

3. The mass of the ions of the plasma in which the wakefield is driven.

Such measurements were performed to investigate scaling laws that could descibe the
evolution of the ion motion perturbation in parameter regimes that are currently inaccessible
to the FLASHForward experiment. One such example is those assumed in plasma-based
linear collider proposals [54], where operating plasma densities of order 1016 − 1017 cm−3

are predicted using drive bunches with peak currents of order 10 kA.

8.6.1 Wakefield strength

The strength of the interaction between the leading bunch and the plasma was modified by
changing the timing of the photocathode laser that generated the electron bunch with respect
to the RF phase in the conventional accelerator section of the FLASH beamline. Modifying
the time-of-arrival (TOA) of the bunch changes its relative RF phase resulting in modification
of the compression of the bunch. It was found that picosecond-level shifts in the TOA led to
significant changes in the peak current of the bunch and hence wakefield interaction strength.
Generation of the drive and witness bunches was performed using the wedge, head and tail
scrapers within the dispersive section of the FLASHForward beamline [159]. For ease of
experimentation, the positions of these were not modified as the TOA was changed. This
therefore meant that the amount of charge in the drive and witness bunches varied as the
longitudinal phase space of the bunch was changed by modifying its TOA. Three stable
operating points were found, judged by the stability of the plasma interaction, corresponding
to TOAs of 225.87ps, 226.27ps and 227.27ps as shown in Figure 8.6.1. This figure shows the
average spectrometer image of the drive and witness bunches for the three different TOA
operating values without plasma interaction.

The lowest TOA (225.87ps) corresponded to the lowest peak current of the drive bunch
and hence the weakest plasma interaction. In contrast, for a TOA of 227.27ps the drive bunch
charge and peak current is much increased, with only a small fraction of the bunch charge
forming a witness. In this case, the witness is not successfully captured after the plasma inter-
action as shown in Figure 8.6.2(c). For the other two TOAs, the accelerated witness bunch can
be observed at approximately 1095MeV and 1085MeV for TOAs of 226.27ps and 225.87ps
respectively, demonstrating average accelerating gradients of approximately 0.8GVm−1 and
0.6GVm−1 over an assumed 50mm plasma length. It is rather expected that the plasma length



226 few-nanosecond plasma wakefield evolution

(a) (b) (c)

Figure 8.6.1: Average spectrometer images for Laser 1 time-of-arrivals (TOAs) of (a) 225.87ps, (b)
226.27ps and (c) 227.27ps without plasma interaction. All images use the same colour
scale. The projections in the dispersive plane are represented by blue and orange regions
for the drive and witness bunches respectively.

(a) (b) (c)

Figure 8.6.2: Average spectrometer images for Laser 1 time-of-arrivals (TOAs) of (a) 225.87ps, (b)
226.27ps and (c) 227.27ps with plasma interaction. For TOA = 227.27ps the low charge
witness bunch is lost during plasma interaction. All images use the same colour scale; a
factor of 10 lower than that used in Figure 8.6.1. The projections in the dispersive plane
are represented by blue and orange regions for the drive and witness bunches respec-
tively.
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is shorter than this at the interaction point due to longitudinal expulsion of the plasma out of
the open ends of the capillary. This was studied in detail in Ref. [195] and it was found that
the longitudinal plasma profile could be well approximated in simulation by a flat-top den-
sity profile with length close to the distance between the gas inlets, 32mm [68], as discussed
in the previous section. In this case the average accelerating gradients are approximately
1GVm−1 and 1.3GVm−1 for TOAs of 225.87ps and 226.27ps respectively. To allow com-
parison between all three TOAs, the longitudinally-averaged maximal decelerating gradient
(Edec) was calculated for each setup, with values of 1.11, 1.32, and 1.74GVm−1 calculated
for TOAs of 225.87, 226.27, and 227.27ps respectively. The plasma density at the interaction
point was controlled by varying the arrival time of the bunch with respect to the trigger that
initiated the discharge and was kept constant throughout these measurements.

The second probe bunch pair followed the leading bunch pair at variable separation (∆τ)
and drove a wakefield within the perturbed plasma state. Its current profile is not affected
by changes to the TOA of Laser 1 (L1) as a separate photocathode laser (Laser 2) is used to
produce it. The resulting probe bunch energy spectra are shown in Figures 8.6.3 and 8.6.4 for
two different quadrupole focusing energies. Figure 8.6.3 uses a quadrupole focusing energy
of 1040MeV to better image the energy spectrum of the drive bunch following its interaction
with the plasma whereas Figure 8.6.4 uses a focal energy of 1100MeV to better image the
witness bunch. In all subsequent analysis, calculations relating to the drive bunch spectrum
use data from the 1040MeV imaging energy measurements and calculations relating to the
witness bunch spectrum use data from the 1100MeV imaging energy measurements as these
should be more accurate for the relevant bunch.

The first panels of these figures, (a), correspond to the measurement of the energy spec-
trum of the probe bunch pair after propagation through the plasma without any preceding
bunch, referred to as a cold or unperturbed plasma. The witness bunch mean energy can
be observed to slowly decrease from µE,w = 1098.4 ± 0.8MeV to µE,w = 1093.5 ± 0.8MeV
over this time period. This is caused by the recombination of the plasma; as the relative ar-
rival time of the bunch is moved later, the plasma density with which it interacts slightly
decreases, resulting in a reduced wakefield strength and hence lower accelerating gradient.
A corresponding effect is seen in the drive bunch energy spectrum with its mean energy
slightly increasing from µE,d = 1021.5± 1.0MeV to µE,d = 1022.2± 0.9MeV. As discussed pre-
viously, the witness bunch energy spectrum is more sensitive to the change in plasma density
as it is short with respect to the wakefield cavity length and only samples a small region of
the longitudinal wakefield, hence is highly sensitive to shifts in its relative phase incurred
by the increasing cavity length as the plasma density decreases. In contrast, the drive bunch
samples the entirety of the decelerating phase of the wakefield so is less sensitive to small
density changes, although differences in the energy spectrum are still observed over the 47ns
measurement period.

Panels (b), (c) and (d) in Figures 8.6.3 and 8.6.4 show the evolution of the energy spectrum
of the probe bunch for increasing wakefield interaction strength of the leading drive-witness
pair. In all three cases, initially (∆τ < 2ns) the drive bunch energy loss is observed to increase
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Figure 8.6.3: Waterfall spectrometer images showing the evolution of the probe bunch energy pro-
file as a function of separation with respect to the leading bunch for increasing drive
wakefield strengths. The post-plasma quadrupoles are set to focus at 1040MeV, imag-
ing the decelerated probe drive bunch. (a) Probe bunch only. (b) L1 TOA = 225.87ps,
Edec = 1.11GVm−1. (c) L1 TOA = 226.27ps, Edec = 1.32GVm−1. (d) L1 TOA = 227.27ps,
Edec = 1.74GVm−1.
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Figure 8.6.4: Waterfall spectrometer images showing the evolution of the probe bunch energy pro-
file as a function of separation with respect to the leading bunch for increasing drive
wakefield strengths. The post-plasma quadrupoles are set to focus at 1100MeV, imag-
ing the accelerated probe witness bunch. (a) Probe bunch only. (b) L1 TOA = 225.87ps,
Edec = 1.11GVm−1. (c) L1 TOA = 226.27ps, Edec = 1.32GVm−1. (d) L1 TOA = 227.27ps,
Edec = 1.74GVm−1.
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while a large fraction of the witness bunch is lost from the spectrometer signal. This is in-
dicative of an initial increase in on-axis plasma density experienced by the probe bunch pair.
This is expected as ions within the wakefield cavity that are initially close to the propagation
axis will be attracted towards the axis where large electron densities are induced by the re-
turn of electrons at the rear of the wakefield cavities. The increase in on-axis density acts to
shorten the wakefield cavity driven by the probe bunch pair such that significant portions
of its witness bunch extend beyond the cavity length and experience transversely-defocusing
fields due to the return of plasma electrons at the rear of the cavity. This witness charge is
strongly defocused, is not successfully transported through the length of the plasma, and
hence cannot be captured by the spectrometer quadrupoles.

Over the following few nanoseconds, the on-axis ion density begins to decrease as ions
continue to propagate transversely. They are driven by the thermal pressure gradient present
in the plasma induced by the energy that is locally deposited near the axis via the wakefield
driven by the leading drive-bunch pair. This reduction in on-axis density reduces the interac-
tion strength between the probe bunch pair and the plasma, resulting in a reduction in the
energy loss (gain) of the drive (witness) bunch. As can be seen in Figure 8.6.3, the perturba-
tive effect to the drive bunch increases with increasing wakefield strength (i.e. from L1 TOAs
of (b) 225.87ps, Edec = 1.11GVm−1 → (d) 227.27ps, Edec = 1.74GVm−1). The same effect is
observed in the witness bunch spectra shown in Figure 8.6.4, with the largest perturbations
to the witness bunch energy spectra, when compared to the unperturbed plasma measure-
ments, observed for the largest wakefield strength. This is expected as the motion of ions is
driven by two main effects:

(i) Initially, over the first few wakefield periods, ions are attracted to regions of high
plasma electron density in the wakefield and are driven by the time-averaged, large
amplitude, transverse fields. If the plasma is more strongly perturbed by the leading
bunch, larger electron densities are observed at the sheath and rear of the cavity, larger
amplitude wakefields are driven, and ions are hence accelerated more quickly.

