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Abstract

Hosing is one of the instabilities that can develop in a beam-plasma system. It
represents a fundamental mode of interaction of such a system. Hosing is discussed
in different contexts across several fields of research. In plasma-based acceleration,
it is a detrimental phenomenon, that negatively impacts the quality of the beams
and might disrupt the acceleration process. Studying and understanding hosing is
therefore important.

In this thesis, we present, to date, the most comprehensive characterization of
hosing in the context of plasma-based acceleration. We report for the first time
that hosing of a long, relativistic (proton) bunch that propagates in an over-dense
plasma, can be induced and thus observed in a reproducible way. Hosing is induced
by relative misalignment between the trajectory of a short electron bunch, hence
the seed wakefields it drives, and that of the trailing proton bunch. Hosing develops
simultaneously with self-modulation (SM), in perpendicular planes. With no electron
bunch, SM develops as an instability and no hosing is observed, indicating that
seed wakefields induce hosing. Hosing manifests itself as an oscillation of the proton
bunch centroid position that grows along the bunch and the plasma, due to its
resonant coupling to the wakefields. The centroid position in case of SM has no
periodic pattern and remains close to the bunch propagation axis. The electron
bunch drives wakefields at the plasma electron frequency, therefore the frequency of
hosing is close to that of SM, both close to the plasma electron frequency, determined
at two plasma electron densities, npe = 0.96 × 1014 cm−3 and npe = 2.03 × 1014

cm−3. The development of hosing depends on the direction of misalignment, that
is, when the direction is inverted, the centroid position oscillation is reflected with
respect to the bunch propagation axis. As the amplitude of the seed wakefields
depends on the distance from the bunch propagation axis, the amplitude of hosing
depends on the electron-proton beams misalignment extent. With misalignment
extents larger than 0.5 c/ωpe (c/ωpe – cold plasma skin depth), the amplitude of
hosing decreases, following the decrease in the wakefields amplitude determined from
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numerical simulations. When the misalignment extent is larger than 2.5 c/ωpe, SM
develops as an instability and no hosing is observed. When not induced by a sufficient
level of seed wakefields, hosing develops as an instability and was observed only at
low plasma densities npe ≤ 0.5× 1014 cm−3. The amplitude of hosing increases with
the proton bunch density, i.e., its charge (fixed misalignment extent), as predicted
by theoretical findings. We find good general agreement between hosing we observe
and a theoretical model of a long-beam, early-time regime hosing, despite differences
between assumptions of the model and the experimental conditions. We introduce a
method to reconstruct the time-resolved 3D proton bunch charge density distribution.
We apply it to the case of simultaneous development of hosing and SM. We show
that the method indeed allows for reproducing the two perpendicular planes of the
bunch, that is, for unambiguous observation of the two processes of interest.
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Chapter 1

Introduction

First and foremost, I would like to note that all along this thesis I choose to use
"we" instead of "I", to acknowledge that, despite the study presented being my work,
many people have contributed to make it possible.

In this chapter, we give a brief historical overview of the conventional particle
acceleration technology and outline the motivation for the plasma-based technology.
We describe the principle of plasma-based accelerators and give an overview of
laser-driven and particle-driven schemes. We outline the context and the motivation
for the topic of the study presented here. We conclude by introducing the layout of
this thesis.

1.1 Conventional acceleration technology

The history of particle acceleration begins from the end of 19th century, when the
cathode ray tube was introduced [1]. In this tube, electrons emitted from a cathode
are accelerated in a strong static electric field between the cathode and the anode.
This illustrates the main principle of particle acceleration: interaction of charged
particles with static or dynamic electromagnetic fields, that results in particles
reaching higher velocities, thus, gaining more energy.

The first large-scale linear accelerators reaching MeV-range particle energies were
based on the Van-der-Graaff [2] and the Cockcroft-Walton generators [3], introduced
in the early 1930s. These machines represent electrostatic accelerators, where particles
are accelerated in the potential difference between the two electrodes. At the same
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Chapter 1. Introduction

time, the first circular machines, starting from the cyclotron, were developed, in
order to further increase the energies up to hundreds of MeV. This was achieved
by using a high-frequency alternating voltage (denoted as radio-frequency, RF), to
accelerate and circulate the particles in the accelerating structure multiple times.
The particles in the cyclotron followed a spiral-like path. To reach even higher
energies, cyclotrons evolved into synchrocyclotrons, and those – into synchrotrons,
that are currently used. In synchrotrons, magnetic fields are applied to keep the
particles circulating in a path with a fixed radius. That means, the field strength
of the magnets has to increase with increasing particle energy. Synchrotrons can
be used not only as accelerators, but also as storage rings for collider applications.
The notable examples of synchrotrons are the Proton Synchrotron (PS, 1959) and
the Super Proton Synchrotron (SPS, 1976) at CERN. With these machines, major
discoveries in the Standard Model physics, such as discovery of W and Z bosons, were
made. Then the 27 km-circumference Large Electron-Positron Collider (LEP) [4] at
CERN started operation in 1989. In its final stage, center-of-mass collision energy of
209 GeV was reached. After LEP, the Large Hadron Collider (LHC) [5], that has
the same circumference, was built. It accelerates proton bunches supplied to it by
the preceding accelerator chain (that includes the PS and the SPS). Center-of-mass
collision energy of up to 14 TeV is possible. At the LHC, the Higgs boson was
discovered in 2012 [6], completing the Standard Model.

There still remain numerous open questions in physics, such as the nature of dark
matter, matter-antimatter asymmetry etc., that might profit from further increase in
particle collision energy. Current trend in particle physics is focusing on the precision
of the measurements, therefore, a lepton collider could be a future machine. Hadrons
are composite particles subject to strong interaction, thus, their collisions have a
significant background level. Event reconstruction that includes complex hadronic
cascade processes is therefore required. Leptons, on the other hand, are elementary
particles, that are not subject to strong interaction. Lepton collisions thus have
much clearer signatures, allowing for the desired precision measurements. The most
considered (and well-studied) option for a lepton machine is an electron-positron
collider. It would come with the following limitations. If the machine is to be circular,
it would have a significant limitation of synchrotron radiation. The energy loss per
turn is expressed as [1]:
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1.1 Conventional acceleration technology

∆ES ∝ E4

rSm4
0c

8
, (1.1)

where rS is the radius of the turn and m0 – the rest mass of the particle. Therefore,
the lower the mass of the particle, the higher the energy loss. For protons, that are
∼ 2000 times heavier than electrons, that does not constitute a significant limitation.
For example, at the LEP the center-of mass collision energy was in the GeV range,
while at the LHC, with the same machine size, TeV-range energy is reached. For the
electron (and positron) acceleration, if TeV energy range is desired, linear machines
are preferred. So far, the largest and the most powerful linear accelerator was the
3.2 km-long Stanford Linear Collider (SLC) [7] constructed at SLAC, USA, that
started operation in 1989. The electron (positron) center-of-mass collision energy
of 90 GeV was reached. However, linear machines currently have a limit of the
accelerating gradient of about 100 MeV/m, due to electric breakdown in RF cavities.
Before a technology is developed to overcome this limitation, the only way to increase
the energy of the particles is to increase the acceleration length. For example,
the Compact Linear Collider (CLIC), proposed at CERN, would aim to accelerate
electrons and positrons to up to 3 TeV in 48 km length, with an average accelerating
field of 100 MV/m [8].

An overall limitation of the circular machines is the strength of the magnetic field
required to keep the particles on their trajectory: the higher the energy (with the
same machine size), the stronger the required field. That, again, results in a need of
a new technology to overcome this limitation, and, until available, in the increase of
the machine size. The Future Circular Collider (FCC) [9] – a 100 km-circumference
ring also proposed at CERN, would first be used as an electron-positron collider
(FCC-ee), with the center-of-mass collision energy of 350 GeV, and then it would
accelerate hadrons to the center-of-mass energy of 100 TeV (FCC-hh).

The technological limitations, the complexity and size of the machines, and cost, of
both construction and operation, result in a slowdown in the initially exponential
increase of the beam energy with time (Fig. 1.1.1). Therefore, the need of new
and fundamentally different concepts, e.g., plasma-based acceleration, arises. A
linear particle accelerator based on this technology is a promising alternative to its
conventional counterpart.
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Chapter 1. Introduction

Figure 1.1.1: Livingston plot for accelerators [10], showing the maximum beam
energy as a function of the construction year. Left curve shows the progress in
conventional accelerators from 1920s and splits into two lines corresponding to the
electron/positron (precision) machines and to the proton (discovery) machines. Right
curve shows the progress in the laser-driven plasma wakefield acceleration from 1980s.
Currently this technology makes it possible to accelerate electrons to multi-GeV
energies. Particle-driven plasma acceleration technology is shown by the square point.
Vertical dashed lines indicate future goals for the technologies displayed.

1.2 Plasma-based acceleration

The principle of plasma-based acceleration is to utilize the ability of plasma to
sustain plasma electron waves, which result in generation of electric and magnetic
fields. Using plasma as an accelerating medium makes it possible to overcome the
breakdown limit of the conventional RF structures, as plasma is already ionized. The
upper limit of the electric field that can be sustained in plasma is on the order of
the wavebreaking field EWB [11], defined as:

EWB =
mecωpe

e
, (1.2)
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1.2 Plasma-based acceleration

where me is the electron mass, c – the speed of light, e – the elementary charge, and
ωpe – the plasma electron angular frequency, given by:

ωpe =

√
npee2

ϵ0me

. (1.3)

In this expression, npe is the plasma electron density and ϵ0 is the vacuum permittivity.
We therefore can estimate the wavebreaking field as

EWB ≈ 96
V
m

√
npe[cm−3]. (1.4)

Currently, plasma-based wakefield experiments operate at npe in range of (1014 –
1018) cm−3, that is, the possible maximum accelerating fields are in range of (1 – 100)
GV/m. Compared to the conventional accelerators, this represents an increase in
accelerating field of up to three orders of magnitude. Moreover, the fields in plasma
are not only accelerating, but also focusing, acting like magnets in conventional
accelerators. Consequently, plasma-based accelerators could reach the same energies
as their conventional counterparts, but in a smaller acceleration length. That is
supposed to decrease the construction and operation costs, making these machines
widely available. The applications of these accelerators range from smaller facilities for
medical usage, e.g., cancer therapy, to high-energy electron sources for free-electron
lasers (FELs), to accelerators for particle physics studies.

The working principle of all plasma-based accelerators is shown in Fig. 1.2.1. The
setup consists of a driver, that can be either an ultra-short, high-intensity laser
pulse, or a short relativistic bunch of negatively or positively charged particles (Fig.
1.2.1, red cylinder). In order to efficiently drive wakefields, the longitudinal size of
the driver has to be smaller than the plasma wavelength σz < λpe = 2πc/ωpe [13].
The transverse size of the driver has to be smaller than the cold plasma skin depth
σr < c/ωpe, in order to avoid the possible onset of current filamentation instability
(CFI, see Section 2.3.3). The driver, entering the initially neutral plasma, generates
a transverse force and either radially expels (laser pulse, negatively charged particle
bunch) or attracts (positively charged particle bunch) the light plasma electrons
(blue minus signs) towards its propagation axis. In case of a laser pulse, this force
is ponderomotive, while in case of a particle bunch it is a space-charge force. In
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Chapter 1. Introduction

Figure 1.2.1: Schematic of a plasma-based acceleration [12]. The driver, here –
a short relativistic electron bunch, enters an initially neutral plasma and expels
plasma electrons from its propagation axis, due to the space-charge force effect.
These electrons are then attracted back to the axis by the remaining there positively-
charged ions, and then, due to the negative charge density on axis and the sufficient
kinetic energy, the electrons cross the axis and continue moving. This leads to a
periodic oscillation of the plasma electrons around the driver propagation axis. Due
to the resulting charge separation, there appear high-amplitude electric and magnetic
fields – wakefields.

this approach, we assume that the plasma ions are immobile on the time scales
considered, due to their higher mass. When the plasma electrons are expelled from
the propagation axis of the driver, there appears a surplus of ions on-axis (red plus
signs). This results in the uncompensated positive charge that, after the driver has
passed, attracts the plasma electrons back to the axis. When these electrons reach the
axis, the negative charge density on-axis increases, and, due to their kinetic energy,
the electrons continue to move and cross the axis. Overall, this leads to a periodic
oscillation around the driver propagation axis at the plasma electron frequency. In
the co-moving frame of the driver, a plasma wave is formed behind it. The "bubbles"
(Fig. 1.2.1) represent the accelerating and focusing structures, in which, due to charge
separation, high-amplitude electric and magnetic fields (wakefields) appear. The
longitudinal component of the wakefields is accelerating and decelerating, transverse
– focusing and defocusing. A witness bunch to be accelerated (not shown) has to be
injected into the focusing and accelerating phase of the wakefields.

In plasma-based acceleration, plasma acts as a medium that transfers energy from
the driver to the witness bunch, thus, the energy of the driver sets a limitation of
the maximum energy gain. That is due to the energy depletion of the driver [14],
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1.2 Plasma-based acceleration

when its phase velocity decreases and its particles transition to the defocusing phase
of the wakefields. Those, along with the preservation of the witness bunch quality
(low energy spread and emittance, etc.) are the main challenges of plasma-based
acceleration.

1.2.1 Laser-driven wakefield acceleration

The first proposal of a laser-driven wakefield accelerator (LWFA), presented by
Tajima and Dawson in 1979 [15], started the development of all plasma-based
acceleration schemes. It suggested that the plasma waves, or wakefields, could be
excited by the ponderomotive force of a laser pulse. The injected electrons are
trapped and accelerated by the wakefields, with multi-GeV/m accelerating gradients.
Until sufficiently short laser pulses became available, large-amplitude wakefields
were resonantly driven by the beating of two long laser pulses [16–18] or by the
pulses that were self-modulated through Raman scattering [14]. Those were the
first experimental realizations of the laser-driven acceleration schemes. They showed
acceleration of the externally injected electrons in gradients of about 0.7 GeV/m.
After the demonstration of Chirped Pulse Amplification (CPA) by Strickland and
Mourou in 1985 [19], short, high-intensity laser pulses were made available. Such laser
pulses became the most frequently used drivers. In 1995, Modena et al. [20] reported
reaching peak accelerating fields of 100 GV/m for acceleration of electrons. In 2004,
electron beams with a finite energy spread of a few percent were produced [21–23].
Reducing normalized transverse emittance of the electron bunches with energy of
up to 0.25 GeV to 0.2 π mm·mrad was demonstrated [24]. In 2014, acceleration of
6 pC of electrons to 4.2 GeV in 9 cm of plasma, that is, accelerating gradient of
about 47 GeV/m, and a final rms energy spread of 6% were demonstrated at the
Lawrence Berkeley National Laboratory (LBNL) [25]. This was followed by a further
increase in the energy of electrons to 7.8 GeV over a plasma length of 20 cm (peak
power of the drive laser pulse is 0.85 PW) [26]. Staging experiments were performed,
demonstrating acceleration of electrons in two independent laser-driven stages [27].
Active research is ongoing on the use of the LWFA for generation of electron beams
for use in synchrotron radiation sources or FELs [28–30].

Several laser-driven acceleration facilities using multi-PW, tens or hundreds of J laser
pulses, are planned to be implemented as a part of the Extreme Light Infrastructure
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(ELI) project [31, 32]. Besides from pushing the laser energy frontier, novel high
repetition rate laser systems with lower energies are studied for the improvement of
the stability of the laser-driven schemes [33].

Overall, the research in LWFA is quite widespread and promising due to the relatively
small size and low cost of the facilities, compared to those of the conventional
machines.

1.2.2 Particle-driven wakefield acceleration

In 1985, Chen et al. proposed to use a relativistic electron bunch to drive the
wakefields [34]. This concept was demonstrated experimentally by Rosenzweig et al.
in 1988 at Argonne National Laboratories [35]. In 2007 at SLAC, Blumenfeld et al.
[36] showed the doubling of the energy of some witness electrons from 42 GeV to 84
GeV in 85 cm of plasma. This corresponds to the average accelerating gradient of 49
GeV/m. The energy gain of the electrons is comparable to that gained over ∼ 3 km
of propagation in the conventional accelerator that produced the drive bunch.

