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Abstract

Plasma wakefield acceleration uses relativistic charged particle bunches to

accelerate electron bunches to high energies. For the last three decades, this

method has been considered a solution for high-gradient acceleration and a valu-

able scheme for future accelerators.

The Advanced WAKefield Experiment (AWAKE) makes use of the large

amount of energy stored in relativistic proton bunches to accelerate electron

bunches to high energy in a single stage. The length of the available proton

bunches is ∼ 7 cm, that is too long to effectively drive wakefields with GV/m

amplitude in plasmas with density > 1014 cm−3. Thus, the AWAKE scheme

relies on the self-modulation instability of the proton bunch to drive wakefields

with large amplitude.

In this work, I demonstrate experimentally that the wakefields driven by a

short electron bunch can seed the self-modulation instability of a long proton

bunch in plasma. I show that the timing of the self-modulation is reproducible

from event to event and that it is controlled by the timing of the seed bunch at

the picosecond time scale.

When seeding with the electron bunch, the growth of the self-modulation can

be independently controlled by the amplitude of the seed wakefields and by the

growth rate of the instability. I show that increasing the charge of the seed electron

bunch increases the amplitude of the seed wakefields, leading to a larger growth

of the self-modulation, while the growth rate remains constant. Analogously,

when increasing the proton bunch charge, the growth rate of the self-modulation

increases.

Moreover, I show that the hosing instability of the proton bunch is seeded by

purposely misaligning the trajectory of the seed electron bunch with respect to

that of the proton bunch. I also discuss a method to obtain three-dimensional

images of the self-modulated p+ bunch.

These results are important milestones on the path towards high-energy

physics applications of proton driven plasma wakefield acceleration.
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Chapter 1

Introduction

1.1 Particle accelerators

Particle accelerators are machines that use electromagnetic fields to increase

the energy of charged particles, containing them in well-defined beams, and they

are the tools used to study high-energy particle physics. To investigate the in-

teraction between elementary particles, charged beams are accelerated and sent

to collide against fixed solid targets or against each other, and the results of the

collisions are measured using particle detectors.

The energy of the beams at the interaction point of a collider defines the

energy of the center-of-mass of the collisions. Higher center-of-mass energy allows

to create particles with larger mass and to resolve smaller structures of matter.

Therefore, accelerator physicist has always been seeking ways to achieve higher

beam energies.

Conventional accelerators increase the energy of the particles using longitudi-

nal electric fields produced in radio-frequency (RF) cavities. High-gradient accel-

erators use the electrostatic fields that can be sustained in media such as plasmas.
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1.2 State of the art of particle accelerators

The most powerful collider currently operating is the Large Hadron Collider

(LHC) at CERN. The LHC is a storage ring with circumference of 26.7 km, in

which two identical, counter-rotating, bunched proton (p+) beams are accelerated

to 6.5TeV. The beams collide at four interaction points with center-of-mass energy

of 13TeV.

The quality of a collider is quantified with a parameter called luminosity, that

is defined, for identical beams colliding head-on, as:

L =
N2f

4πσxσy
, (1.1)

where N is the number of particles per bunch, f the collision repetition rate, σx

and σy the transverse size of the bunches at the interaction point. The value of

L therefore indicates the number of interactions per units of time and area. In

2018, LHC reached instantaneous luminosity L = 1.9 · 1034 cm−2s−1 [1]. The high

energy and quality of the collisions at LHC allowed for the detection of extremely

rare events and for the discovery of the Higgs boson in 2012 [2], for which the

Nobel Prize was awarded in 2013.

Protons are composite particles consisting of quarks and gluons with mass

mp = 1.6 · 10−27 kg = 936MeV/c2. Therefore, in p+p+ collisions, quarks and

gluons collide with high energies, although individually undefined, providing a

noisy collision environment. In lepton colliders, point-like particles collide with

well-defined energies. As a consequence, lepton colliders are better suited for

precision measurements at the center-of-mass energy.

The most powerful lepton collider was the Large Electron-Positron (LEP)

collider at CERN. In the same tunnel where LHC is located nowadays, LEP

reached a maximum center-of-mass energy of 209GeV in 2000. LEP’s experiments

provided detailed studies of the electroweak interaction.

Circular particle accelerators, such as LEP and LHC, bend charged particle

beams on circular trajectories using the magnetic field of electromagnetic dipoles.

Particles gain energy every turn as they pass through an accelerating section, but

they loose energy due to synchrotron radiation. The amount of energy U0 that a
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relativistic particle loses as synchrotron radiation over one turn is [3]:

U0 =
4πre

3(m0c2)3
E4

ρ
=

e2γ4

3ε0ρ
, (1.2)

where re is the classical electron radius, m0 the particle mass at rest, e the

elementary charge, c the speed of light, E the particle energy, γ the Lorentz factor,

ρ = γm0c/qB the bending radius of the particle in the magnetic field B, ε0 the

vacuum permittivity. Equation 1.2 shows that the energy loss per turn depends on

the particle energy and on the mass at rest to the power four. This makes circular

accelerators unfavourable for the acceleration of light particles such as electrons

(e−) and positrons (e+), but favorable for heavier particles like protons, ions and

muons. Due to the limited energy gain per turn and the synchrotron radiation loss,

the maximum energy that e+ and e− can reach in circular colliders is significantly

lower than the energy that p+ can reach. This is why p+ are currently accelerated

in LHC up to 6.5TeV, while e+ and e− in LEP were accelerated up to 104.5GeV,

because of the limitations due to the synchrotron radiation loss (at this maximum

energy, U0 ∼ 2.8GeV). The energy of the p+ beam is limited by the strength of

the magnetic field that keeps the particles on the circular trajectory. The ratio

between the magnetic field B0 and the bending radius ρb is equal to the beam

rigidity γm0c/e.

Linear particle accelerators consist of many accelerating sections, where the

energy loss due the synchrotron radiation is negligible. The most powerful linear

collider was the 3.2-km-long Stanford Linear Collider (SLC) at SLAC National

Accelerator Laboratory, in which e+ and e− were colliding with center-of-mass

energy up to 91GeV and L = 6 · 1030 cm−2s−1 [4]. SLC operated between 1987

and 1998 to study in detail the properties of the Z boson.

A fraction of SLC was then converted into a free electron laser (FEL): the

Linac Coherent Light Source (LCLS). In an FEL, the e− beam is made to oscil-

late transversely, after acceleration, using magnetic wigglers and undulators [5].

The e− beam emits synchrotron radiation with high temporal coherence and

characteristics similar to a laser pulse. The most powerful FEL in operation

is the 3.4-km-long European XFEL at the Deutsches Elektronen-Synchrotron

(DESY) [6]. In this machine, e− bunches are accelerated to 17.5GeV with a root
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mean square (rms) energy spread of 2MeV and normalized transverse emittance

ϵN = 0.97mm mrad.

1.3 Proposals for future colliders based on RF tech-

nology

The design of an accelerator is strongly influenced by the application for which

it is conceived. The high-energy particle physics community defined the main goal

of the next machine, after the completion of the LHC program, that is to reach the

energy frontier well beyond the production energy of the Higgs boson, to study

physics beyond the Standard Model.

The most recent proposal of a hadron collider is the Future Circular Collider

(FCC) at CERN [7]. This would be a p+p+ collider with circumference of 91 km,

reaching center-of-mass energy > 100TeV. Over an envisioned 25 years of opera-

tion, FCC would provide an integrated luminosity ten times larger than LHC and

allow for the direct discovery of high-mass particles.

As an intermediate step towards the future hadron collider, the same tunnel

would first host an e+e− collider (FCC-ee) [8]. This machine would provide center-

of-mass energy increasing over the 15 years of operation from the Z boson produc-

tion (91GeV) to the tt production (365GeV). With an extremely high precision

on the collision energy (∼ 100 keV) and high luminosity (e.g., L ∼ 1036 cm−2s−1

for Z production), FCC-ee would be an electroweak and Higgs factory, allowing

for the detection of rare decays that are postulated in theory. In this machine,

synchrotron radiation would cause a power loss of 50MW/beam at all energies

and require top-up injection [9]. Thus, a booster synchrotron would be installed

in the same tunnel to continuously feed the collider.

The main linear e+e− collider projects under investigation are the Compact

Linear Collider (CLIC) at CERN [10] and the International Linear Collider (ILC)

in Japan [11]. CLIC would provide center-of-mass energy from 380GeV to 3TeV,

for an increasing length of the machine from 11 to 50 km over 30 years of operation.

In its current design, CLIC would exploit normal-conducting RF cavities with ac-
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celerating field ∼ 70MV/m, powered by 2GeV drive e− beams. ILC would exploit

superconducting RF cavities to achieve a first center-of-mass energy of 250GeV,

extendable up to 1TeV (the length of the machine would be 20.5-40 km). These

machines would provide L ∼ 1034 cm−2s−1 and serve as electroweak factories and

as colliders working at the high-energy frontier.

1.4 Limitation of conventional accelerators

The center-of-mass energy of hadron and e+e− colliders has increased over the

years with exponential rate until the 1990s, as shown in Figure 1.1. Since then,

the rate of increase has slowed down due to the limitations of the RF and magnet

technologies. Increasing further the energy of the beams has become extremely

expensive and requires building remarkably long machines.

Figure 1.1: Effective constituent collision energy (i.e., center-of-mass energy) of hadron

colliders (red curve) and e+e− colliders (blue curve), plotted in semi-logaritmic scale

against completion date. Figure from [12]
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RF technology is very advanced and can be reliably employed in accelerators

and colliders. The main limitation is the accelerating gradient. In fact, state of the

art RF cavities can produce accelerating electric fields up to ∼ 100MV/m. This

limit is due to the electric breakdown of the structure of the cavity [13], that can

be caused by fatigue and pulsed heating. Further factors limit the performance

of superconductive RF cavities, such as quench magnetic field, field emission and

thermal breakdown.

In a linear machine, the energy gained by a particle is the product between

the accelerating gradient and the length of the accelerator. Thus, to reduce the

foot-print and cost of a linear lepton accelerator, it is necessary to obtain larger

accelerating gradients. The best candidate for high-gradient acceleration is the

plasma wakefield technology.

1.5 Plasma wakefield acceleration

Plasmas can sustain electric fields with amplitude larger than in RF cavi-

ties, as they consist of free electrons and ions [14] (i.e., they are already ”broken

down”). When an intense laser pulse or a relativistic charged particle bunch (the

driver) travels in plasma, its transverse electric field displaces the plasma elec-

trons [15, 16]. The plasma ions, that are much more massive than the electrons,

remain immobile (at the timescale of this process) and provide a charge-neutrality

restoring force that induces an oscillation of the plasma electrons, after the driver

has passed. The drive bunch therefore transfers energy to the plasma generating

an inhomogeneity in the plasma electron distribution. The local charge non-

neutrality sustains electrostatic waves: the wakefields [15, 16]. The wakefields

experienced by a following particle or bunch (the witness) have longitudinal (Ez)

and transverse (W⊥ = Er + vw × Bθ) components (Er is the radial electric field,

Bθ the azimuthal magnetic field and vw the velocity of the witness). In linear

theory [17], Ez and W⊥ are sinusoidal and π/2 out of phase with respect to each

other. Thus, a witness particle or bunch can be accelerated to high energies, if it

travels in the focusing and accelerating phase of the wakefields. Figure 1.2 shows

schematically the plasma wakefields driving process, with a short e− drive bunch.
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Figure 1.2: Schematic of a short e− drive bunch (blue in the Figure), going from left to

right in neutral plasma (brown background) with speed c, driving wakefields. The resid-

ual charge inhomogeneity (white faint ellipses) sustains the longitudinal and transverse

wakefields (green and red arrows). Figure from [18].

The maximum electric field that can be generated at a given plasma electron

density npe is estimated by the linear, cold, wave-breaking field EWB as [14]:

EWB =
mecωpe

e
∼ 100V/m

√︂
npe [cm

−3], (1.3)

where me is the mass of the electron and ωpe is the plasma electron angular

frequency, defined as:

ωpe =

√︄
npee2

meε0
. (1.4)

Plasma wakefield experiments use plasma electron densities in the

(1014 − 1018) cm−3 range, allowing for maximum accelerating fields on the

order of (1− 100)GV/m. Plasma wakefield acceleration is therefore appealing to

reduce the length, the cost and the foot-print of future accelerators.

The distance over which the plasma wakefields are driven depends on the

energy content of the driver. The drive bunch (or pulse) excites the wakefields by

depositing energy into the plasma and a fraction of this energy may be recaptured

by the witness bunch. The distance L over which a charged drive bunch with

energy Eb can sustain wakefields with amplitude Ez (without considering other

diminishing effects such as dephasing and diffraction) can be roughly estimated

as:

L = e
Eb[J ]

Ez[V/m]
. (1.5)
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The energy in single laser pulses and electron bunches is typically on the order

of ∼ 10 and 100 J, respectively. This limits the length of the plasma wakefield

accelerator and requires a staging system to reach high energies. This means that,

before the driver is totally depleted of its energy, the witness bunch is extracted

from the plasma and injected into a new section, where a new driver creates the

wakefields. The process of catching and injecting the witness bunch at each stage

makes staging a complex process that may jeopardize the quality of the witness

bunch. Acceleration in a single, long stage is therefore desirable.

1.5.1 Laser driven plasma wakefield acceleration

In 1979, T. Tajima and J.M. Dawson proposed that laser driven plasma wake-

fields could trap and accelerate electrons [15]. The experimental realization fol-

lowed in 1992 by a group at the University of California, Los Angeles, using a laser

plasma beatwave accelerator [19]. Laser plasma wakefield acceleration (LWFA) ex-

periments using a single laser pulse became possible with the invention of chirped

pulse amplification (CPA) [20]. In 2006, three groups have been able to produce

electron beams with a finite energy spread (few %), using short, intense laser

pulses [21, 22, 23]. In 2014 a research group at the Lawrence Berkeley National

Laboratoy (LBNL) used a 300TW laser system to accelerate 6 pC of electrons

to 4.2GeV in 9 cm of plasma (average accelerating gradient ∼ 47GeV/m) with

a rms energy spread of 6% [24]. Even higher energies (∼ 8GeV) were reached

guiding the drive laser pulse through a 20-cm-long laser-heated capillary discharge

waveguide [25].

After the high accelerating gradient has been demonstrated, the research

shifted on staging, that is necessary to reach higher energies. Further experi-

ments at LBNL have demonstrated acceleration in two independent laser-driven

stages [26], using active plasma lenses [27] to catch the witness e− bunch from the

first stage and inject it into the second one.

The e− bunches produced in LWFA can also be used to drive light sources, if

the quality and stability of the acceleration process is high enough. Major progress

on energy spread minimization and stability has been made at DESY [28, 29] and

the first lasing of an e− bunch obtained from a LWFA has been proven at the



1. Introduction 9

Shanghai Institute of Optics and Fine Mechanics [30].

1.5.2 Beam driven plasma wakefields acceleration

In 1985, P. Chen, J. M. Dawson, W. Huff, and T. Katsouleas suggested that the

plasma wakefields could also be driven by a relativistic electron bunch [16]. The

demonstration of beam driven plasma wakefield acceleration (PWFA) followed in

an experiment at the Argonne National Laboratory in 1988 [31]. Experiments

at SLAC demonstrated in 2007 that some electrons were accelerated from 42 to

84GeV in 85 cm of plasma (average accelerating gradient ∼ 49GeV/m) [32]. High

gradient, two-bunch acceleration was demonstrated in 2008 [33].

After the demonstration of the principle, the research focused on the efficiency

of the acceleration process [34], on the energy spread minimization [35, 36, 37, 38]

and on the emittance preservation [39]. The first demonstration of lasing of an

e− bunch accelerated in a PWFA was performed at INFN-Laboratori Nazionali di

Frascati [40]. This is a fundamental step towards PWFA facility for user-oriented

applications. One of the current proposals is EuPRAXIA@SPARC LAB [41],

aiming to operate a short wavelength FEL by the end of 2029.

The possibility of accelerating electrons up to 600GeV in 600m of plasma

with wakefields driven by a relativistic p+ bunch was suggested in 2009 [42]. For

charged particles, the energy Eb stored in a single particle with rest mass m0 is:

Eb = γm0c
2. (1.6)

The energy stored in available, single, relativistic p+ bunches can be extremely

high. For example, the 400GeV/c p+ bunch with bunch charge Qp = 48nC

from the CERN Super Proton Synchrotron (SPS) carries ∼ 20 kJ. Relativistic

p+ bunches can therefore drive plasma wakefields without energy depletion nor

dephasing over very long distances (O(100m)) [43]. The acceleration of electrons

in p+ driven plasma wakefields up to 2GeV was demonstrated in 2018 at AWAKE

at CERN [44]. In the following Section, I will discuss the AWAKE experiment

and the potential applications of this scheme.
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1.6 The AWAKE experiment at CERN

AWAKE [45], the Advanced WAKefield Experiment is a proof-of-principle

R&D project at CERN to study p+ driven plasma wakefield acceleration. In

AWAKE, a 400GeV/c p+ bunch is delivered by CERN SPS and injected in

plasma. Since the length of the p+ bunch is much longer than the plasma electron

wavelength, it is subject to the transverse occurrence of the two-stream instabil-

ity [46, 47], the self-modulation instability (SMI) [48]. During the self-modulation

(SM), the long bunch is converted into a train of microbunches that resonantly

drive large amplitude wakefields. Seeding the instability makes this process repro-

ducible from event to event and allows for the controlled injection and acceleration

of e− bunches.