(ii) Following phase-mixing of plasma electrons, the continued motion of ions is driven by
the thermal pressure gradient present in the plasma. As the leading bunch pair propa-
gate through the plasma, they transfer a significant amount of energy into the plasma
via the fields excited in it, the majority of which is transferred to plasma electrons.
These high-energy electrons undergo collisions with both ions and electrons within
the plasma, thermalising and cooling, while heating the bulk of the plasma (both elec-
trons and ions) within the vicinity of the wakefield. The local increase in temperature,
combined with the density gradient excited by the wakefield itself, leads to the gener-
ation of a significant pressure gradient in the plasma that drives its redistribution as
discussed in Section 8.2. A stronger wakefield interaction, i.e. increased energy transfer
between the leading bunch pair and plasma, drives larger amplitude pressure gradients
and more significant perturbations to the density profile.
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L1 TOA

[ps]

Edec

[GVm−1]

Drive Witness

A

[10−3]

B

[10−3]

A

[10−3]

B

[10−3]

225.87 1.11 47.6± 3.4 40.3± 2.6 148.5± 7.5 55.5± 1.2

226.27 1.32 77.6± 5.8 60.4± 2.8 267.8± 14.5 69.0± 2.2

227.27 1.74 91.6± 5.2 51.4± 2.0 356.4± 21.1 68.6± 1.5

Table 4: Calculated parameters A and B for fits to the relative perturbation, ∆µ̃p, to the function
f(t) = At1/2 exp(−Bt) for the three measured L1 TOAs.

The effect of this can be quantified by comparing the relative perturbation to the drive
and witness bunches for the three different values of the L1 TOA as outlined in Section 8.5.3.
The relative perturbation is calculated by comparing the drive and witness mean energy
in the cold and perturbed measurement schemes via Eq. (8.5.4). The results are shown in
Figure 8.6.5 for all three values of the L1 TOA. Measurements of the drive bunch pertur-
bation use values of the mean energy of the drive bunch calculated for an imaging energy
of 1040MeV while the witness bunch perturbation uses an imaging energy of 1100MeV to
improve the accuracy of the measurements in each case.

Clearly, the strength of the perturbation grows with increasing wakefield interaction of the
leading bunch pair and a significantly larger perturbation is consistently observed for the
witness bunch when compared to the drive bunch for reasons discussed in more detail later.
The measurements of the relative perturbation are fitted to the function

f(t) = At1/2 exp(−Bt), (8.6.1)

with each individual measurement, i, weighted by the square of its relative uncertainty, i.e.
(σi/∆µ̃p,i)

2. The uncertainty on each individual measurement, σi, combines the uncertainty
on the measurements of the mean energy of the relevant bunch in both the perturbed and un-
perturbed plasma states. The function, f(t), is chosen as it empirically matches the evolution
of the position of the zero-crossing within the longitudinal wakefield found in the simula-
tions discussed in Section 8.5.4. The two fitting parameters, A and B, can be considered to
correspond to the magnitude of the on-axis density reduction as the ion channel forms (A),
and the rate of formation and dissipation of the non-uniform structure (B). The extracted
parameter values are presented in Table 4 with the reduced chi-squared statistic, χ2ν, for each
fit given in the legends in Figure 8.6.5. Data points plotted in red in Figure 8.6.5 represent
those whose value exceeds three times the combined uncertainty of the individual measure-
ment and the uncertainty of the fitting function at the relevant bunch separation and hence
are considered to be outliers and are not included in the fit.

Increases in the wakefield interaction strength via adjustments of the L1 TOA lead to sig-
nificant increases in the A parameter, suggesting larger on-axis ion density perturbations
as expected. However, less significant changes in the timescale of the evolution of the per-
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turbation are observed over the measured parameter range. The peak perturbation occurs
at

f ′(t) =
1

2
At−1/2 exp(−Bt) −ABt1/2 exp(−Bt) = 0, (8.6.2)

⇒ t =
1

2B
. (8.6.3)

As can be seen in Figure 8.6.5, the fit function f(t) does not recreate the strongly-peaked
perturbation to the drive bunch energy spectra at ∆τ ∼ 10ns, leading to an underestimation
of the peak perturbation to the drive bunch (A), however the timescale over which it is
measured to dissipate (B) appears to be well represented by the fit. In general, the fit of f(t) to
the measured energy perturbation to the witness bunch is good (χ2ν ∼ 1) and approximately
recreates both the peak perturbation and rate of dissipation. The witness bunch is most
sensitive to the perturbative effect as it is short and hence samples only a limited phase
of the wakefield, while the wakefield it experiences is a sum over any perturbative effect
experienced by each slice of the drive bunch. In contrast, the drive bunch experiences a large
fraction of the entire wakefield and hence a measurement of only its mean energy has the
effect of averaging over any perturbative effect. For this reason, return of the witness bunch
to its non-perturbed state is a more effective measure of the perturbative lifetime.

It is expected that the perturbation should be longer-lasting for lower interaction strengths.
This is because the motion of plasma ions over extended timescales should be driven by
the pressure gradient present within the plasma after the leading interaction. As discussed
previously, the magnitude of this pressure gradient should be reduced in the case of lower
interaction strengths as less energy is transferred from the leading bunch pair to the plasma.
This appears to be the case in these measurements when comparing the lowest interaction
strength (L1 TOA = 225.87ps, Edec = 1.11GVm−1) to the others measured as it has a signifi-
cantly lower value of the fitting parameter B, particularly for the drive bunch measurements,
indicating slower generation and dissipation of the perturbed density profile. However, the
values of B measured for the witness bunches at L1 TOAs of 226.27ps (Edec = 1.32GVm−1)
and 227.27ps (Edec = 1.74GVm−1) agree with each other within their uncertainties, sug-
gesting similar perturbative lifetimes despite the large difference in the magnitude of their
perturbation. In future, measurements must be performed over increased timescales to con-
firm return of the witness bunch energy spectrum to that of the unperturbed plasma state
and demonstrate relaxation of the plasma. This may enable more conclusive statements to be
made about the dependency of the perturbative lifetime on the wakefield strength.

The evolution of the relative perturbation to the transverse size of the witness beam in
the plane of the spectrometer for the three L1 TOAs is shown in the upper panels of Fig-
ure 8.6.6 for both measured imaging energies, calculated according to Eq. (8.5.1). In both
cases, the transverse bunch size is compared to the transverse size measured in the unper-
turbed plasma at an imaging energy of 1100MeV. As discussed in Section 8.5, the change
in witness beam size has been shown in simulation to be mostly a function of the evolution
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of the on-axis plasma density. For the strongest perturbation (Edec = 1.74GVm−1), Fig-
ure 8.6.6(c), three bunch size oscillations are observed over the measurement period as the
probe bunch pair experiences a significant range of on-axis densities. The peak perturbation
to the energy spectrum, and hence likely the lowest on-axis density experienced by the bunch,
occurs at approximately 10ns, with the on-axis density increasing from there onwards. At
timescales shorter than this, the ion channel is expected to be rapidly deepening and, partic-
ularly over the first few ns, large variations in the amount of witness charge transported to
the spectrometer lead to large fluctuations in the measurements of the relative bunch size.

As the leading wakefield interaction strength is reduced by reducing the L1 TOA, the
perturbative ion motion effect similar reduces for reasons discussed previously. This is mir-
rored in the measurements of the relative transverse bunch size shown in Figure 8.6.6(a)
and (b) as the number of oscillations in bunch size is reduced. For a L1 TOA of 226.27ps
(Edec = 1.32GVm−1), Figure 8.6.6(b), one complete oscillation of the witness bunch size is
measured over the time period ∆τ ∼ 8− 40ns, whereas this is further reduced for a L1 TOA
of 225.87ps (Edec = 1.11GVm−1) over the measured period [Figure 8.6.6(a)]. This reduction
in the number of witness bunch size oscillations is indicative of a decrease in the range of
on-axis plasma densities experienced by the probe bunch, consistent with a reduced pertur-
bative effect. In all three cases, the relative perturbation to the transverse size of the witness
beam is close to zero at the end of the measurement period indicating the on-axis density is
close to that measured in the cold measurement scheme after approximately 50ns, consistent
with the analysis of the energy perturbation to the probe bunches.

Figure 8.6.7 shows the fits to the relative energy perturbation shown in Figure 8.6.5 extrap-
olated over 100ns and illustrates the similarity of the perturbative lifetime for all three L1

TOAs measured in these datasets. In all cases, the perturbative lifetime appears to be very
similar and equal to approximately 100ns. Therefore, while the magnitude of the perturba-
tion shows a clear dependency on the amplitude of the wakefield, the dependence of its
lifetime is less clear within these measurements. It is possible that the range of wakefield am-
plitudes investigated in this measurement was not sufficiently wide to see significant effects
on the perturbative lifetime and this should be investigated further in future measurements
in an attempt to demonstrate the expected dependency.
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Figure 8.6.7: Comparison of the fits to the measured relative perturbation in Figure 8.6.5 extrapolated
over 100ns. Solid lines represent the witness bunch perturbation and dotted lines repre-
sent the drive bunch perturbation.
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(a) (b) (c)

Figure 8.6.8: Average spectrometer images of Laser 1 for discharge timings (DT) of (a) 2393820
(nb0/n0 ∼ 10), (b) 2393870 (nb0/n0 ∼ 5) and (c) 2393920 (nb0/n0 ∼ 3). An L1 TOA
of 227.27ps was used in all datasets, giving a peak bunch density of approximately
nb0 ∼ 5× 1016 cm−3. All images use the same colour scale. The bunch projections in the
dispersive plane are represented by blue and orange regions for the drive and witness
bunches respectively.