Several studies on energy spread minimization [21–23], emittance preservation [37]
and efficiency of the acceleration process [38, 39] were performed.

As mentioned earlier, the energy gained by the witness bunch is limited by the energy
of the driver. Most of the currently used laser systems provide pulses with up to tens
of J of energy, similarly to the available electron beam drivers. Overall, the most
common energy limit for these driver types is ∼ 100 J. In order to reach higher energy
of the witness bunch, having multiple independently-driven synchronous stages is
required. This is a very challenging task [40]. Therefore, higher driver energies are
desired.

In 2009, Caldwell et al. proposed acceleration of electrons up to 600 GeV in a
single-stage 600 m of plasma with a high-energy relativistic proton bunch as a driver
[41]. For charged particle bunches, the energy scales with the rest mass of the
composing particles. Therefore, the proton bunches could carry quite high energies,
tens or hundreds of kJ. For example, the proton bunches produced at the SPS, with
an energy of 400 GeV per proton and population of Nb = 3 · 1011 particles, carry
∼ 19.2 kJ, and the bunches produced at the LHC, with the nominal energy of 7 TeV
per proton and Nb = 1.2 · 1011 particles, carry ∼ 135 kJ. Such proton bunches can in
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1.3 Hosing in plasma-based acceleration. Motivation and layout of the thesis

principle drive wakefields for hundreds of meters in a single stage [42]. This is the
main motivation for the Advanced Wakefield Experiment (AWAKE) at CERN: to use
the SPS-produced proton bunch as driver. In 2018, AWAKE was able to accelerate
electron bunches from 19 MeV to 2 GeV in 10 m of plasma [43]. As the bunches
produced by the SPS are long (∼ 6 cm) compared to the λpe ∼ 3 mm, in order to
effectively drive large-amplitude wakefields, AWAKE relies on self-modulation (SM)
of a long proton bunch transforming it into a train of sufficiently short microbunches.
In order to obtain reproducible outcome from event to event, SM is seeded, either
with a relativistic ionization front (RIF) [44] or with a short electron bunch [45].
More details about the mechanism of SM, the seeding schemes used, their advantages
and disadvantages are given in Section 2.3.1, more details about the current AWAKE
experimental setup and studies performed – in Chapter 3.

1.3 Hosing in plasma-based acceleration. Motiva-

tion and layout of the thesis

In the context of plasma-based acceleration, the beam-plasma system is assumed
to be cylindrically symmetric. When an asymmetry is present in the system, e.g.,
a misalignment between a beam and a plasma column, an asymmetric charge
distribution of the beam, a displacement of the beam centroid position, etc., the
interaction of the bunch and the plasma electrons becomes non-axisymmetric, both
for the bunch and the "walls" of plasma electrons displaced by the bunch, thus also
for the wakefields the bunch drives. This results in the centroid positions of the
bunch and of the wakefields to oscillate. As the displaced slices of the bunch and
the plasma electrons act on each other, a feedback loop is formed, that leads to
growth of the centroid position oscillation of both the bunch and the wakefields (for
a detailed description of the mechanism see Section 2.3.2). This process is referred to
as hosing and its development in a pre-formed plasma channel was first described in
the plasma-based acceleration context by Whittum et al. [46]. More generally, hosing
is a process that occurs in several other systems and contexts, disguising itself under
a different name. For example, in the conventional acceleration, a similar process is
called beam breakup (BBU) instability. It develops when the bunch is misaligned
with respect to the walls of the accelerating structure. The resulting bunch centroid
position offset causes charge accumulation in the metallic structures, leading to
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Chapter 1. Introduction

the wakefields, that appear in the cavity, to enhance the initial perturbation. An
analogous to hosing kink instability occurs in stellar systems [47] and relativistic jets
[48, 49], that are the subject of extensive astrophysics research.

Hosing is a detrimental phenomenon in plasma-based acceleration. It can affect
both drive and witness bunches, resulting in the decrease of their quality. Moreover,
hosing that affects the drive bunch might result in its eventual breakup, limiting
the acceleration length. Also, as shown in [50], the wakefields driven by such bunch
are no longer axi-symmetric. An on-axis deflecting force component appears, that
might result in scattering or loss of the witness bunch. It is therefore important
to study and understand hosing, thus, to be able to suppress it, if needed. Hosing
was extensively described in theory [46, 50–55] and numerical simulations [56], for
both particle bunches and laser pulses. Multiple mitigation strategies were proposed
[57–60]. However, at the moment there is little experimental evidence of hosing. The
development of hosing was shown experimentally for a laser pulse [61], as well as
for a short electron bunch [62]. However, the properties of this process were not
extensively studied. At AWAKE, hosing, i.e., the centroid position oscillation of the
bunch growing along the bunch and the plasma, was unambiguously observed and
described in the dissertation work of Hüther [63]. This work shows that hosing was
observed as an instability, that is, the process was not reproducible from event to
event and did not develop in a consistent way. The plasma electron density was low,
npe ≈ 0.5× 1014 cm−3, and at higher densities hosing was not observed. Moreover,
seeding SM with the RIF was shown to strongly suppress the growth of hosing.

In this thesis, we study hosing induced by misalignment of the seed electron bunch
trajectory with respect to that of the proton bunch. We observe, for the first time,
hosing that is reproducible from event to event. This reproducibility and somewhat
controlled conditions of the development of hosing allow for studying this process
with better accuracy and in greater detail, deducing its multiple characteristics in a
consistent way, in contrast with the previous works. Hosing develops simultaneously
with SM, in the perpendicular planes. We observe hosing at npe ≈ (1−2)×1014 cm−3,
and it might be induced at even higher plasma densities, reaching that of operation
(npe ≈ 7× 1014 cm−3). We note, that we use relatively low plasma densities to be
able to observe hosing on the time-resolved images of the bunch obtained by a streak
camera, given its time resolution limit. The occurrence of hosing thus becomes more
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critical for the future applications of AWAKE, if the electron bunch is chosen as
a seed for SM. Therefore, the development of hosing and its dependency on the
experimental parameters have to be understood.

The structure of the thesis is as follows. In the next chapter, we present an overview
of the main theoretical concepts of plasma-based acceleration and of several beam-
plasma instabilities, focusing on those particularly relevant to this work. In Chapter 3,
we introduce the working principle of the AWAKE experiment and give a short
overview of studies performed at AWAKE. We outline the experimental setup,
focusing on the components used in the measurements, whose results are presented
here. My contributions to the experimental setup, characterization of the streak
cameras and corresponding optical lines in terms of the time and spatial resolution
determination, are described. We also briefly introduce the planned upgrade of
the AWAKE experimental setup and outline the proposals for future applications.
In Chapter 4 we first characterize hosing and SM occurring simultaneously. We
describe a method to reconstruct the 3D charge density distribution of the proton
bunch, that is particularly useful for the detection of hosing developing along with
SM. We show the dependency of hosing on the direction of electron-proton beams
misalignment. We determine the frequencies of hosing and of SM at two plasma
electron densities, npe = 0.96 × 1014 cm−3 and npe = 2.03 × 1014 cm−3. We study
how the development of hosing depends on the variation of certain experimental
parameters, such as the electron-proton beams misalignment extent and the proton
bunch charge. We compare the experimental results with a theoretical model of a
long-beam, early-time regime hosing. Chapter 5 presents the general conclusions of
this work, as well as the unanswered questions, and suggests possible future studies.
In Appendix A, we show an observation of hosing in the instability regime without
SM at the very low plasma electron densities npe < 0.5 × 1014 cm−3 in the direct
current (DC) discharge plasma source, that was installed and tested at AWAKE.
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Chapter 2

Theory and concepts

In this chapter, we outline the main theoretical concepts of plasma-based acceleration.
We define plasma, focusing on its properties that make it possible for a plasma wave,
here wakefields, to develop. We provide the main expressions of the linear wakefield
theory, which is assumed in the rest of this work. We then describe the theory behind
the main beam-plasma instabilities of interest, as well as the methods to control
some of the instabilities.

2.1 Plasma and its properties

By definition, a plasma is a quasi-neutral gas of charged and neutral particles which
exhibits collective behavior [64]. The first condition, the collective behavior means
that the charges in plasma interact, through Coulomb force, not only with their
closest neighbors, but also with many other remote charges. Another property of
plasma, related to its quasineutrality, is shielding out the electrical potentials that
are applied to it. This is referred to as Debye shielding. The measure of this shielding
or of the thickness of the sheath, the Debye length, is defined as [64]:

λD =

√
ϵ0KTpe

npee2
, (2.1)

where K is the Boltzmann constant and Tpe is the plasma electron temperature. The
electron temperature is used because the plasma electrons, being more mobile than
ions, generally do the shielding by moving, to compensate for the lack of negative
charge or to eliminate its surplus. Now, we can define a second condition of a plasma.
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The system is considered quasineutral if its dimensions L are much larger than λD,
that is, whenever a local charge non-neutrality arises, it is shielded out in a distance
smaller than L, leaving the rest of the system essentially free of substantial electric
fields. This overall leads to another criterion for a gas to be a plasma – to be dense
enough, such that λD ≪ L.

The Debye shielding outlined above is statistically valid only when there is a sufficient
number of plasma particles in the sheath region. That is, the number of particles in
the so-called "Debye sphere" has to be much larger than one:

ND =
4

3
npeπλ

3
D ≫ 1. (2.2)

That is also a condition for the collective behavior.

The third condition for a gas to be called plasma is for the electrostatic interactions
to dominate over particle collisions. That is, the collision period has to be larger
than the plasma period, over which plasma oscillations typically occur: τc ≫ τpe,
where τpe = 2π/ωpe.

Overall, these plasma properties enable propagation of the plasma waves and the
creation of the wakefields. Lastly, we note that the Debye length is used to characterize
plasmas, where thermal equilibrium has been reached, which is not the case in the time
scale of interest at AWAKE (∼ ns). Thus, in this thesis we use another characteristic
scale, the cold plasma electron skin depth c/ωpe, as it does not depend on the plasma
electron temperature and is the measure of the plasma electron oscillation amplitude.

2.2 Linear plasma wakefield theory

Wakefields driven by a charged particle bunch or a laser pulse are described by linear
theory, if the created plasma electron density perturbation is small compared to the
overall plasma density δnpe ≪ npe. In the derivations below, we consider a particle
bunch. The 2D cylindrical charge distribution of the bunch is given by:

nb(t, r) = nb0nb||(t)nb⊥(r), (2.3)
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2.2 Linear plasma wakefield theory

where nb0 = nb(t = 0, r = 0) is the charge density of the bunch, nb||(t) and nb⊥(r) –
normalized longitudinal and transverse charge distributions.

The longitudinal and transverse wakefields Wz(t, r) and Wr(t, r) as a function of the
radial distance from the bunch propagation axis and the time along the bunch are
defined as [65, 66]:

Wz(t, r) =
nb0ec

ϵ0

∫ t

−∞
nb||(t

′) cos(ωpe(t− t′))dt′ ·R(r) (2.4)

and

Wr(t, r) = −nb0ec
2

ϵ0kpe

∫ t

−∞
nb||(t

′) sin(ωpe(t− t′))dt′ · dR(r)

dr
. (2.5)

In the equations above, we convert the bunch co-moving variable ζ = ct − z (z –
propagation distance in plasma) from the original expressions into the time along
the bunch t, as the time is used in the rest of this thesis. The plasma wavenumber is
kpe = ωpe/c, and k−1

pe is the cold plasma skin depth. The radial dependency of the
longitudinal wakefields R(r) and its derivative dR(r)

dr
, the radial dependency of the

transverse wakefields, are given by:

R(r) = k2
peK0(kper)

∫ r

0

r′nb⊥(r
′)I0(kper

′)dr′ + k2
peI0(kper)

∫ ∞

r

r′nb⊥(r
′)K0(kper

′)dr′

(2.6)
and

dR(r)

dr
= 2k2

peK0(kper)rnb⊥(r)I0(kper)− k3
peK1(kper)

∫ r

0

r′nb⊥(r
′)I0(kper

′)dr′−

−k3
peI0(kper)

∫ ∞

r

r′nb⊥(r
′)K0(kper

′)dr′.

I0 , I1 and K0 , K1 are the zeroth and first order modified Bessel functions of the
first and second kind, respectively. The longitudinal wakefields are maximum on-axis
(R(0)), while the transverse wakefields are zero on-axis and have their peak around
r = σr (σr – the bunch transverse size).

As already mentioned in Section 1.2, according to linear wakefield theory, in order to
effectively drive large-amplitude wakefields, the longitudinal and transverse sizes of
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the bunch have to satisfy the following conditions [13, 67]:

kpeσt =
√
2, (2.7)

and
kpeσr ≤ 1, or σr < k−1

pe = c/ωpe. (2.8)

In the context of AWAKE and of the measurements presented here, we consider linear
wakefield theory applicable at the plasma entrance, as the proton bunch density is
in range nb0 ≈ (4.3− 7.0) · 1012 cm−3, that is much lower than the plasma electron
density npe > 0.9 · 1014 cm−3.

2.3 Beam-plasma instabilities

A beam-plasma system is subject to various instabilities. These instabilities can grow
from noise, irregularities or asymmetries in the beam-plasma system. Alternatively,
some of them can be externally seeded, that is, their properties can be controlled. We
discuss the instabilities particularly relevant for AWAKE and for the study presented
here.

2.3.1 Self-modulation instability. Seeding of self-modulation.

Self-modulation (SM) is a transverse axi-symmetric instability that affects a long
(> λpe) particle bunch propagating in plasma and that transforms it into a train of
equally spaced microbunches, separated by the plasma period τpe (Fig. 2.3.1). The
head of the bunch drives initial wakefields (Fig. 2.3.1, top schematic, black arrows),
that co-propagate with the bunch and that periodically (at τpe) focus and defocus the
bunch particles, i.e., regions with higher and lower charge density are created. The
amplitude of the wakefields is proportional to the charge density, therefore the bunch
becomes more focused where the density is already higher, hence further increasing
the wakefield amplitude. Regions where the particles are defocused, i.e., the bunch
density is lower, drive lower-amplitude wakefields. As the bunch density modulation
is at the period of τpe, the process is resonant and leads to periodic modulation of
the bunch density.

The evolution of the bunch envelope in case of SM in the long-beam, early-time
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2.3 Beam-plasma instabilities

Figure 2.3.1: Schematic of SM development. Top: the bunch (in this example
– proton bunch), propagating in plasma, starts driving initial wakefields (black
arrows) at its head, causing perturbation in plasma electron density (dashed grey
lines), that periodically modulates the bunch density. The regions of the bunch
with higher density drive larger-amplitude wakefields, the ones with lower density –
lower-amplitude wakefields. The process is therefore resonant and leads to periodic
modulation of the bunch density (bottom), transforming it into a train of short
microbunches spaced by τpe (or λpe).

regime was determined by Schroeder et al. in [68]. The linear regime of interaction
(δnpe/npe ≪ 1) and constant longitudinal and transverse distributions of the bunch
were assumed. With initial bunch radius perturbation δr and the time t0 when
the growth of SM starts, such that r(z, t = t0) = δrΘ(z), where Θ(z) denotes a
Heaviside function, and r(z = 0, t) = δr, the asymptotic solution of the bunch radius
perturbation equation is as follows [68]:

r1 = δr
[ 31/4

(8π1/2)

]eNSM

N
1/2
SM

cos(π/12− ωpe(t− t0)−NSM/
√
3), (2.9)

where

NSM =
33/2

4

(
ν
me

mb

nb0

npe

1

2γ

(
ωpe

c

)2

z2ωpe(t− t0)

)1/3

. (2.10)

There, NSM stands for the number of exponentiations of SM. In its expression,
ν = 4I2(kper0)K2(kper0), mb is the bunch particle mass and γ is the relativistic factor
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of the bunch. The NSM describes the growth of the SM along the bunch, through its
ωpe(t− t0) term, at a given position z along the plasma.