The first goal of AWAKE Run 1 (2016-2018)[49] was to demonstrate that the

long p+ bunch self-modulates in plasma [50, 51] and that SM can be seeded using a

relativistic ionization front [52]. The second goal was to use the wakefields driven

by the self-modulated p+ bunch to accelerate externally injected electrons [44].

AWAKE Run 2 (started in 2021) aims to accelerate e− witness bunches to GeV

energies while preserving the initial quality. The roadmap of the experiment over

the decade has been organized in phases, towards the first high-energy physics

applications.

In this thesis I show experimentally for the first time that the self-modulation

in plasma can also be seeded using the wakefields driven by a short, preceding e−

bunch.

1.6.1 AWAKE Run 1

Figure 1.3 shows the experimental setup. The core of the experiment is a 10-m-

long rubidium (Rb) vapor source. A ∼ 120 fs, ∼ 100mJ laser pulse (λ = 780 nm)

produces a relativistic ionization front (RIF) that creates the plasma by ionizing

the Rb atoms. (RbI→RbII) [53].

Upstream of the vapor source three beamlines merge, bringing together:

• the proton bunch from SPS (red in Figure 1.3)



1. Introduction 11

• the ionizing laser pulse (green)

• the witness electron bunch (blue).

Electron bunch

Ionising laser pulse

Long proton bunch

Captured electrons

Proton microbunches

Accelerated electrons on the scintillator screen

Rb flask

10 m Rb Plasma

Laser beam

Laser
dump

RF gun

Electron source system

20 MeV
RF structure

Quadrupoles

Dipole

Dipole

Dipole

Imaging station 1

Imaging
station 2

OTR, CTR screens

Scintillator
screen

Electron
spectrometer

Proton beam

Electron beam

a) b)

c)

Figure 1.3: Schematic layout of the AWAKE experiment. Proton (red), laser (green) and

electron (blue) beams are merged upstream of the Rb vapor source (yellow cylinder). The

proton beam diagnostics and the electron spectrometer are positioned downstream of the

vapor source. Inset (a) is a schematic of the beam injection geometry at the entrance of

the vapor source for the acceleration experiment. Inset (b) shows the modulated proton

bunch and captured electrons at the exit of the plasma. Inset (c) is an image of the

accelerated e− beam at the spectrometer screen. Figure from [44].

The RIF propagates within the p+ bunch. It ionizes the Rb vapor and seeds

SM (so-called ionization-front seeding): the fast onset of the beam-plasma inter-

action at the RIF location provides the seed wakefields from which SM grows.

The temporal overlap of the three bunches is shown in Figure 1.4: the laser pulse

(green) travels within the p+ bunch (red) at the peak of the bunch charge density

to seed SM. Ahead of the laser pulse, the p+ bunch travels in Rb vapor and there-

fore remains un-modulated. Behind the laser pulse, the plasma sustains the seed

wakefields (green line). The witness e− bunch (blue) is located at ∼ 1σt behind

the laser pulse (σt is the rms duration of the p+ bunch).
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witness
e- bunch

p+ bunch

laser pulse

plasma
seed wakefields

Rb 
vapor

Figure 1.4: Schematic drawing of the temporal overlap of the p+ (red), e− (blue) and

laser (green) beams in Run 1 (ionization-front seeding). The beams travel from left to

right.

The experimental setup is presented in detail in Section 3.1 and the main

results of AWAKE Run 1 are summarized in Chapter 4.

1.6.2 AWAKE Run 2

The goal of Run 2 is to accelerate witness e− bunches to high energies while

preserving the initial bunch quality. A first plasma section will be dedicated to

SM of the p+ bunch (modulator) and a second section to the electron acceleration

(accelerator). The injection of the witness e− bunch will take place in a gap region

between the two sections [54]. With this scheme, the e− bunch is injected on-axis,

in vacuum, after SM saturation, avoiding the disruptive effect of the growth of the

wakefields on the injection process. To reach witness bunch energies > 10GeV,

the length of the accelerator will be > 10m, and therefore the plasma will be

pre-ionized.

As mentioned before, when the un-modulated p+ bunch enters a pre-ionized

plasma, it undergoes the self-modulation instability, unless seeding occurs. If

SM was seeded with a relativistic ionization front, the front of the bunch would

undergo SMI in the second plasma section. The wakefields driven by the front of

the bunch might then interfere with, and disrupt, the structure of the wakefields
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driven by the seeded SM in the back of the bunch. Therefore, the entire p+ bunch

must be self-modulated with reproducible timing and amplitude, when entering

the accelerator section. This can be obtained only if the seed wakefields act on

the entire p+ bunch.

p+ bunch

laser pulse

seed
e- bunch

plasma
seed wakefields

Rb 
vapor

Figure 1.5: Schematic drawing of the temporal overlap of the p+ (red) and seed e− (blue)

bunches and laser pulse (green) at the entrance of the modulator for Run 2. The seed

wakefields (blue line) are driven by the e− bunch.

Seeding using the wakefields driven by a preceding e− bunch is the goal of

AWAKE Run 2a (2021-2022, making use of the existing facility and setup) and

the topic of this thesis. Figure 1.5 shows the timing setup for Run 2 at the entrance

of the modulator. The ionizing laser pulse travels far ahead of the p+ bunch, so

that the RIF does not seed SM [52]. The e− bunch travels close behind the RIF,

driving the seed wakefields. Therefore, the entire p+ bunch self-modulates.

Theoretical studies and simulations [48, 55, 56] have shown that the maximum

accelerating field driven by the self-modulated bunch decreases along the plasma,

after saturation, due to dephasing between the wakefields and the microbunches.

Figure 1.6 shows that the maximum amplitude of the wakefields driven by a self-

modulated LHC bunch decreases after saturation, in case of constant plasma den-

sity (thin red line). It was demonstrated in previous experiments (see Section 4.4)

that a gradient in the plasma electron density can mitigate this effect [57]. To

maximize the amplitude of the wakefields driven by the self-modulated bunch, a

plasma density step will be applied in the modulator [58]. Numerical simulations

showed that, when a density step is introduced, the amplitude of the wakefields
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remains at the saturation level for long distance along the plasma (see the thick

red line in Figure 1.6) [59]. The effect of the density step will be studied experi-

mentally during Run 2b (2023-2024).

with density step

without density step

Figure 1.6: Maximum amplitude of the longitudinal wakefields driven by a self-modulated

LHC p+ bunch along the plasma in case of uniform plasma electron density (thin red line)

and in case of a density step (thick red line). Figure from [59].

Run 2c (starting in 2028) will implement the previous results. In the first

plasma section, with plasma density step, the p+ bunch will undergo SM, seeded

by the e− bunch. A witness 150MeV e− bunch will be injected on-axis in the gap

region and it will enter the wakefields in the second plasma section. Blowout [60],

matching and beam loading [61] will be exploited to preserve the quality of the

witness bunch during the acceleration process [54, 62]. The final setup of AWAKE

Run 2c is shown in Figure 1.7. In this scheme, the Rb vapor in the accelerator

will be ionized by a counter-propagating laser pulse. Thus, the p+ bunch will

effectively enter a pre-ionized plasma, in the accelerator. This makes the e− bunch

seeding extremely important, because the entire p+ bunch must self-modulate

with reproducible timing before entering the accelerator section.

After the completion of Run 2c, the use of novel scalable plasma sources will

be studied, in the context of Run 2d. The goal is to extend the length the

accelerator over tens of meter, so as to prove the scaling of the e− bunch energy

gain. The plasma technologies currently under study are helicon and discharge

plasma sources. Afterwards, AWAKE will be ready to provide e− bunches for the
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first high-energy physics applications.

Figure 1.7: Schematics of AWAKE Run 2c.

1.6.3 Particle physics applications of AWAKE

By the conclusion of Run 2, AWAKE should have demonstrated the accelera-

tion of e− bunches with stable GeV/m accelerating gradient and preservation of

the bunch quality to the 10 mm mrad level.

The first application of the AWAKE scheme would be to use the high-energy

e− bunch colliding on a fixed solid target. For this application, there are no

strong requirements on the emittance and on the transverse size of the accelerated

bunch. The interaction of electrons with the target may produce dark photons,

that would then decay into e+e− pairs [63]. Assuming a 50GeV bunch containing

5 · 109 electrons [64], the AWAKE scheme could enable a fixed target experiment

with number of electrons on target per year several orders of magnitude higher

than in current experiments, such as NA64 at CERN [65].

Another potential application is using the e− bunches accelerated with the

AWAKE scheme in collisions with high-power laser pulses to investigate strong-

fields quantum electrodynamics [64].

The most ambitious application of the AWAKE scheme is an electron-proton
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collider. In this case, O(50GeV) e− bunches would collide with p+ bunches pro-

duced by LHC. Even though limited in luminosity (L ∼ 1027 cm−2s−1), this would

be the first compact collider based on PWFA. The focus of the physics program

would be on quantum chromodynamics and on the study of the inner structure

of the proton. The natural upgrade of this scheme would be to drive the plasma

wakefields using p+ bunches from LHC. In this case, the accelerator could be

scaled to km-length, and could lead to the production of e− bunches at the TeV

level, allowing for center-of-mass energies O(10TeV) [66].

1.7 Topic of this thesis

In this thesis I discuss the seeding of the self-modulation instability in plasma

using a preceding e− bunch, that is the main goal of AWAKE Run 2a. I show

with experimental results that the e− bunch seeds effectively the self-modulation

by proving that the p+ bunch self-modulates with reproducible timing from event

to event (Section 6.3). Moreover, I demonstrate that the growth of the SM can be

controlled by varying independently the seed wakefields amplitude (Section 6.4)

and the growth rate of the SM (Section 6.5).
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Chapter 2

Theoretical background

2.1 Definition of plasma

Plasma is a state of matter with peculiar properties, defined in [67] as:

”A quasineutral gas of charged and neutral particles which exhibits collective

behaviour”.

As it is normally generated by ionizing a gas, the number of ions and electrons are

equal, and so are the densities. The densities are high enough that plasma ions

and plasma electrons can be treated collectively as fluids. The opposite charged

fluids are coupled to each other and tend to electrically neutralize one another. In

fact, the motion of ions and electrons is dominated by the electromagnetic fields

generated by the local charge inhomogeneity and particle motion, rather than by

collisions.

As the plasma particles are relatively free to move, they shield out the po-

tentials that are applied to the plasma. When a local positive or negative non-

neutrality is present, a sheath of plasma electrons develops around it so that the

electric field is non-negligible only within a shielding distance, called the Debye-

length, that is defined as:

λD =

√︄
ε0kBTe

npee2
, (2.1)
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where kB is the Boltzmann’s constant and Te is the plasma electron temperature,

that is related to the particles velocity. It is the electrons temperature Te and

density npe which is used for the definition of λD because the electrons are much

more mobile than the ions due to their smaller mass. In fact they generally move,

in case of a local non-neutrality, so as to create a surplus or deficit of negative

charge. When npe increases, λD decreases because each layer of plasma contains

more electrons. Moreover, λD increases when increasing Te: without thermal

agitation the charge cloud would collapse to an infinitely thin layer.

When the dimensions L of the system are much larger than λD, the local or

externally applied potentials are shielded within a distance short compared with

L. This is why plasma is defined as quasineutral. Therefore, one criterion for

an ionized gas to be a plasma is to be dense enough so that λD is much shorter

than L. Also, the number of particles ND in a sphere with radius equal to λD (a

Debye sphere) must be high enough to make the Debye shielding a statistically

valid concept. In addition to λD << L, collective behaviour requires ND >> 1.

The ion or electron plasma frequency

ωpi,e =

√︄
n(i, e)2

ε0mi,e
, (2.2)

where (i, e) and mi,e are the charge and mass of the ions or of the electrons,

respectively. Since me << mi, ωpe >> ωpi. Thus, the electron frequency ωpe

is the most important for the processes discussed here, because they happen at

the time scale relevant for the oscillations of the plasma electrons. In fact, ωpe

corresponds to the typical electrostatic oscillation frequency of an electron in

response to a small charge separation.

Plasma oscillations are observed only if the plasma system is studied over time

periods longer than the plasma period Tpe = 2π/ωpe and if external actions change

the system at a rate slower than ωpe. To study the system as a plasma, the elec-

trostatic interactions must dominate over collisions between particles. Therefore,

the mean time between collisions Tc must be longer than the plasma period.

In conclusion, the conditions a plasma must satisfy are:

1. λD >> L
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2. ND >> 1

3. Tc > Tpe

2.1.1 The AWAKE plasma

The plasma in AWAKE is created by ionizing Rb vapor [68] with an ∼ 120 fs

and < 450mJ laser pulse focused with transverse size at the entrance of the vapor

source σr ∼ 1mm. With these parameters, the intensity and energy of the laser

pulse are high enough to ionize the outermost electron of each rubidium atom

(the first ionization potential is 4.12 eV) on its path [69]. The vapor density is

adjustable in the range nvap = (0.5− 10) · 1014 cm−3. Since the laser pulse ionizes

∼ 100% of the atoms on its path [50], in the following nvap = npe. The electron

temperature is a few eV. For a temperature of 4 eV and npe = 7 · 1014 cm−3,

λD ∼ 0.6 µm and ND ∼ 500.

2.2 Plasma wakefields

As discussed in Section 1.5, when a charged particle bunch travels in plasma,

it drives longitudinal and transverse wakefields. The longitudinal component of

the wakefields Ez (in the direction of the wave-vector) can be used to accelerate

charged particles.

AWAKE uses the space-charge fields of a relativistic (γ=427) p+ bunch to

drive plasma wakefields. Since a relativistic, charged bunch carries almost purely

transverse electric field, it radially displaces the plasma electrons, inducing their

oscillation. Part of the energy stored in the bunch is converted into a longitudinal

electric field that can be used for charged particle acceleration.

2.2.1 Linear plasma wakefield theory

Linear theory allows to calculate the wakefields driven by a charge distribution,

as long as the density perturbation δn is small compared to npe. In the 2D

cylindrical case (z, r), one can define the longitudinal and radial density profiles
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as nb:

nb(ξ = ct− z, r) = nb0 · nb||(ξ) · nb⊥(r), (2.3)

where ξ is the position along the relativistic p+ bunch moving at vb ∼ c, nb0

is the peak charge density, nb|| is the longitudinal distribution and nb⊥ is the

radial distribution, both normalized to one. The longitudinal plasma wakefields

Ez driven by a bunch distribution defined as in Equation 2.3 can be calculated

with [17]:

Ez(ξ, r) =
nb0q

ε0

∫︂ ξ

−∞
nb||(ξ

′)cos(kpe(ξ − ξ′))dξ′ ·R(r) (2.4)

and the transverse wakefields W⊥ = Er − cBθ

W⊥(ξ, r) =
−nb0q

ε0kpe

∫︂ ξ

−∞
nb||(ξ

′)sin(kpe(ξ − ξ′))dξ′ · dR(r)

dr
, (2.5)

where R(r) is defined by:

R(r) = k2peK0(kper)

∫︂ r

0
r′nb⊥(r

′)I0(kper′)dr′

+k2peI0(kper)

∫︂ ∞

r
r′nb⊥(r

′)K0(kper
′)dr′

(2.6)

The term R(r) defines the radial dependency of the longitudinal wakefields. Its

value is maximum on axis (r = 0), and so is the amplitude of the longitudinal

wakefield. The derivative of R(r) describes the radial dependency of the transverse

wakefields as a function of r. The transverse wakefields amplitude is zero on axis

and maximum at r ∼ σr, that is the transverse size of the drive bunch. The

maximum amplitude of Ez and of W⊥ at a given ξ are related according to:

|W⊥|max = |Ez|max
|dR/dr|max

kpe|R|max
(2.7)

For the experiment described in this thesis, the p+ bunch to plasma density

ratio np/npe is small, as npe ∼ 1 ·1014 cm−3 and np ≤ 8.8 ·1012 cm−3 (peak density

of the p+ bunch with charge Qp = 46.9 nC and 2D-Gaussian (r, t) density distri-

bution with rms transverse size at the plasma entrance σ(x,y) = (0.175, 0.167)mm

and rms duration σt = 239 ps). Thus, linear theory applies before SM occurs.
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Linear plasma wakefields theory shows that to effectively drive large amplitude

wakefields, the rms bunch duration σt must satisfy:

ωpeσt =
√
2. (2.8)

Moreover, to avoid transverse current filamentation instability [70], the rms trans-

verse size σr must satisfy

kpeσr ≤ 1, (2.9)

where kpe = ωpe/c (k−1
pe is the plasma skin depth). As experiments normally use

high plasma electron densities (npe > 1014 cm−3), the drive bunches must be short

and focused tightly to drive wakefields effectively.