8.6.2 Plasma density

The second dependency investigated was that of the ion motion signal on the interaction
density. This was controlled experimentally by varying the timing of the discharge trigger
with respect to the arrival of the leading bunch pair. By increasing this delay, the plasma
undergoes additional recombination such that the interaction density has decreased. The L1

TOA was kept constant throughout these measurements at 227.27ps resulting in a leading
bunch of charge approximately 590pC, RMS length σz = 195µm, and RMS transverse size of
approximately 5µm — a peak density of approximately nb0 ∼ 5× 1016 cm−3 assuming Gaus-
sian longitudinal and transverse distributions. Three discharge delay timings were used; (a)
2393820, (b) 2393870 and (c) 2393920, where this number represents a digital delay applied
to the discharge trigger. The trigger has an associated frequency of 108.3MHz and hence
each individual step represents 9.23ns, i.e. 50 step changes as used here represent additional
delays of 461.5ns between the firing of the discharge and the arrival of the leading bunch
pair. Lower discharge delay numbers represent firing the discharge earlier and so correspond
to lower plasma densities at interaction. The corresponding plasma densities were measured
in situ using the spectral line broadening technique discussed in Section 5.1.2, giving ap-
proximate plasma densities of (a) (4.93± 0.69)× 1015 cm−3, (b) (9.34± 1.30)× 1015 cm−3 and
(c) (1.77± 0.25)× 1016 cm−3 respectively. The large relative uncertainties in these measure-
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ments are due to difficulties collecting a significant amount of light from the plasma meaning
the measured density range was close to the resolution limit of the diagnostic. These three
working points therefore represented relative operating plasma densities of approximately
nb0/n0 ∼ (a) 10, (b) 5 and (c) 3.

These discharge timing (DT) values were chosen as they produced stable interactions be-
tween the probe bunch pair and the plasma. The corresponding average spectrometer images
of the interaction between the leading bunch and the plasma are shown in Figure 8.6.8. Re-
ducing the interaction density reduces the amplitude of the wakefield driven by the bunch,
leading to reduced energy loss for the drive bunch and reduced energy gain for the wit-
ness bunch as expected. Again, comparing the maximal energy loss of the drive bunch in
each case to its energy without plasma interaction gives longitudinally-integrated maximal
decelerating gradients of 1.16, 1.39, and 1.74GVm−1 for discharge delay timings of 2393820
(nb0/n0 ∼ 10), 2393870 (nb0/n0 ∼ 5), and 2393920 (nb0/n0 ∼ 3) respectively, very close
to those measured in the wakefield strength scan discussed in Section 8.6.1. This similarity
enables comparison of the relative effects of changes to the wakefield strength and plasma
density on the ion motion perturbation and is discussed in more detail in the following
section.

Measurements of the probe bunch energy spectra are shown in Figures 8.6.9, 8.6.10 and
8.6.11 for discharge delay timings of 2393820 (nb0/n0 ∼ 10), 2393870 (nb0/n0 ∼ 5) and
2393920 (nb0/n0 ∼ 3) respectively. Unlike the scan of the wakefield interaction strength pre-
sented in Section 8.6.1 where the interaction strength of only the leading bunch pair was
changed, by changing the plasma density at the point of interaction the cold probe bunch
measurement scheme is also affected in each case. For this reason, the corresponding cold
scheme energy spectra are shown in panel (a) of each measurement for reference. These mea-
surements were all performed with the spectrometer quadrupoles set to image close to the
mean energy of the probe witness bunch in order to better measure its energy spectrum;
1070MeV, 1085MeV and 1100MeV for discharge delay timings of 2393820 (nb0/n0 ∼ 10),
2393870 (nb0/n0 ∼ 5) and 2393920 (nb0/n0 ∼ 3) respectively. While the chosen discharge
delay timings resulted in stable interaction between the probe bunch pair and the plasma,
the interaction between the leading bunch pair was far less stable and made automatic iden-
tification of the probe bunch signal much more challenging, particularly in the case of the
probe witness bunch. This is particularly apparent in Figure 8.6.9(b) at the shortest bunch
separations where occasionally portions of the leading witness bunch were not completely
removed during the signal subtraction procedure outlined in Section 8.4.1 and these remain-
ing regions of signal (around 1060MeV) were incorrectly identified as the probe witness
bunch. For future measurements, a more sophisticated subtraction routine based on the iden-
tification of "optimal" individual shots that can be used in the subtraction process is under
development, and additionally more care can be taken during the experiment to ensure that
stable spectrometer signals are observed for both the leading and probe bunch pairs.

Despite the imperfect subtraction procedure, clear dependencies of the ion motion signa-
tures on the interaction density can be extracted from the measurements. The most obvious
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Figure 8.6.9: Waterfall spectrometer images showing the evolution of the probe bunch energy profile
as a function of separation with respect to the leading bunch for a discharge timing delay
of 2393820 (nb0/n0 ∼ 10). The post-plasma quadrupoles are set to focus at 1070MeV,
imaging the accelerated probe witness bunch. (a) Probe bunch only. (b) Probe bunch
following perturbation from leading bunch.

Figure 8.6.10: As in Figure 8.6.9 for a discharge timing delay of 2393870 (nb0/n0 ∼ 5). The post-plasma
quadrupoles are set to focus at 1085MeV.
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Figure 8.6.11: As in Figure 8.6.9 for a discharge timing delay of 2393920 (nb0/n0 ∼ 3). The post-plasma
quadrupoles are set to focus at 1100MeV.

of these is the timescale over which the perturbations are observed, with the perturbative
lifetime appearing to extend significantly for lower plasma densities. During the discussion
of the wakefield strength dependence in Section 8.6.1, it was noted that at the very shortest
bunch separations the probe bunch appeared to experience larger on-axis plasma densities
from ions that are initially attracted towards the axis by the large electron densities that are
induced at the extrema of the wakefield cavities. This effect is exacerbated by moving to lower
interaction densities. For a discharge delay timing of 2393870 (nb0/n0 ∼ 5, Figure 8.6.10), for
at least the first three nanoseconds the minimum energy of the drive bunch is lower in the
perturbed measurement scheme than in the cold scheme, indicating an increase in the on-axis
plasma density. This is mirrored in the probe witness bunch energy where the mean energy
of the fraction of the witness bunch that is successfully transported to the spectrometer in
the perturbed measurement scheme exceeds that of the cold scheme over the same time pe-
riod. As the plasma density is lowered further still at a discharge delay timing of 2393820
(nb0/n0 ∼ 10, Figure 8.6.9), the perturbed on-axis density appears to be above that of the cold
measurement scheme for approximately 5ns before the ion channel begins to form and the
on-axis density reduces. The deepening of the ion channel can be observed via the position
of the focal lines within the probe drive bunch energy spectrum. Between bunch separations
of 4ns and 13ns the focal lines can be seen to gradually shift lower in energy, indicating a
growth in the curvature of the ion channel as the on-axis density reduces. A similar effect
is also observed for the other interaction densities on reduced timescales. At the lowest in-
teraction density (nb0/n0 ∼ 10, Figure 8.6.9), the maximum perturbation to the probe bunch
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energy spectrum occurs at approximately 18ns. As the interaction density is increased the
time of maximum perturbation decreases, occurring at approximately 14ns for a discharge
delay of 2393870 (nb0/n0 ∼ 5) and approximately 9ns for a delay of 2393920 (nb0/n0 ∼ 3).

The evolution of the relative perturbation to the probe witness bunch for each interaction
density is plotted in Figure 8.6.12. Similar measurements of the perturbation to the drive
bunch do not exist as measurements with the spectrometer imaging set to properly resolve
the drive bunch energy spectra were not performed due to time constraints. Here, the effects
of the imperfect subtraction procedure can be clearly observed with a larger witness energy
variability within datasets leading to a larger relative uncertainty on measurements of the
witness mean energy in the perturbed plasma scheme. This propagates to a larger uncertainty
on ∆µ̃p at the lower plasma densities shown in Figure 8.6.12(a) and (b) when compared
to similarly small values of ∆µ̃p in Figure 8.6.5 during the wakefield amplitude scan in
Section 8.6.1 and highlights the need for a more sophisticated image subtraction procedure.

The probe witness bunch measurements are again fit to Eq. (8.6.1), however the fitting be-
gins at the time of the first positive value of ∆µ̃p to remove the earliest data points where
the on-axis density is higher than in the cold measurement scheme. This analysis illuminates
two effects on the perturbation induced by changes in the interaction density: (i) the lifetime
of the perturbation is reduced for higher interaction densities as discussed before, and (ii) the
magnitude of the perturbation is significantly larger at higher interaction densities. Similar
to the discussion of the dependency of the ion motion signature on the wakefield interaction
strength in Section 8.6.1, this can be explained by consideration of the pressure gradient that
is induced in the plasma by the leading bunch pair. At the highest density considered here,
the ability of the leading bunch pair to effectively couple to the plasma is increased, resulting
in an increased energy transfer between the bunches and the plasma. This induces larger
pressure gradients within the plasma and leads to more significant perturbations to the den-
sity profile which propagate more quickly due to the increased ion thermal velocity. As the
plasma density is lowered, not only is the coupling between the plasma and bunches reduced
and hence less energy transferred between the two, but the magnitude of the pressure within
the plasma is also reduced as P ∝ nT . The reduction in both the pressure and the gradient
induced within the plasma by the leading bunch pair leads to less extreme modifications to
the density profile alongside slower evolution of the perturbation.