Figure 2.3.2: Schematic of SM seeded with the RIF. Initially the proton bunch
propagates in Rb vapor. Short high-intensity laser pulse, placed within the proton
bunch, co-propagates with it, ionizing the vapor and thus creating a sharp onset
of the beam-plasma interaction within the proton bunch (top). As a result, SM
develops in the part of the bunch propagating in plasma (bottom), while the front
of the bunch remains unmodulated. SM develops in a reproducible way, since the
location and the amplitude of the seed (RIF) are approximately (within the time
jitter of the laser pulse and the proton bunch) the same from event to event.

When SM develops as an instability, it grows from irregularities (noise) at the head
of the bunch, that drive low-amplitude wakefields. These wakefields differ from
event to event, thus, the resulting SM is not reproducible in time or amplitude. In
order to control this process, seeding, that is, generating wakefields with amplitude
larger than that of the wakefields arising from noise, is introduced. With seeding,
the timing and the amplitude of the seed, hence, those of the resulting SM, can be
controlled. At AWAKE, two methods of seeding SM, with the relativistic ionization
front (RIF) [44] and with the short electron bunch [45] are demonstrated and used.

Figure 2.3.2 demonstrates the principle of seeding SM with the RIF. The proton
bunch initially propagates in the Rb vapor, that is used for plasma (see Section 3.1
and Section 3.4). A short, high-intensity ionizing laser pulse (see Section 3.3) is
placed within the proton bunch and co-propagates with it, ionizing the Rb vapor
and creating a sharp onset of beam-plasma interaction. It serves as the seed for SM,
that develops in the part of the bunch propagating in plasma. The part of the bunch
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2.3 Beam-plasma instabilities

propagating in vapor remains unmodulated. Seeded with the RIF, SM was found to
be reproducible from event to event, when the RIF is placed ≤ 2σt from the peak of
the bunch, with timing variation of ∆t/τpe ∼ 6% [44]. The advantage of this seeding
method is, given that the laser pulse and the proton bunch are spatially aligned,
that the development of hosing, that grows at the rate similar to that of SM [50]
(see next section), is suppressed. The possible disadvantage is that the unmodulated
head of the bunch, propagating further along the plasma, e.g., in the second plasma
stage, might start modulating and therefore interfering with the already modulated
part. Recent study showed, however, that this possible issue may not occur [69].

Figure 2.3.3: Schematic of SM seeded with a short electron bunch that propagates
ahead of the proton bunch. The electron bunch drives initial wakefields that start
the development of the SM of the proton bunch in a reproducible way. With this
seeding method, the proton bunch density is fully-modulated.

Another approach to seed SM is to use a short electron bunch that propagates ahead
of the proton bunch, in a pre-formed plasma. The electron bunch drives initial
wakefields with amplitude exceeding that of the noise wakefields, therefore SM of
the proton bunch is reproducible from event to event, with the timing variation
of ∆t/τpe ∼ 7% [45], similar to that of seeding with the RIF. When SM is seeded
with the electron bunch, its timing can be varied by changing the delay between
the proton and the electron bunches, and its amplitude can be varied by varying
the electron or the proton bunch charge, that is, its parameters can be controlled
and varied independently. Another possible advantage is that the proton bunch
is fully-modulated. However, this seeding method strongly relies on spatial and

19



Chapter 2. Theory and concepts

angular alignment of the electron and proton bunch trajectories. When the two
trajectories are misaligned, the initial wakefields are not axi-symmetric for the proton
bunch, therefore, in addition to SM, hosing develops (see next section). Apart
from alignment, possible asymmetries in the shape or the charge distribution of the
electron bunch might lead to the development of hosing.

2.3.2 Hosing instability. Hosing induced by an electron bunch.

As mentioned in Section 1.3, when an asymmetry is present in the beam-plasma
system, the interaction of the bunch and plasma becomes asymmetric with respect
to the bunch propagation and plasma column axes. This leads to the development
of hosing. Figure 2.3.4 shows an example of a bunch (an electron bunch is assumed)
with an initial centroid position perturbation (top schematic, dashed red line, denoted
xc) entering a uniform plasma. The bunch expels the plasma electrons from its
propagation axis. The slice of the bunch that is closer to the expelled "wall" of
plasma electrons pushes them, e.g., upwards, while the electrons push this bunch slice
downwards. The force that acts on every slice of the bunch, and that is created by
every slice of the bunch, is not axi-symmetric. As in case of SM, the bunch and the
plasma electrons act back on each other, therefore the centroid position of the bunch
xc couples to the centroid position of the wakefields (or of the global focusing force)
xw. The process continues resonantly, resulting in the oscillation of both centroid
positions xc and xw. The two oscillations are in counterphase and grow along the
bunch and the plasma.

Hosing can be described by a system of differential equations of oscillatory motion
for xc and xw, respectively [70]:


( ∂

∂z2
+

me

mb

nb0

npe

1

2γ

δnpe

npe

)
xc =

me

mb

nb0

npe

1

2γ
· xw(1

c

∂

∂t2
+ k2

pe

)
xw = k2

pen|| · xc

(2.11)

In addition, there is a coupling between the bunch density n|| = r2(z = 0, t)/r2(t)

and the harmonic oscillation of plasma electrons (δnpe/npe), i.e., wakefields, described
as: (1

c

∂

∂t2
+ k2

pe

)δnpe

npe

= −k2
pen||. (2.12)
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Figure 2.3.4: Schematic of the development of hosing in case of an electron bunch
having an initial centroid position perturbation (top). The bunch (here – electron
bunch) enters the uniform plasma and expels the plasma electrons (dashed grey lines)
However, as some parts of the bunch are closer to the "wall" of expelled plasma
electrons, the repelling force between these parts is larger, than in axi-symmetric case.
Thus, these parts of the bunch are pushed, e.g., downwards, and the plasma electrons
are expelled even more upwards. The process continues resonantly, resulting in the
oscillation of the centroid position of the bunch and of the wakefields. These two
oscillations are coupled and grow along the bunch and along the plasma (bottom).

Equations 2.11 and 2.12 show that hosing develops due to the coupling of xc,

oscillating at

√
me

mb

nb0

npe

1

2γ

δnpe

npe

in z, and xw, oscillating at kpe in t. The regime of

the growth of hosing can be determined from which oscillation of Eqs 2.11 is nearly
resonant: when xw oscillates near kpe, hosing grows in the long pulse (beam) regime
[70], which is of interest in this work.

The asymptotic solution for the centroid position of the bunch with non-evolving
radius in case of hosing is derived in [50]. As for the derivation in case for SM,
linear regime of interaction and constant longitudinal and transverse distributions
of the bunch are assumed. With initial centroid position perturbation δc and the
time t0 when the growth of hosing starts, such that xc(z, t = t0) = δcΘ(z) and
xc(z = 0, t) = δc, the asymptotic solution for xc is as follows [50]:
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xc = δc

[
31/4

(8π1/2)

]
eNh

N
1/2
h

cos

(
π

12
− ωpe(t− t0)−

Nh√
3

)
(2.13)

and

Nh =
33/2

4

(
µ
me

mb

nb0

npe

1

2γ

(
ωpe

c

)2

z2ωpe(t− t0)

)1/3

. (2.14)

In the expression of Nh, µ = 2I1(kper0)K1(kper0) represents the effect of the plasma
return current. The evolution of the amplitude of xc oscillation along the bunch is
determined by Nh as a function of (t− t0) at a given z through the eNh

N
1/2
h

term. The
growth of oscillation starts from the initial perturbation with amplitude δc at z = 0.

Figure 2.3.5: (a) Number of exponentiations of hosing Nh along the bunch as a
function of the proton bunch density nb0 and the plasma electron density npe. (b)
Bunch centroid position oscillation xc normalized to the initial displacement δc as a
function of nb0 and npe. Values of nb0 and npe with colors corresponding to those of
the curves are given in the legend.

Equations 2.13 and 2.14 are plotted in 2.3.5 for the proton bunch used at AWAKE
(for the bunch parameters see Section 3.2 and Section 4.5.2), with two different bunch
density values nb0 and at two different plasma electron densities npe, used in the
experiments presented here. The number of exponentiations of hosing along the
bunch (Fig. 2.3.5(a)) increases with nb0 (e.g., dashed blue and solid red lines, npe is
constant), and with npe (e.g., solid green and red lines, nb0 is constant), as also seen
from the increase of the xc oscillation amplitude in Fig. 2.3.5(b). We note that, as
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Eqs 2.13 and 2.14 describe asymptotic solutions, the approximation is less accurate
when t → 0 or z → 0.

Equations 2.9 and 2.10, that describe SM, and Eqs 2.13 and 2.14, that describe hosing,
are quite similar. The two processes have similar growth, i.e., NSM/Nh = (ν/µ)1/3.
When kper0 = 1, this yields NSM/Nh ≈ 1.5. This ratio decreases with npe, that is,
hosing is more likely to develop or dominate over SM at lower npe.

Figure 2.3.6: Schematic of hosing induced by the misalignment between the electron
bunch, hence the initial wakefields it drives, with respect to the propagation axis
of the trailing proton bunch. The effect of the wakefields is non-axisymmetric for
the proton bunch, that results in its centroid position oscillation coupled to the
wakefields, hence, to SM. Depending on the the direction of misalignment (e.g., +x
→ –x), the wakefields force acts on the bunch centroid position in the opposite
directions. The xc oscillation, as a result, is reflected with respect to the bunch
propagation axis.

Generally, hosing develops as an instability, that is, this process is neither controlled
nor reproducible from event to event. However, it is possible to induce hosing with
misalignment of the initial wakefields axis with respect to that of the trailing bunch.
At AWAKE, we misalign the trajectory of the electron bunch, that is also used to
seed SM (see previous section), with respect to that of the trailing proton bunch
(or vice versa). The results obtained in these measurements constitute the main
topic of this thesis. When the trajectories of the two bunches are misaligned (Fig.

23



Chapter 2. Theory and concepts

2.3.6), the initial wakefields are not axi-symmetric at the location of the proton
bunch, therefore, not only they result in modulation of the bunch density, but also in
periodic oscillation of the bunch centroid position. The centroid position of the bunch
in this case is coupled to that of the wakefields, that is, to SM. The two processes
thus develop simultaneously, in perpendicular planes, with hosing taking place in
the plane of misalignment. Depending on the direction of the electron-proton beams
misalignment (e.g., +x→ –x), the wakefields force acts on the proton bunch centroid
position in the opposite directions. The resulting oscillation is thus reflected with
respect to the bunch propagation axis (Fig. 2.3.6).

We finally note that the development of hosing coupled to SM, which is the case of
the results presented here, was also studied in [50]. The numerical solution of the
system of equations for centroid position displacement and for radius perturbation
of the bunch indicates an asymmetry of the centroid position oscillation with respect
to the bunch propagation axis, the presence of higher harmonics and the increase
in the amplitude of oscillations, when compared to the case of pure hosing. We
nevertheless use the model of pure hosing (Eqs 2.13 and 2.14) for further analysis
and comparison with the experimental results, as all the higher-order effects resulting
from the coupling could not be clearly and consistently observed in the experiment,
except in case of the highest proton bunch charge.

2.3.3 Current filamentation instability

Another instability, that the beam-plasma system is subject to, is current filamenta-
tion instability (CFI). As a result, the beam breaks up into narrow and high current
density filaments, thus generating or enhancing magnetic fields [71, 72]. Relativistic
particles that interact with these magnetic fields emit synchrotron radiation, their
trajectories may also be strongly altered, affecting the energy and momentum trans-
port. The condition for CFI to develop is determined by a ratio of the transverse
bunch size to the cold plasma skin depth. When the transverse bunch size is smaller
than the skin depth σr < c/ωpe or kpeσr < 1, the plasma return current flows outside
of the bunch and CFI does not develop. However, when σr ≥ c/ωpe, the plasma
return current flows through the bunch and CFI might develop. In plasma-based
acceleration, given a bunch focused to a specific size, this instability imposes a limit
on the maximum plasma density, therefore, on the maximum accelerating gradient.
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Similarly to hosing, CFI is an instability common for several systems. It is a subject
of research in inertial confinement fusion [73, 74] and astrophysics [75–77]. In plasma-
based acceleration, Allen et al. showed the experimental observation of CFI [72]. At
AWAKE, filamentation instability was observed by increasing the proton bunch size
and varying the plasma electron density [78].
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Chapter 3

AWAKE experimental setup

In this chapter, we present an overview of the AWAKE experimental setup. We
describe the main components of the experiment, focusing on those of particular
importance for this thesis. We conclude with an outlook on the planned upgrade of
AWAKE.

3.1 General overview

The Advanced WAkefield Experiment (AWAKE) is an R&D project at CERN whose
purpose is to study proton-driven plasma wakefield acceleration [79]. A schematic of
the experimental setup is shown in Fig. 3.1.1. A proton bunch (green line) with an
energy of 400 GeV per particle is delivered to the experimental area by the CERN
Super Proton Synchrotron.

A laser provides an intense (up to 450 TW/cm2) pulse (red line), whose trajectory is
aligned onto that of the proton bunch. The same laser is used to generate an electron
bunch in a photoinjector. This bunch (blue line) is accelerated in the booster cavity
and transported to the proton beam line.

When seeding SM with an electron bunch, the laser pulse propagates ahead of the
electron and proton bunches, and enters a 10 m-long Rubidium (Rb) vapor source.
It provides full, single ionization of the Rb vapor, creating a plasma column of ∼ 1

mm radius. The electron bunch propagates in plasma, 20 ps behind the laser pulse,
and 600 ps ahead of the proton bunch (on its axis). It drives initial wakefields that
transform the trailing proton bunch into a train of microbunches. The microbunches
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Figure 3.1.1: Simplified schematic of the AWAKE experimental setup (not to scale).
Certain diagnostic components of the beam lines, such as beam TV systems (BTVs),
beam position monitors (BPMs), and the Rb density measurement diagnostic are
not shown.

then resonantly drive large amplitude wakefields that can be used for acceleration
(see Section 2.3.1). Alternatively, SM can be seeded with the RIF of the laser pulse
placed within the proton bunch (See Section 2.3.1). Finallly, the electron bunch
(provided by the same system as the one seeding SM) can be injected into the
wakefields driven by the proton bunch, typically near its longitudinal peak, where it
can be accelerated.

After the plasma exit and the laser beam dump (Fig. 3.1.1), several diagnostics are
in place to measure the properties of the proton bunch, such as its spatio-temporal
and transverse structures. The optical transition radiation (OTR) is emitted when
protons enter an aluminum-coated silicon wafer (OTR screen). The OTR has the
same spatio-temporal structure as that of the incoming bunch (see Section 3.5.1). It
is transported, split and imaged onto the entrance slit of two streak cameras that
provide time-resolved images of the bunch charge density distribution. A spatial
rotation of 90◦ is applied to one of the OTR signals, thus the images are in two
perpendicular planes (x, t) and (y, t) (Fig. 3.1.1). To overcome the jitter of the
triggering system, thus, to determine the precise timing of the features on time-
resolved images, we use the reference laser pulse (see Section 3.3). It is imaged onto
the slit of the streak cameras and serves as a timing reference that allows temporal
alignment of images at the sub-ps level [80]. Time-integrated images of the proton
bunch charge distribution in its core and halo are obtained at imaging stations 1
and 2. An additional CMOS camera yields a full bunch charge distribution from
the same OTR screen that is used with the streak cameras. Both time-resolved and
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time-integrated imaging systems are the main diagnostics used for this thesis.

The electron spectrometer, positioned after the OTR screen, measures the energy of
the electron bunch during acceleration experiments, and thus also the energy it may
gain in plasma.

During the experiments performed at AWAKE, SM of a long proton bunch was
observed for the first time. The SM frequency, fSM , was confirmed to be close
to the plasma electron frequency fpe [81], as expected from theory. When seeded,
either with the RIF [44] or with the electron bunch [45], SM was demonstrated to
be reproducible from event to event. The effect of linear plasma density gradients
on SM was studied [82]. Acceleration of the electron bunch from ∼ 18 MeV to ∼ 2

GeV in the wakefields driven by the proton bunch was demonstrated [43]. Studies of
other instabilities affecting the proton bunch, such as hosing (Section 2.3.2) and CFI
(Section 2.3.3), were performed.