The SPS p+ bunch can be focused at the plasma entrance to σr ∼ 0.2mm,

but cannot be longitudinally compressed to less than σt ∼ 255 ps. If the plasma

electron density is chosen to satisfy the condition on the bunch duration (Equa-

tion 2.8), npe ∼ 6 · 109 cm−3. Hence, according to Equation 1.3, EWB ∼ 6MV/m,

which is not interesting for high-gradient acceleration. When satisfying the con-

dition on the bunch radius (Equation 2.9), the density can be high enough

to drive wakefields amplitude on the GV/m scale (for npe ∼ 7 · 1014 cm−3,

EWB ∼ 2.6GV/m). Therefore, to reach significant accelerating gradients when

using a high energy p+ drive bunch, one has to choose the plasma electron den-

sity based on kpeσr ≤ 1, that makes the bunch duration too long for effective

wakefields excitation (ωpeσt ∼ 600). However, since the p+ bunch duration is

much longer than the plasma period, it is subject to a transverse beam-plasma

instability, called the self-modulation instability (SMI) [48, 71].

2.3 Self-modulation instability

When the long p+ bunch enters a plasma, the initial noise [72] or imperfec-

tions [52] in the charge density distribution of the bunch drive initial transverse

wakefields that modulate the radius of the bunch itself, along its longitudinal

axis. The modulated bunch density resonantly increases the amplitude of the

wakefields, self-reinforcing the self-modulation (SM) until the bunch is fully mod-

ulated into a train of microbunches, that develop in the focusing phase of the
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wakefields, with modulation period ∼ Tpe. The protons that are in the defocusing

phase are defocused out of the wakefields and of the plasma. Since the protons

are relativistic, the longitudinal shift of particles along the bunch is negligible in

this experiment.

Considering a train of microbunches with microbunch duration Tbunch and

density nb = nb0 ·Θ(Tbunchc− ξ) · exp(−r r2

2σ2
r
) with the Heaviside function Θ = 1

when 0 ≤ ξ ≤ Tbunchc and 0 otherwise, one can use Equation 2.5 to obtain the

transverse wakefields amplitude along the train of microbunches. In [73], the

length of the microbunches is set as kpeLbunch = π, the relative charge of the

mth microbunch is increasing along the bunch as (2m − 1) · Qm0, with Qm0 the

charge of the first one, and the microbunches are placed with distance 1.5λpe to

each other (λpe = 2πc
ωpe

is the plasma electron wavelength). The amplitude of the

transverse wakefields at the center of the mth microbunch ξCM is determined as:

W⊥(ξ, r) = − qnb0

ε0kpe
((m− 1)2) + sin(kpe(ξ − ξCM ))(1− cos(kpeξ))

dR(r)

dr
. (2.10)

It is therefore shown that the amplitude of the transverse wakefields increases

along the bunch (W⊥ ∝ (m− 1)2) when the microbunches are placed in the right

phase and with the right length, here with increasing charge density.

The train of microbunches as considered in [73] is a simplified picture of the

self-modulated p+ bunch. In AWAKE, the charge density of the microbunch

follows the initial Gaussian bunch distribution and the microbunches are spaced

by ∼ λpe due to the self-modulation process. The increase of the amplitude of the

transverse wakefields along the bunch was demonstrated in previous experiments

[74] and will be discussed again in Section 6.5 and 6.4.

2.3.1 Seeding of the self-modulation

When SM develops from the uncontrolled wakefields initially driven by the

p+ bunch, it occurs as an instability and the timing of the wakefields is not

reproducible from event to event. When a seed wakefield is applied, its transverse

component determines the first modulation of the radius along the p+ bunch, from

which SM grows. Therefore, the timing of the p+ driven wakefields is defined by

the seed bunch and it is reproducible from event to event.



2. Theoretical background 23

10

No seed
Qe = 50 pC
Qe = 500 
pC

a) b)

(E
r
–

cB
θ)
m
ax

[M
V/

m
]

z [m]

z 
[m

]

kpe𝜉

Figure 2.1: a) Waterfall plot of the longitudinal wakefields along the plasma and along a

slice of the p+ bunch ∼ 2σt ahead of the center of the bunch. The seed e− bunch travels

∼ 4σt ahead of the center of the p+ bunch. b) Maximum transverse wakefields driven by

the p+ bunch along the plasma with no seed bunch (blue line), Qe = 50pC (orange line)

and Qe = 500 pC (green line) seed e− bunch. npe = 2 · 1014 cm−3.

The seed wakefields can be driven by a preceding e− bunch. Figure 2.1a shows

simulation results of the longitudinal wakefields along the plasma (vertical axis)

and along the bunch (horizontal axis) in a longitudinal slice around ∼ 2σt ahead

of the center of the p+ bunch. The seed wakefields are driven by an e− bunch

traveling ∼ 4σt ahead of the center of the p+ bunch. For the first ∼ 2m of

propagation, the wakefields are mainly driven by the seed bunch. In fact, the

slope of the wakefields for z < 2m towards the back of the bunch indicates that

the phase velocity of the wakefields is smaller than c, since it is close to that of

the drive bunch (for γ = 36, β = 0.9996). For z > 2m, the phase velocity of

the wakefields becomes close to c (the slope becomes larger) and the amplitude

increases because the p+ driven wakefields take over (for γ = 426, β = 0.999997),

with timing inherited from the seed wakefields. In Section 6.3, I will discuss

experimental results showing that a preceding e− bunch can seed SM in plasma

of a long p+ bunch.

Figure 2.1b shows that, when increasing the charge of the seed e− bunch,

the amplitude of the initial transverse wakefields increases from ∼ 0.1MV/m

(Qe = 0pC, blue line) to ∼ 4MV/m (Qe = 50pC, orange line) and to ∼ 40MV/m
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(Qe = 500 pC, green line). Moreover, SM reaches saturation earlier along the

plasma and with larger wakefields amplitude for larger Qe. This happens because

the initial modulation of the bunch occurs faster when the amplitude of the seed

wakefields is larger, and therefore SM develops earlier along the plasma.

2.3.2 Growth of the self-modulation

The transverse wakefields along the propagation distance z = ct of a bunch

with constant bunch density nb that undergoes SM can be written in the linear

regime as:

W⊥(nb, z) = W⊥0 · eΓ(nb,z)z, (2.11)

where W⊥0 is the initial (z = 0) transverse seed wakefields and Γ(nb, z) is the SM

growth rate. An expression for the growth rate using linear wakefields theory is

derived with slightly different expressions in [48, 55, 56] as:

Γ(nb, z) =
3
√
3

4
ωpe

(︃
nbme

2npempγ

ξ

z

)︃1/3

. (2.12)

Equations 2.11 and 2.12 show that the growth rate Γ decreases with the propa-

gation distance z as ∝ z−1/3, while the exponentiation Γz increases as ∝ z2/3.

The growth rate increases along the bunch as a function of the initial bunch

density as Γ ∝ (nb · ξ)1/3. Therefore, W⊥ also grows along the bunch. When

seeding does not take place, W⊥0 depends on nb (see Equation 2.5). In the case

of a p+ bunch whose SM is seeded by the wakefields driven by a preceding e−

bunch, W⊥0 is the seed wakefields amplitude and it depends solely on the e−

bunch parameters, while Γ depends solely on those of the p+ bunch. The effect

of an increase in W⊥0 or Γ is to increase the amplitude of the wakefields at any

time along the bunch, i.e., the SM growth.

As mentioned earlier, the linear approximation of the wakefields is valid only

for small radial perturbations of the transverse distribution of the bunch. Over a

few meters of propagation in plasma, the depth of the bunch modulation increases

significantly and linear theory becomes invalid. Moreover, the protons that are

defocused out of the wakefields reach radial distance much larger than the initial

bunch radius. However, the defocused protons carry information about the early
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times of propagation in plasma, i.e., when SM is not yet saturated, and are subject

of the measurements on the growth of the wakefields.

In the experiment presented in this thesis, we provide the seed wakefields

using a preceding e− bunch. So, the amplitude of the seed wakefields W⊥0 and

the growth rate Γ of SM are independent from each other. I therefore study the

variation of W⊥0 as a function of the properties of the e− bunch (Section 6.4),

and the variation of Γ as a function of the initial p+ bunch density (Section 6.5).
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Chapter 3

Experimental setup and

concepts for the measurements

3.1 Experimental setup

AWAKE Run 2a makes use of the existing facility and setup [49] (see Figure

1.3 in Section 1.6). The 10-m-long Rb vapor source provides vapor density in

the range nvap = (0.5 − 10) · 1014 cm−3, measured to better than 0.5% [75]. The

vapor source is connected to the beamline at each end through a 1-cm-diameter

aperture. An ∼ 120 fs, ∼ 100mJ laser pulse (λ = 780 nm) produces a relativistic

ionization front (RIF) that creates the plasma by ionizing the rubidium vapor

(RbI→RbII). The plasma column has a radius of approximately 1mm [53]. Pre-

vious experiments showed that the RIF ionizes ∼ 100% of the atoms along its

path [50], so the density of the plasma is equal to that of the vapor. Hence, in the

following npe = nvap. In this work, we use npe = (0.97 − 1.02) · 1014 cm−3. The

400GeV/c p+ bunch is delivered by the CERN SPS with bunch charge Qp that

can be varied in the range Qp = (14.7−46.9) nC. The duration of the p+ bunch is

in the range σt = (236− 255) ps. The RIF is placed tp = 620 ps (∼ 2.5σt) ahead

of the center of the p+ bunch. At this location, the p+ bunch density is too low

to drive wakefields with amplitude sufficient to seed SM [52].

An ultraviolet (UV) pulse derived from the same laser oscillator as the one
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producing the RIF generates an∼ 5MeV e− bunch in a photo-injector [76]. Hence,

the e− bunch is inherently synchronized with the RIF and its timing can be

adjusted with a translation stage. The electrons are accelerated to ∼ 18MeV

with a 1-m-long booster cavity and then transported to the plasma entrance [77].

The charge contained in the e− bunch Qe is adjusted in the range (150− 800) pC

by tuning the energy of the UV pulse on the photocathode and measured using

a Faraday cup with 20 pC accuracy [78]. The transverse size and position of the

beam along the beamline (upstream of the plasma entrance) is measured using

scintillating screens (BTVs) and beam position monitors (BPMs). The emittance

of the e− bunch is measured by measuring the beam transverse size on a BTV while

scanning the strength of a quadrupole magnet after the accelerating cavity [79].

Downstream of the plasma exit, there are several diagnostics to measure the

properties of the beams after interaction with plasma: an aluminum-coated silicon

wafer producing optical transition radiation (OTR) that is imaged on a streak

camera, an electron magnetic spectrometer and additional scintillating screens.

The electron beamline

After generation at the photoinjector and acceleration through the booster

cavity, the e− beam is transported through a vertical and a horizontal dispersive

sections and merged with the proton beamline to be injected into the plasma. The

strength of the quadrupole magnets in the last triplet can be adjusted to move the

waist to different locations. During the experiment, the beam is focused at the

plasma entrance. During the setup, it is focused at the position of the last BTV

(∼ 0.8m upstream of the plasma entrance) to measure the bunch transverse size,

and at the position of an OTR screen (∼ 2.8m upstream of the plasma entrance)

to measure the bunch length.

As the electrons have low energy and the transfer beamline is not shielded from

external magnetic fields, the trajectory of the e− beam (blue arrow) is affected by

the Earth’s magnetic field. As shown schematically in Figure 3.1, the trajectory

of the p+ beam (red arrow) is essentially straight, while that of the e− beam is

bent by the Earth’s magnetic field. The amplitude of the magnetic field in the

experimental hall was measured Bx,y ∼ (0.2, 0.4)G, (with a ±15% uncertainty),
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corresponding to Larmor radii Rx,y = βγmec/eBy,x ∼ (1.5, 3) km. To effectively

seed SM of the p+ bunch, the seed wakefields must be aligned with the p+ beam

trajectory. Therefore, the e− beam trajectory must be aligned in position and

angle onto that of the p+ beam at the plasma entrance. We use the last two

corrector magnets upstream of the vapor source entrance to align the trajectory

of the e− beam on that of the p+ beam [80, 81, 82]. Once inside of the vapor

source, both beams travel on a straight trajectory, as the vapor source is shielded

from external fields with a layer of mu-metal.

Figure 3.1: Schematics of the proton and electron beam transfer line and vapor source

close to the entrance of the vapor source. Beams are overlapped at the last two BPMs:

The p+ beam propagates essentially straight (red arrow); the e− beam trajectory (blue)

is bent by the Earth’s magnetic field with radius of curvature Ry. ∆y is the deviation

from the straight trajectory in the vertical plane. The drawing is not to scale. Figure

from [81].

BPMs and BTVs

The trajectory of the e− beam is monitored using 12 BPMs installed along the

line [83]. A corrector magnet is paired with each BPM to correct for misalignment.

Five BTVs are located along the electron beamline [84]. When the beam goes

through a scintillaing screen, it deposits energy that is then re-emitted by the

screen as visible light. The light is collected by a digital camera that produces
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a time-integrated image of the transverse charge distribution of the beam. The

beams have transverse Gaussian profiles, so the transverse size of the beam is

measured by performing a Gaussian fit to the projections on the orthogonal axes.

Figure 3.2: Electron beam imaged at the last BTV upstream of the plasma entrance.

White and green continuous lines are the projections obtained as a sum of the counts

on the horizontal and vertical axis, respectively. Red and yellow dashed lines are the

Gaussian fit for each projection. The values of the transverse size σx,y obtained from the

fits are reported in the legend.

Figure 3.2 shows an image produced by the last BTV upstream of the plasma

entrance. The e− beam is focused at the screen. The Gaussian fits (red and

yellow dashed lines) are in good agreement with the transverse projections (white

and green lines). Therefore, the value of σ of the Gaussian function corresponds

to the rms transverse size of the beam in each plane. In the following, the same

colorbar as in Figure 3.2 is used for all images to indicate the number of counts

per pixel, unless differently specified.
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OTR foil and streak camera

When the p+ bunch enters a 280-µm-thick silicon wafer coated with 1-µm-thick

layer of mirror-finished aluminum, positioned 3.5m downstream of the plasma

exit, optical transition radiation (OTR) is emitted [50, 85]. The spatial and

temporal distribution of the OTR represent the shape of the bunch at the screen.

The OTR is imaged onto the entrance slit of a streak camera. Inside the streak

camera, a photocathode converts the photons that pass through the slit into

electrons. Electrons are multiplied by a micro-channel plate before the phosphor

screen. Their trajectory is then bent through a streak tube onto a phosphor

screen. The transverse bending voltage of the streak tube varies as a function

of time and can be adjusted from the ps to ns timescale. Therefore, depending

on the time of arrival of each photon on the photocathode, the trajectory of the

corresponding emitted electrons is bent weaker or stronger and thus the electrons

reach the phosphor screen on a different transverse position. The light emitted by

the screen is imaged onto a CMOS camera. We use a streak camera produced by

Hamamatsu (model C10910-05) with a 16-bit, 2048x2048 pixel ORCA-Flash4.0

CMOS sensor, binned to 512x672 pixels for streak operation.

a) b)

Figure 3.3: a) Time along 73 ps-scale time-resolved images. b) Time duration of the pixels

along the images before (blue line) and after (orange line) linear interpolation of the time

axis.

The time duration of the acquisition window can be varied between 73 ps and

56 ns. In the following, we use the shortest time windows (73 ps and 210 ps),
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when we we want to study the structure of the microbunch train. In this case, the

streak dynamics limit the temporal resolution to ∼ 1 ps [85, 74] We use a longer

time window (1.1 ns), with longer temporal resolution, when we study the charge

density distribution along the entire bunch. The spatial resolution of the system

is ∼ 180 µm [74].

Since the sweeping time of the voltage inside of the streak tube is not constant

over one acquisition, the time axis of the image is slightly non-linear. Figure 3.3(a)

shows the time along a 73 ps-scale time-resolved image Figure 3.3(b) shows the

duration in time of each pixel as given by the manufacturer (blue line). Even

though the deviation from linear is very small (the maximum difference of time

duration between pixels is 1%), all images and their time axis are linearly inter-

polated in this thesis, so that each pixel corresponds to the same time interval

(orange line).

Figure 3.4: Time-integrated, transverse image of the p+ bunch obtained using the streak

camera while no sweeping voltage is applied. The slit width is 20 µm. The image shows

a restricted region of interest around the center of the distributon. White lines show the

projections on the orthogonal axis.