8.6.3 Interaction strength vs. interaction density

The dependency of the ion motion perturbation on the plasma density as measured in the
previous section is a convolution of both the coupling efficiency of the leading bunches to the
plasma (via the energy transfer) and the magnitude of the pressure gradient induced within
the plasma (via the plasma density). Hints to the relative contribution of each effect can be
gleaned by comparing the relative perturbations observed when modifying the interaction
strength (Section 8.6.1) and those observed when modifying the interaction density (Sec-
tion 8.6.2). This is because during the variation of the interaction strength, the background
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density was kept constant and so the resulting dependence of the perturbation should be a
function of only the energy transferred to the plasma.

Average spectrometer images of leading drive bunches following their interaction with the
plasma, shown in Figure 8.6.2 for the interaction strength and Figure 8.6.8 for the interaction
density, are very similar despite the difference in spectrometer imaging setups and indicate
a similar energy loss by the drive bunch (and hence energy transferred to the plasma) for the
variations considered. This is highlighted by the similarity of the values of the longitudinally-
integrated maximal decelerating wakefield amplitude discussed in each section. This sug-
gests the coupling efficiency of the leading bunches to the plasma was similar in the mid (b)
and lower (a) perturbation variants in the measurements presented in Sections 8.6.1 and 8.6.2.
Note, the discharge timing (2393920) and L1 TOA (227.27ps) for the largest perturbation in
both cases represent the same datasets, i.e. panel (c) in all relevant figures.

Consistently larger magnitude perturbations to the transverse density profile are observed
when modifying only the interaction strength and keeping the interaction density constant
(Figure 8.6.5). The relative perturbation to the witness bunch was measured to peak at
∆µ̃p = 0.283± 0.020m−1 and ∆µ̃p = 0.454± 0.031m−1 for the low and mid variants respec-
tively when modifying only the interaction strength compared to ∆µ̃p = 0.062± 0.009m−1

and ∆µ̃p = 0.192± 0.013m−1 when modifying the interaction density (Figure 8.6.12). For
reference, the peak relative perturbation at the highest density and interaction strength was
measured to be ∆µ̃p = 0.566± 0.022m−1. These measurements indicate that an additional
damping of the relative perturbative effect by approximately 80% and 45% is observed when
modifying the plasma density beyond the initial approximately 50% and 20% reduction ob-
served by purely changing the wakefield interaction strength. This suggests that the depen-
dence of the ion motion perturbation on the plasma density is stronger than that of the
wakefield interaction strength, however further measurements must be made before defini-
tive statements regarding its dependencies on experimental variables can be made.

These measurements do however indicate that the lifetime of the perturbation induced by
ion motion can be minimised by operating plasma accelerators at higher densities. This is ad-
vantageous as higher densities also offer higher accelerating gradients. These measurements
also demonstrate that even at these relatively modest accelerating gradients (> 1GVm−1)
and plasma densities (5× 1015 − 2× 1016 cm−3), the ion motion perturbation exists on the
timescale of tens of nanoseconds and therefore does not appear to prohibit the operation of
plasma accelerators at MHz repetition-rates.

8.6.4 Ion mass

The final dependency that was measured was that of the lifetime of the ion motion per-
turbation on the mass of the ion. Similar to the discussion of the extended evolution of
discharge-ionised plasmas of different species in Chapter 6, changes in the mass of the ion
are expected to modify the perturbation due to ion motion as the diffusion rate of ions within
plasma is expected to scale with the inverse square root of the ion mass, Di ∝ m

−1/2
i [see
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Eq. (6.3.2)]. The use of lighter ions is expected to lead to two main changes in the pertur-
bative signatures measured within this experiment: (i) the magnitude of the perturbation is
increased while, (ii) the lifetime of the perturbation is reduced. The magnitude of the per-
turbation is expected to increase as ions are able to respond to the wakefield on shorter
timescales [see Eq. (8.0.1)]. After the initial wakefield is driven, the plasma electron motion
it drives becomes decoherent as phase mixing occurs, leading to a continuous decay in the
wakefield amplitude as demonstrated in Chapter 7. Ions within the plasma initially respond
to the temporally-averaged transverse wakefield, hence a reduction in the ion mass effec-
tively shortens the period over which the transverse wakefield is averaged. Ions therefore re-
spond to larger amplitude averaged-transverse-wakefields and more extreme perturbations
to their density profile are induced. This amplifies the local pressure gradient excited within
the plasma which drives further diffusion and dissipation of the density profile, leading to
shorter perturbative lifetimes.

Exploratory measurements were performed to investigate this effect. Three different gas
species were used; helium, neon, and argon. These measurements were performed in ex-
perimental periods prior to those presented in Sections 8.6.1 and 8.6.2 and hence their full
scope was not yet realised; for example, during these measurements, the witness bunch was
removed and only a drive bunch was used to probe the plasma state, while the minimum
temporal resolution of the measurements was not utilised over the entire measurement pe-
riod. This meant two key ion motion signatures associated with the evolution of the energy
spectrum of the witness bunch could not be measured, however the evolution of the pertur-
bation could still be inferred from perturbations to the drive bunch mean energy and shifts
in the energy of focal lines within its spectra.

Each gas species has a different discharge profile due to their different breakdown char-
acteristics and hence the discharge parameters varied for different species. While operating
with helium, the stable discharge operating point was found at a buffer volume pressure
of 50.6mbar using a discharge voltage of 20 kV. In neon, the buffer volume pressure was
reduced to 31.2mbar using a discharge voltage of 25 kV, and in argon the buffer volume pres-
sure was 20.0mbar, again using a discharge voltage of 25 kV. During these measurements,
the aim was to reach the same interaction density for the leading bunch, irrespective of the
exact nature of the discharge. To do this, discharge delay timing scans were performed for
each gas species (as in Figure 5.3.3) and the relative energy perturbation of the bunch as a
function of the discharge timing was extracted (as in Figure 5.3.13). This was then used to
identify the relative discharge delay timing that gave a particular value of the relative energy
perturbation and ensured that approximately constant plasma density was used across all
subsequent measurements. The evolution of the ion motion perturbation was measured over
21ns in helium, and 30ns in both neon and argon, with a minimum temporal resolution of
769ps.

The resulting energy spectra for both the cold and perturbed plasma schemes are shown in
Figures 8.6.13, 8.6.14 and 8.6.15 for helium, neon and argon respectively. Over all three cases,
the measurement of the energy spectrum of the probe bunch in the unperturbed plasma
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Figure 8.6.13: Waterfall spectrometer images showing the evolution of the probe bunch energy profile
as a function of separation with respect to the leading bunch in helium. The post-plasma
quadrupoles are set to focus at 1015MeV, imaging the central energy of the decelerated
probe bunch. (a) Probe bunch only. (b) Probe bunch following perturbation from leading
bunch.

Figure 8.6.14: Waterfall spectrometer images showing the evolution of the probe bunch energy profile
as a function of separation with respect to the leading bunch in neon. The post-plasma
quadrupoles are set to focus at 1015MeV, imaging the central energy of the decelerated
probe bunch. (a) Probe bunch only. (b) Probe bunch following perturbation from leading
bunch.
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Figure 8.6.15: Waterfall spectrometer images showing the evolution of the probe bunch energy profile
as a function of separation with respect to the leading bunch in argon. The post-plasma
quadrupoles are set to focus at 1015MeV, imaging the central energy of the decelerated
probe bunch. (a) Probe bunch only. (b) Probe bunch following perturbation from leading
bunch.

demonstrates a similar energy loss, indicating that similar interaction plasma densities were
found in all three species despite the difference in gas and discharge parameters.

The lifetime of the ion motion perturbation was significantly shortened by reducing the ion
mass. In helium, Figure 8.6.13(b), significant perturbations to the drive bunch energy spectra
are observed for bunch separations smaller than approximately 4ns. During this period,
the energy loss of the bunch is observed to only increase, indicating an increasing on-axis
density experienced by the probe bunch, while the focal line within its energy spectrum tends
towards an energy of approximately 1015MeV as seen in the unperturbed plasma. These
observations indicate that the ion motion perturbation is already in the process of dissipating
within 769ps and the temporal resolution is insufficient to measure the development of the
peak perturbation as was measured in argon in Sections 8.6.1 and 8.6.2.

In contrast, the measurements of ion motion in neon shown in Figure 8.6.14(b) show both
the development and dissipation of the ion motion channel. In this measurement, the channel
appears to deepen over approximately the first 5ns, before dissipating over the following
10ns such that the probe bunch spectrum returns to those measured in the cold measurement
scheme without the presence of the leading bunch. This therefore demonstrates the increase
in perturbative lifetime with an increase in ion mass as predicted.

The energy loss of the probe bunch in argon is significantly increased in the perturbed
plasma when compared to the unperturbed case for all bunch separations as shown in Fig-
ure 8.6.15. This indicates an increase in plasma density and leads to the appearance of an
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accelerated tail in the energy spectra as the wakefield cavity is shortened at higher density.
The mechanism by which the plasma density increases is discussed in Chapter 9 where more
detailed measurements of this effect are performed and hence is not commented on here.
The increase in on-axis density masks the perturbation to the drive bunch energy spectrum
induced by the presence of an ion channel, however significant changes in the location of
increased charge density in the energy spectra over the entire measurement period (30ns),
particularly when compared to measurements of the unperturbed plasma in Figure 8.6.15(a),
potentially indicate the continued evolution of an ion channel.

While the measurement conditions were significantly different in Sections 8.6.1 and 8.6.2
and hence direct comparison to the measurements in this section is not possible, those mea-
surements were also performed in argon but in conditions that minimised the re-ionisation
effect observed in Figure 8.6.15. Those measurements consistently demonstrated perturbative
lifetimes in excess of 50ns, considerably longer than those in helium and neon demonstrated
here, again consistent with an increase in perturbative lifetime with increasing ion mass.