3.2 Proton beam line

Figure 3.2.1: Schematic of the accelerator complex at CERN taken from [83]. The
proton bunches are accelerated to the desired energy in several stages and are then
delivered to the AWAKE experiment (shown in dark orange on the right-hand side)
by the Super Proton Synchrotron (SPS).
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The protons are initially produced by the Linear Accelerator 4 (Linac4) that ac-
celerates negative hydrogen ions (atoms with an additional electron) to 160 MeV
(Fig. 3.2.1). The ions are then stripped of their two electrons, leaving only protons,
when injected from Linac4 to the Proton Synchrotron Booster (PSB). The PSB
accelerates the protons to 2 GeV for injection into the the Proton Synchrotron (PS).
The PS further increases the proton energy to 26 GeV. Finally, the protons are
injected into the Super Proton Synchrotron (SPS) and are accelerated to 450 GeV,
to be injected into the Large Hadron Collider (LHC). Additionally, the SPS provides
proton bunches to several experiments, including AWAKE. For AWAKE, a single
bunch with population Nb up to 3 × 1011 protons and an energy of 400 GeV per
proton is extracted from the SPS and is sent via a transfer line to the experimental
area.

In the experimental area, several diagnostics are in place to measure the proton
bunch parameters. Beam position monitors (BPMs) determine the position of the
bunch in the beam pipe in a non-invasive manner. Beam television systems (BTVs)
have a scintillator screen that is inserted into the beam path. The light from the
screens is imaged onto a camera. These systems are used for the measurement of the
position, shape and size of the bunch. The emittance of the bunch is measured in
the SPS with a wire scan method.

Figure 3.2.2: Time-resolved image of the proton bunch propagating in vacuum.
Nb ≈ 1 · 1011. Longitudinal (time) and transverse profiles are shown as red lines.
Time window length is 1 ns.

Both longitudinal and transverse profiles of the proton bunch used at AWAKE are
approximately Gaussian (Fig. 3.2.2, red lines). The transverse shape of the bunch
is round. For these experiments, the transverse root mean square (rms) waist size,
measured on the BTV near the plasma entrance, is σr0 ≈ 0.15 mm when Nb ≈ 1 ·1011,
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and σr0 ≈ 0.2 mm when Nb ≈ 3 · 1011. The longitudinal rms size, determined with
the streak camera, is σt ≈ 220 ps (Fig. 3.2.2), or, converting to spatial units, σz ≈ 6.3

cm. The position jitter of the proton bunch near the plasma entrance, summed in
quadrature for x- and y-directions, is around 53 µm. This value is lower than the
spatial resolution of the streak camera (see Section 3.5.3) and therefore does not
affect further analysis based on averaging of time-resolved images (see Section 4.1).

3.3 Ionizing laser system and electron beam line

The laser of AWAKE is a Titanium Sapphire (Ti:Sa) system produced by Amplitude
Systems that relies on the chirped pulse amplification (CPA) technique to generate
ultra-short, high-intensity pulses. A detailed description of the laser is given in Ref.
[84].

Figure 3.3.1: Schematic of the AWAKE laser system.

A schematic overview of different components and beam lines of the laser system
is shown in Fig. 3.3.1. The laser oscillator is an Erbium-doped fiber system with
a wavelength λ = 1560 nm and repetition rate of 88.2 MHz, that provides ∼ 1 nJ,
100 fs pulses. The operational wavelength λ = 780 nm is obtained with second
harmonic generation (SHG). The pulses are then sent to a stretcher that introduces
a frequency chirp and therefore elongates them from 100 fs to ∼ 200 ps. In the
regenerative amplifier, pumped by a frequency-doubled 125 mJ Nd:YAG laser, single
pulses are picked by a pair of Pockels cells with a repetition rate of 10 Hz, and the
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pulse energy is increased to ∼ 1 mJ. The pulses then enter a multi-pass pre-amplifier,
pumped by the same laser as the regenerative amplification stage, where their energy
is increased to ∼ 25 mJ. In the final multi-pass amplification stage, pumped by a
frequency-doubled 1.5 J Nd:YAG laser, the pulses reach an energy of up to 650 mJ.
With the current design of the laser beam line used for ionization, the energy of
these pulses is attenuated to ∼ 200 mJ. They are shortened back to < 110 fs in the
vacuum grating compressor and have a final energy of ∼ 110 mJ. These pulses are
transported to the vapor source where they ionize the Rb vapor to create plasma.
Two movable thin-foil laser beam dumps are installed after the vapor source (see Fig.
3.1.1) to dump the laser pulse when diagnostics are present in the beam line.

The reference laser pulse (see Section 3.1) is a bleed-through of the ionizing laser
pulse that is collected from a mirror after the compressor. This reference pulse is
transported to be imaged onto the slit of the streak cameras, as described in Ref. [80].
This beam line includes a delay stage, so that the relative timing of the reference
pulse with respect to the main ionizing pulse can be adjusted.

The laser pulse for the electron bunch generation is collected after the pre-amplification
stage (blue blocks, Fig. 3.3.1). It has around 10% of the energy (∼ 2 mJ) at that
stage. The pulse is sent to an in-air compressor and to a third harmonic generation
(THG) stage. From there, the < 2 ps-long pulse with λ = 260 nm and energy of 2
µJ propagates to a Caesium telluride (Cs2Te) photocathode. The pulse energy on
the cathode is typically limited to ∼ 100 nJ. The UV pulse hits the photocathode
and extracts the electrons from its material. The electrons are first accelerated to an
energy of 5.5 MeV in an RF-gun and then to 20 MeV in a booster. The resulting
electron bunch typically has a rms duration of 2-6 ps, a charge of 100 pC to 1 nC (in
the experiments presented here – 225 pC), a normalized rms emittance of 2 mm·mrad
(rms) and a final energy of 18.9 MeV. This bunch is transported to the main beam
line. Several diagnostics are present to measure the shape, position and charge, such
as BTVs, BPMs and a Faraday cup. The position jitter of the bunch measured near
the plasma entrance, summed in quadrature for x- and y-directions, is around 34
µm. The relative timing between the ionizing laser pulse and the electron bunch can
be adjusted with an optical delay stage.

32



3.4 Vapor source

3.4 Vapor source

The vapor source (Fig. 3.1.1) is a major component of the AWAKE experiment, where
plasma is created. It consists of a 10 m-long tube with an expansion volume at each
end. Rb is used as a medium for the plasma because of its relatively low ionization
potential of 4.18 eV, that allows for ionization with a relatively low intensity laser
pulse. Rb is evaporated into the system in an adjustable temperature range 150◦ C –
230◦ C, that is, the possible plasma density range is (0.5− 10)× 1014 cm−3. A heat
exchanger allows for a uniform (better than 0.2% uniformity [85]) vapor and thus
plasma density. Additionally, linear plasma density gradients up to 20% between the
two ends of the source can be set. The vapor density length product, from which
the density value is extracted, is measured at each end of the vapor source with
fiber-based, white-light interferometers [86] to better than 0.5% accuracy [87].

3.5 Streak cameras

3.5.1 OTR and streak camera working principle

A charged particle passing through a transition between two materials with different
dielectric constants causes emission of transition radiation [88]. It is emitted in
forward direction in a cone with opening angle 1/γ (forward radiation), with γ being
the Lorenz factor of the particle, and simultaneously reflected by the surface of the
transition material (backward radiation). Transition radiation has a broad spectrum,
and its part in the visible light spectrum is referred to as OTR. To observe the
evolution of the proton bunch in time after the propagation in plasma, we detect
backward OTR emitted when the bunch enters the OTR screen. The OTR is prompt,
and the number of emitted photons is proportional to the number of particles entering
the screen [89]. It is then transported via an optical line and is imaged onto the
entrance slit of two streak cameras.

The working principle of the streak cameras (Hamamatsu Photonics, model C10910-
05) is shown in Fig. 3.5.1. The light passes through the slit and reaches a photocath-
ode, where it is converted into a number of electrons proportional to the number of
incoming photons. The electrons are accelerated in the mesh and propagate through
a transverse electric field between two sweep electrodes. A temporally varying sweep
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Figure 3.5.1: Working principle of a streak camera. Taken from [90].

voltage, synchronized to the timing of the incoming photons, deflects the electrons
by an angle depending on their arrival time. The electrons separated in time thus get
separated in space and enter a micro-channel plate (MCP), where they are multiplied
before being sent onto a phosphor screen. There electrons are converted back to
light. A CMOS camera (16 bit) gathers an image representing, in case of results
presented here, the distribution of protons in space and time. We note that the slit
width used in the measurements (20 µm) is smaller than the proton bunch size at
the OTR screen (σr,OTR > 480 µm). Thus, transverse slice of the bunch is imaged
and the light intensity in the images is proportional to the bunch charge density.
The image has the time axis of 512 px and the spatial axis of 672 px. The possible
time windows of the data acquisition are between 73 ps and 50 ns.

Time axis linearization

As mentioned above, in order to obtain the distribution of light over time, the sweep
voltage is applied to convert time separation of clusters of electrons in the streak tube
into space separation along one of the axes of the resulting image. Since this applied
voltage is not linear, the time axis of the streak camera image is also nonlinear, that
is, the time range per pixel is not constant along the image (Fig. 3.5.2, black line).
This nonlinearity affects the frequency analysis of the streak camera data, since the
discrete Fourier transform (DFT) algorithm relies on equidistant sampling.

We therefore linearize the images with an interpolation algorithm. The original pixel
counts are re-distributed from a non-linear grid onto a linear one, while preserving
the number of counts. Figure 3.5.2 shows the time range per pixel before (black line)
and after (blue line) the linearization for three streak camera time windows that are
used in this thesis. This procedure is applied to all the streak camera data presented
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Figure 3.5.2: Time axis of the streak camera before (black line) and after (blue line)
linearization. Horizontal axis represents the time axis in pixels, vertical axis – time
range per pixel. Time window of the streak camera is: (a) 73 ps, (b) 211 ps and (c)
1134 ps.

here.

Background subtraction

All the streak camera images have a background that affects the results of the
analysis, e.g., alters bunch centroid position, and therefore has to be subtracted. The
background mainly consists of a bias level of the CMOS camera, readout and hot
pixel noise. This background is uniform and is independent from the parameters
of the streak camera such as MCP gain, time window or slit width. An example
of a streak camera background image is given in Fig. 3.5.3(a). A corresponding
histogram showing the distribution of number of counts per pixel is displayed in Fig.
3.5.3(b). The pixels of this image have the count value with rms variation of 409± 7.
In order to reduce the noise added to the data after background subtraction (see Fig.
3.5.3(c)), eight images are averaged to obtain the final background distribution of
408± 3 counts per pixel, respectively. This distribution is subtracted from all the
data presented in this work.

In the presence of the proton bunch, due to its interaction with the material of
diagnostics inserted in the beam line, an additional source of background arises. This
radiation background is randomly distributed and results in appearance of clusters
of bright pixels across the image, therefore it cannot be properly subtracted. In
the analysis of the data, a median filter is applied to obtain smoother curves. The
average number of counts of this background constitutes 5 – 8% of the average proton
bunch signal value.
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Figure 3.5.3: (a) An example of a time-resolved image, where no signal is being
present, that shows the background of the CMOS camera embedded into the streak
camera system. The background is uniform and constant in time. (b) Distribution
of number of counts per pixel of (a). (c) Rms variation of the number of counts
per pixel as a function of number of averaged background images. Eight images are
averaged in order to obtain final background distribution.

3.5.2 Time resolution measurement

In order to maximize the light yield on the streak camera images, while preserving
the time resolution and keeping the noise level low, we determine optimal operational
parameters of the camera. These parameters are the entrance slit width and the
MCP gain. Increasing the slit width leads to higher light intensity, however, this
results in a decrease in the time resolution of the camera, due to imaging of the slit
itself and conversion of its width into time, and to possible space-charge effects in
the streak tube. The light intensity on the image, as well as the noise, increase with
MCP gain, but an effect on the time resolution is not expected. We measure the
time resolution of the streak camera as a function of the slit width and the MCP
gain. The ranges of these parameters that were used can be found in Tables 3.5.1
and 3.5.2.

For time-resolved measurements, we use the ∼ 110 fs-long reference laser pulse (see
Section 3.3), that is much shorter than the expected time resolution (0.81 ps, [91]).
Therefore, the measured pulse length would determine the resolution limit. We image
this pulse in the time window of 73 ps. We note that the time resolution decreases
with the increase of the time window, since each pixel of the image corresponds to a
larger time range. We define the time resolution as a full width at half-maximum
(FWHMt) of the longitudinal (time) profile of the laser pulse.

Figure 3.5.4(a) shows two time-resolved images of the reference laser pulse, with a
slit width of 10 µm (top image) and of 200 µm (bottom image). The MCP gain is
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Figure 3.5.4: (a) Time-resolved single images of a reference laser pulse with the
duration of 110 fs. The time window length is 73 ps. The slit width of the streak
camera is: top image – 10 µm, bottom image – 200 µm. The MCP gain is equal to
30 and is constant for this data. Images have the same color scale. (b) Black line
– corresponding temporal profiles of the laser pulse for these two values of the slit
width. The FWHM of the profiles is represented by the red dashed and solid lines.

30 and is the same for these images. The images show that the light yield and the
measured temporal width of the signal increase with slit width. This can be also
observed on the corresponding temporal profiles of the pulse that are shown in Fig.
3.5.4(b) (black line) and their FWHMt (red line).

Figure 3.5.5: (a) Time-integrated single images of the entrance slit of the streak
camera illuminated by a uniform blue light source. The slit width of the streak
camera is (as in Fig. 3.5.4): top image – 10 µm, bottom image – 200 µm. The MCP
gain is equal to 30 and is constant for this data. Images have the same color scale.
(b) Blue line – longitudinal profiles of the illuminated slit corresponding to images in
(a). The FWHM of the profiles is visualized with the red dashed and solid lines.
We note that the horizontal axis is converted into time units for convenience.

In order to determine the minimum resolution at a given slit width, we image the slit
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itself, illuminated by a uniform blue light source. We note that this measurement
is time-integrated, but we convert the horizontal axis into the time axis of the 73
ps window. Similarly to Fig. 3.5.4, we show two time-integrated images of the slit
with the width of 10 µm (Fig. 3.5.5(a), top image) and of 200 µm (Fig. 3.5.5(a),
bottom image). The MCP gain is set to 30 and is not varied, as in the time-resolved
measurements. Corresponding longitudinal profiles and their FWHMt are shown in
Fig. 3.5.5(b).

Slit width [µm] 10 20 30 50 75 100 125 150 175 200
Laser pulse FWHMt, [ps] 1.05 1.21 1.23 1.63 1.88 2.25 2.42 2.53 3.01 2.98

Slit FWHMt, [ps] 0.63 0.70 0.87 1.20 1.68 2.16 2.60 2.87 3.11 3.08

Table 3.5.1: The range of the slit width values and corresponding average FWHMt

of the reference laser pulse and of the illuminated slit (black and blue points of Fig.
3.5.6). The conversion factor for the time axis is 0.14 ps/px.

Figure 3.5.6: (a) Average FWHMt of the reference laser pulse (black points) and of
the slit illuminated with the uniform blue light (blue points) as a function of the slit
width. (b) Average FWHMt of the reference laser pulse as a function of the MCP
gain, measured with the slit widths of 50 (green points) and 100 (red points) µm.
The FWHMt of the laser pulse is obtained by averaging 20 time-resolved images.
The duration of the time window is 73 ps. The measurement of the illuminated
slit is time-integrated: the obtained values are converted into the time units for
convenience. These values are averages of 5 images. The error bars represent rms
variations of the measurements.