The OTR goes through a slit before reaching the photocathode inside the

streak camera. Thus, we obtain time-resolved images of a longitudinal slice of the

three-dimensional distribution. In the experiment, we are normally interested in

measuring the charge density distribution of the longitudinal slice on the beam
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propagation axis, that is the axis of symmetry of the self-modulation. We therefore

align the optical line so that the transverse distribution of the signal is centered

on the center of the slit. To maximize the resolution, in the following the width

of the slit is always set at its minimum value (20 µm). Figure 3.4 shows an image

of the p+ bunch, when no sweeping voltage is applied in the streak tube. As

a consequence, the streak camera provides a time-integrated, transverse image

of the charge density distribution. The distribution in the horizontal direction

is clipped by the 20-µm-wide slit of the streak camera, as also shown by the

projections on the orthogonal axis (white lines). The rms of the distribution in

the horizontal plane is 0.16mm. This is larger than the width of the slit due to

the spatial resolution of the instrument (one pixel corresponds to 0.0217mm).

The energy of the electrons emitted by the photocathode depends on the

cathode radiant sensitivity (Figure 3.5). This represents the responsivity of the

cathode to radiation and it is defined as the ratio between the current transmitted

by the photocathode and the incident radiant power. When the light signal is not

monochromatic, the energy spectrum of the electrons has a finite distribution.

This may result in a different effect of the bending voltage on the electrons in the

streak tube, resulting in a larger timing uncertainty on the final signal.

For the streak camera photocathode used in the experiment (purple line) the

radiant sensitivity has a peak around λ = 450 nm and decreases exponentially

for shorter and longer wavelengths. As the OTR is not monochromatic, we use a

25 nm band-pass filter around 450 nm in the optical line to limit the bandwidth

of the signal. This ensures a uniform response of the photocathode and the time

resolution of the system [85].

During the measurements with plasma, the ionizing laser pulse is stopped by

a hard-tempered 200-µm-thick aluminum foil (laser beam dump) at the plasma

exit so as to protect the screen and the streak camera.

A second OTR-streak camera system is used to measure the length of the e−

bunch (see Section 3.2.4).
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Figure 3.5: Radiant sensitivity of the photocathode as a function of the wavelength of

the incident radiation. Specifications provided by the manufacturer [86].

Electron beam spectrometer

The electron beam spectrometer is composed by a quadrupole magnet doublet

and a dipole magnet [87, 88] bending the e− beam onto a scintillating screen

positioned 8m downstream of the plasma exit. Thus, the electrons are dispersed

according to their energy. The light emitted by the screen is collected by an

intensified camera, producing energy-resolved images.

Imaging stations

Two imaging stations (IS 1 and IS 2) are located 2 and 10m downstream of the

plasma exit [89] (see Figure 3.6(a)). Each of them is composed of a scintillating

screen and an optical line splitting the light into two different paths, as shown in

Figure 3.6(b). The light is then collected by digital cameras. One optical line on

each station images the light directly on a camera. These are called core cameras,

because they are dedicated to detect the bright signal from the inner core of the

bunch. A mask is placed in the other optical line on each station so as to filter

the light of the bunch core, before reaching the camera. These are called halo
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cameras, because they are dedicated to detect the much less intense signal from

the outer halo of the bunch. The transmission of the masks is 11.3% and 12.3%

for IS 1 and for IS 2, respectively. The imaging stations are used to measure

the transverse, time-integrated distribution of the p+ bunch. In particular, we

measure the transverse extent from the propagation axis reached by the protons

that are defocused during SM [51]. Combining the halo and core images for each

IS allows to increase the dynamic range of the detection system by one order of

magnitude.

Figure 3.6: a) Schematic location of the imaging stations (IS1 and IS2) and of the OTR

screen with respect to the plasma. The p+ bunch moves from left to right. b) Schematic

drawing of the optical setup of the imaging stations. Figure from [51].

3.2 Measurements

In this Section I illustrate the concepts for the measurements that I performed

and how I made use of the diagnostics to extract information about the physics

processes. The experimental results are discussed in Chapter 6.
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3.2.1 Electron deceleration in plasma

The topic of this work is the seeding of the self-modulation instability of a

long p+ bunch in plasma using a short, preceding e− bunch. Previous experi-

ments showed that the amplitude of the seed wakefields must be larger than a

threshold to effectively seed SM [52]. Therefore, we want to estimate the wake-

fields amplitude that can be driven by the e− bunch.

plasma
10 m

electron bunch

spectrometer
screen

magnetic 
dipole

7.3 m

Figure 3.7: Schematic of the setup for the electron deceleration experiment.

Since there is no wakefields diagnostics installed along the plasma, we gain

information on the wakefields driven by the e− bunch by measuring its energy

spectrum with the electron spectrometer. Figure 3.7 shows a schematic of the

relevant equipment. The electrons that exit the vapor source through the 1-cm-

diameter aperture, travel in vacuum and their trajectory is deflected according

to their energy by the magnetic field of a dipole positioned 7.3m downstream

of the plasma exit. Then, they impact on a scintillating screen whose emitted

light is collected by an intensified camera. Figure 3.8 shows an image of the e−

bunch with Qe = 250 pC on the spectrometer screen after propagation in vacuum

(a) and the projection on the energy axis (b). The energy spectrum is centered

around the initial energy Ein = (18.35 ± 0.05)MeV (red dashed line in (b)).

The beam is focused at the entrance of the vapor source (18m upstream of the

spectrometer screen) with transverse size in the range σr = (0.2−1.3)mm and the

Twiss parameter β ∼ 1m. Afterwards, the beam defocuses and reaches the exit of

the source with a transverse size larger than the exit aperture and the transverse

distribution of the beam is therefore clipped. Indeed, the vertical distribution of

the beam at the screen is a ”shadow” of the exit aperture, while the horizontal
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distribution is a convolution of spatial and energy distribution. In fact, the rms of

the energy spectrum in Figure 3.8(b) is 0.5MeV, that is larger than the nominal

energy spread of the beam (∼ 0.1MeV [77]). To estimate the minimum energy

Emin, I calculate the energy where the energy projection reaches the 10% of its

peak value (green dot in the (b)).

a)

b)

Figure 3.8: a) Image of the e− on the spectrometer screen, after propagation in vacuum

b) Blue line: energy projection, red dashed line: initial energy Ein, green dot: minimum

energy Emin.

The e− bunch loses energy driving wakefields, while it travels in plasma (see

Figure 6.1 in Section 6.1). Thus, the energy spectrum extends to lower ener-

gies with plasma than without. In this case, the horizontal distribution at the

spectrometer screen is dominated by the energy spectrum.

The maximum energy lost by the e− bunch ∆E = Ein−Emin depends on the

amplitude of the longitudinal wakefields Ez along the plasma as:

∆E = q

∫︂ 10m

0
Ez(z) dz. (3.1)

Due to the complex evolution of the e− bunch along the plasma (see Chapter 5),

the amplitude of Ez is not constant along the plasma. Thus, it cannot be calcu-

lated directly from the value of the maximum energy loss.
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The optical system has been calibrated to convert digital counts in a value

of charge reaching the screen of the spectrometer. The conversion factor is

7.4 · 104 digital counts/pC. The results of the measurements are discussed in Sec-

tion 6.1.

3.2.2 Self-modulation timing reproducibility

The self-modulation instability of the p+ bunch develops from the wakefields

driven by the noise [72] or by the imperfections [52] within the initial bunch charge

distribution. Therefore, the amplitude and timing of the wakefields varies from

event to event. When SM is seeded, the timing of the wakefields is locked to

the timing of the seed and the amplitude grows from the seed wakefields ampli-

tude. Thus, when seeded, the amplitude and the timing of the wakefields are

reproducible. The microbunches develop in the focusing phase of the wakefields,

thus the timing of the microbunch train is tied to that of the wakefields. There-

fore measuring the timing reproducibility of the microbunch train is equivalent to

measuring that of the wakefields.

OTR
screen

Rb vapor source
10 m

electron bunch

proton bunch

ionizing 
laser pulse

timing 
reference signal

beam 
splitter

translation stage

OTR

Figure 3.9: Schematics of the experimental setup used for the timing reproducibility

measurement. The timing reference signal is generated as a reflection of a fraction of the

ionizing laser pulse with a beam splitter. The timing of the timing reference signal is

adjusted with a translation stage.

To study the structure of the microbunch train and to measure the timing

reproducibility, we use the streak camera with its shortest time window (73 ps),

so that the time resolution is short enough (∼ 1 ps [74]) to resolve in time the
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single microbunches. In the experiment described here, npe = 0.97 ·1014 cm−3 and

the plasma electron period (i.e., the period of the wakefields) Tpe = 11.15 ps.

The streak camera is triggered by an external signal, synchronized with the

RIF, but the overall streak camera triggering system has a jitter of ∼ 4.8 ps rms,

that is much larger than the time precision needed to perform the measurement.

In order to align the images in time with ps-precision, we use a timing reference

signal (a mirror bleed-through of the RIF) that is transported to the slit of the

streak camera [90]. Figure 3.9 shows a schematics of the setup used for the

measurement. The timing reference signal is synchronized with the RIF and

its time of arrival at the slit can be adjusted with a translation stage. Figure

3.10(a) shows 3 consecutive 73 ps-scale time-resolved images of the microbunch

train (centered around y = 0mm) and of the timing reference signal (at t = 0ps

highlighted in the red circles). The bunch travels from left to right. By performing

a Gaussian fit of the time profile on each image in the region where the reference

signal appears, I measure its center value. I then shift each image along the time

axis so that the center of the signal occurs at the same t on all images, as in

Figure 3.10(b). The red dotted line show the time t = 0ps on which all images

are aligned. With this method, we obtain the necessary precision to perform the

measurement of timing reproducibility. In fact, the timing of the features along

the time-resolved images (i.e., the microbunches) can be referred in time to the

other images with sub-ps accuracy.

In this experiment, we seed SM of the p+ bunch with the wakefields driven by

the preceding e− bunch. Since both the seed e− bunch and the timing reference

signal are synchronized with the RIF, measuring the timing reproducibility of the

modulation with respect to the timing reference signal is equivalent to measuring

it with respect to the seed bunch. The results of the measurements on the timing

reproducibility of SM seeded by the e− bunch are discussed in Section 6.3.
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a) b)

Figure 3.10: a) Three consecutive 73 ps-scale time-resolved images showing the mi-

crobunch train and the timing reference signal. The time t = 0ps corresponds to the

time of the reference signal on each image. b) Same events after timing alignment with

respect to the center of the timing reference signal (red dashed line).

3.2.3 Variation of the seed wakefields amplitude and of the

growth rate of the self-modulation

During the SM growth, a large fraction of the protons in the bunch are de-

focused out of the wakefields. Afterwards, these protons travel with a straight

trajectory defined by the transverse momentum p⊥ that they acquire from the

wakefields, according to:

p⊥ =
e

c

∫︂ D

0
W⊥(z) dz, (3.2)

where W⊥ is the transverse wakefields and D ≤ L (L the plasma length) is the

location along the plasma where they leave the wakefields. As SM takes place

in the first meters of propagation in plasma, defocused protons carry information

about the development of SM before saturation occurs [51, 91]. The transverse

momentum acquired by each defocused proton defines the transverse position

that the particle will reach at any position downstream of the plasma. Thus, the

transverse distribution of the bunch, after propagation in plasma, is related to

the amplitude of the wakefields experienced by the defocused protons.

We measure the width of the transverse distribution along the bunch to study

the growth of the self-modulation. Since the wakefields grow along the bunch [51,

74], we use the OTR-streak camera system to obtain time-resolved images of the

transverse distribution of the p+ bunch. In this case, we study the evolution over
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long time scales (> 1/ωpe) with the 1.1 ns-scale time window. The time resolution

of the streak camera when using the ns-scale is not short enough to evidence the

microbunch train (whose periodicity is 2π/ωpe) and thus the p+ bunch distribution

appears continuous also after propagation in plasma.

b) c)

a)

Figure 3.11: a) 1.1 ns-scale time-resolved image of the p+ bunch. The white lines indicate

the points where the transverse distribution crosses the 20% threshold (white lines) at

any given time. b, c) Transverse and longitudinal projections, summing the counts of

(a) along the horizontal and vertical axis, respectively. The red dashed lines show the

Gaussian fits: σy = 0.38mm (b), σt = 255 ps (c).

Figure 3.11(a) shows a 1.1 ns-scale time-resolved image of the p+ bunch after

propagation in vacuum. By summing the counts along the horizontal (t) and

vertical (y) axis, I obtain the transverse (Figure 3.11(b)) and longitudinal (Figure

3.11(c)) projections, respectively. The Gaussian fits (red dashed lines) are in

agreement with the projections (blue lines), although with some discrepancy on

the tails of the distributions. The discrepancy in the transverse projection may

be due to the fact that the transverse distribution is composed by a mixture of

two bivariate Gaussian distributions [92], one of which defines the enlargement

of the outer part of the bunch. The discrepancy in the longitudinal projection is
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due to the low amplitude of the signal at the front of the bunch, that becomes

smaller than the detection threshold.

During the experiment, I measure the width along the bunch of the self-

modulated p+ bunch. The blue line in Figure 3.12(a) shows a typical transverse

profile of a time-column of a time-resolved image, after the p+ bunch has prop-

agated in plasma. The transverse distribution is not Gaussian anymore because

the transverse wakefields are radially non-linear. Therefore, one cannot use a

Gaussian fit to estimate the transverse size of the bunch. To quantify the trans-

verse size along the bunch, on each time column I measure the points where the

transverse distribution reaches 20% of its maximum, defining the contours of the

distribution. The distance between these points defines the transverse extent

w. This method of determination of the transverse extent is independent of the

shape of the distribution (unlike, for example, the rms). The arbitrary choice of

the value of the threshold does not affect the results. I choose 20% so that the

points where the distribution crosses the threshold are above the noise and can be

uniquely determined. As shown in Figure 3.12(a), the raw transverse profile (blue

line) of a time-column is noisy and the random fluctuations may influence the

contour determination. Thus, I bin the transverse distribution so as to smooth

the profile (orange line).

In case of propagation without plasma, the transverse distribution is Gaussian

and represents the incoming bunch (from Figure 3.11(c), σy = 0.38mm). The

expected transverse extent is w = 2σy

√︂
−2log(0.2σy

√
2π) = 1.38mm. Figure

3.12(b) shows the binned transverse profile from Figure 3.11(a) at t = 0 (i.e.,

center of the bunch, blue line), 1 and 1.5σt (orange and green lines) ahead of the

center of the bunch. The red points show the transverse contours of the bunch

at the corresponding time. The transverse extent measured on Figure 3.11(a)

is woff = 1.7mm, constant along the bunch (white lines in Figure 3.11(a) show

the contours) and represents the transverse size along the bunch. This value is

larger than the expected one because of the broadening introduced by binning the

distribution.

Figure 3.12(c) shows the binned transverse distribution of the p+ bunch after

propagation in plasma at different locations along the bunch. The transverse
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extent w (distance between the red points) clearly increases with the broadening

of the distribution.

a) b) c)

Figure 3.12: a) Transverse distribution of a single time-column of the p+ bunch charge

density distribution after propagation in plasma. Raw distribution: blue line, binned

distribution: orange line. Each point of the binned distribution is obtained as the average

of 40 consecutive points of the raw distribution. Counts are normalized with respect to

the maximum value of the raw distribution. b) and c) Transverse distribution without (b)

and with (c) plasma at three different times along the bunch (see legends). In (b) counts

are normalized with respect to the maximum value of the t = 0σt distribution. In (c)

counts are normalized with respect to the maximum value of the t = −1.0σt distribution.

Each point of the distributions is the average of 40 points and the red points indicate

where each distribution reaches the 20% threshold. The distance between the red points

of each distribution defines the transverse extent w.

In this experiment, we measure the transverse extent w along the bunch for

different values of the seed e− bunch charge Qe and of the p+ bunch charge Qp

to measure their effect on W⊥0 and Γ. The parameters of the p+ bunch for the

different charges are listed in Table 3.1. Varying the charge of the p+ bunch Qp

affects the optics of the beam in the SPS and in the transfer line. Therefore

also the bunch emittance, duration and transverse size change. Since the bunch

density appears explicitly in the expression of Γ (Equation 2.12), we calculate the

density of the bunch np at the plasma entrance as:

np =
Qp/e

(2π)3/2cσtσxσy
. (3.3)

We measure σt for the different values of Qp by performing a Gaussian fit of

the longitudinal profile of 1.1 ns-scale time-resolved images with no plasma, as in
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Figure 3.11(c). We calculate σx,y at the entrance of the plasma measuring the

transverse size at multiple BTVs upstream and downstream of the plasma [92].

Figure 3.13 shows that np increases as a function of Qp.