The measurements presented in Figures 8.6.13 and 8.6.14 demonstrate a reduction in the
lifetime of the ion motion perturbation induced by wakefield excitation by reducing the ion
mass. In helium, the perturbation to the drive bunch was measured to dissipate within ap-
proximately 5ns, while in neon dissipation occured within approximately 15ns. The lifetime
in helium was too short to allow measurement of the peak perturbative effect and hence
the expected increase in the magnitude of the ion motion perturbation with reducing ion
mass could not be confirmed within the temporal resolution available within the experi-
ment. Given the experimental progress made between the measurements presented in this
section and those in the preceding two sections — particularly with regards to the inclusion
of witness bunches — the beam-based method appears capable of confirming the expected
m

−1/2
i scaling of the perturbative lifetime. Future measurements should be performed at

lower plasma densities to extend the perturbative lifetime (as demonstrated in Section 8.6.2)
to allow measurement of the formation of the ion channel in helium. This would also enable
comparison of the amplitude of the peak perturbation and confirm its expected dependence
on the ion mass. Measurements in argon should be performed at lower gas pressures to
minimise the re-ionisation effect observed in Figure 8.6.15 that masked the ion motion effect.
This is discussed further in Chapter 9.
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8.7 conclusion

The motion of plasma ions driven by the wakefield excitation process leads to the develop-
ment of highly non-uniform transverse plasma density profiles that can significantly alter and
diminish the wakefield acceleration process. For this reason, ion motion must dissipate and
a uniform transverse density profile must be re-established for high-repetition-rate operation
of plasma accelerators to be realised. As such, ion motion appears to define the fundamental
timescale over which identical acceleration can be observed. This chapter has demonstrated
the derivation of the effect of parabolic density profiles, produced by an evolving ion channel,
on the wakefield process, highlighting the suitability of the beam-based plasma characterisa-
tion technique introduced in Chapter 5 to probing the evolution of ion motion.

Experiments were performed at FLASHForward using a drive-probe setup where the
separation between the leading bunch pair and a following probe bunch pair was varied
from 769ps to tens of nanoseconds. Four signatures were consistently observed in the re-
constructed probe bunch transverse and energy spectra following its interaction with the
perturbed plasma. Oscillations in the size of the witness bunch were attributed to the evolv-
ing on-axis density profile as ions were driven by the presence of a local pressure gradient
induced by the wakefield process. The position of regions of increased intensity in the probe
bunch energy spectra were observed to shift with the development of the radial density pro-
file, caused by changes to the betatron oscillation frequency induced by the increasing off-axis
ion density and focusing effect. The combination of these two effects significantly modified
the shape and structure of the wakefield cavity, leading to significant perturbations to the
energy of the probe drive and witness bunches. Identification of these signatures enabled the
reconstruction of the evolution of the transverse density profile and three-dimensional PIC
simulations using the reconstructed profile demonstrated good agreement with experimental
measurements.

The beam-based plasma characterisation method was then applied to measurements of the
dependence of the evolution of the plasma state following the wakefield excitation process on
three key experimental variables: the wakefield interaction strength of the leading bunch, the
background plasma density, and the ion mass. Increasing the wakefield interaction strength
increased the relative perturbation experienced by the probe bunch as more energy was
transferred to the plasma by the leading bunch. Increasing the plasma density similarly led
to an increase in the perturbative effect for the same reason thanks to the increased coupling
strength. The lifetime of the perturbation was significantly extended by lowering the plasma
density as the magnitude of the induced pressure gradient was reduced. Comparisons be-
tween these two effects suggested that the dependence of the ion motion perturbation on
the plasma density exceeded that of the wakefield strength. Reductions in the ion mass were
shown to reduce the perturbative lifetime as expected, though more detailed measurements
should be performed to confirm the expected m−1/2

i dependency.
Future measurements should extend the timescale over which the perturbation is mea-

sured to ensure return of the perturbed plasma to the state of the unperturbed plasma in all
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cases. Furthermore, the divergence and emittance of the witness bunch should be directly
measured experimentally using scans of the transverse bunch size as a function of the object
plane of the spectrometer quadrupole imaging system. This will provide a direct comparison
of the transverse dynamics with PIC simulations compared to the transverse bunch size mea-
surement which is convolved with the resolution and magnification of the imaging system
and assumes that the object plane is consistent across all measurements. Measurement of the
emittance in particular could demonstrate its increase due to the non-linear focusing force
introduced by the approximately parabolic transverse density profile and confirm theoretical
predictions.

The measurements within this section represent the first detailed experimental study of ion
motion within beam-driven plasma accelerators and have significant implications for high-
repetition-rate operation. The dissipation of the perturbative effect within approximately
100ns for all measurements presented here indicates that ion motion will not limit operation
at MHz repetition-rates. Furthermore, the dependencies measured within Section 8.6 indicate
that for collider-relevant parameters, where operating densities and wakefield strengths are
increased from those studied here, the perturbative effect to the transverse density profile in-
duced by ion motion will dissipate on even shorter timescales, with sub-nanosecond lifetimes
potentially possible when operating in hydrogen, indicating the possibility of GHz repetition-
rates if suitable bunches can be provided at such a rate. However, the measurements pre-
sented here indicate that ion motion would likely prohibit the use of proton bunch trains
within the AWAKE experiment. Such trains are readily available at CERN but have bunch sep-
arations of 25ns. The combination of the low operating plasma density (n0 = 7× 1014 cm−3)
and heavy ion mass (mRb = 85.47mp) necessary for stable self-modulation of the proton
bunch would lead to ion motion perturbations over timescales significantly in excess of avail-
able bunch separations. It is likely that the perturbation due to ion motion would dissipate
within a microsecond for AWAKE parameters and hence MHz repetition-rates may still be
possible if suitable proton bunches could be provided at a corresponding rate. However, ini-
tial rapid expansion of the laser-ionised column at AWAKE [207], similar to those measured
in the evolution of laser-ionised plasma presented in Chapter 6, may prevent re-use of the
plasma within its lifetime in this case.

The dissipation of ion motion does not, however, represent the end of the evolution of
the plasma state following the wakefield excitation process. The energy imparted into the
plasma by the drive bunch, responsible for inducing ion motion, must dissipate. Other mech-
anisms by which dissipation occurs, possibly over longer timescales than that of ion motion
as discussed in Section 1.3.1, must also be considered. Such mechanisms can also lead to the
development on non-uniform plasma states that can degrade the acceleration process and
prohibit relaxation of the plasma before the following acceleration event. Measurements of
an example of just such a mechanism, electron-impact ionisation, are discussed in Chapter 9.
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M I C R O S E C O N D P E RT U R B E D P L A S M A E V O L U T I O N

Chapter 8 demonstrated the evolution of the plasma ion response to the wakefield excitation
process and its dissipation within approximately 100ns for typical FLASHForward exper-
imental parameters. However, as detailed in the introduction to this thesis (Chapter 1), the
plasma continues to evolve beyond this point. The energy imparted to the plasma by the drive
bunch not only drives ion motion, but also has the potential to lead to re-ionisation of the
plasma on extended timescales. Measurements of this effect have previously been reported
in Ref. [84] but have not been studied in detail. This chapter first introduces the expected re-
ionisation mechanism and then presents measurements of this effect using the beam-based
characterisation technique described in Chapter 5. The re-ionisation effect is studied as a
function of plasma density and species, enabling a demonstration of its minimisation and
indicating the potential for control of the re-ionisation process.

9.1 perturbed plasma evolution on extended timescales

It is expected that on extended timescales, the plasma can become re-ionised following wake-
field excitation due to the energy transfer from the drive bunch to the plasma. The dominant
re-ionisation mechanism is expected to be electron-impact ionisation [84] where high-energy
plasma electrons, excited by the wakefield, collide with either neutral recombined atoms
or ions within the plasma mixture. The timescale over which this is observed can be ap-
proximated by considering the electron-impact ionisation rate coefficient, 〈σv〉, which has
previously been shown to be well-described by the function [82],

〈σv〉 = A(1+ P ·U1/2)
(X+U)

UK exp(−U), (9.1.1)

where U = ET/Te is the dimensionless relative temperature, ET is the threshold ionisation
energy, Te is the mean electron temperature and A, K, and X are parameters found from a fit

Ion
ET

[eV]

A

[cm3s−1]
X K

Ar 15.8 0.599× 10−7 0.136 0.26

Ar+ 27.6 0.607× 10−7 0.544 0.21

Ar2+ 40.9 0.343× 10−7 0.834 0.17

Table 5: Fit parameters for the ionisation rates of argon atoms and ions by electron-impact. Values
extracted from Ref. [82].
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Figure 9.1.1: (a) Dependence of the electron-impact cross-sections on the mean electron temperature
(Te) for the first three ionisation levels of argon. (b) Timescale over which electron-impact
ionisation would be expected, calculated via Eq. (9.1.4), for a range of electron densities.

to experimental data [255, 256] and given in Table 5. The parameter P takes a value of either
0 or 1 and is included to improve the fit to the cross-section behaviour for certain ions near
the ionisation threshold. For the first three ionisation levels of argon considered here, P = 1.