Figure 3.5.6(a) shows the FWHMt of the reference laser pulse averaged over 20 events
(black points), and that of the slit illuminated with the uniform light, averaged over
five events (blue points). Error bars represent rms variations of the measurements.
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With the smallest slit width (10 µm), the intensity of the incoming light of the laser
pulse is low, which leads to larger variation in the data and the measurement being
less reliable. With the widths of 20 and 30 µm the FWHMt remains essentially the
same. This could be identified as the resolution limit. The FWHMt increases with
slit widths larger than 30 µm, except at largest values (175 and 200 µm), possibly
due to the non-uniform illumination. The FWHMt of the illuminated slit represents
the minimal time resolution possible at a given width. These values are therefore
expected to be lower than the ones obtained with the laser pulse. This is confirmed
in the measurements within the rms variations of the data (blue line, Fig. 3.5.6(a)).
The slit FWHMt increases with the width, except the largest width value (200 µm).
Overall, we conclude that for the best time resolution the streak camera has to be
operated with the slit width of 20 or 30 µm. The slit width of 20 µm is used in the
experiments presented in this thesis.

MCP gain 10 20 35
Slit width [µm] 50

Laser pulse FWHMt, [ps] 1.90 1.78 1.65
Slit width [µm] 100

Laser pulse FWHMt, [ps] 2.39 2.21 2.25

Table 3.5.2: The average FWHMt of the reference laser pulse as a function of the
slit width and of the MCP gain (green and red points of Fig. 3.5.6).

We vary the MCP gain, another parameter that affects the light intensity, with
the slit widths fixed at 50 and 100 µm. The results (Fig. 3.5.6(b)) show that, as
expected, the FWHMt of the laser pulse (that is, the time resolution) is essentially
the same within the rms variations in the range of the MCP gain values from 10 to
35, with both slit widths. We therefore assume that further increasing the MCP gain
does not affect the time resolution. In the experiments presented here, MCP gain of
40 is used.

3.5.3 Spatial resolution measurement

We measure the spatial resolution of the optical system used with the streak camera,
to determine how well can the spatial features be resolved. We illuminate the USAF
1951 target with the uniform blue light source and image it in the plane of the
OTR screen, then transport the image to the streak camera. For the resolution
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measurement, we use third subgroup of lines in group zero (1.26 line pairs per mm)
of the target. The profile of the lines (time-integrated imaging, slit width of 200 µm
and MCP gain of 30) obtained by summing the signal in a narrow (∼ 90µm) range
is shown in Fig. 3.5.7(a) (red line). We define a square-shaped signal corresponding
to the lines (black line), and, assuming Gaussian response of a point light source, we
convolve it with a Gaussian function. We determine the modulation transfer function
(MTF) of the signal (Fig. 3.5.7(b), red line), and of the result of convolution (Fig.
3.5.7(b), green dashed line) as a function of the response function rms σGauss.

Figure 3.5.7: (a) Red line – the signal of the illuminated USAF target lines
summed in a narrow (∼ 90µm) range, black line – corresponding square-shaped
signal representing "ideal" lines, green dashed lines – convolution of the square-
shaped signal and a Gaussian function representing a point light source that matches
the MTF of the signal. The rms of this function defines the spatial resolution of the
optical system. (b) Green dashed line – MTF of the convolution of the Gaussian
function and the square-shaped signal (as in (a)) as a function of σGauss, red line –
MTF of the measured signal. The spatial resolution is the σGauss at the intersection
of these lines.

Spatial resolution is defined as a σGauss, where the MTF of the convolution matches
that of the signal. Given that the MTF of the signal is ∼ 0.55, we find the spatial
resolution σGauss ≈ 0.18 mm.

3.6 Upgrade and possible applications of AWAKE

To accelerate an electron bunch with an energy spread and emittance sufficiently
low for high-energy physics applications, the AWAKE experimental setup will be
upgraded (Fig. 3.6.1, no diagnostics is shown) [92].
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Figure 3.6.1: Schematic of the AWAKE experimental setup after the upgrade (not
to scale). Diagnostics is not shown.

Two Rb vapor sources will be used, both 10 m-long. The first source (modulator)
allows for a density step, variable in height and location along the plasma, and will
be used for seeding SM of the proton bunch. The density step allows to preserve
the wakefields for longer distance at a large fraction of the maximum amplitude
[93]. The second source (accelerator) is similar to the one used for the experiments
presented here. The witness electron bunch will be on-axis injected into it, thus, into
the wakefields of the fully-modulated proton bunch.

The studies will focus on the preservation of incoming normalized emittance, low
energy spread and matching of the electron bunch to the focusing force of the ion
column.

Multiple proposals for applications of AWAKE in the field of high-energy physics
are outlined in [94]. The electron bunches, that will be produced at AWAKE,
will have tens or even hundreds of GeV energy and transverse emittance below 10
mm·mrad. The repetition rate of the current proton drivers is limited, limiting the
resulting luminosity. Thus, applications, that are not critically dependent on the
luminosity, are considered. These are, e.g., a dark photon search experiment, where
such photons would be produced from electron bunches interacting with a fixed solid
target. The electron bunches at AWAKE will have higher population than currently
available in the experiments [95], allowing for expansion of the search. Another
possible application is a study of the strong-field quantum electrodynamics (QED),
colliding electron bunches with high-intensity laser pulses. Finally, an electron-proton
collider is considered [96]. A proton bunch, produced by the LHC, will be used
as a driver, to accelerate electron bunches to 3 TeV. These will be collided with
the counter-propagating 7 TeV proton bunches, produced by the LHC, allowing for
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the center-of-mass energy of 9 TeV. In this collider, a new regime in deep inelastic
scattering and, generally, in quantum chromodynamics (QCD), could be studied.
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Experimental results

This chapter presents the main experimental results of the thesis. In order to
characterize hosing and SM, we define the bunch centroid position and the longitudinal
on-axis profile as a function of time along the bunch. We then introduce hosing
and SM occurring simultaneously as a result of misalignment of initial wakefields
driven by the electron bunch. We observe the two processes either with the two
streak cameras capturing perpendicular planes, or with a method that allows for
reconstruction of the 3D distribution of the proton bunch. We perform frequency
analysis of the two processes at two plasma densities. For this, we use the discrete
Fourier transform (DFT), as well as the continuous wavelet transform (CWT). We
show that bunch centroid position oscillation in case of hosing and modulation in
case of SM are at frequencies similar to each other and to that of plasma electrons,
as expected from theory. We demonstrate that the development of hosing depends
on the direction of misalignment between the two bunches. When the electron
bunch is misaligned to the opposite side of the proton bunch axis, the resulting
centroid position oscillation is reflected with respect to the bunch axis. We study
the dependency of hosing on the proton bunch charge and misalignment extent. We
compare experimental observations of hosing with a theoretical model. We show
that there is a good agreement between those, despite certain differences between
the experimental conditions and the theoretical assumptions. These measurements
represent the most comprehensive characterization of hosing in the context of plasma-
based acceleration.

We note that in this chapter the misalignment extent is expressed in units of the
cold plasma skin depth c/ωpe.
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4.1 Characterization of hosing and SM

Figure 4.1.1: Waterfall plot of ten consecutive time-resolved images of the proton
bunch charge density distribution in case of hosing. The images are aligned in time
using the reference laser pulse (red line), then summed and averaged to obtain the
final distribution.

We introduce the procedures that will be applied to the time-resolved and time-
integrated data for the rest of this chapter. As mentioned in Section 2.3.1 and
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Section 2.3.2, when seeded with the electron bunch, both hosing and SM are expected
to be reproducible in time from event to event. Therefore, for further analysis we
obtain the time-resolved images by summing and averaging over around 10 single
events (Fig. 4.1.1) that are aligned in time with the reference laser pulse (not shown,
position marked with red line in Fig. 4.1.1). Time t = 0 for all the images presented
here is chosen to be 279 ps (∼ 1.3σt) ahead of the the proton bunch longitudinal
center. We note that a 1.2×0.07 [ps, mm] median filter is applied to the time-resolved
images to obtain smoother centroid position and longitudinal profile curves (the
images themselves are shown without filtering).

Figure 4.1.2: Time-integrated image of the transverse proton bunch charge distri-
bution in case of hosing (one of the events in Fig. 4.1.1). Median filter is applied
to the image. Initially round, the distribution is elongated in the plane of hosing.
Black line – 3σ-contour of the distribution.

Time-integrated image of the proton bunch transverse charge distribution corre-
sponding to one of the events in Fig. 4.1.1 is shown in Fig. 4.1.2. We construct the
3σ-contour (at 1% of the maximum intensity) of the distribution (black line) and,
for each average time-resolved image, we display a set of corresponding single-event
contours. This allows to check for reproducibility of the plane of hosing from event
to event. A 0.01× 0.01 [mm] median filter is applied to the time-integrated data to
reduce the noise and obtain smoother contour curves (image in Fig. 4.1.2 is shown
with the filter applied).
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4.1.1 Bunch centroid position and longitudinal profile

We define two main characteristics of hosing and SM – the bunch centroid position
xc (yc) and the modulated longitudinal density profile, respectively. For both, we
need to determine the bunch propagation axis and the region of interest (ROI),
since the signal is only present in a limited area of the time-resolved images. The
propagation axis xax (yax) is defined by the position of the peak (average) of a
Gaussian fit to the transverse profile of the time-resolved charge density distribution
in the ∼ 30 ps region at the head of the bunch, where neither SM nor hosing are
clearly developed and affect the calculation (not shown on the images). The ROI for
the centroid position rc is defined as a region where the signal value is equal to, or
higher than 4% of the maximum, that is approximately ±1.5 or ±3 mm around the
bunch propagation axis, depending on the maximum amplitude of the xc oscillation
(larger with higher proton bunch charge). Considering larger ROI does not lead to
any significant change in the centroid position calculation. Limiting ROI is also
needed to avoid unwanted signal from the reference laser pulse, positioned at the top
of each image. The longitudinal bunch density profile in case of SM is determined
within the bunch core radius rm. The bunch core is defined as the transverse rms
size of the proton bunch propagating in vacuum, at the OTR screen, determined
from time-resolved images. The corresponding rm = 0.24 mm or rm = 0.31 mm,
depending on the size of the proton bunch at the OTR screen.

The centroid position of the bunch is defined as:

xc =

xax+rc∑
i=xax−rc

|i · I(t, i)|

xax+rc∑
i=xax−rc

I(t, i)

− xax for all t, (4.1)

where I(t, i) – the intensity of the signal in a pixel of the image, t being the time,
and i – the space coordinates of the pixel. This calculation is performed for each
pixel column along the time axis of the image.

The bunch density profile (modulation) is defined as the signal summed longitudinally
(along the time axis) in its respective ROI and normalized:
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xax+rm∑
i=xax−rm

I(t, i)

max
xax+rm∑

i=xax−rm

I(t, i)

for all t. (4.2)

Figure 4.1.3: Averaged time-resolved image of the proton bunch charge density
distribution in case of propagation in vacuum. Dashed green line – xax, solid red
line – xc of the bunch. Qp = (14.9 ± 0.1) nC. All images have the same color scale.

We can now apply the above definitions to the data. We begin from introducing the
time-resolved charge density distribution of the proton bunch with a charge Qp =
(14.9 ± 0.1) nC (average value with rms variation of the measurement) propagating
in vacuum (Fig. 4.1.3). This distribution is continuous. The xc of the bunch is
shown as a solid red line and evidently exhibits no periodic oscillation, remaining
close to the bunch propagation axis (dashed green line).

Next we show experimental observation of hosing and SM developing simultaneously.
A corresponding experimental setup is shown in Fig. 4.1.4(a). In order to induce
hosing, we introduce a misalignment ∆x = (0.95 ± 0.16) c/ωpe of the seed electron
bunch trajectory with respect to the proton bunch propagation axis, in the x-direction
of the streak camera coordinate system. The ∆x is the difference between the two
averaged bunch position values, corresponding to the aligned and offset cases, and the
error bar represents the position jitter of both the electron and the proton bunches,
in both x- and y-directions, summed in quadrature. The value of ∆x is larger
than the position jitter of the bunches. The two streak cameras capture images in
perpendicular planes. The plasma electron density is npe = 0.96× 1014 cm−3. Figure
4.1.4(b) shows typical averaged time-resolved distributions corresponding to the
simultaneous occurrence of hosing in the plane of misalignment (x, top image) and
of SM in the perpendicular plane (y, bottom image). The processes are reproducible
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Figure 4.1.4: (a) Illustration of the experimental configuration used for (b). (b)
Averaged time-resolved images of the proton bunch (npe = 0.96× 1014 cm−3, Qp =
(14.9 ± 0.1) nC, ∆x = (0.95 ± 0.16) c/ωpe): top – in the x-plane showing hosing,
bottom – in the y-plane – SM. Images have the same color scale. Dashed green line –
bunch propagation axis, solid red line – xc (top) and yc (bottom).

from event to event, as is seen from the averaged images. Corresponding centroid
positions xc and yc are displayed with red lines on top of the distributions. The
xc clearly oscillates with growing amplitude (up to 0.28 mm) along the bunch in
the plane where hosing occurs. On the contrary, yc in case of SM, similarly to the
propagation in vacuum, remains close to the bunch axis (within ± 0.05 mm) and
does not exhibit any periodic pattern. We note that the amplitude of xc oscillation in
case of hosing is ∼ 3 times lower than the amplitude of the bunch envelope oscillation
(Fig. 4.1.4(b), top), similarly to hosing developing as an instability observed in
[63]. The oscillation also exhibits a certain degree of asymmetry with respect to the
bunch axis, characteristic of the simultaneous development with SM (more detailed
discussion of the asymmetry is given in Section 4.5.2). A comparison of the bunch
centroid positions for the data introduced above is shown in Fig. 4.1.5(a), solid grey
line – propagation in vacuum, dashed black line – hosing, solid green line – SM.

Figure 4.1.5(b) shows the bunch longitudinal density profiles for the three images in
Fig. 4.1.3 and Fig. 4.1.4(b). When the bunch propagates in vacuum (solid grey line),
its density is continuous and the intensity of the summed signal increases from head
to the longitudinal peak of the bunch, due to its incoming Gaussian distribution.
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Figure 4.1.5: Qp = (14.9 ± 0.1) nC, npe = 0.96 × 1014 cm−3 and ∆x = (0.95 ±
0.16) c/ωpe (where applicable). (a) Bunch centroid position in case of propagation
in vacuum xc0 – solid grey line, SM (yc) – solid green line, both remaining near the
bunch axis, and hosing (xc) – dashed black line, exhibiting a clear oscillation growing
along the bunch. (b) Bunch longitudinal density profile obtained in the bunch core
radius, color scheme is the same as in (a). The signal is continuous in case of bunch
propagation in vacuum, while there is a pronounced modulation in case of both
hosing and SM.

In case of hosing (dashed black line) and SM (solid green line), there is a clear
modulation of the distribution. After propagation in plasma, the intensity of the
signal is generally higher close to the head of the bunch, due to global focusing, and
then decreases, as more protons become defocused and leave the region around the
axis. The depth of modulation in case of hosing is lower than that of SM, as the
sum includes both parts of the oscillation, above and below the bunch axis. For the
same reason the second harmonic can be observed in the signal (e.g., from 60 ps).
We note that, in order to include the effect of the second harmonic, we use larger
ROI for this profile, than the one used for SM.

4.1.2 Plane of hosing development

Hosing manifests itself not only as a centroid oscillation in time, but also as an
elongation of the (initially round) bunch transverse time-integrated profile. This
elongation corresponds to the plane where hosing occurs. In order to establish this
plane for the data shown above (Fig. 4.1.4(b)), we use the time-integrated images of
the proton bunch charge distribution. We determine the 3σ-contours for every event,
as shown in Fig. 4.1.2. The resulting set of single-event contours corresponding to the
data in (Fig. 4.1.4(b)) is shown in Fig. 4.1.6(a, black lines). The elongation of the
contours is evident, compared to the event where no plasma is present (green line),
and also reproducible from event to event, that is, hosing develops in approximately
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the same plane.

Figure 4.1.6: Qp = (14.9 ± 0.1) nC, npe = 0.96× 1014 cm−3 and ∆x = (0.95 ± 0.16)
c/ωpe (where applicable). (a) Black lines – single-event time-integrated proton bunch
charge distributions of the data shown in Fig. 4.1.4(b) represented as 3σ-contours.
The elongation of the contours indicates the plane of hosing development. Green line
– contour of the bunch propagating in vacuum. (b) Red line – an example of a least
squares fit of an ellipse to a contour of the proton bunch charge distribution (black
line). The major axis (dashed red line) defines the plane of hosing development.