Table 3.1: Parameters of the p+ bunch used in the experiment. The uncertainties on

Qp, σx,y, σt are the standard deviations obtained from repeated measurements. Qp is

measured in the SPS extraction line with a beam current transformer. The uncertainty on

ϵx,y is the accuracy of the emittance measurement in the SPS [93, 94]. The uncertainty

on np is obtained propagating the error from Qp and on the geometrical parameters (see

Equation 3.3).

Qp [nC] σx,y [±0.002mm] σt [ps] (ϵx,y ± 20%) [mm mrad] np [×1012 cm−3]

(14.7± 0.2) 0.113, 0.112 (255± 4) 1.4, 1.4 (6.9± 0.2)

(22.4± 0.2) 0.129, 0.128 (244± 4) 1.5, 1.5 (7.3± 0.2)

(28.8± 0.5) 0.148, 0.139 (237± 5) 1.8, 1.8 (7.8± 0.3)

(40.8± 0.3) 0.169, 0.167 (236± 5) 2.2, 2.2 (8.1± 0.2)

(46.9± 0.5) 0.175,0.167 (239± 6) 3.4, 2.5 (8.8± 0.3)

Figure 3.13: p+ bunch density np as a function of the bunch charge Qp. The error bars

are obtained from the standard deviation from the measurement of σt, σr and Qp and

indicate the variation from event to event of the parameters of the incoming bunch.

The parameters of the e− bunch for the different values of the charge Qe are

listed in Table 3.2. Since the bunch evolves strongly as soon as it enters the

plasma (see Chapter 5), I do not quote the initial density of the bunch.

The results of the measurements on the variation of the seed wakefields am-
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plitude and of the growth rate are discussed in Sections 6.4 and 6.5.

Table 3.2: Parameters of the e− bunch used in the experiment. The uncertainties on Qe

and on σx,y are the standard deviation obtained from repeated measurements. The error

on ϵx,y is the uncertainty on the parabolic fit of the quadrupole magnet scan [79]. The

bunch duration σt is measured as discussed in the following Section.

Qe σx,y [mm] σt [ps] ϵx,y [mm mrad]

(147± 22) pC (0.15± 0.04), (0.22± 0.01) ∼ 6 (0.9± 0.1), (0.8± 0.1)

(249± 17) pC (0.27± 0.05), (0.27± 0.02) ∼ 6 (1.5± 0.1), (1.2± 0.2)

(777± 29) pC (0.44± 0.03), (0.41± 0.01) ∼ 6.7 (3.3± 0.3), (4.3± 0.3)

3.2.4 Electron bunch duration

To measure the duration of the e− bunch, we use an OTR screen located

∼ 2.8m upstream of the vapor source entrance. A dedicated beam optics is used

during this measurement to focus the e− beam at the location of this screen.

The OTR is imaged on the entrance slit of a second streak camera. Due to the

small amount of OTR produced and transported to the streak camera, it is not

possible to insert any band-pass filter and the measurement relies on the average

of many single-event images, aligned in time using the ionizing laser pulse as a

timing reference signal. Moreover, the photocathode of the streak camera does

not respond uniformly for different OTR wavelengths (see Section 3.1) and the

OTR signal is elongated due to the dispersion in the lenses in the optical line.

Figure 3.14a shows the average of 100 single-event time-resolved images. At

t = 0ps, the low-power ionizing laser pulse is clearly visible. The e− bunch with

800 pC follows, with its center ∼ 33 ps behind the laser pulse. To measure the

duration of the e− bunch, I perform a Gaussian fit on the longitudinal profile,

obtained by summing the counts in the transverse direction ±20 pixels around the

bunch centroid, as in Figure 3.14(b). For Qe in the range between 200 and 800 pC,

the e− bunch duration is measured between σt = 6 and 6.7 ps (corresponding to

bunch length σz = 1.8 and 2mm). Because the measurement is affected by the

averaging of many low-amplitude-signal images and by the long resolution of the
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system, these values are upper limits on the real value of the e− bunch duration,

while the lower limit is given by the duration of the UV pulse (σt ∼ 2 ps).

a) b)

Figure 3.14: a) Average of 100 consecutive 73 ps-scale time-resolved single-event images

of the e− bunch (center at t ∼ 35 ps) aligned in time using the low-power ionizing laser

pulse (at t = 0ps). The color scale is saturated to make the e− bunch more visible. b)

Longitudinal profile of the e− bunch (blue line), obtained as a sum of the pixels in the

transverse direction between ±50 pixels around the centroid of the bunch. The red dashed

line shows the Gaussian fit.

3.2.5 Three-dimensional self-modulation imaging

To obtain time-resolved images of a slice centered around the propagation

axis of the p+ bunch (where the microbunches develop), we align the OTR on

the center of the entrance slit of the streak camera. We can also acquire images

of longitudinal slices at different transverse positions by shifting the center of the

OTR distribution at a higher or lower position with respect to the center of the

slit. We vary the alignment of the OTR with respect to the slit by varying the

position of the last reflecting mirror (0.95m before the slit). The distance between

the slit and the mirror is much longer than the variation of the OTR position at

tge slit (< 1mm) that the change in angle of the OTR is negligible. Effectively,

we vary the position of the slit across the transverse distribution of the p+ bunch,

as shown by the red boxes in Figure 3.15(a).

To quantify the change in position introduced by moving the mirror, I scan

its position while recording time-integrated images with the streak camera. Fig-

ure 3.15(b) shows that the sum of the counts of each image (blue points) follows
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a Gaussian distribution, as a function of the position of the mirror. This is ex-

pected, since the transverse distribution of the p+ bunch at the OTR screen is

Gaussian (see Figure 3.11(b)). I therefore perform a Gaussian fit (red dashed line,

σ = 28.2 steps). In this case, the rms transverse size at the screen is σ = 0.27mm,

thus one step variation of the mirror’s position corresponds to a vertical shift of

0.01mm of the OTR at the slit.

For this experiment, I collect sets of 210 ps-scale time-resolved images of the

self-modulated p+ bunch at different mirror’s positions. Combining the averaged

images obtained at different slices provides three-dimensional images of the p+

bunch charge density distribution. I use the resulting images to study the evolu-

tion of the microbunches in the plane perpendicular to the slit. The results are

discussed in Section 6.7.

a) b)

Figure 3.15: a) Schematics of the OTR transverse distribution at the slit of the streak

camera. In normal operation, the signal is centered on the slit (green box). When

misaligning the OTR with respect to the slit, we effectively change the position of the slit

with respect to the signal. The red boxes show examples of misaligned positions of the

slit. b) Sum of the counts of time-integrated images of the p+ bunch obtained with the

streak camera (see Figure 3.4) as a function of the position of the mirror. Blue points:

data, red dashed line: Gaussian fit.
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Chapter 4

Previous experimental results

In this Chapter I summarize the main experimental results obtained in

AWAKE during Run 1 (2016-2018). The experimental setup is the one discussed

in Section 1.6, Figure 1.3.

4.1 Self-modulation of the proton bunch in plasma

It has been shown in simulations and experiments that long lepton beams self-

modulate in plasma [71], and that it is possible to seed the instability by tailoring

the bunch distribution [95]. The self-modulation of a long p+ bunch was discussed

in theory and simulations [48], showing that the p+ bunch self-modulates into a

train of microbunches, with the frequency of the modulation equal to the plasma

electron frequency. The concept of the ionization-front seeding was already in-

cluded, by considering a hard-cut half-Gaussian initial charge density distribution

of the bunch.

The first experimental demonstration that the p+ bunch self-modulates in

plasma is presented in [50]. Figure 4.1(a) shows a 210 ps-scale, single-event, time-

resolved image. The train of microbunches is clearly visible on the propagation

axis, as well as the defocused protons off axis. The red line indicates the time of

the ionization front. The on-axis profile (green line) shows full modulation (i.e.,

no charge left between the microbunches) because SM reaches saturation before
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the p+ bunch leaves the plasma.

a) b)

Figure 4.1: a) 210 ps-scale, single-event, time-resolved image of the p+ bunch with

Qp = 48nC in plasma with npe = 2.19 · 1014 cm−3.The red line shows the timing of

the ionization front. The green line is the on-axis longitudinal profile. b) Measured mean

modulation frequency (red dots, with standard deviation of the measured frequencies) as

a function of the Rb vapor density on a log-log plot. Figures from [50].

Since the microbunches develop in the focusing phase of the wakefields, the

frequency of the charge distribution is expected to match that of the wakefields,

that is the plasma electron frequency. The modulation frequency is obtained

from the DFT on the time-resolved charge density distribution, as discussed in

Section 3.2.2. In this work, the density of the Rb vapor is varied in the range

nvap = (1.5− 10) · 1014 cm−3. Figure 4.1(b) shows that the measured modula-

tion frequency (red points) is in very good agreement with the expected plasma

electron frequency (orange dotted line) over the entire range. This demonstrates

that the relativistic ionization front ionizes ∼ 100% of the Rb atoms on its path

(npe ∼ nvap) and that SM occurs at the expected frequency.

4.2 Growth of the wakefields amplitude

During the development of SM, the amplitude of the wakefields is predicted

to grow [55, 56], reaching the maximum value when the bunch reaches full mod-
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ulation. In case of seeding, the initial amplitude is that of the seed wakefields.

The first experimental proof of growth of the plasma wakefields driven by a self-

modulated bunch is presented in [51], as a joint publication with the one discussed

in the previous Section. In this work, the maximum radial distance reached by

the defocused protons at the two imaging stations (IS, see Section 3.1) is used to

estimate the maximum amplitude of the wakefields during the SM growth. Each

IS provides two time-integrated images of the transverse distribution: the core

and the halo. The core cameras receive the light directly from the scintillating

screens, while the optical line of each halo camera has a mask blocking the light

of the core. The enhanced dynamic range allows to resolve the outermost part of

the charge distribution.

Figure 4.2: Time-integrated images of the Qp = 48nC p+ bunch at IS 2 in Rb vapor with

nvap = 7.7 · 1014 cm−3 (a) and (c), and in plasma with npe = 7.7 · 1014 cm−3 (b) and (d).

Panels (a) and (b) show the images from the core camera and panels (c) and (d) from

the halo camera. In panels (c) and (d), the center of the proton bunch is blocked by a

mask. Figure from [51].

Figure 4.2 shows core ((a) and (b)) and halo ((c) and (d)) images of the p+

bunch at IS 2 (located ∼ 10 m downstream of the plasma exit) without plasma

((a) and (c)) and with plasma ((b) and (d)). The halo images show that in the case

with plasma (d) the defocused protons reach a much larger radial distance than in

the case without plasma (c), demonstrating that some protons are defocused out
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of the wakefields due to the self-modulation of the bunch. Combining the core and

halo images, the total amount of charge is measured to be preserved at the percent

level. Moreover, both the images and the corresponding transverse profiles (not

shown here) are radially symmetric, indicating that the hosing instability did not

take place.

Figure 4.3: Amplitude of the transverse wakefields as a function of the p+ bunch popu-

lation for two plasma electron densities: 2.1 · 1014 cm−3 (left) and 7.7 · 1014 cm−3(right).

The red lines show the seed wakefield amplitude. The black dots are calculated assuming

that the protons reaching the largest radii at IS 2 exit the wakefields after L = 10m. The

blue diamonds are calculated with L = 1.5m and assuming that the protons exit at 4m.

Figure from [51].

In this experiment, the relativistic ionization front is located 0.25σt ahead of

the center of the p+ bunch, seeding SM. The maximum amplitude of the transverse

wakefields is calculated using the largest radii reached by the defocused protons.

Assuming the amplitude constant both along the plasma, over a distance L, and

radially until the protons exit the wakefields transversely, it yields:

W⊥ =
θ · p||c
qL

, (4.1)

where θ is the defocusing angle that the protons must have when exiting the

wakefields to reach the screen at the maximum measured radial distance.

Figure 4.3 shows the amplitude of the transverse wakefields W⊥ as a function

of the p+ bunch population (left hand-side plot: npe = 2.1 ·1014 cm−3, right hand-
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side plot: npe = 7.7 · 1014 cm−3). The red lines show the maximum amplitude

of the seed wakefields, calculated according to linear theory [17]. The amplitude

of the wakefields exceeds the initial seed level both for the conservative assump-

tion of L = 10m (black points in Figure 4.3) and for L = 1.5m, that is the

distance suggested by numerical simulations (blue points), reaching ∼ 300MV/m

for npe = 7.7 · 1014 cm−3 and Qp = 48nC. In conclusion, these results demon-

strates for the first time that the amplitude of the wakefields driven by the p+

bunch grows along the plasma due to the self-modulation.

4.3 Transition between instability and seeded self-

modulation

The timing of the self-modulation is controlled by seeding the instability, i.e.,

by fixing the initial timing and amplitude of the wakefields. The amplitude of the

seed wakefields that is needed to effectively seed the self-modulation of the p+

bunch has been measured in the experiment presented in [52]. Seeding requires

driving wakefields with amplitude larger than that of the wakefields driven by

the initial imperfections (or noise [72]) in the p+ bunch distribution. When the

amplitude of the seed wakefields is smaller than the seeding threshold, SMI occurs

and the timing of the wakefields varies from event to event. When seeding with

the relativistic ionization front (RIF), the amplitude of the seed wakefields is

determined by the local p+ bunch charge density at the location of RIF along

the bunch. The phase of the self-modulated p+ bunch charge density distribution

(i.e., of the microbunch train) is calculated on time-resolved images, aligned in

time as discussed in Section 3.2.2.

Figure 4.4 shows the variation of the phase of the modulated distribution ∆φ

over 2π as a function of the time of the RIF tRIF . When tRIF > 2σt ahead of

the center of the bunch (i.e., earlier along the bunch), ∆φ/2π (blue circles, left

hand-side vertical axis) is larger than 20%, indicating that SM is not reproducible

from event to event because seeding does not take place. When tRIF < 1.8σt

ahead of the center of the bunch, SM is reproducible because seeding occurs.

The amplitude of the transverse wakefields at the ionization front location
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(i.e., the amplitude of the seed wakefields, red points, right hand-side vertical

axis) is calculated using linear theory (see Equation 2.5). The transition between

SMI and seeded SM occurs between ∼ 2.8 and 4MV/m.

Figure 4.4: Measured rms (blue circles), full phase variation (blue diamond) and initial

linear transverse wakefield amplitude (filled red circles, left hand-side vertical axis) as a

function of the ionization front timing, in units of σt. Figure from [52].

Figure 4.5: (a) Time-rsolved, ”stitched” image of the self-modulated p+ bunch with

tRIF = 0.5σt and npe = 1.81 · 1014 cm−3. RIF at t = 0 (not visible). The timing

reference signal is visible every 50 ps at the bottom of the image. (b) Modulation rms

phase variation for each set of 50-ps-long interval. Figure from [52].

Using the timing reference signal (see Section 3.2.2), it is possible to ”stitch”

time-resolved images one after the other to obtain a high-resolution, time-resolved

image of the p+ bunch charge density distribution over more than 500 ps (> 2σt),

as in Figure 4.5a. Figure 4.5b shows the result of the phase analysis on 50 ps inter-

vals, indicating that the value of ∆φ/2π is approximately constant and between

3% and 7% all along the bunch, indicating that the phase is reproducible and that
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seeding occurred. In this experiment [52], Qp = 48nC and npe = 0.94 · 1014 cm−3.

4.4 Plasma density gradient

The theoretical studies discussing the growth of SM [55, 56] also show that

the phase velocity of the wakefields is slower than that of the p+ bunch during

the growth. The resulting dephasing between the wakefields and the microbunch

train has an effect on the maximum amplitude of the wakefields, that starts de-

creasing along the plasma, after saturation. It was suggested in simulations [59]

that a positive plasma density step could reduce the dephasing and allow the am-

plitude of the wakefields to remain constant, at the saturation level, for a longer

propagation distance.

In the experiment, it is possible to set a plasma density gradient by introducing

a temperature difference between the Rb reservoirs at each end of the vapor

sources. In [57], it is shown that a positive or negative plasma density gradient

can diminish or enhance the dephasing, therefore increasing or decreasing the

amount of charge in each microbunch, and possibly increasing or decreasing the

amplitude of the wakefields at saturation. Figure 4.6 shows three time-resolved

stitched images with density gradient gradient g = +1.99/m (a), g = +0.03/m (b)

and g = −1.93%/m (c). The timing of RIF is indicated by the red line in (b). The

number and charge density of the microbunches are larger for a positive gradient

than for a negative gradient. The corresponding on-axis profile below each image

shows clear full modulation until t ∼ 450 ps in (a) and only until t ∼ 100 ps in

(c). This indicates that the plasma density gradient has the expected effect on

the self-modulation of the p+ bunch. Moreover, the charge in each microbunch

and the overall charge in the bunch core are measured to increase with a positive

gradient.