The electron-impact ionisation cross-sections, σ, are highly sensitive to the mean electron
temperature and are plotted in Figure 9.1.1(a) for the first three ionisation levels of argon.
The rate coefficient is calculated via the overlap integral

〈σv〉 ∼
∫∞
0

εσ(ε)f(ε)dε, (9.1.2)

where ε = (3/2)kBTe is the mean electron energy, σ(ε) is the cross-section and f(ε) is the
electron energy distribution function. For a highly-ionised plasma in thermodynamic equi-
librium, f(ε) is assumed to follow a Maxwell-Boltzmann distribution,

f(ε) = 2

√
ε

π

(
1

kBTe

)3/2
exp

(
−

ε

kBTe

)
, (9.1.3)

which has a tail at high-energies as demonstrated in Figure 9.1.2. The presence of this high-
energy tail leads to a small fraction of electrons with energies above the ionisation threshold,
and hence non-zero cross-sections, even at mean electron energies far below the ionisation
threshold. As the mean electron temperature increases, the fraction of electrons with energies
above the threshold energy significantly increases resulting in a rapid increase in the rate coef-
ficient overlap integral, with the peak of the cross-section occurring at electron temperatures
just above the threshold energy. As Te continues to increase, f(ε) shifts towards higher en-
ergies and the cross-section plotted in Figure 9.1.1(a) starts to decrease. The timescale over
which the effects from electron-impact ionisation would be expected to be observed can be
calculated from the rate coefficient via,

τ ∼
1

ne · 〈σv〉
. (9.1.4)
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Figure 9.1.2: Example Maxwell-Boltzmann distributions for a range of mean electron temperatures,
Te, calculated via Eq. (9.1.3).

Resulting calculations for argon are shown in Figure 9.1.1(b) for three different electron
densities where the total cross-section is the sum of the cross-sections for the first three
ionisation levels presented in Figure 9.1.1(a), i.e.

σ(Te) = σAr(Te) + σAr+(Te) + σAr2+(Te). (9.1.5)

The electron-impact ionisation cross-sections presented in Figure 9.1.1(a) indicate that the
dominant contribution to the growth of the plasma density will likely be collisions between
electrons and neutral argon atoms, with a growing contribution from second-level ionisation
of argon ions at high electron energies. Plasma electrons near the axis that are excited by
the wakefield are expected to gain large energies (>keV), however these quickly move from
the vicinity of the wakefield due to their large thermal velocity and undergo many collisions
with lower-energy plasma electrons and ions, reducing their energy. This process acts to heat
the bulk of the plasma over a timescale given by the inverse of the electron-ion collision
frequency [128, 196]:

νei =
4

3

√
2π

me

e2ne ln λei
(4πε0)2(kbTe)3/2

, (9.1.6)

where ln λei is the electron-ion Coulomb logarithm given by

ln λei = ln

[
3

2
√
2π

(4πε0)
3/2(kbTe)

3/2

e3n
1/2
e

]
, (9.1.7)

and is typically of order 10. Example timescales for a range of plasma densities are shown
in Figure 9.1.3 assuming the ion temperature is initially sub-eV. This figure indicates that
high-energy plasma electrons (Te ∼ keV) excited by the wakefield would be expected to cool
to eV-scales (where their impact-ionisation cross-section is highest) on timescales of the order
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Figure 9.1.3: Electron-ion collision timescale, ν−1ei , assuming cold ions (Ti < 1 eV) for a range of plasma
densities, calculated according to Eq. (9.1.6).

of tens-to-hundreds of nanoseconds for typical FLASHForward operating plasma densities.
Given that re-ionisation of the plasma begins to be observed on timescales shorter than this,
as will be shown in Section 9.2, this suggests that it is not the highest-energy electrons that
contribute to the onset of impact-ionisation but rather bulk plasma electrons that are heated
to O(10) eV scales via collisions with wakefield-excited electrons and ions.

For typical FLASHForward operating densities, ne ∼ 1015 − 1016 cm−3, it would be ex-
pected that re-ionisation of the plasma via electron-impact ionisation would be observed on
a timescale of order few-to-tens of nanoseconds following the excitation of the wakefield.
Initial measurements of this effect were performed using the beam-based plasma characteri-
sation technique and are presented in the following sections.

9.2 plasma density dependence

Beam-based measurements of the re-ionisation of the plasma following wakefield excitation
were performed in conjunction with the measurements of the extended evolution of unper-
turbed plasma discussed in Chapter 6. For these measurements, the "perturbed" measure-
ment scheme introduced in Chapter 8 was used where a leading bunch drives a wakefield
within the plasma and is then followed by a second bunch at variable delay that probes
the evolution of the plasma. In all cases presented here, both the leading and probe bunch
comprised of a drive bunch only and no witness bunches were present. The spectrometer
signal subtraction technique outlined in Section 8.4.1 was used in the analysis of spectrom-
eter images as the bunch separations were sufficiently short that the scintillating signals of
the bunches overlapped. In all datasets, the "cold" measurement scheme, where the leading
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Figure 9.2.1: Beam-based measurement of the re-ionisation of plasma following wakefield excitation
by a leading bunch. Three different background plasma densities are measured by chang-
ing the timing of the arrival of the leading bunch with respect to the initiation of the
discharge; 5.2µs (black), 8.9µs (dark blue) and 12.6µs (light blue). The decay of the un-
perturbed plasma is plotted in grey for reference. Exponentials are fitted to all datasets
and plotted.

bunch is removed, is compared to the "perturbed" measurement scheme to determine the
effect of the wakefield on the evolution of the plasma.

Figure 9.1.1(b) indicates that the onset of electron-impact ionisation should show a clear
dependency on the density of high-energy electrons (and hence plasma density), with ion-
isation occurring sooner at higher densities. This was explored experimentally by varying
the arrival time of the leading bunch with respect to the initiation of the discharge, as an
increased delay allows the plasma more time to recombine resulting in a lower interaction
density. First measurements were performed in discharge-ionised argon at a buffer volume
pressure of 40mbar, similar to results discussed in Section 6.2 although measured using a dif-
ferent probe bunch. Three different relative arrival times were used; 5.2µs, 8.9µs and 12.6µs,
with relative timing between the leading and probe bunches, ∆τ, varied between 9.23ns and
15µs with a minimum temporal resolution of 9.23ns.

The evolution of the fractional energy perturbation per unit length, ∆µ̃, for the "cold"
(grey) and "perturbed" measurements schemes are plotted in Figure 9.2.1, and repeated in
Figure 9.2.2 with a logarithmic relative timing axis to highlight the early timescale evolution.
The increased value of ∆µ̃ in all three "perturbed" cases when compared to the "cold" scheme
indicate an increase in plasma density following excitation of the wakefield.

At the highest interaction density, Figure 9.2.2(a), at the shortest timescales (∆τ . 40ns),
∆µ̃ is initially lower in the "perturbed" case than the "cold" case. This is due to ion motion
reducing the on-axis density experienced by the probe bunch as discussed in detail within
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Figure 9.2.2: Datasets from Figure 9.2.1 re-plotted separately and using a logarithmic temporal axis
to show short timescale detail. Leading bunch relative arrival time of (a) 5.2µs, (b) 8.9µs
and (c) 12.6µs. The decay of the unperturbed plasma is plotted in grey for reference. Ex-
ponentials are fitted to all datasets and plotted. ∆τ represents the relative timing between
the leading and probe electron bunches.
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Measurement A
B

[µs−1]
χ2ν

"Cold" 0.427± 0.003 (7.04± 0.07)× 10−2 1.09

(a) 0.471± 0.007 (7.31± 0.22)× 10−2 1.10

(b) 0.639± 0.016 (8.70± 0.24)× 10−2 0.92

(c) 0.709± 0.028 (7.98± 0.29)× 10−2 1.36

Table 6: Results of fits of the measurements of ∆µ̃ presented in Figure 9.2.2 to the exponential function
f(t) = A exp(−Bt).

Chapter 8. As the ion motion perturbation dissipates, the plasma density experienced by the
probe bunch increases, indicated by the increase in ∆µ̃, demonstrating the apparent onset
of re-ionisation of the plasma. The timescale over which this is observed, approximately
50ns, is consistent with both the dissipation of ion motion measured in Chapter 8 and the
expected electron-impact ionisation timescale presented in Figure 9.1.1(b) for an electron
density of order 1015 cm−3. The increased plasma density, relative to the "cold" measurement
scheme, is maintained over the remainder of the measurement period and exhibits a similar
exponential relation between ∆µ̃ and ∆τ as the unperturbed plasma. The measurements of
the perturbed plasma ∆µ̃ from ∆τ = 100ns −15µs were fitted to an exponential function of
form f(t) = A exp(−Bt), with each data point weighted by the inverse of its relative error,
and compared to the same fit to the unperturbed plasma. The resulting fit parameter values
are listed in Table 6 with fits represented by the lines in Figures 9.2.1 and 9.2.2 with dotted
lines showing the fit to the perturbed measurement and the solid line to the unperturbed
plasma.

At the highest density the exponential decay rate, given by B in Table 6, is consistent
between the two measurements, indicating a similar extended timescale decay of both the
"cold" and "perturbed" plasma and suggesting that the effect of the wakefield would not
significantly extend the lifetime of the plasma in this case.

As the interaction plasma density is reduced, the onset of re-ionisation of the plasma ap-
pears earlier, so much so that within the first measurement at a relative bunch separation
of 9.23ns the plasma is already significantly re-ionised in both cases in Figure 9.2.2(b) and
(c). As discussed in Chapter 8, it would be expected that the ion motion perturbation would
exist for a longer time period at lower densities but have a lower perturbative effect. In the
measurements at lower densities presented here, the re-ionisation effect appears significantly
larger than the perturbative ion motion effect as no effects that have previously been at-
tributed to ion motion are observed. The apparent demonstration of a shorter re-ionisation
onset at lower plasma densities is in direct contradiction with calculations in Figure 9.1.1(b)
which suggested that the electron-impact re-ionisation timescale increases at lower plasma
densities as there are fewer high-energy electrons that can undergo such collisions. This
contradictory result therefore suggests that the onset of re-ionisation is not restricted by
the population density of high-energy electrons but rather the density of ions and neutral
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atoms within the vicinity of the axis of propagation of the probe bunch that can undergo
electron-impact ionisation. Two mechanisms would be expected to significantly alter the den-
sity distribution of ions and neutral atoms within the capillary: (i) ion motion and (ii) the
background plasma (and neutral) density itself.