The precisely determine the plane of hosing, we perform a least squares fit of an
ellipse to each single-event contour, as shown in Fig. 4.1.6(b, red line). The major
axis of the ellipse corresponds to the plane of hosing (dashed red line). We note that,
as visible in Fig. 4.1.6, the plane of hosing, that is, the plane of the electron bunch
misalignment, does not coincide with the assumed x-plane, but is different by an
average of ∼ 27.5◦. The possible reasons are discussed in more details in Section 4.3.

4.2 3D charge density distribution of the proton

bunch

As shown in Fig. 4.1.4, in order to observe hosing and SM developing simultaneously,
we use two streak cameras gathering images in the two perpendicular planes. Here, we
present a method, that takes advantage of the reproducibility of the results, to observe
the two perpendicular planes of the proton bunch with one streak camera. This
method allows to reconstruct a 3D charge density distribution of the proton bunch
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[97]. In the measurement presented here, npe = 0.96× 1014 cm−3, Qp = (46.5± 0.6)

nC and ∆x = 1.03± 0.18 c/ωpe.

Under normal operation conditions, the image of the OTR is centered on the entrance
slit of the streak camera to obtain the slice of the distribution around the bunch
propagation axis. In order to observe the bunch in the plane perpendicular to the
plane of the slit (here – x) we offset the OTR perpendicularly with respect to the
slit, thus we obtain images of the proton bunch charge density at different transverse
positions across its distribution (Fig. 4.2.1(a)). In the experiment, we change the
OTR position on the slit with the last reflecting mirror of the optical transport line
in front of the streak camera.

Figure 4.2.1: (a) Schematic of the scanning procedure. We vary the OTR position
with respect to the entrance slit of the streak camera, that is equivalent to the change
of the slit position across the transverse proton bunch distribution. Blue rectangles
indicate various slit positions. (b) Average sum of counts of the time-integrated
proton bunch charge density distribution as a function of the position across the
bunch. Red points – data, dashed black line – Gaussian fit, blue diamonds – positions
across the bunch, where the slices are obtained.

The distance between the mirror and the slit is ∼ 0.95 m, and the maximum OTR
offset introduced is ∼ 0.93 mm. The variation of the proton bunch OTR position
on the streak camera slit does not alter the measured duration of the bunch. We
can therefore consider the variation of the OTR position with respect to the slit
as equivalent to the change of the slit position across the transverse proton bunch
distribution (blue rectangles, Fig. 4.2.1(a)).

We determine the central position of the proton bunch OTR on the slit and locate
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Figure 4.2.2: Slices of the averaged time-resolved proton bunch charge density
distribution obtained across the bunch, arranged vertically as a function of the
position across the bunch and aligned in time. The intensity of the distribution is
the highest in the central slice, decreasing towards the edges of the distribution, due
to its Gaussian shape.

the edges of its distribution by varying the mirror angle and obtaining corresponding
images of the time-integrated charge density distribution (produced without streak-
ing). We plot the average summed signal (Fig. 4.2.1(b), red points) as a function of
the position across the bunch. As already mentioned in Section 3.2, the transverse
proton bunch distribution is Gaussian, therefore we perform a Gaussian fit (black
dashed line). We use the mirror angular offset corresponding to the maximum value
of the Gaussian as the initial position. The rms size of the proton bunch at the OTR
screen is σr,OTR ≈ 0.62 mm (with Qp ≈ 46.5 nC). We vary the mirror angle so that
we record sets of bunch slices every 0.31 mm or ∼ 0.5 σr,OTR (blue diamonds). This
step size is also larger than the spatial resolution of the system.

We start the measurement from the central position of the proton bunch OTR on
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Figure 4.2.3: (a) Time-resolved proton bunch charge density distribution containing
an averaged sum of all the slices in Fig.4.2.2. Hosing is induced in the x-plane
(plane of the slit of the streak camera). (b) Waterfall plot containing ∼ 0.4 mm-wide
line-outs of the slices below the bunch propagation axis. The line-outs are arranged
vertically like the slices themselves (Fig. 4.2.2) and are aligned in time. The result
shows the SM developing in the plane perpendicular to hosing.

the slit. We vary the mirror angle in a way described above to obtain three slices
above and three slices below the central (Fig.4.2.1(b), blue diamonds). The slices
are obtained by averaging ten single events, as all the data shown in this chapter.
Figure 4.2.2 shows the slices arranged vertically as a function of the position across
the bunch and aligned in time. The intensity of the proton bunch charge density
distribution is the highest in the central slice, decreasing towards the edges of the
distribution, due to its Gaussian transverse shape. We then sum and average all the
slices to obtain a 2D distribution in the plane of the streak camera slit (x-plane, Fig.
4.2.3(a)). Additionally, to mimic the view of the perpendicular plane, we obtain a
waterfall plot of the slices. For better visualization and since we acquired only seven
slices of the bunch, instead of showing 1 px-wide line-outs of each slice, we select a
narrow (∼ 0.4 mm) region near the bunch propagation axis on the same side of it for
all the slices (here – below the axis) and arrange these line-outs vertically (aligned
in time), as is done the slices themselves in Fig. 4.2.2. The resulting combination
(Fig. 4.2.3(b)), obtained by recording images in the plane of hosing, shows the
microbunch-like structure, indicating the presence of SM in the perpendicular plane
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(y-plane).

Figure 4.2.4: A 3D proton bunch charge density distribution. (a) Isometric view.
Hosing is induced in the x-plane (b), SM develops in y-plane (c).

A 3D proton bunch charge density distribution is reconstructed with the use of the
MayaVi scientific data visualizer [98]. It is based on the interpolation between the
slices placed in order (as in Fig. 4.2.2) in a linear rectangular grid. Figure 4.2.4
shows the isometric view (a), as well as the x- and y-projections((b) and (c)) of the
obtained distribution. The two projections clearly show hosing and SM developing
in the perpendicular planes. We note that a 6.6 × 0.3 [ps, mm] median filter was
applied to all the slices in order to extensively smoothen the distribution.

4.3 Dependence of hosing on the misalignment di-

rection

Another characteristic of hosing that develops in the induced regime is its dependency
on the direction of misalignment, e.g., ± x (Fig.4.3.1(a)). When the electron bunch
is misaligned to the opposite side of the proton bunch axis (+∆x → −∆x), the
wakefield force that acts on each temporal slice of the proton bunch reverses direction
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(see Fig. 2.3.6). We therefore expect the resulting xc oscillation to be reflected with
respect to the bunch propagation axis.

Figure 4.3.1: (a) Experimental configuration for the results presented in (b) –(d).
Right hand side – averaged time-resolved images (npe = 0.96×1014 cm−3, Qp = (14.9
± 0.1) nC) with (b) ∆x = (0.95± 0.16) c/ωpe and (c) ∆x = (−0.93± 0.18) c/ωpe.
Images have the same color scale. The reflection of the xc oscillation is visible, e.g.,
at t ≈ 124 ps (dashed red line): the xc displacement is (a) below and (b) above the
bunch axis (x = 0). (d) xc oscillation curves: dashed black line – top image, solid blue
line – bottom image. Insets (b) and (c): single-event 3σ-contours of time-integrated
bunch charge distribution.

This reflection is clearly visible on the images in Figs. 4.3.1(b) (same as Fig. 4.1.4(b),
top image), (c), and on the corresponding xc(t) curves (Fig. 4.3.1(d), e.g., at t ≈
124 ps, dashed red line).

Alignment in position and angle between the two particle beams with significantly
different parameters is one of the main challenges in these experiments. Single-event
3σ-contours of the proton bunch transverse charge distribution are shown in insets
of Fig. 4.3.1(b) and (c). They show that the direction of elongation is in the general
direction of misalignment, i.e., x-direction, but with an angle of 26◦−28◦ with respect
to it. The contours show that reversing the direction of misalignment (+∆x → −∆x)
produces a reflection of the angle from +27.5◦ (inset of Fig. 4.3.1(b)) to 180◦–26.2◦

(inset of Fig. 4.3.1(c)). This indicates a possible angular misalignment in the vertical
plane between the trajectories of the two bunches. This misalignment might also be
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the cause of the different amplitudes of the xc oscillation in Fig. 4.3.1(d), since the
amplitude depends on the misalignment extent ∆x (discussed in Section 4.5.1). The
accuracy of the available diagnostics was not sufficient to correct this misalignment.
Simulation results [63] indicate that the time-resolved images nevertheless retain
the main characteristics of both hosing and SM (as in Fig. 4.1.4(b)), even when
the observation plane is different from the hosing plane by angles similar to those
observed in the experiment.

4.4 Frequency of hosing and SM

We determine the frequencies of the xc(t) oscillation for hosing (fH) and of the
modulation for SM (fSM ) at two plasma densities, npe = 0.96× 1014 cm−3 (see Figs.
4.1.4(b) and 4.1.5), and npe = 2.03× 1014 cm−3 (Fig. 4.4.1).

Figure 4.4.1: Averaged time-resolved images (npe = 2.03× 1014 cm−3, Qp = (17.1
± 0.2) nC) of the proton bunch charge distribution in case of hosing (a) with its
respective xc (dashed black line), and in case of SM (b) with the corresponding
longitudinal profile (solid green line). These images are two different sets of events
and were obtained in the same (x) plane. We note that SM data of (b) was obtained
by misaligning the electron bunch in the y-plane.

The values of Qp are similar for these measurements, Qp = (14.9 ± 0.1) nC when
npe = 0.96× 1014 cm−3 and Qp = (17.1 ± 0.2) nC when npe = 2.03× 1014 cm−3. To
the lowest order, we expect the frequencies not to depend on the bunch charge. In
Fig. 4.4.1(a), ∆x = (0.49 ± 0.15) c/ωpe, that is, hosing is induced in the plane of
the streak camera slit (x-plane), in (b) ∆y = (1.01± 0.17) c/ωpe, that is, hosing is
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induced in the y-plane, perpendicular to that of the streak camera slit. We therefore
observe SM in (b). We compare fH and fSM with the plasma electron frequency fpe,
that is determined from the measurements of npe with the following formula:

fpe =
1

2π

√
npee2

ϵ0me

. (4.3)

We expect these three frequencies to be similar, since the electron bunch drives initial
wakefields, that seed SM and hosing, at fpe.

4.4.1 Discrete Fourier transform

We perform the DFT of the xc oscillation and of the modulation, for both averaged
data and single events. We note that, due to the limited duration of the signals,
their corresponding power spectrum is not a δ-function, but a sinc function, since
it is convolved with a Fourier transform of the square time window (sinc) function
imposed by the streak camera. To find the position of the frequency peak in the
spectrum, we set a lower limit on frequency of 30 GHz, to exclude low frequency
components originating from the envelope of the signal and not corresponding to the
xc oscillation or modulation. We apply zero padding to the signal, such that its length
is equal to 2n. We use n = 14, as further increasing n does not improve the accuracy
of frequency determination. The zero-padded signal length is therefore 16384 px. We
note however that zero padding does not enhance the frequency resolution of the
DFT, but rather increases the interpolation density between the sample points, that
is, improves the precision in finding the position of an isolated peak in the power
spectrum.

The DFT power spectra of the averaged xc oscillation and modulation in the range
of (0–180) GHz, as well as the peak frequency values are shown in Fig. 4.4.2, (a)
for npe = 0.96× 1014 cm−3, and (b) for npe = 2.03× 1014 cm−3. Dashed black line
corresponds to xc oscillation in case of hosing, solid green line – to modulation curve
of SM. The peak frequency values of hosing and SM are in a good agreement.

The average frequency values of the single-event xc oscillation fH and modulation
fSM are shown along with fpe in Fig. 4.4.3. Error bars represent rms variations of
the data. At npe = 0.96× 1014 cm−3 (a), fpe = (87.99 ± 0.18) GHz, fH = (86.76 ±
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Figure 4.4.2: DFT power spectra of averaged hosing xc oscillation (dashed black
line) and SM longitudinal profile (modulation, solid green line) and corresponding
peak values fH and fSM . (a) npe = 0.96× 1014 cm−3, (b) npe = 2.03× 1014 cm−3.

Figure 4.4.3: Plasma electron frequency (red point), average single-event frequencies
of xc (hosing, black point) and modulation (SM, green point). Error bars represent
rms variations of the data. (a) npe = 0.96× 1014 cm−3, (b) npe = 2.03× 1014 cm−3.

1.53) GHz and fSM = (86.27 ± 1.54) GHz. Both fH and fSM are ∼ 1.7% lower than
fpe, but are nevertheless similar within the rms variation of the measurement. At
npe = 2.03× 1014 cm−3, fpe = (127.80 ± 0.26) GHz, fH = (125.31 ± 1.56) GHz and
fSM = (125.41 ± 1.26) GHz. As with the lower plasma density, both fH and fSM

are lower, by ∼ 2%, than fpe, however, overall comparable. The possible reasons for
that are a discrepancy in the npe measurement, or, as was shown with numerical
simulations [99], the evolution of the wakefields and of the bunch modulation along
the plasma, resulting in the modulation frequency to be close to, but not equal to fpe.
Similar behavior was observed also at lower npe ≈ 0.5× 1014 cm−3) [63]. The values
of fH and fSM obtained by averaging single-event values are practically identical to
the ones obtained from the averaged dataset.
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Overall, we conclude that, as expected, fH ≈ fSM ≈ fpe at both plasma densities.

4.4.2 Continuous wavelet transform

In order to assess whether, due to the evolution of the wakefields and of the bunch
discussed in [99], there is the evolution of frequency along the bunch that could be
determined from the time-resolved images, we perform the CWT on the same signals
as in the previous section. We choose the complex Morlet wavelet (complex sine wave
tapered by a Gaussian) as mother function for the transform, due to its similarity to
the signals of interest and smooth (Gaussian) shape [100, 101]. The central frequency
ω0 (or the number of oscillations within the envelope, see example in Fig. 4.4.4)
of the wavelet sets a trade-off between the time and the spectral resolution of the
transform and is found through an optimization procedure, such that lower ω0 value
clearly reduces the accuracy of the frequency determination, and higher value results
in less time information available, while not significantly improving the frequency
determination. We find ω0 = 8. The set of widths of the daughter wavelets is found
from corresponding set of signal frequencies of interest. Zero padding can also be
applied to the signal in order to obtain "finer" frequency bins, and is set to n = 13
for this analysis.

Figure 4.4.4: The real part of the Morlet wavelet function. This part provides
the information about the wavelet in the time domain. The central frequency ω0

represents the number of oscillations within the function itself and is equal to 8 in
this example.

An example of the wavelet energy spectrum of the averaged xc oscillation (data
shown in Fig. 4.1.4(b, top image)) is displayed in Fig. 4.4.5, with intensity scaling
according to the significance of a given frequency at a given time. This distribution
has the highest intensity at t > 100 ps, when the oscillation is well-developed.
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Figure 4.4.5: (a) Wavelet energy spectrum of the averaged xc oscillation (data in
Fig. 4.1.4(b), top) as a function of time and frequency. The intensity scales with
the importance of a given frequency at a given location. (b) Top: sum of the signal
in (a) along the frequency axis (transverse). The peak is identified at 86.68 GHz.
Bottom: black points – frequency values obtained by summing the signal as in the
top plot, but in 20-ps time slices, error bars indicate the time slice edges, dashed
black line – overall frequency (from the top plot), dashed red line and red area – fpe
and corresponding rms uncertainty. npe = 0.96× 1014 cm−3.

No significant frequency harmonics or shifts in time are observed. The sum of (a)
along the frequency axis is shown in (b, top plot). The peak fH = 86.68 GHz is
similar to the result obtained with the DFT. We determine the frequency along the
bunch (time) in 20 ps slices (b, bottom plot, black points), and show that, while
initially lower than the fH determined from the whole time window (dashed black
line, value from the top plot), with a minimum of ∼ 85.08 GHz, the frequency
slightly increases after t = 100 ps, to a maximum of ∼ 87.64 GHz, where it almost
matches the fpe (red dashed line). However, the frequency (of SM, and therefore of
hosing) is expected to decrease due to the dephasing between the wakefields and
the microbunch structure [99]. We determine the significance of the observed trend
below.