The frequency of the modulation is measured with two simultaneous diagnos-

tics: a screen producing coherent transition radiation (CTR) that is sent to a

heterodyne frequency measurement, yielding the modulation frequency along the

bunch [96], and the OTR-streak camera system. Figure 4.7 shows that the values

of the frequency measured with the CTR (fCTR, red circles) and with the OTR
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(fstreak, blue square) are in agreement with each other and always between the

expected plasma electron frequency fpe at the plasma entrance and at the plasma

exit, for different density gradients. With large positive or negative gradient val-

ues, two distinct frequency peaks are observed in the CTR power spectrum, as

shown in the inset of Figure 4.7. This is due to the beating between the bunch

modulation frequency and the local plasma frequency, that are constantly detuned

by the density gradient.

Figure 4.6: Images of the p+ bunch transverse density distribution as a function of time for

three plasma density gradient values (a) g = +1.99%/m, (b) +0.03%/m (i.e. essentially

constant density), and (c) 1.93%/m. The bunch front is on the right-hand side. Identical

color scale for all images. The relativistic ionization front (not visible) is at t = 0ps and

its location marked by the red line on (b). The part of the bunch at t > 0 ps propagated in

the plasma and self-modulation is clearly visible. Time profiles of the density distribution

along the bunch axis are shown below each image. Color symbols indicate microbunches

number 5, 10, 20, 30, and 40. Figure from [57].

In conclusion, it is shown in [57] that a plasma density gradient can compensate

the stretching away of the wakefields from the seed point, occurring in a uniform
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density plasma where the phase velocity of the wakefields is slower than that of

the protons.

Figure 4.7: Proton bunch modulation frequency from CTR signals (fCTR, red circles)

and discrete Fourier transform of the streak camera profiles (fstreak, blue squares) versus

plasma density gradient g. Green lines indicate the plasma frequencies at the plasma

entrance (fpe,entrance = const) and at the exit (fpe,exit) calculated from the vapor density

at these two locations. Inset: Spectrogram (frequency versus time) of the CTR signal

recorded at the second harmonic for an event with appearance of two distinct frequency

peaks obtained with g = +1.99%/m. Figure from [57].

4.5 Electron acceleration

The acceleration of externally injected electrons was demonstrated in 2018

and discussed in [44]. In this experiment, the e− bunch with Qe = 656 pC and

Ein = 18.84MeV is injected in the wakefields driven by the self-modulated p+

bunch with a vertical angle with respect to the p+ beam trajectory. The off-axis

scheme is chosen so that the electrons are captured by the wakefields after SM

reaches saturation [80]. This avoids early defocusing of the electrons at the plasma

entrance and increases the probability of charge capture, as the injection occurs

after SM saturates and the phase velocity of the wakefields stops changing.
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Figure 4.8(a) shows an image of the electrons accelerated in plasma

(npe = 1.8 · 1014 cm−3) at the spectrometer screen. The energy projection (Figure

4.8(b)) is well above the noise with a peak intensity at energy exceeding 700MeV.

The maximum amplitude that can be reached by the wakefields depends on

the plasma electron density (see Equation 1.3). Also, as shown in Section 4.4,

a plasma density gradient has an effect on the phase velocity of the wakefields.

Indeed, Figure 4.8(c) shows that the maximum energy reached by the accelerated

electrons µE increases when increasing npe (orange points: constant density along

the plasma) and that a positive plasma density gradient (blue points) has an

enhancing effect on the energy gain. A maximum energy exceeding 2GeV is

measured with npe = 6.6 · 1014 cm−3 and g = 0.22%/m.

a)

b)

c)

Figure 4.8: a) Image of the accelerated electrons at the spectrometer screen. b) Energy

projection of the image (blue line) and 1σ uncertainty band (orange line). For this event,

npe = 1.8 · 1014 cm−3. c) Measurement of the highest peak energies µE achieved at

different plasma densities npe, with (blue points) and without (orange points) a gradient

in the plasma electron density. Figures from [44].
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Chapter 5

Propagation of the electron

bunch in plasma: simulation

results

In the experiments discussed in this thesis, a short ∼ 18MeV e− bunch seeds

the self-modulation of a long p+ bunch in plasma. For the seeding to be effective,

the e− bunch must drive seed wakefields with amplitude larger than the seeding

threshold [52]. When the e− bunch enters the plasma, its transverse size σr evolves

according to:

γme
d2σr
dt2

= eW⊥ (5.1)

According to linear optics [17], there is a value σr0 of the transverse size at

the injection in plasma for which the amplitude of the wakefields balances the

divergence of the bunch and the size remains constant along the plasma. For

npe = 2 · 1014 cm−3, Qe = 150 pC and σt = 2ps, σr0 ∼ 7 µm, that is much smaller

than the minimum achievable size at the plasma entrance in the experiment

(σr > 150 µm). Therefore, in the experiment the bunch undergoes severe non-

linear pinching in the first centimeters of propagation in plasma [97] due to the

mismatch with the plasma focusing force, and numerical simulations are required

to describe and compute the transverse bunch size and energy spectrum along the

plasma.
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Since the length of the plasma in the experiment L is long (kpeL > 104) and

the energy of the e− bunch is small, the propagation of the bunch in plasma is a

complicated process due to the slowdown of the electrons and the variation of the

wakefields along the plasma.

Numerical quasi-3D simulations were performed [98] using the Fourier-Bessel-

Particle-in-Cell (FBPIC) code [99]. The parameters of the simulations are similar

to the experimental ones so as to study the dynamics of the process:

• L = 10m, with 1 cm-diameter exit aperture

• npe = 2 · 1014 cm-3 (plasma wavelength λpe = 2.4mm)

• plasma radius = 1mm

• Qe = 150 pC, E = 18MeV

• σr = 0.2mm and σt = 2ps that corresponds to σz = 0.6mm

• the waist of the e− bunch is positioned at the plasma entrance

• grid size: dz = 0.02 k−1
pe and dr = 0.01 k−1

pe

• number of azimuthal modes = 3 (m = 0, 1, 2).

The simulation results show that the transverse size of the e− bunch pinches

as soon as it enters the plasma due to its groce mismatch to the focusing force,

reaching an equilibrium at ∼ 50% of its initial value [74, 97, 98]. Thus, the charge

density of the bunch and therefore the amplitude of the wakefields increase.

Figure 5.1 shows the longitudinal phase space of the e− bunch (top image) and

the amplitude of the transverse wakefields (bottom image) at different positions

z = ct along the plasma (indicated in the title of each image). The energy

spectrum (red line on each phase space plot) shows that the e− bunch immediately

starts losing energy. In fact, it drives wakefields with amplitude of few MV/m

(see the bottom images). Therefore, some electrons slow down and slip backwards

with respect to the bunch center. As a result, for z > 3m, the length of the e−

bunch is comparable to a plasma wavelength, so the amplitude of the wakefields
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behind the bunch decreases and becomes ∼ 0 (see the condition on the bunch

duration for effective wakefields driving in Equation 2.8).
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Figure 5.1: Longitudinal phase space and transverse wakefields amplitude at different

location z = ct along the bunch, going from left to right. The red line on each plot shows

the energy spectrum.

At z = 2.406m, the minimum energy is ∼ 7MeV. Afterwards, the minimum

energy does not reach lower values, but it actually increases along the plasma (at

z = 9.776m, it is > 10MeV). This is due to the fact that the electrons that slip

backwards with respect to the center of the bunch enter the accelerating phase

of the wakefields and may gain a fraction of their initial energy. In the case they

lose so much energy that they dephase even further, they reach the defocusing

phase of the wakefields. The bunch charge (calculated as the charge within 5σr)
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decreases dramatically after z = 3.5m (bottom row). This indicates that the

electrons that enter the defocusing phase are defocused out of the wakefields and

of the plasma.

In the following, I further analyze the simulation results to study the evolution

of the e− bunch energy and the dynamics of the lowest-energy particles that reach

the exit of the plasma.

Figure 5.2: a) Transverse charge distribution of the e− bunch at the plasma exit. The

image is saturated to make visible the particles at r > 1mm. b) Energy distribution at

the plasma exit. c) Green line: energy spectrum of the entire bunch obtained as the sum

of the counts on the energy axis. Blue and red histograms: energy spectra of the particles

that reached the exit inside and outside of the plasma, respectively.

Simulations provide the trajectory of each particle at any position along the

plasma. In the analysis of the results, I only consider the particles that have

radial position r < 0.5 cm at the plasma exit (z = 10m). In the experiment, these

particles propagate through the exit aperture of the vapor source and reach the

spectrometer screen, while the others are scattered or stopped. The transverse

distribution of the bunch at the plasma exit (see Figure 5.2(a)), is made up of

two populations: one composed by the electrons that travel inside the plasma for

the whole propagation distance (r < 1mm at the plasma exit) and one composed

by the electrons that are defocused out of the wakefields, but with an angle that

still let them reach the exit aperture (1 < r < 5mm at the plasma exit). For

each particle in the defocused population, I calculate the point along the plasma
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where its trajectory crosses the propagation axis, reverting the particle velocity

with respect to the propagation axis at the plasma exit. This value provides an

estimate of the position along the plasma where each particle leaves the wakefields.

Figure 5.2(b) shows the simulated energy distribution of the e− bunch after

propagation in plasma. The green line in Figure 5.2(c) is the energy spectrum of

the entire bunch calculated as the sum of the counts of (b) in the energy plane.

The blue and red histograms show the spectra of the particles that reached the

exit inside and outside the plasma, respectively. As discussed above, the lowest-

energy particles are the ones that are defocused out of the wakefields before the

end of the plasma.

The longitudinal phase space of the two ensembles (Figure 5.3) shows that,

for the particles inside of the plasma (a), the peak of the distribution is at ξ >

−236mm, while for the particles outside (b) is at ξ < −237mm. This confirms

that the lowest-energy particles are defocused out of the wakefield at z < 10m

because they have slipped backwards and reached the defocusing phase.

Figure 5.3(c) shows the energy distribution of the defocused electrons as a

function of the position where they cross the longitudinal axis. The first defocused

particles are visible around z ∼ 2.5m (as already shown in Figure 5.1). The

electrons with the lowest energy (E ∼ 10MeV) are defocused out of the wakefields

after ∼ 5m. Then, most of them are defocused around 9m with E ∼ 12MeV.

Figure 5.3: Longitudinal phase space of the particles that reach the exit inside (a) and

outside (b) of the plasma exit. c) Energy distribution of the defocused electrons as a

functions of the position where they leave the plasma.
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Using linear wakefields theory (Equations 2.4,2.5) [17], I calculate the wake-

fields driven by the e− bunch with the same parameters as in the simulations,

after the transverse pinching occurs and the transverse size reaches the equilib-

rium. Therefore, I use σr = 100 µm. Figure 5.4 shows the longitudinal (Ez,

orange) and transverse (W⊥, green) wakefields driven by the e− bunch (longitudi-

nal distribution shown as the blue dashed line). I calculate Ez on the propagation

axis (r = 0 µm) and W⊥ at the proton bunch radius (r = 200 µm), to compare it

with the calculated value of the seeding threshold measured with ionization-front

seeding [52]. The transverse wakefields are defocusing for electrons (W⊥ > 0)

from 1.2 to 2.4mm behind the center of the e− bunch (ξ = 0mm). Therefore, to

be defocused out of the wakefields, electrons initially at the bunch center must

slip backwards by this distance with respect to the wakefields.

Figure 5.4: Longitudinal (Ez, green line) and transverse (W⊥, orange line) wake-

fields driven by e− bunch in plasma with Q = 150 pC, σt = 2ps, σr = 0.1mm.

npe = 2 · 1014 cm−3. The blue line show the longitudinal Gaussian distribution of the

bunch. The calculations are performed following the linear wakefields theory [17].

Since Ez is accelerating for electrons (Ez < 0) before W⊥ becomes defocusing,

decelerated particles may gain some energy and their dephasing may be slowed

down. Moreover, the phase velocity of the wakefields might change with the e−

bunch evolution, since it is tied to the velocity of the drive bunch.

The dephasing of a particle with velocity vmin with respect to one with velocity
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vmax over a distance Llab is calculated as:

∆x =
Llab

vmax
· 1

γ2
· vmin − vmax

1− vmin·vmax

c2
(5.2)

The simulation results (see Figure 5.1) show that the energy loss occurs in the

first ∼ 2m of propagation. I therefore calculate the dephasing experienced by the

particles after this point. For example, the dephasing distance of the particles that

are defocused at z = 9m with E = 12MeV is ∆x = 2.8mm, and for those that

are defocused at z = 6.5m with E = 10MeV is ∆x = 1.7mm. These values are

within or very close to the ones mentioned above for the location of the defocusing

phase of the wakefields behind the center of the bunch. The discrepancy may be

due to the fact that the phase velocity of the wakefields is actually slower than

the initial velocity of the bunch due to the slowdown of the electrons, and that

particles recover some of the lost energy, when passing through the accelerating

phase of the wave. Therefore, the dephasing time may increase.

Figure 5.5: Simulated maximum amplitude of the transverse wakefields behind the bunch

along the plasma for Qe = 150 pC (blue line) and Qe = 350 pC (orange line).

Figure 5.5 shows the simulated maximum amplitude of the transverse wake-

fields behind the e− bunch, along the plasma for Qe = 150 pC (blue line) and

350 pC (orange line). When increasing the charge of the e− bunch (while keeping

the other parameters of the bunch constant), the transverse wakefields behind the

bunch reach larger amplitude in the first meters of propagation. Indeed, the initial
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charge density of the bunch determines the amplitude reached by the wakefields

in the plasma.

In conclusion, simulation results show that the lowest-energy particles are the

ones that experience the highest decelerating wakefields during the first ∼ 2meters

of propagation in plasma. Then, due to dephasing, the bunch becomes longer and

the amplitude of the wakefields behind the bunch decreases. The slowest particles

slip backwards into the accelerating and then defocusing phase of the wakefields

and are defocused out of the wakefields and of the plasma. If the divergence

angles are small enough, these particles pass through the exit aperture and can

be detected on the spectrometer screen, as discussed in Section 3.2.1. These are

the electrons that carry the most important information on the amplitude of the

wakefields in the first meters of propagation, where we expect the seeding of the

self-modulation of the p+ bunch to occur. In particular, their energy is a probe

of the amplitude of the seed transverse wakefields.
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Chapter 6

Experimental results

In this Chapter, I present the main experimental results of this work. I discuss

the measurements on the deceleration of the e− bunch in plasma (Section 6.1) and

on the effect of the adiabatic response of the plasma on the p+ bunch (Section 6.2).

I demonstrate that the e− bunch seeds the self-modulation of a long, relativistic

p+ bunch in plasma (Section 6.3). I also show that, when seeding with an e−

bunch, it is possible to control the growth of SM. When varying the charge of the

seed e− bunch, the amplitude of the seed wakefields varies (Section 6.4), while

leaving the growth rate of SM unchanged. Analogously, when varying the charge

of the p+ bunch, the growth rate varies (Section 6.5). I show that the hosing

instability of the p+ bunch can be seeded by purposely misaligning the trajectory

of the seed e− beam trajectory with respect to that of the p+ beam (Section

6.6). Finally, I present three-dimensional imaging of the self-modulated p+ bunch

(Section 6.7).

6.1 Electron deceleration in plasma

I measure the maximum energy lost by the e− bunch in plasma using the

magnetic spectrometer. The goal of the measurement is to estimate, with the

help of numerical simulations, whether the amplitude of the wakefields driven by

the e− bunch in the first meters of propagation in plasma is sufficient to seed the
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self-modulation of the long p+ bunch.

Figure 6.1 shows a single-event image of the the e− bunch on the spectrometer

screen after propagation in vacuum (a) and propagation in plasma (b). The

initial bunch charge measured in the transfer line is Qe = (161 ± 20) pC and

the transverse size is measured at the waist σr = (0.20 ± 0.04)mm during the

setup. The blue projection line below each image shows the corresponding energy

spectrum. In the case without plasma, the energy spectrum is centered around

the initial energy Ein = 18.3MeV. In the case with plasma, the spectrum extends

to lower energies because the e− bunch loses energy, driving wakefields along the

plasma. The maximum energy loss is ∆E = Ein − Emin = 6.8MeV, where Emin

is the minimum energy reached by the spectrum in the case with plasma. This

is calculated as the energy where the distribution reaches 10% of its maximum

value (orange point in (b), see Section 3.2.1).

a)

b)

Figure 6.1: Single-event spectrometer image of the Qe = 161 pC e− bunch after prop-

agation in vacuum (a) and in plasma (b). The blue line below each image shows the

corresponding energy spectrum obtained as a sum of the counts in the energy plane. The

white lines on each image show the projection on the vertical plane.