At higher plasma densities where, in Section 8.6.2, ion motion perturbations were shown
to be more significant, the density of ions that remain within the vicinity of the propagation
axis of the probe bunch on nanosecond timescales after the wakefield has been driven is
much reduced. Neutrals will not respond to the average transverse wakefield that initially
drives the motion of plasma ions as they have no charge, but they do respond to the pressure
gradient within the plasma that is induced by the motion of the ions and electrons. Therefore,
neutrals will also be transversely perturbed by the wakefield excitation. It is therefore likely
that any re-ionisation that occurs on few-nanosecond timescales takes place away from the
propagation axis of the probe bunch, and hence only affects the measurements of the on-axis
plasma density once the ion motion has dissipated. At lower plasma densities where the on-
axis density perturbation due to ion motion is less extreme, there still exists a high density of
ions and neutrals near the propagation axis of the bunches that can be ionised via collisions
with plasma electrons of sufficient energy.

Furthermore, the measurements presented here are performed in discharge-ionised plasma
which continuously recombines and evolves following the culmination of the discharge as
discussed with regards to the measurements presented in Chapter 6. During, and immedi-
ately after, the discharge a significant fraction of the plasma is expelled out of the ends of the
capillary due to the thermal pressure gradient [195]. Following this expulsion, the remain-
ing plasma recombines and the density of neutral argon atoms within the capillary grows.
Within these measurements, as the delay between the discharge initiation and the arrival of
the leading bunch is increased, the plasma density decreases via recombination and the neu-
tral density correspondingly increases. Therefore, when the wakefield is driven in a lower
density plasma by the leading bunch, there is a larger density of neutral argon atoms dis-
tributed within the capillary that can undergo electron-impact ionisation collisions and be
ionised, leading to an earlier apparent onset of re-ionisation.

It is therefore likely that the apparent decrease in the timescale of the onset of electron-
impact ionisation as a function of the interaction plasma density shown in Figure 9.2.2 is
as a result of using a beam-based plasma characterisation technique where only the plasma
density local to the propagation axis of the beam is probed. Measurements of regions away
from the leading and probe bunch axis would likely indicate the ionisation of neutrals and
ions on few-nanosecond timescales at the highest plasma density measured here, similar to
results found in Ref. [84].

Exponential fits to the extended timescale evolution of the perturbed plasma at these lower
densities indicate a faster decay when compared to the unperturbed plasma, as can be seen
from the values of the fit parameters in Table 6. This is likely due to the increase in the bulk
plasma temperature driven by the energy transferred by the leading bunch to the plasma via
the wakefield. A local increase in temperature in the region near the propagation axis drives
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a pressure gradient, increasing the diffusion rate of electron and ions within the plasma.
Their redistribution towards the cooler capillary walls is accelerated, resulting in an increased
cooling and recombination effect relative to the unperturbed plasma. The measurements
presented here only demonstrate the perturbative effect on timescales up to 15µs and hence
it is not known whether this perturbation continues to drive redistribution and recombination
of the plasma at a higher rate and would hence reduce the overall plasma lifetime. Similar
measurements should be repeated until the resolution limit of the beam-based technique
is reached, ∆µ̃ ∼ 10−3m−1 for this setup, to determine whether this is in fact the case or
whether the extended timescale evolution mirrors that of the unperturbed plasma.

9.3 plasma species dependence

The plasma re-ionisation effect demonstrated in the previous section should be dependent
on the re-ionisation mechanism cross-section. For example, in the case of electron-impact re-
ionisation, the cross-section can be significantly reduced by operating in a different plasma
species with a higher ionisation threshold. Measurements to investigate this effect were
performed in discharge-ionised argon and helium plasmas at buffer volume pressures of
8.6mbar and 25.3mbar respectively, as in Section 6.3.2. The capillary had length 50mm and
a discharge voltage of 25 kV was used. The operation of the discharge at such low pressures
resulted in a less stable discharge, with large amplitude current reflections from impedance
mismatching within the discharge electronics observed in the measured current traces. This
leads to slightly larger variability in the energy spectra of the bunches following plasma
interaction, however the evolution of the plasma can still be clearly observed. The probe
electron beam had charge 455± 3pC with energy distribution µ0 = 1115.5± 1.2MeV and
σ0 = 1.7± 0.1MeV, and was compressed to an RMS bunch length of στ = 200± 2 fs, giving
a peak current of approximately 1 kA. The measurements of the extended evolution of per-
turbed argon and helium plasmas were each performed at two different interaction densities
using the same drive and probe bunches such that direct comparison between the datasets
via measurements of ∆µ̃ is possible. The higher and lower interaction density working points
are characterised by similar values of ∆µ̃ for the unperturbed plasma in both species, indi-
cating similar (but not identical) interaction densities in both cases. The relative arrival time
of the leading and probe bunches, ∆τ, was varied between 769ps − 5µs with a minimum
temporal resolution of 769ps.

The electron-impact ionisation cross-sections of the first and second ionisation levels of he-
lium are shown in Figure 9.3.1 alongside those for argon that were previously shown in Fig-
ure 9.1.1(a). The corresponding fit parameters to Eq. (9.1.1) for helium are given in Table 7 for
reference. The electron-impact ionisation cross-section for neutral helium is approximately an
order of magnitude lower than for argon over the calculated range of electron temperatures,
indicating a significantly lower probability of electron-impact ionisation occurring following
the excitation of the wakefield.
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Ion
ET

[eV]

A

[cm3s−1]
X K

He 24.6 0.175× 10−7 0.180 0.35

He+ 54.4 0.205× 10−7 0.265 0.25

Table 7: Fit parameters for the ionisation rates of helium atoms and ions by electron-impact. Values
extracted from Ref. [82].

Figure 9.3.1: Dependence of the electron-impact cross-sections on the mean electron temperature (Te)
for the first two ionisation levels of argon and helium.

The measured fractional energy perturbation per unit length to the probe bunch, ∆µ̃, for
the four datasets are shown in Figure 9.3.2. In all cases, the measurement of the unperturbed
plasma is shown in grey for reference. For all datasets, the effects of ion motion are observed
at the shortest timescales. Within argon, ion motion signatures are typically observed over
the first approximately 25ns in these datasets, whereas in helium they appear to dissipate
within the first few nanoseconds.

At the higher interaction density in argon, minimal re-ionisation of the plasma is observed
over the entire measurement period. This contrasts to the measurements in the previous
section where significant re-ionisation was observed at all measured plasma densities. This
is likely due to the difference in buffer volume pressure between the two measurements,
with a pressure of 8.1mbar used here compared to 40mbar in Section 9.2. The reduction in
buffer volume pressure correspondingly reduces the gas pressure within the capillary. Under
identical discharge parameters, it would be expected that the reduction in gas pressure would
result in higher temperatures following culmination of the discharge and hence an increased
expulsion of plasma and gas out of the ends of the capillary. The density of neutral argon
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Figure 9.3.2: Comparison between the re-ionisation measured after wakefield excitation in differing
plasma species. Panels (a) and (b) represent higher and lower plasma density working
points in argon respectively. Panels (c) and (d) represent higher and lower working points
in helium respectively. The unperturbed plasma measurements are plotted in grey for all
datasets for reference.
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species within the capillary at the arrival of the leading bunch would therefore be reduced
when compared to the 40mbar buffer volume pressure, and hence the re-ionisation effect
is reduced. It can still be observed however by increasing the delay between the initiation
of the discharge and the arrival of the leading bunch, hence reducing the interaction plasma
density but increasing the neutral density. This is the case in Figure 9.3.2(b), where significant
re-ionisation of the argon plasma is observed following wakefield excitation. The gas pressure
dependence of the re-ionisation mechanism was utilised in the measurements of ion motion
presented in Chapter 8 where a buffer volume pressure of 10.6mbar was selected to minimise
the re-ionisation effect of the argon plasma and enable the study of only the ion motion effect.

These measurements were repeated at similar interaction densities in helium and are pre-
sented in Figure 9.3.2(c) and (d). At the higher interaction density, similarly to argon, ion
motion effects resulting in a decrease in the measured ∆µ̃ are observed on the shortest
timescales. However, following their dissipation the measurement of the evolution of the
perturbed plasma agrees with the unperturbed plasma over the entire measurement range.
Unlike the measurements in argon, increasing the delay of the arrival of the leading bunch to
lower the interaction density, such that a greater number of recombined helium atoms would
be present within the capillary, did not demonstrate significant re-ionisation of the plasma
within the resolution afforded by the beam-based plasma characterisation technique. This is
in-line with the order of magnitude reduction in the electron-impact ionisation cross-section
for helium compared to argon presented in Figure 9.3.1. On extended timescales, the decay
of the perturbed helium plasma closely matched that of the cold plasma indicating no sig-
nificant difference in the lifetime of the plasma would be expected. Rapid changes in the
measured ∆µ̃, for instance at ∆τ ∼ 350ns in Figure 9.3.2(c), are due to reflections of the dis-
charge current within the plasma caused by an impedance mismatch. This short secondary
current pulse heats and re-ionises the plasma, resulting in an increased ∆µ̃ before the plasma
decay is continued. These are present in these measurements due to the reduced gas pressure
within the capillary, but are consistent across both the "cold" and "perturbed" measurement
schemes indicating the repeatability of the current reflection and highlighting the sensitivity
of the beam-based method to changes in the plasma density.