As with the DFT, we perform the CWT of the single-event xc oscillation for hosing
and modulation curves for SM (for the same data). We determine the frequency along
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Figure 4.4.6: Plasma electron frequency (dashed red line) and corresponding rms
variation (red area), average single-event frequencies of xc (hosing, black points) and
modulation (SM, green points) as a function of time. Error bars in frequency represent
rms variations of the data, in time – the time bin size. (a) npe = 0.96×1014 cm−3, (b)
npe = 2.03× 1014 cm−3. Overall, the data does not show any significant or consistent
trend in time.

time, as in Fig. 4.4.5(b, bottom plot). The results, obtained by averaging single-event
frequency values, with the respective rms variations, with npe = 0.96× 1014 cm−3

(Fig. 4.4.6(a)) show that, while there might be a trend for the frequency to slightly
increase towards the end of the bunch, it mostly remains within the variations of
the measurement. With npe = 2.03 × 1014 cm−3, we observe no clear trend, the
measurements agree within the respective uncertainties. We therefore conclude that
no distinct evolution in time of the frequencies of hosing or SM could be determined
from the time-resolved images.

Finally, we conclude that the frequencies fH and fSM obtained with the CWT are
close to fpe: fH ≈ fSM ≈ fpe. This is expected, as hosing and SM are induced by
the electron bunch that drives wakefields at fpe.

4.5 Experimental parameters scan

In this section, we study how changes in certain experimental parameters affect
the development of hosing, in particular, its amplitude. We determine whether the
experimental results agree with the theoretical findings outlined in Section 2.3.2
(Eqs 2.13 and 2.14). All the measurements presented here are performed at npe =
0.96× 1014 cm−3.
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4.5.1 Variation of electron-proton beams misalignment extent

The evolution along the plasma of transverse initial wakefields driven by the low
energy electron bunch with parameters similar to that of the experiment was obtained
from numerical simulations [102]. The amplitude of the wakefields as a function
of the distance from the bunch axis reaches the peak before ∆x = 0.1 c/ωpe and
then monotonically decreases (Fig. 4.5.1). The effect of these wakefields on the
centroid position of proton bunch xc therefore depends on its position with respect
to wakefields axis, i.e., on the misalignment extent ∆x between the two bunches.
Simulation results also indicate that, due to the low electron bunch energy (∼ 20

MeV), this bunch drives wakefields of significant amplitude only over the first 2–3 m
of plasma.

Figure 4.5.1: Amplitude of the transverse wakefields driven by a short low energy
electron bunch (with parameters similar to those of the experiment) as a function of
distance from the bunch axis (solid blue line, simulation results) [102]. The amplitude
peaks at the distance from the axis of < 0.1c/ωpe and then gradually decreases.

We perform the measurements varying ∆x and thus the amplitude of initial wakefields,
keeping the other experimental parameters constant (Qp = (14.9 ± 0.1) nC). The
smallest ∆x value is chosen to be larger than the average position jitter of the two
bunches (error bar in all ∆x values).

Averaged time-resolved images of the proton bunch charge density distribution
are shown in Fig. 4.5.2, with misalignment extent increasing from (a) ∆x =

(0.53 ± 0.15) c/ωpe to (b) ∆x = (0.95 ± 0.16) c/ωpe (same as Fig. 4.1.4(b)) to (c)
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Figure 4.5.2: Averaged time-resolved images of the proton bunch (Qp = (14.9 ±
0.1) nC) with (a) ∆x = (0.53 ± 0.15) c/ωpe, (b) ∆x = (0.95 ± 0.16) c/ωpe, (c)
∆x = (1.47± 0.16) c/ωpe, (d) ∆x = (2.61± 0.17) c/ωpe. Images have the same color
scale. Bunch axis is shown with dashed green line.

∆x = (1.47 ± 0.16) c/ωpe to (d) ∆x = (2.61 ± 0.17) c/ωpe. In (a) to (c), one can
observe a decrease in the amplitude of the bunch envelope oscillation with increasing
∆x, in particular at t > 150 ps. With the largest misalignment extent (d), the level
of the seed wakefields is not strong enough to induce either hosing or SM. Therefore,
SM develops in the instability regime: no clear microbunch structure is observed after
averaging the data, that is, the process is no longer reproducible from event to event.
Moreover, the intensity of the distribution is higher all along the bunch ((c) and
(d)) with larger ∆x, indicating that there is less overall effect of the wakefields. The
bunch distribution remains close to the propagation axis, and, as the streak camera
yields the charge density and not the charge, and the amount of light is limited by
the entrance slit, the less the bunch evolves under the effect of the wakefields (staying
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mostly focused), the more light the streak camera captures.

Figure 4.5.3: Proton bunch centroid position xc(t) (Qp = (14.9± 0.1) nC). ∆x =
(0.53 ± 0.15) c/ωpe – green line, ∆x = (0.95 ± 0.16) c/ωpe – black line, ∆x =
(1.47± 0.16) c/ωpe – red line, ∆x = (2.61± 0.17) c/ωpe – grey line.

Corresponding xc curves (Fig. 4.5.3) confirm the observations outlined above. The
amplitude of xc oscillation decreases as ∆x increases (∆x > 0.5 c/ωpe). Measured at
t ≈ 163 ps, it is xc ≈ 0.198 mm when ∆x ≈ 0.5 c/ωpe (green line), xc ≈ 0.173 mm
when ∆x ≈ 1.0 c/ωpe (black line) and xc ≈ 0.108 mm when ∆x ≈ 1.5 c/ωpe (red
line). With ∆x ≈ 2.61 c/ωpe, no oscillation is observed, that is, the effect of the seed
wakefields is insufficient to induce hosing. When not induced, hosing is only observed
as an instability at much lower plasma densities npe < 0.5× 1014 cm−3 [63]).

4.5.2 Variation of the proton bunch charge. Asymmetry of

the bunch centroid displacement

We furthermore study the dependency of hosing amplitude on the proton bunch
charge Qp (or density nb0), keeping other parameters constant. Theory (see Eq. 2.14
and [50]) suggests that the number of exponentiations of hosing Nh, or the growth
rate, increases with nb0, i.e., with Qp. We note that nb0 varies less than Qp due to
the change in the transverse emittance and, hence, transverse size of the bunch at
the plasma entrance σr0. We calculate nb0 from the proton bunch population Nb and
corresponding measured σr0 (for values see Section 3.2) as:

nb0 =
Nb

(2π)3/2σ2
r0σz

. (4.4)

We also remind that the measurement of xc is performed not in plasma (as in [50]),
but after 3.5 m of propagation of the protons from the plasma exit to the OTR
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screen. Therefore the values of xc and thus Nh that we calculate tend to overestimate
those in plasma.

Figure 4.5.4: Averaged time-resolved images of the proton bunch charge density
distribution (∆x ≈ 1 c/ωpe). (a) Qp = (46.5±0.6) nC (nb0 = (7.0±0.9)×1012 cm−3),
(b) Qp = (14.9± 0.1) nC (nb0 = (4.3± 0.2)× 1012 cm−3). Images have the same color
scale. The extent of the bunch envelope oscillation is ∼ 2 times higher with higher
Qp.

Averaged time-resolved images of the proton bunch charge density distribution
(Fig. 4.5.4) clearly show that, with Qp = (46.5 ± 0.6) nC, that is, nb0 = (7.0 ±
0.9) × 1012 cm−3 (a), the amplitude of envelope oscillation is higher than with
Qp = (14.9±0.1) nC, that is, nb0 = (4.3±0.2)×1012 cm−3 (b). We note that (b) shows
the same data as in Fig. 4.1.4(b), but with the vertical scale adjusted for the visual
comparison with (a). For (a), ∆x = 0.95±0.16 c/ωpe, for (b) ∆x = 1.03±0.18 c/ωpe,
that is, the two misalingment extent values are approximately the same.

Corresponding xc oscillation curves show that with Qp ≈ 46.5 nC, the amplitude of
hosing is on average 2.1 times higher (Fig. 4.5.5, red line) than with Qp ≈ 14.9 nC
(black line).

Furthermore, with higher Qp we observe a clear asymmetry of the xc oscillation with
respect to the bunch axis. In order to quantify this asymmetry, we integrate the area
between the xc curve and the bunch axis (0, 0) separately for xc < 0 and xc > 0. We
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Figure 4.5.5: Proton bunch centroid position xc(t). ∆x ≈ 1 c/ωpe. Qp = (46.5± 0.6)
nC (nb0 = (7.0 ± 0.9) × 1012 cm−3) – red line, Qp = (14.9 ± 0.1) nC (nb0 =
(4.3± 0.2)× 1012 cm−3) – black line.

then define the asymmetry as:

A± =
|A>0 − A<0|
A>0 + A<0

. (4.5)

The value of A± = 0 indicates than no asymmetry is present, A± = 1 – that the data
is fully asymmetric (above/below the bunch axis). With Qp ≈ 46.5 nC, A± ≈ 0.40,
while with Qp ≈ 14.9 nC, A± ≈ 0.21. Generally, with lower Qp, A± is in range from
0.02 to 0.32 and remains mostly low. Reference [50] shows that coupling between
hosing and SM developing simultaneously (as is the case in the experiment) generates
such an asymmetry. The strength of the coupling and the resulting asymmetry
depends on, e.g., initial seed amplitudes for hosing and SM. These parameters are
not measured in the experiment and differ in kind (wakefields driven by the electron
bunch) from the ones in the theory (initial centroid and envelope perturbations). It
is therefore difficult to draw conclusions and provide comparison of the experimental
data with the theoretical findings. However, the data with higher Qp seems to reflect
the effect and its trend.

4.6 Comparison of a theoretical model of hosing

with experimental results

We compare theoretical predictions of a model of long-beam, early-time regime
hosing [50] and experimental results. The corresponding equations from [50] for
xc (Eq. 2.13) and Nh (Eq. 2.14) and their descriptions are given in Section 2.3.2.
We use these equations to determine whether the experimental results retain some
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characteristics of the theoretical model.

Generally, not all the assumptions used to derive Eqs 2.13 and 2.14 are verified in
the experiments whose results are presented here. We check whether at least some
of the key assumptions are satisfied. In the experiment, the proton bunch has an
approximately Gaussian transverse and longitudinal distributions, as opposed to
constant distributions in [50]. However, as mentioned in [50], Nh weakly depends on
the initial transverse bunch distribution.

Figure 4.6.1: Centroid position xc(t) along the bunch (npe = 0.96 × 1014 cm−3):
dotted red line – average of 10 single events, red bars – rms variation of the events,
solid blue line – result of the fit of Eq. (1). (a) to (c): Qp = (14.9±0.1) nC and nb0 =
(4.3±0.2)×1012 cm−3. (a) ∆x = (0.53±0.15) c/ωpe, (b) ∆x = (0.95±0.16) c/ωpe, (c)
∆x = (1.47±0.16) c/ωpe. (d) Qp = (46.5±0.6) nC and nb0 = (7.0±0.9)×1012 cm−3,
∆x = (1.03± 0.18) c/ωpe. Note larger vertical scale on (d) than on (a) to (c).

The effect of the plasma return current is low in the experiment, since the bunch
transverse size is smaller than the plasma skin depth: σr0 < 0.4 c/ωpe and µ ≈ 0.91.
The ratio between the bunch and the plasma electron densities is nb0/npe ≤ 0.07 ≪ 1,
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as in [50]. The ratio between the wavebreaking field EWB and the amplitude of the
initial wakefields driven by the electron bunch in similar experimental conditions is
Einit/EWB ≪ 1 [103]. The experimental normalized propagation distance in plasma
is D =

√
me

mb

nb0

npe

1
2γ
z ≤ 3.9 (z = 10 m), while D ≤ 1.1 in [50]. The observation

time range t− t0 > D/ωpe, as in [50]. In the experiment, the induced hosing grows
from the amplitude of the initial wakefields, i.e., δc = 0 at z = 0. However, after a
short propagation distance in plasma, the bunch acquires a xc oscillation from the
wakefields driven by the electron bunch. The experimental conditions are therefore
similar to those in [50].

We perform a nonlinear least squares fit of Eq. 2.13 to the experimental xc oscillation
curves (Fig. 4.6.1, data shown in Figs 4.5.2 and 4.5.4). The initial parameters t0 and
δc cannot be obtained in the experiment and are therefore free parameters of the fit.
The other parameters (npe, nb0, γ, z, µ) are determined from the measurements.

Figure 1 (a) (b) (c) (d)
Experimental parameters

Proton bunch charge Qp [nC] 14.9± 0.1 14.9± 0.1 14.9± 0.1 46.5± 0.6
Misalignment extent ∆x [c/ωpe] 0.53± 0.15 0.95± 0.16 1.47± 0.16 1.03± 0.18

Results of the fit
Initial xc oscillation amplitude δc [µm] 12.5 11.3 6.9 11.6

Initial time t0 [ps] 3.2 2.5 8.4 3.0
Goodness of the fit R2 0.68 0.92 0.78 0.84

Other results
Bunch centroid position xc [t ≈ 163 ps][mm] 0.198 0.173 0.108 0.306
Number of exponentiations Nh [t ≈ 163 ps] 4.89 4.85 4.87 5.46

Table 4.6.1: Columns from left to right, for the data and the results of the fit shown
in Fig. 4.6.1 (npe = 0.96 × 1014 cm−3): experimental parameters ∆x and Qp, fit
parameters δc and t0 and the goodness of the fit R2. Bunch centroid position xc

calculated at t ≈ 163 ps and corresponding number of exponentiations Nh (using δc
determined from the fit).

The results of the fit (δc, t0) are given in Table 4.6.1. The goodness of the fit
parameter R2 for all the data is in range from 0.68 to 0.92, that is, the agreement
between the model and the data is generally good, as also seen in Fig. 4.6.1.

Table 4.6.1 shows that, when varying ∆x (Fig. 4.6.1(a) to (c)), δc decreases with
increasing ∆x. This is expected, as the amplitude of the initial wakefields decreases
with increasing ∆x (that is, with the distance from the wakefields axis [102]), in
the range of ∆x considered (see Section 4.5.1). Differences in the amplitude of xc
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oscillation in Fig. 4.6.1(a) to (c) are due to the change in δc, since Nh in these
three cases is essentially the same. When increasing Qp and keeping ∆x ≈ 1 c/ωpe

(Fig. 4.6.1(d), Qp ≈ 46.5 nC, and Fig. 4.6.1(b), Qp ≈ 14.9 nC), δc does not
vary significantly (Table 4.6.1). This is consistent with the amplitude of the initial
wakefields driven by the electron bunch being independent of Qp. The increase in
Qp, and therefore nb0, leads to the increase in Nh (Eq. 2.14, see also Section 4.5.2).
Therefore the amplitude of xc oscillation starting from the same δc is higher for the
data shown in Fig. 4.6.1(d) with Qp ≈ 46.5 nC than for the one in Fig. 4.6.1(b)
with Qp ≈ 14.9 nC.

Overall, the ratio between δc and the transverse bunch size at the plasma entrance
rb0 is δc/σr0 ≤ 0.06. The linear regime approximation thus remains valid for the
experimental results. Fit results indicate that the values of t0 do not vary significantly
(< 6 ps or < 1/fpe ≈ 11 ps) in these measurements.

The growth of the amplitude of hosing is determined from the maximum experimental
value of xc oscillation at t ≈ 163 ps and δc obtained from the results of the fit. It is
xc[t ≈ 163 ps]/δc ≈ 26.3 with Qp ≈ 46.5 nC, close to the growth of the transverse
wakefield amplitude that was shown in [104] for similar experimental conditions in
case of SM. This goes along with the theoretical predictions for hosing and SM to
have similar growth rates (e.g., [50]). The Nh values (at t ≈ 163 ps) for all the data
presented are shown in the last row of Table 4.6.1. The typical value of Nh is around
5.