In case of propagation without plasma (a), the transverse distribution (white

line) at the screen is a shadow of the exit aperture of the vapor source, since the

transverse size of the beam is larger than the aperture and the beam diverges
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from the entrance of the vapor source. In case of propagation in plasma (b),

the electrons that reach the spectrometer travel for some distance in plasma (see

Chapter 5) and therefore may leave the vapor source with a divergence angle larger

than in the case with no plasma. As a consequence, the transverse distribution

at the screen is larger than in the case without plasma.

a)

b)

Figure 6.2: Single-event spectrometer image of the Qe = 461 pC e− bunch after prop-

agation in vacuum (a) and in plasma (b). The blue line below each image shows the

corresponding energy spectrum obtained as a sum of the counts in the energy plane. The

white lines on each image show the projection on the vertical plane.

When increasing the charge to Qe = (461 ± 22) pC (σr = (0.30 ± 0.05)mm)

as in Figure 6.2, the energy spectrum reaches lower values after propagation in

plasma (b). The value of the maximum energy loss increases to ∆E = 11.3MeV.

As discussed in Chapter 5, numerical simulations show that the energy loss mostly

occurs in the first ∼ 2m of propagation, where it drives the wakefields with largest

amplitude. Moreover, a larger initial charge density of the bunch leads to larger

amplitude of the wakefields in the first meters of propagation in plasma and to a

larger amount of energy lost by the electrons. Thus, larger energy loss corresponds

to larger amplitude of the wakefields in the first meters of propagation.

Simulations also show that the electrons that slip backwards due to energy

loss may gain energy when entering the accelerating phase of the wakefields. The
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complex evolution of the energy spectrum along the bunch and along the plasma

is the likely cause for the multi-peaked distribution of Figure 6.2(b).

Theoretical and simulation studies show that the transverse size σr of the e−

bunch becomes smaller as soon as it enters the plasma, because of its mismatch

with the plasma focusing force. The transverse size reaches an equilibrium at

∼ 0.5σr [97]. Varying σr, we therefore vary the size and ultimately the charge

density at the equilibrium. In the experiment, we can tune the optics of the

transfer line so as to increase σr, while keeping Qe and the other parameters

of the bunch constant. Figure 6.3(a) shows a waterfall plot of 305 events of

the e− bunch with Qe = 161 pC while varying σr. The maximum energy loss

is ∆E = (6.8± 0.2)MeV when σr = 0.2mm (from event 213 to 305, blue pro-

jection line). The uncertainty is calculated as the standard deviation of ∆E

in the dataset. The maximum energy loss becomes smaller when σr = 0.3mm

(∆E = (6.3 ± 0.4)MeV, from event 110 to 212, orange projection line), and de-

creases even more when σr = 1.3mm (∆E = (2.5 ± 0.3)MeV, from event 1 to

109, green projection line).

Figure 6.3(b) shows the same measurement with Qe = 461 pC.

∆E = (11.4± 0.2)MeV when σr = 0.3mm (from event 108 to 228, blue pro-

jection line) and ∆E = (7.7± 0.3)MeV when σr = 1.3mm (from event 1 to 107,

orange projection line). The same trend as in the previous case is visible, while

the energy loss is overall larger, as the bunch charge is higher.

a) b)

Figure 6.3: Waterfall plots of spectrometer images of the Qe = 161 pC (a) and

Qe = 461 pC (b) e− bunch. a) From event 1 to 107, σr = 1.3mm (green energy pro-

jection), from event 108 to 228, σr = 0.3mm (orange energy projection), from event 213

to 305, σr = 0.2mm (blue energy projection).b) From event 1 to 105, σr = 0.1.3mm

(orange energy projection), from event 108 to 185, σr = 0.3mm (blue energy projection).
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To summarize, the maximum energy loss decreases when increasing σr because

the amplitude of the wakefields driven by the bunch decreases. Moreover, the

entire distribution becomes skewed towards higher energies. When increasing the

bunch charge, keeping σr constant, the maximum energy loss increases.

Since the e− bunch duration σt ∼ 6 ps is close to the plasma electron period

Tpe = 7.9 ps, a part of the bunch is in the accelerating phase of the wakefields

(see Figure 5.4). Therefore, some electrons are accelerated and may reach the end

of the plasma with energy higher than the initial one (see for example the first

150 events in Figure 6.3(b)). The energy spectra show more overall accelerated

electrons when σr is larger, because the effect of the energy loss is smaller.

In the following Sections, I will discuss the measurements on the e− bunch

seeding of SM in plasma. In that experiment, npe = 0.97 · 1014 cm−3. To better

understand the results, I measured the energy loss of the e− bunches with the

same parameters as those used to study the seeding of SM (see Table 3.2). As the

electron spectrometer is located downstream of the OTR foil, the measurements

on the p+ bunch and on the e− bunch are not simultaneous (the laser beam dump

and the OTR screen block the e− bunch).

Figure 6.4 shows the energy spectrum of the e− bunch with Qe = 147 pC (blue

line), 249 pC (orange line), 777 pC (green line), after propagation in plasma. The

red dashed line indicates the initial energy Ein. Also in this case, the energy spec-

trum reaches lower values when increasing the charge of the e− bunch. In fact,

the measured values of the energy loss are ∆E = (5.6 ± 0.6), (8.9 ± 0.1), (11.8 ±
0.3)MeV, respectively. When increasing Qe, all the other parameters of the e−

bunch increase as well. However, also the initial bunch density increases. Numer-

ical simulations show that this results in a larger amplitude of the wakefields in

the first meters of propagation.

For the e− bunch to seed effectively SM of the p+ bunch in plasma, the

transverse wakefields behind the e− bunch must have amplitude larger than the

seeding threshold. Previous experiments (with the ionization-front seeding) mea-

sured the seeding threshold to be in the range between (2.8 − 4.0)MV/m [52],

for npe = 0.94 · 1014 cm−3 and p+ bunch charge Qp = 48nC. In the following,

I attempt to estimate the amplitude of the transverse wakefields behind the e−
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bunch at r = 200 µm (p+ bunch radius).

Figure 6.4: Energy spectrum obtained from the energy projection of averaged spectrom-

eter images of the Qe = 147 pC (blue line), 249 pC (orange line), 777 pC (green line) e−

bunch after propagation in plasma. The vertical axis is converted into charge for every

energy bin. The band around each spectrum indicates the uncertainty calculated as the

standard deviation of each dataset. The red dashed line indicates the initial energy Ein.

The maximum amplitude of the decelerating wakefields within the bunch

(causing the energy loss) and the maximum amplitude of the accelerating wake-

fields behind the bunch are related by the transformer ratio T :

T =
|Ez|max,behind

|Ez|max,within
. (6.1)

For a single Gaussian bunch in the linear regime of PWFA, the maximum value

of the transformer ratio is T = 2 [100].

The energy loss is the result of the propagation along the 10m of plasma,

and it depends on the longitudinal wakefields Ez as ∆E = q
∫︁ 10m
0 Ez(z) dz. If

I consider the electrons to lose energy uniformly along the entire distance, for

the smallest e− bunch charge (Qe = 147 pC, ∆E = 5.6MeV) Ez = 0.56MV/m.

In this case, for T = 2, the associated transverse wakefields behind the bunch

W⊥(r = 200 µm) = Ez(r = 0)dR(r=200µm)/dr
kpeR(r=0) ∼ 1.6MV/m (Equation 2.7, where

R is the geometrical factor calculated as in [17]). The amplitude of the transverse
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wakefields would be smaller than the seeding threshold and the e− bunch may

not seed the SM of the p+ bunch. Considering the deceleration to mainly occur

in the first 2m (as suggested by the simulation results), Ez ∼ 3MV/m, and the

associated W⊥ is larger than the seeding threshold even in the case of T < 2 (e.g.,

for T = 1, W⊥ ∼ 8MV/m). For the larger values of Qe, the energy loss and

therefore the amplitude of the wakefields is larger, always exceeding the seeding

threshold.

In Section 6.3 I will show that the e− bunch seeds SM of the p+ bunch and that,

therefore, it drives wakefields with amplitude exceeding the seeding threshold, at

least over the first meters of propagation in plasma. Moreover, in Section 6.4 I

will discuss the effect of the variation of the seed e− bunch charge on the SM

growth, demonstrating that larger energy loss corresponds to larger growth of SM

due to larger seed wakefields amplitude.

6.2 Adiabatic focusing of the proton bunch in plasma

When a charged bunch travels in plasma, the free plasma electrons migrate so

as to neutralize the space-charge field of the bunch [16], and the bunch is therefore

focused by the azimuthal magnetic field generated by its own current, that is not

balanced by the radial electric field [101, 102, 103]. When this effect occurs over

successive equilibrium states, it does not set an oscillation of the plasma electrons

and it is known as the adiabatic response of the plasma. When the duration

of the bunch σt is much longer than the plasma electron period Tpe, the bunch

also undergoes the self-modulation instability [50, 51]. Thus, the amplitude of

the wakefields grows along the bunch and along the plasma, and the effect of the

self-modulation can become dominant over the adiabatic focusing effect.

In order to study the plasma adiabatic focusing, we minimize the effect of SM

by lowering the plasma electron density with respect to the value normally used

in the experiment (O(1014 cm−3)). As the plasma radius is approximately five

times larger than the initial transverse radius of the bunch, the plasma electron

density npe must be > np/25 ∼ 8 · 1010 cm−3 for the plasma to supply enough

electrons to effectively cancel the space-charge field of the bunch. For this value of
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npe, Tpe = 394 ps, that is longer than the p+ bunch duration σt. Thus, SMI does

not occur. In the experiment, we obtain a low density by generating the plasma

without opening the valves connecting the vapor source to the reservoirs where

the rubidium is contained. The laser pulse ionizes the residual vapor in the source

creating plasma with npe smaller than the one used in the normal operation. The

value of the residual Rb vapor density is unknown because the density diagnostics

cannot measure nvap < 0.5 · 1014 cm−3.

Figure 6.5: 1.1 ns-scale, averaged, time-resolved image of the p+ bunch with Qp = 14.7 nC

after propagation in plasma with residual density. The white continuous lines show the

transverse contours of the distribution along the bunch. The white dashes lines are the

transverse contours for the bunch with equal Qp in case of no plasma.

Figure 6.5 shows a 1.1 ns-scale averaged time-resolved image of the the p+

bunch after traveling in plasma with residual density. The white continuous lines

show the transverse contours of the distribution, calculated as discussed in Sec-

tion 3.2.3. The white dashed lines show the transverse contours of the correspond-

ing case without plasma, representing that of the incoming bunch. Indeed, the

transverse extent is smaller than the one of the incoming bunch because of the

plasma adiabatic focusing effect. Since SM is not visible, Tpe ≳ σt = (261±23) ps,

that corresponds to npe ≲ 1.83 · 1011 cm−3.

Moreover, there is no visible oscillation of the contours along the bunch. This

suggests that the entire bunch keeps converging for the entire propagation in

plasma. Therefore, the period of oscillation of the transverse size (betatron os-

cillation) must be longer than four times the plasma length. Indeed, one can

calculate the wavelength of the betatron oscillation λβ(t) as:

λβ(t) = 2π/Kβ(t), (6.2)
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where Kβ(t) =
√︂

np(t)q2(1−e−1/2)
γmpc2ε0

is the strength of the self-focusing force along the

bunch, resulting from the magnetic fields of the bunch evaluated at r = σr.

Figure 6.6: Wavelength λβ of the betatron oscillation due to the self-focusing force (blue

line, left hand-side vertical axis) and longitudinal charge density distribution (red dashed

line, right hand-side vertical axis) along the p+ bunch with Qp = 14.7 nC, corresponding

to np = 6.9 · 1012 cm−3. The value of λβ is calculated analytically with parameters equal

to the experimental ones.

When λβ/4 > L (L = 10m is the length of the plasma), the beam envelope

stays in a converging phase for the entire propagation distance. Figure 6.6 shows

that λβ/4 > L along most of the bunch. For |t| < 0.07 ns, λβ < 40m, so one may

expect the beam transverse size to oscillate and therefore to increase around the

center of the bunch, even though this is not visible in Figure 6.5.

Figure 6.7 shows the transverse extent w along the p+ bunch, for different

values of Qp, with residual plasma density. Since the initial transverse size of

the bunch varies when varying Qp (see Table 3.1), I normalize w with respect to

the transverse extent woff , measured in the cases without plasma. The bunch is

focused stronger for larger Qp (i.e., larger np, see Table 3.1) because the ampli-

tude of the magnetic field generated by the bunch increases. For all cases with

Qp ⩾ 22.4 nC, the envelope reaches a minimum value around ±1.5σt (i.e., ahead

and behind the center of the bunch) and it slightly increases at the bunch center.

This suggests that λβ/4 > L at the bunch center, and therefore this part of the
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bunch is over-focused, towards the end of the plasma (see Equation 6.2).

In Sections 6.4 and 6.5 I will show that the adiabatic focusing effect is present

also when npe is larger and the p+ bunch self-modulates. I will show that the

transverse extent at the front of the bunch (where the growth of the SM is small),

always follows the same evolution for equal Qp, and that, when seeding SM with a

preceding e− bunch, the transition between the effect of the adiabatic response and

that of the self-modulation depends on the amplitude of the seed wakefields. The

adiabatic focusing is a process substantially different from the wakefields because

the self-focusing force acting on each longitudinal slice of the bunch depends on

the local value of np(t) and not on the convoluted effect of the preceding part of

the bunch.

Figure 6.7: Transverse extent w along the bunch normalized with respect to the value of

the case without plasma woff , for different values of Qp. The horizontal axis is in units

of the bunch duration σt. Bunch center at t = 0.

6.3 Timing reproducibility of the self-modulation

seeded by the electron bunch

The self-modulation instability (SMI) is a self-consistent process, where the

wakefields driven in plasma by a long, narrow, relativistic, charged particle bunch

act back on the bunch itself, modulating its transverse distribution along the
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bunch. The modulated distribution drives enhanced wakefields, initiating a feed-

back loop that converts the bunch into a train of microbunches. Hence, the timing

of the microbunch train along the bunch is tied to that of the transverse wakefields:

the microbunches develop in their focusing phase. When a long (σt ∼ 240 ps) p+

bunch enters a pre-ionized plasma, it undergoes the self-modulation instability.

When not seeded, SMI develops from the noise [72] or from the imperfections [52]

in the p+ bunch charge distribution. Thus, it is not reproducible neither in am-

plitude nor in timing from event to event [52]. When a seed wakefield is applied,

SM grows from the initial modulation of the radius along the bunch caused by

the seed wakefields: the timing and initial amplitude of SM is defined by the seed

wakefields.

In the experiment described here, the relativistic ionization front (RIF) is

located tp ∼ 2.5σt ahead of the center of the p+ bunch. At this location, the

charge density of the p+ bunch is too small to drive wakefields with amplitude

large enough to seed SM [52]. Thus, RIF ionizes the vapor but the onset of the

beam-plasma interaction does not seed SM. We seed SM using a preceding e−

bunch with Qe = 249 pC, traveling tseed = 580 ps ahead of the center of the p+

bunch.

As discussed in Section 3.2.2, we use 73 ps-scale time-resolved images, aligned

in time using the timing reference signal [90], to determine the timing repro-

ducibility of SM. Figure 6.8(a) shows eight consecutive single-event images of the

p+ bunch in plasma between 294 and 347 ps ahead of the center of the bunch, when

no seed wakefield is applied (i.e., the e− bunch is not present). Each microbunch

occurs at a different time t along the bunch on each image, indicating that the

timing of SM is not reproducible: the self-modulation occurs as an instability

(SMI).

When the e− bunch is present (Figure 6.8(b), all other parameters are kept

constant) each microbunch appears at the same t along the bunch on each image:

SM is reproducible because the instability is seeded by the wakefields driven by

the e− bunch. For example, the first microbunch always appears at t ∼ −343 ps

and the third at t ∼ −321 ps.

In the SMI case, the full modulation occurs at different times along the bunch,
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a) b)

Figure 6.8: Waterfall plots of 73 ps-scale, single-event, time-resolved images of p+ bunch

with Qp = 40.8 nC in plasma with no seed e− bunch (a) and with the seed e− bunch

(Qe = 249 pC, b). Each event shows a limited portion of the image between y = ±0.5mm

around the propagation axis. Identical color scale. The p+ bunch travels from left to

right with center at t = 0ps.

suggesting that also the amplitude of the wakefields varies from event to event (see

for example events #3 and #4 in Figure 6.8(a)), whereas in the seeded case the

bunch modulation is already fully developed for all events. This indicates that,

at the same location along the bunch, the wakefields reach larger amplitudes in

the seeded case than in SMI, and therefore form the microbunches earlier along

the bunch. This is due to the fact that the wakefields grow from the seed level

(∼MV/m) when seeding occurs and from the uncontrolled and lower-amplitude

initial wakefields driven by the p+ bunch otherwise.