9.4 conclusion

The plasma wakefield process generates highly-energetic plasma electrons that undergo inter-
and intra-species collisions with other constituents of the plasma, heating the plasma bulk.
It is expected that collisions between plasma electrons and neutral atomic species within the
capillary result in their ionisation and an increase in the plasma density. Initial exploratory
measurements of the extended evolution of plasma following the wakefield excitation process
have demonstrated such re-ionisation of the plasma over timescales that are consistent with
those expected for electron-impact ionisation for the plasma densities considered.

It is expected from theory [82] that the timescale over which electron-impact ionisation is
observed should decrease significantly at increased plasma densities. Beam-based measure-
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ments of the re-ionisation of a discharge-ionised argon plasma over a range of plasma densi-
ties indicated the opposite relation, with the effects of plasma re-ionisation being observed on
shorter timescales at lower densities. It is believed this was due to the interplay between ion
motion and re-ionisation effects, with stronger ion motion perturbations observed at higher
plasma densities reducing the local population of ions and neutral atoms in the vicinity of
the wakefield driven by the probe bunch, masking the re-ionisation effect. The decay rate of
the perturbed plasma was measured to increase slightly with decreasing plasma density, but
further measurements over a longer timescale should be performed to determine whether
this continues over its entire lifetime.

The plasma species was varied experimentally to explore the effect of reducing the electron-
impact ionisation cross-section. Comparisons between discharge-ionised argon and helium
plasmas demonstrated significant re-ionisation in the case of argon while no significant re-
ionisation effect was observed in helium, even at reduced plasma densities where the largest
effects are measured in argon. This was consistent with theoretical calculations of the electron-
impact ionisation cross-section of helium which indicated an order of magnitude decrease
in the probability of electron-impact ionisation occurring compared to argon. Reducing the
gas pressure within the capillary via a reduction of the buffer volume pressure was shown
to further minimise the re-ionisation effect within the plasma thanks to a reduction in the
density of neutral gas atoms present within the capillary.

The measurements presented within this chapter demonstrate not only the re-ionisation
of plasma following the wakefield process, but also its tunability. For example, it can be
minimised by either reducing the gas pressure within the capillary or using a gas species
with a lower electron-impact ionisation cross-section. Conversely, the re-ionisation effect can
be increased by increasing the density of neutral atoms within the plasma source, either
by increasing the gas pressure or allowing more recombination to occur before driving a
wakefield within the plasma. This suggests that via careful tuning of the plasma source
and density, the re-ionisation effect can be controlled and potentially even utilised to enable
high-repetition-rate PWFA operation in the "burst" mode often used at state-of-the-art con-
ventional accelerator facilities. Measurements of this type could be additionally combined
with temporally-resolved spectroscopic measurements of the light emitted by the plasma fol-
lowing the wakefield excitation process. Such measurements could allow the determination
of the evolution of the plasma electron temperature [257] which, combined with the electron-
impact ionisation cross-sections, would permit modelling of the re-ionisation process and
allow the study of its dependence on additional experimental parameters. This could be
used to optimise experimental parameters (e.g. the plasma species and density) to enable
sufficient re-ionisation to occur between the arrival of consecutive bunches and hence main-
tain the operating plasma density over extended periods of time such that long, O(100µs),
MHz-repetition-rate bunch trains could be used.





Part V

C O N C L U S I O N S

See the individual chapters of this thesis for specific conclusions and outlooks
with regards to each set of measurements. Here, the wider implications of the
measurements presented within this thesis are discussed, particularly with re-
gards to potential operating modes of future plasma-based accelerators.





C O N C L U S I O N

implications for high-repetition-rate pwfa operation

The measurements presented within this thesis seem to indicate three different plasma wake-
field accelerator high-repetition-rate operation modes may be possible in the future. These
are represented in Figure C1.

Figure C1: Potential operating schemes for future plasma-based accelerators. (a) A fresh plasma is
generated for every acceleration event. (b) The re-ionisation effect of the wakefield is used
to maintain the plasma density. (c) Bunch trains are used, with ion motion dissipating
between the arrival of the following bunch. Note, different temporal scales are represented
in each panel.

(a) A PWFA-based accelerator could be operated under the principle that the plasma is
freshly generated for every acceleration event. In this case, the measurements in Chap-
ters 6, 8 and 9 indicate that helium provides a suitable accelerating medium. The life-
time of discharge-ionised helium with a peak density in excess of 1016 cm−3 has been
shown to be of order 10µs, its low mass means ion motion effects dissipate within a few
nanoseconds and its low electron-impact ionisation cross-section means re-ionisation
of the plasma is avoided on extended timescales. These results indicate that a helium-
based plasma wakefield accelerator, where a fresh plasma is generated for each event,
could be operated at repetition-rates approaching 100 kHz, of similar order to state-of-
the-art conventional accelerator facilities. However, continuous operation at 100 kHz is
not necessarily compatible with current facilities that could provide electron bunches
as they typically operate in a short-pulse [O(100µs)] "burst" mode. This scheme is there-
fore possibly more suited to laser-driven facilities provided that suitably powerful, high-
repetition-rate laser systems can be developed.

267
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(b) In contrast, argon appears to be a suitable medium for a "burst" operation mode where
the re-ionisation of the plasma induced by the preceding wakefield event is used to in-
crease the plasma density between events such that the same plasma density is reached
when a subsequent bunch arrives within O(1µs). Measurements in Chapter 9 indicated
that the level of re-ionisation induced in the plasma by the wakefield process could
be controlled via changes in the density of neutral atoms within the capillary, either
by adjusting the gas pressure or the time over which the plasma recombines before
the interaction occurs. This therefore suggests that suitable operating conditions could
be found where short MHz-frequency bunch trains can be used thanks to their re-
ionisation of the plasma between consecutive acceleration events. Small discharge cur-
rents (in comparison to the initial discharge) could additionally be applied to further
boost the plasma density if necessary. Hence, plasma wakefield accelerators could be
operated at MHz-frequencies via use of a "burst" operation mode, akin to the opera-
tion modes of state-of-the-art super-conducting RF accelerators. As such, high-gradient
plasma wakefield sections could be considered as standalone extensions to existing fa-
cilities, acting as a "plasma booster" stage to significantly increase their energy with
minimal extension to the footprint of the accelerator.

(c) The effects of ion motion within the plasma lead to the generation of highly non-
uniform transverse density profiles and therefore seem to define the fundamental limit
at which repeatable acceleration events could be observed. Measurements of this effect
in argon within Chapter 8 indicated a perturbation lifetime of order 70ns and demon-
strated a reduction in this lifetime similar to the expected scaling of m1/2i . This there-
fore implies that for hydrogen plasma, a perturbative lifetime significantly below 10ns
could potentially be achieved. It is therefore possible that through careful choice of
operating conditions (high density, low ion mass), plasma-based accelerators could be
compatible with ultra-high frequency bunch trains similar to those produced at CERN
where the bunch separation is typically 25ns. They would need to be operated in a
"burst" mode similar to the MHz-frequencies discussed previously, but theoretically it
appears frequencies approaching GHz repetition-rates may be possible.

A word of caution

While the measurements presented in this thesis represent a significant first step towards
identifying and mitigating physical mechanisms that could limit high-repetition-rate opera-
tion of plasma-based accelerators, the three potential operation modes outlined previously
have a number of associated caveats.

Principle among the "burst" operation modes [(b) and (c)] is that all measurements pre-
sented here were performed with, at most, two bunches (or bunch pairs) in the plasma
accelerator and hence the cumulative effect of multiple acceleration processes on a plasma
could not be studied. It is improbable that a third acceleration event would necessarily give
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an identical signal to the second, let alone the nth event, without further optimisation of the
acceleration process.

However, the FLASHForward experiment is in an ideal position to investigate exactly this
effect thanks to the flexibility provided by the FLASH linac. The use of multiple photocath-
ode lasers permits the generation of a stable bunch train of length up to 800µs at O(MHz)
repetition-rates with a first photocathode laser, and generation of a further similar probe
bunch with a second photocathode laser that can be placed anywhere within that bunch
train with a temporal resolution of 769ps. This enables the beam-based perturbation method
developed within the X-3 experiment to be used to study the perturbation to the plasma
after the first, second, fifth, hundredth... bunch in the main train and demonstrate not only
consistent acceleration signatures but also consistent plasma relaxation (or otherwise).

Other than the lack of compatibility with the operating modes of current accelerator fa-
cilities, the principle caveat to the first operation mode discussed above that relies on the
fresh-generation of plasma for each event is the refill rate of the capillary. It has been shown
that a significant fraction of the gas within the capillary is expelled during the discharge.
This must either be refilled at a rate matching the operating rate or significant redesign of
the capillary must be made to minimise this expulsion.

Furthermore, the measurements presented in this thesis are specific to the relaxation rate
of the plasma that acts as the acceleration medium. As outlined in Chapter 4, a number of
technical challenges remain before high-repetition-rate operation can be demonstrated such
as cooling of the capillary and ionisation of the plasma at an appropriate rate. Such studies
will be performed within the context of the X-3 experiment over the coming years as it aims
to achieve its ultimate goal of the demonstration of an O(10 kW) average-power plasma stage.
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