Overall, we conclude that the experimental data retains the main characteristics of
the theoretical model of Ref. [50] for the development of hosing, though quantitative
comparison remains difficult.
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Chapter 5

Conclusions and outlook

In this thesis, we have shown for the first time that hosing of a long, relativistic
proton bunch propagating in an over-dense plasma can be induced and thus observed
in a reproducible way. Hosing is induced by relative misalignment between the
trajectory of a short electron bunch, hence the wakefields it drives, and that of
the following proton bunch. In this configuration, hosing develops simultaneously
with self-modulation (SM), in perpendicular planes. Hosing manifests itself as an
oscillation of the proton bunch centroid position that, due to its resonant coupling to
the wakefields, grows along the bunch and plasma. The centroid position in case of
SM has no periodic pattern and remains close to the bunch propagation axis. With
no electron bunch, SM develops as an instability and no hosing is observed, indicating
that the seed wakefields indeed induce hosing. We observe hosing and SM developing
simultaneously with the two streak cameras that yield time-resolved images in the
perpendicular planes. Additionally, we introduce a method to reconstruct the time-
resolved 3D proton bunch charge density distribution. With this method, we are
indeed able to reproduce the two perpendicular planes of the bunch and, thus, to
clearly observe the two processes of interest. The electron bunch drives wakefields at
the plasma electron frequency fpe, therefore the frequency of hosing fH is close to that
of SM, fSM , both close to fpe, measured at two plasma densities, npe = 0.96× 1014

cm−3 (fpe = (87.99 ± 0.18) GHz) and npe = 2.03× 1014 cm−3 (fpe = (127.80 ± 0.26)
GHz). The development of hosing depends on the direction of misalignment, that
is, when the direction is reverted (e.g.,+x → −x), the centroid position oscillation
is reflected with respect to the bunch propagation axis. The amplitude of hosing
decreases with increasing misalignment extent ∆x, for ∆x > 0.5 c/ωpe (c/ωpe – cold
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plasma skin depth). When ∆x > 2.5 c/ωpe, SM develops as an instability and
no hosing is observed. When not induced by a sufficient level of seed wakefields,
hosing was only observed as an instability, at low plasma densities npe ≈ 0.5× 1014

cm−3. The amplitude of hosing increases with the proton bunch charge Qp (fixed
∆x), as predicted by theoretical findings. We find good general agreement between
the experimental data and a theoretical model of long-beam, early-time regime
hosing [50], despite certain differences between the assumptions of the model and
experimental conditions. Overall, the measurements, whose results are described
in this thesis, represent the most comprehensive characterization of hosing in the
context of plasma-based acceleration.

The study presented here took place at the AWAKE experiment at CERN. The
ultimate goal of this experiment is to become an accelerator that provides electron
bunches with tens of GeV of energy, with focus on particle physics applications.
This requires the proton bunch to drive wakefields for a long distance (tens or
hundreds of meters) and the accelerated witness bunch to have sufficiently high
quality. Oscillation of the proton bunch centroid position, i.e. hosing, significantly
alters the distribution of the bunch and the structure of the wakefields. That may
result in a decrease in acceleration length and in appearance of an on-axis deflecting
force, leading to scattering or loss of the witness bunch. Therefore, if it developed,
hosing would have to be mitigated. We note that, when not induced, hosing was not
observed at plasma densities higher than npe ≈ 0.5× 1014 cm−3. Seeding SM with
the relativistic ionization front was shown to strongly suppress hosing. When the
electron bunch is used for seeding, hosing is observed (as shown in this thesis) at
the plasma densities of up to npe = 2.03× 1014 cm−3, and may be induced at even
higher densities, reaching that of operation. If the electron bunch seeding scheme is
chosen for the future accelerator, studies on the tolerances in alignment have to be
done, optimal electron bunch parameters have to be found and the conditions for
stable operation have to be determined. The development of hosing will be studied
with the new Rubidium vapor source that allows for imposing a plasma density step,
that was shown (with numerical simulations) to suppress hosing [60]. Lastly, as an
instability, hosing can develop not only at fpe, but at any frequency (or wavelength
λpe). Long-wavelength hosing was not consistently observed in the experiments,
however, limited data, as well as simulation results have already shown this effect. It
might be therefore interesting to investigate whether this type of hosing develops,
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Appendix A

Observation of hosing at low plasma
density in the DC discharge plasma
source

As was mentioned previously, in order for AWAKE to become an accelerator facility,
its setup has to be upgraded. In particular, to inject the witness bunch into the
fully developed wakefields and to increase acceleration length, another plasma source,
where acceleration would take place, is needed. Multiple options for such a plasma
source are considered. One of them is a direct current (DC) discharge plasma source,
where the gas is ionized with an electric arc discharge. The plasma electron density is
adjusted by varying the delay between the discharge current and the time of arrival
of the proton bunch. An advantage of this source is that the resulting plasma column
has a relatively large transverse size, ∼ 20 mm, as opposed to ∼ 2 mm in case of
the laser-created plasma, that is, no issue of alignment between the plasma column
and the proton bunch is expected. However, when it comes to having plasmas tens
of meters-long, building a single-stage discharge plasma source is technologically
challenging. Having several stages stacked together might be thus needed.

The discharge plasma source was installed and tested at AWAKE. The development of
hosing, SM and current filamentation instability (CFI) were studied in a single-stage
10 m-long source, filled with either Helium, Argon or Xenon, at various plasma
electron densities npe.

We show the observation of hosing at npe < 0.5× 1014 cm−3. We expect hosing to
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develop as an instability, since in this experiment, unlike elsewhere in the thesis, no
seed wakefields can be purposely introduced. Hosing thus starts from the possible
irregularities or asymmetry in the bunch centroid position or charge distributions.
Hosing might develop along with SM or without it. We expect the growth of hosing
to be low, since, as was shown in [50], its growth rate decreases with npe. Helium at
the pressure of 45 Pa and the discharge current of 500 A are used for the plasma. The
proton bunch has an elliptical transverse shape, with σx = 340 µm and σy = 140 µm,
and a charge of Qp = (43.4 ± 0.7) nC. We note that the x-plane and the y-plane,
mentioned when describing time-resolved images, are referred to the planes of the
streak camera coordinate system (and not the beam coordinate system). Time t = 0
is ∼ 1.5σt ahead of the proton bunch longitudinal center and is the same for all the
data presented.

Figure A.0.1: (a) Single-event time-resolved images of the proton bunch charge
density distribution in the x-plane. Images have the same color scale. (b) Bunch
centroid position xc corresponding to the events in (a). The vertical axis scale is the
same for all the events, with values in range (-0.25, 0.25) mm. The maximum xc

oscillation amplitude in this dataset is ∼ 0.23 mm. No significant growth of hosing
along the bunch is observed, and in the second and seventh event the xc oscillation
stops after t = 150 ps.

We show the single-event time-resolved images of the proton bunch charge density
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Figure A.0.2: (a) Single-event time-resolved images of the proton bunch charge
density distribution in the y-plane, obtained simultaneously with those in Fig. A.0.1.
Images have the same color scale. (b) Bunch centroid position yc corresponding to
the events in (a). The vertical axis scale is the same for all the events, with values
in range (-0.5, 0.5) mm. The maximum yc oscillation amplitude in this dataset is
∼ 0.49 mm. The amplitude of oscillation is higher than in Fig. A.0.1 due to the
plane of the elongation of the proton bunch being closer (within ∼ 28◦) to this plane
of the streak camera coordinate system. No significant growth of hosing along the
bunch is observed.

Figure A.0.3: DFT power spectra of the events in Figs A.0.1 (a, x-plane) and
A.0.2 (b, y-plane). The average frequency with corresponding rms variation is
fH = (31.43± 2.19) GHz (a) and fH = (30.81± 2.23) GHz.

distribution, obtained simultaneously in the perpendicular planes of the streak camera
coordinate system in Figs A.0.1 (a, x-plane) and A.0.2 (a, y-plane). Corresponding
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centroid positions xc and yc are displayed in Figs A.0.1 (b, x-plane) and A.0.2 (b, y-
plane). These figures clearly show some of the characteristics of hosing. As expected,
hosing develops as an instability, that is, the process is not reproducible from event to
event. Hosing is observed in the two planes, with no SM visible, possibly indicating
that no wakefields are present, and the centroid position of the bunch couples to
the global focusing force appearing when the bunch enters the plasma and attracts
the plasma electrons to its axis. As the growth rate Nh decreases with the plasma
electron density npe [50], we observe no significant growth of the centroid position
oscillation along the bunch, and in, e.g., seventh event the oscillation stops after t =
150 ps. However, the oscillation develops along the plasma. The maximum centroid
position oscillation amplitude is xc,max ∼ 0.23 mm in x-plane, and xc,max ∼ 0.49 mm
in y-plane. We note that the x-plane of the streak camera coordinate system is at
an angle of 62◦ with respect to the (longer) x-axis of the proton bunch, therefore
the centroid position oscillation has lower amplitude in this plane, as the amplitude
is lower along the shorter bunch axis. We estimate the growth of hosing along the
bunch with a ratio between the xc,max and the centroid position at t = 0, xc,0. This
ratio is 2 < xc,max/xc,0 < 7 for the events in Figs A.0.1 and A.0.2 and is quite low,
compared to, e.g., ∼ 26.3 in Section 4.6 (with npe = 0.96× 1014 cm−3).

We perform the DFT of the xc and yc oscillations as was done in Section 4.4.1.
The obtained power spectra for each event are shown in Fig. A.0.3. We find
fH = 31.43±2.19 GHz for xc and fH = (30.81±2.23) GHz for yc, the two frequencies
being essentially the same, as these are the same events captured in perpendicular
planes. Measurement of the SM frequency at the same npe yields fSM = 31.08± 2.20

GHz. Therefore, fH ≈ fSM and thus fH ≈ fpe. This does not have to be the case,
since hosing develops as an instability and is not coupled to SM. However, in all
the observations (at AWAKE) so far [63], the fH is always close to fpe. From the
value of fSM , we estimate that npe = 0.12 · 1014 cm−3. The plasma electron density
was additionally determined with the interferometry measurement, resulting in
npe = 0.26× 1014 cm−3 [105], that is about 2.2 times higher than the value obtained
from the frequencies of SM and hosing. The setup used for the interferometry
measurement is insufficient to have a more precise estimate of npe at this density
range, because the phase shift is too small at low densities . We therefore use the
fSM as a basis for the npe determination and for comparison with fH , since SM can
only develop at fpe, and fSM agrees with the interferometry measurements in the
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range where the precision of these measurements is sufficiently high [105].

Figure A.0.4: (a) Single-event time-resolved images of the proton bunch charge
density distribution in the x-plane. Images have the same color scale. (b) Bunch
centroid position xc corresponding to the events in (a). The vertical axis scale is
the same for all the events, with values in range (-0.41, 0.41) mm. The maximum
xc oscillation amplitude in this dataset is ∼ 0.39 mm. Growth of hosing along the
bunch is clearly observed and the amplitude of xc oscillation is higher than in Fig.
A.0.1, as npe is higher.

We show that with higher npe = 0.26×1014 cm−3 (determined from the corresponding
fSM measurement), the bunch is more focused close to its head (t < 50 ps, Fig.
A.0.4, x-plane) than with lower npe (Fig. A.0.1) and the growth of hosing along the
bunch is clearly visible on the images and corresponding centroid position oscillation
curves (Fig. A.0.4). The maximum amplitude of oscillation is ∼ 1.7 times higher
than in Fig. A.0.1 and is ∼ 0.39 mm. Albeit the growth along the bunch is less
evident in the y-plane (Fig. A.0.5(b)), the maximum amplitude of the yc oscillation
is ∼ 1.2 times higher than in Fig. A.0.2 and is ∼ 0.59 mm. The overall larger growth
of hosing also corresponds to the lower intensity of the signal on the images (Fig.
A.0.5(a)). The estimate of growth along the bunch is 4 < xc,max/xc,0 < 15, that is,
higher than with the lower npe.

The DFT power spectra of the events in Figs A.0.4 and A.0.5 are shown in Fig.
A.0.6. The fH , determined in both planes, are approximately the same, and are
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Figure A.0.5: (a) Single-event time-resolved images of the proton bunch charge
density distribution in the y-plane, obtained simultaneously with those in Fig. A.0.4.
Images have the same color scale. (b) Bunch centroid position yc corresponding to
the events in (a). The vertical axis scale is the same for all the events, with values in
range (-0.59, 0.59) mm. The maximum yc oscillation amplitude in this dataset is
∼ 0.59 mm. The growth along the bunch is pronounced less than in Fig. A.0.4, but
the yc oscillation amplitude is higher than in Fig. A.0.2.

Figure A.0.6: DFT power spectra of the events in Figs A.0.4 (a, x-plane) and
A.0.5 (b, y-plane). The average frequency with corresponding rms variation is
fH = (45.91± 1.10) GHz (a) and fH = (45.20± 1.56) GHz.

fH = (45.91 ± 1.10) GHz and fH = (45.20 ± 1.56) GHz. The SM frequency is
fSM = 45.53± 1.38 GHz, therefore, fH ≈ fSM , as is the case with the lower npe.

Overall, we conclude that hosing is observed at low plasma electron densities npe <

0.5 × 1014 cm−3, and it develops as an instability. Moreover, it is unambiguously
observed in two perpendicular planes, that is, we observe pure hosing, rather than
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the one coupled to SM. This also means that the growth of this process might be due
to the coupling of the bunch centroid position to the global focusing force in plasma.
The growth of the centroid position oscillation along the bunch is either not visible (at
the lowest plasma electron density) or is pronounced, but still low, as expected from
theory. The frequency of hosing is close to that of SM, and, therefore, to that of the
plasma electrons, that is, hosing we observe is λpe-hosing, as might be expected from
growth rate determination [60]. These results also highlight the fact that inducing
hosing with the electron bunch, as presented in the main text, allowed for better
measurements of hosing and for determination of many of its expected characteristics,
as opposed to mere observation of the bunch centroid position oscillation.
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Glossary

arb. units arbitrary units

AWAKE Advanced Wakefield Experiment
A± asymmetry of the bunch centroid position

oscillation
BBU beam breakup instability
BPM beam position monitor
BTV beam television
c speed of light in vacuum c = 2.998 · 108 m/s
CERN European Organization for Nuclear Research
CFI current filamentation instability
CLIC Compact Linear Collider
CMOS complementary metal-oxide-semiconductor
CPA chirped pulse amplification
Cs2Te Caesium telluride
CWT continuous wavelet transform
D normalized propagation distance in plasma
DC direct current
δc initial bunch centroid position displacement
∆ES energy loss of the particle per turn in a

synchrotron
δr initial bunch radius perturbation
∆x electron-proton beams misalignment extent
DFT discrete Fourier transform
e electron charge e = 1.602 · 10−19 C
ELI Extreme Light Infrastructure
ϵ0 vacuum permittivity ϵ0 = 8.85 · 10−12As/Vm
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EWB wavebreaking field
FCC Future Circular Collider
FEL free electron laser
fH frequency of hosing
fpe plasma electron frequency
fSM frequency of self-modulation
FWHM full width at half maximum
γ Lorentz factor of a particle
I intensity of the signal
I0 zeroth order modified Bessel function of the first

kind
I1 first order modified Bessel function of the first kind
I2 second order modified Bessel function of the first

kind
kpe plasma electron wavenumber
K Boltzmann constant K = 1.380 · 10−23 J/K
K0 zeroth order modified Bessel function of the

second kind
K1 first order modified Bessel function of the second

kind
K2 second order modified Bessel function of the

second kind
λD Debye length
λpe plasma electron wavelength
LBNL Lawrence Berkley National Laboratory
LEP Large Electron-Positron Collider
LHC Large Hadron Collider
Linac linear accelerator
LWFA laser wakefield acceleration
mb particle mass
MCP micro-channel plate
me electron mass me = 9.109 · 10−31 kg
MTF modulation transfer function



µ term describing effect of plasma return current for
hosing

m0 rest mass of a particle
nb bunch density distribution
nb0 initial bunch density
npe plasma electron density
Nb bunch population
ND number of particles inside the Debye sphere
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