The average of many periodic signals with the same frequency and timing

shows the same characteristics of the original signals. Similarly, the average of

the single-event images from Figure 6.8(b) is representative of the dataset, as

shown in Figure 6.9(b), because the distribution is reproducible from event to

event. Instead, no consistent pattern is visible when the individual signals have

different timing with respect to each other as in Figure 6.9(a), that is the average

of the events from Figure 6.8(a). Also the defocused protons are clearly visible in

Figure 6.8(b). The distance from the propagation axis that they reach transversely

increases along the bunch because the amplitude of the wakefields grows.
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a) b)

Figure 6.9: Averaged, 73 ps-scale, time-resolved images from Figure 6.8: a) no seed bunch,

b) with seed bunch (Qe = 249 pC). Below each image: on-axis profile (blue line), calcu-

lated as the sum of the counts in the transverse direction between y = ±0.2mm. In (b):

on-axis profile of a single image and the cosine function with frequency fmod = 85.13GHz

and phase φ = −1.83 calculated from the DFT on the profile (green line).

Below each image, I plot the corresponding on-axis profile (blue line). In the

SMI case (a) the profile shows no modulation, while in the seeded case (b) the

profile shows full modulation with enhanced signal-to-noise ratio with respect to

the one of a single-event image (orange line).

The time resolution of a streak camera is the highest when the signal is scat-

tered as in the images in Figure 6.8. In fact, when the intensity of the light is

too high, the space-charge effects inside of the streak tube cause the signal to

broaden, limiting the time resolution. As a consequence, though, the profiles are

noisy and it is difficult to determine the timing of each microbunch. Therefore, I

determine the timing of the microbunch train using a discrete Fourier transform

(DFT) method (as described in the Supplemental Material of [52]).

I calculate the power spectrum obtained from the DFT on the on-axis profile

of the time-resolved images (calculated by summing the counts in the transverse

direction between y = ±0.2mm). The power spectrum of a 73 ps-scale time-

resolved image has a bin size ∆f = 1
73 ps = 13.7GHz. To increase the frequency

resolution, I reduce the bin size by padding the time profile with an array of P×512

zero amplitudes, so ∆f = 13.7GHz/P . This is equivalent to including the effect
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of the finite time window of the streak camera on a longer signal. The frequency

of the modulation fmod is obtained as the peak of the spectrum in the frequency

range ±20GHz around the value expected from the measured Rb vapor density

(fpe = 88.3GHz for npe = 0.97 · 1014 cm−3). Figure 6.10(a) shows that the value

of fmod, obtained from the DFT on Figure 6.9(b), converges to 85.03GHz (red

dashed line) for P ≳ 50. For P = 50, ∆f = 0.27GHz, that is comparable with

the uncertainty on the Rb vapor density (0.5%) and on the corresponding plasma

frequency (∝ n
1/2
pe < 0.7%). Figure 6.10(b) shows the frequency power spectrum

with no zero padding (red dots) and with P = 50 (blue line). In the following,

P = 50 is always used. For the distribution in Figure 6.9(b), fmod = 85.13GHz,

that is smaller than the expected fpe by a factor larger than the uncertainty on

the plasma electron density. This discrepancy may be due to the growth of SM,

that causes a slowdown of the wakefields phase velocity with respect to the p+

bunch, and therefore a decrease in frequency of the modulation [55, 74].

I calculate the phase at fmod as φ = atan2(Im(F̃ (fmod)),Re(F̃ (fmod)), where

F̃ (fmod) is the Fourier transform of the signal, evaluated at fmod. This is

then converted into time along the observation window as t = Tpe
φ
2π , where

Tpe = f−1
pe = 11.15 ps is the plasma electron period. According to Fourier the-

orem, the original signal in the time domain g(t) can be described by the sum of

sinusoidal functions that in the exponential formulation yields:

g(t) =
N−1∑︂

n=0

cne
i 2πnt

T , (6.3)

where cn is the Fourier coefficient, N is the number of bins and T is the period of

the signal. Since the wakefields are sinusoidal with one main frequency component

equal to fpe [17], I plot in Figure 6.9(b) (green line) the cosine function (the real

part of Equation 6.3) with the largest coefficient cn, i.e. with frequency equal

to fmod and with the corresponding φ. Indeed, the microbunches are contained

within half period of the cosine function, that we infer corresponds to the focusing

phase of the wakefields.

In order to calculate the timing variation between different events, I perform

the DFT on the on-axis distribution of the single-event images. Choosing fmod

as the peak of the power spectrum of each image, I obtain an rms variation of
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1.14GHz. This is much larger than the one expected from the variation of the

Rb vapor density (0.2%) and it is in contradiction with the observation of timing

reproduciblity in Figure 6.8(b). In fact, a random variation of the frequency of

±1.14GHz at the seed bunch location would correspond to a timing variation

∆t = 26.1 ps at the measurement window (∼ 330 ps ∼ 10Tpe behind the seed

bunch), that is much larger than what is observed. This large variation of the

measured modulation frequency is due to the small number of microbunches in

the measurement window and to the large amount of noise in the single-event

images. Thus, for the timing reproduciblity analysis I calculate for all events

the phase value corresponding to the same frequency bin. I choose the latter as

the one corresponding to the peak of the power spectrum fmod calculated on the

averaged image of all events.

a) b)

Figure 6.10: a) Peak frequency calculated with the DFT analysis on Figure 6.9b as a

function of the number of zero padding arrays P (blue line). The red line indicates the

frequency value to which fmod converges. b) Frequency spectrum obtained from the DFT

analysis on Figure 6.9b for P = 1 (red points) and P = 50 (blue line).

When the e− bunch is not present (Figure 6.8(a)), the variation of timing

over a plasma period is rms(t)
Tpe

= 0.23. This values is close to the rms of a random

distribution varying over its entire range (1/
√
12 = 0.29). Thus, the measurement

of the timing of the modulation is in agreement with random variation over Tpe

from event to event: the self-modulation occurs as an instability (SMI). The

discrepancy between the expected value of rms(t)
Tpe

for a random distribution and

the measured one may be due to the small number of events.
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When the e− bunch is present (Figure 6.8(b)), rms(t)
Tpe

= 0.06. The much lower

value of the timing variation than in SMI demonstrates that the e− bunch seeds

SM. Figure 6.11 shows that the value of the timing variation remains essentially

constant for different choices of fmod around the one chosen above. Hence, the

choice of the frequency bin for all events does not affect the result of the timing

reproducibility analysis, as long as it is close to the frequency determined on the

averaged image.

Figure 6.11: Variation of the timing over Tpe (rms) as a function of the frequency bin of

the DFT for which the phase is calculated.

Uncertainties of the measurement

The timing variation of the microbunch train in time-resolved images may be

caused by many sources of uncertainty, both due to the physics of the process

and due to the diagnostics and the analysis of the images. The variation due to

the physics of the process could be caused by jitters in the time of arrival of the

bunches with respect to the RIF.

The p+ bunch is synchronized with the RIF (and with the timing reference

signal) with rms variation of 15 ps≪ σt. The charge density variation at any

time along the bunch is therefore 0.2%. Thus, the jitter of the time of arrival

of the p+ bunch cannot cause the seeding before the e− bunch seeding occurs

(tseed = 580 ps, i.e. the e− bunch travels 40 ps behind RIF) and it is negligible for

the growth of the process.
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The relative timing jitter between the timing reference signal, that is used to

align the images in time, and RIF was measured to be 143 fs (rms) [90]. Since

this value is convoluted with, and smaller than the uncertainty in determining the

timing of the signal of 157 fs [90], we consider the effect of this jitter negligible.

Figure 6.12: Time-resolved, 73 ps-scale, single-event image of the low-power ionizing laser

pulse (at t = 0ps) and the e− bunch (centered at t = 35ps). Below the image, corre-

sponding projection along the time axis (blue line). The dashed line shows the Gaussian

fit used to calculate the duration of the bunches and the center of their longitudinal

distribution.

The jitter of the time of arrival of the seed e− bunch was previously measured

rms(∆tseed) = 0.7 ps∼ 0.06Tpe [74]. A variation of the timing of the seed bunch

is crucial for the seeding process and for the timing reproducibility measurement

because it induces a variation of the wakefields timing. The jitter of the time of

arrival is measured calculating the variation of the delay between the ionizing laser

pulse and the e− bunch on time-resolved images using the OTR-streak camera

system upstream of the vapor source 1. Figure 6.12 shows a single-event time-

resolved image of the low-power ionizing laser pulse (at t = 0ps) and of the e−

bunch (at t ∼ 35 ps). The corresponding longitudinal projection (blue line) and

the Gaussian fits (red dashed line) are shown below each image. I calculate the

1For this measurement, the streak camera was positioned next to the beamline and therefore

the light collection is sufficient to perform the analysis on single-event images.
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delay between the two bunches as the difference in time between the center of

the two Gaussian functions. This measurement is affected by the uncertainty on

the determination of the center of each bunch on single-event images. I calculate

this contribution using the covariance matrix of each fit. The uncertainty on

the centroid of the laser pulse is 0.02 ps and on that of the e− bunch is 0.2 ps.

The centroid determination is therefore a source of uncertainty, accounting for a

fraction of the measured timing jitter, and it is due to the small amount of signal

on single-event images.

The measured timing variation of SM with the e− bunch seeding is in agree-

ment with the one obtained with the ionization-front seeding [52]. In that case,

the main source of uncertainty is given by the diagnostics and by the timing and

frequency determination, as the timing jitter of the timing reference signal and

of the p+ bunch have negligible effects. Since I measure here a similar timing

variation, I conclude that the jitter of the time of arrival of the e− bunch does

not introduce an additional source of uncertainty.

Variation of proton and electron bunch charges

The amplitude of the wakefields driven by a particle bunch increases as a

function of the drive bunch density nb (Equation 2.4 and 2.5). Since SMI develops

starting from the wakefields initially driven by the p+ bunch distribution, we

expect the amplitude of these wakefields to increase when increasing the p+ bunch

charge density np. The seed wakefields amplitude has to be larger than the one

of the initial wakefields to effectively seed SM [52]. As discussed in Section 6.5,

in the experiment we increase np by increasing Qp (see Figure 3.13).

Even though the amplitude of the initial wakefields driven by the p+ bunch

increases, Figure 6.13(a) shows that the Qe = 249 pC e− bunch seeds SM for p+

bunch charges up to Qp = 46.9 nC (the maximum value available), correspond-

ing to np = 8.9 · 1012 cm−3. In fact, the rms timing variation of SM remains

smaller than 0.085 for all values of Qp, when Qe = 249 pC (blue dots), and it

is always larger than 0.21 when Qe = 0 (red dots). In previous experiments

using the ionization-seeding [52], the seeding threshold was measured between

(2.8 − 4.0)MV/m for Qp = 48nC and npe = 0.94 · 1014 cm−3. The e− bunch
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seeding of SM with similar parameters of the plasma and of the p+ bunch demon-

strates that the e− bunch drives transverse wakefields over the first meters of

propagation in plasma with amplitude exceeding the seeding threshold.

The amplitude of the wakefields is also dependent on the plasma electron

density (∝ n
1/2
pe ). We therefore expect the amplitude of the initial wakefields

driven by the p+ bunch to increase as a function of npe. We will study in further

experiments the effect of larger npe on the seeding threshold.

a) b)

Figure 6.13: a) Variation of the modulation timing t over Tpe (rms) as a function of Qp,

when no seed is applied (Qe = 0 red dots), and when the Qe = 249 pC e− bunch seed is

present (blue dots). b) Variation of the modulation timing t over Tpe (rms) (blue squares,

left hand-side vertical axis) for Qp = 14.7 nC and energy loss measured on the electron

spectrometer (red triangles, right hand-side axis) as a function of Qe.

As discussed in Section 6.1, an e− bunch with larger initial charge density

experiences larger energy loss, indicating larger amplitude of the wakefields (see

Chapter 5). The blue squares in Figure 6.13(b) show that SM is reproducible for

all values of Qe > 0 (minimum value is Qe = 147 pC), while it is not reproducible

when the e− bunch is not present (i.e., Qe = 0pC). For each bunch, we measure

the energy loss ∆E with the electron spectrometer (right hand-side vertical axis,

red triangles in Figure 6.13(b)). As already discussed in Section 6.1, ∆E increases

as a function of Qe, indicating larger amplitude of the seed wakefields. This

measurement validates the estimate of the seed wakefields amplitude discussed in

Section 6.1.
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Frequency shift of the self-modulation

a) b)

c) d)

e)

Figure 6.14: Averaged, 73 ps-scale, time-resolved images of the p+ bunch with Qp =

22.4 pc (a), 28.8 nC (b),40.8 nC (c), 46.9 nC (d). SM seeded by the e− bunch with Qe =

249 pC. The timing reference signal is visible on each image at t = 0ps. The white lines

show the cosine functions with frequency and phase calculated from the DFT on on-axis

profile of each image. e) Distance in time between the timing reference signal and the

first following microbunch (blue dots, left hand-side vertical axis) and frequency of the

modulation fmod (red triangles, right hand-side vertical axis) as a function of Qp.

The plasma wakefields and the charge distribution of the p+ bunch are coupled

through SM. Therefore the wakefields-bunch system acts as an amplifier of the
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wakefields. Previous experiments and simulation results showed that the ampli-

tude of the wakefields grows during SM [51, 91], reaching a saturation value [59].

The growth induces a shift in the frequency of the wakefields and of the charge

modulation of the bunch that is larger for larger growth rate (i.e., larger amplifi-

cation) [55], depending on the drive bunch charge density. In Figure 6.14 I show

73 ps-scale, averaged, time-resolved images of the microbunch train for different

values of Qp (i.e., np). SM is seeded by the e− bunch with Qe = 249 pC. The

parameters of the plasma and of the seed e− bunch are kept constant. On each

image, the timing reference signal is visible at t = 0ps. I indicate with the white

lines the cosine functions with frequency and phase obtained from the DFT anal-

ysis on each image. As summarized in Figure 6.14(e), the time interval between

the timing reference signal and the first following microbunch (left hand-side ver-

tical axis, blue dots) increases as a function of Qp, showing that the timing of the

microbunch train is delayed due to the larger growth of the wakefields. Since SM

is seeded, it starts from a fixed moment in time that is given by the e− bunch

timing. A variation of the phase is thus linked to a variation in frequency. In fact,

the modulation frequency (right hand-side vertical axis, red triangles), decreases

as a function of Qp.

Timing control of the self-modulation

As discussed above, the timing of the SM is determined by the timing of

the seed. Therefore, we expect that, when the time of arrival of the seed e−

bunch with respect to the p+ bunch is delayed (or advanced) by ∆tseed, the

timing of the distribution of the microbunch train shifts by the same amount

(Qp = const). Figure 6.15 shows 210 ps-scale, averaged, time-resolved images of

the p+ bunch without (a) and with plasma and seed e− bunch ((b), (c)). For (c),

the e− bunch is delayed by ∆tseed = 6.7 ps with respect to the case of (b). Both

(b) and (c) clearly show full charge density modulation of the microbunch train

charge distribution, because SM is reproducible and seeded by the e− bunch.

I perform the DFT analysis on the on-axis profiles (Figure 6.15(d), blue line:

profile of (b), orange line: profile of (c)) and I measure the timing difference

∆t = Tpe
∆φ
2π = (7.2 ± 1.0) ps. The error is calculated by propagating the rms



88

timing variation of the two datasets obtained from the DFT analysis on the single-

event images. This confirms that the timing of the wakefields is tied to the timing

of the seed (∆t ∼ ∆tseed), and that it is possible to control the timing of the p+

driven wakefields by tuning the delay between the seed e− and p+ bunches.

a)

b)

c)

d)

Figure 6.15: Averaged, 210 ps-scale, time-resolved images of the p+ bunch with

Qp = 14.7 nC in case of: a) no plasma, b) plasma and Qe = 249 pC e− bunch, with

tseed = 6ps, c) tseed = 12.7 ps. d) On-axis profiles of (a): green dashed line, (b) and (c):

blue and red line, respectively. The profiles are obtained by summing the counts in the

transverse direction between y = ±0.1mm. The center of the p+ bunch is at t = 0ps.

Comparing the images without (Figure 6.15(a)) and with (Figure 6.15(b) and

(c)) plasma, one can see that SM develops from the (visible) front of the bunch

(the images are taken between 0.95 and 1.82σt ahead of the center of the p+

bunch), as expected from the fact that the seed wakefields act on the entire p+

bunch. I also note that the charge density at the bunch front (t < −350 ps) is

higher in the cases with plasma than in the cases without. This is both due to

the formation of the microbunches and to the global focusing effect discussed in

Section 6.2.

The microbunches are formed along the propagation axis of the p+ bunch,

whose trajectory is aligned with that of the ionizing laser pulse. Thus, the mi-
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Figure 6.16: Transverse profile of the 3rd (blue line) and of the 15th microbunch (orange

line) from Figure 6.15(c).

crobunches travel in plasma for the entire propagation distance. They drive the

wakefields and are influenced by their amplitude, since SM is a self-consistent

process. Their parameters are the result of the effect of the transverse wakefields

integrated over the plasma length. The analysis of the defocused regions along

the bunch (see Sections 6.4 and 6.5) shows that, as expected from previous ex-

perimental results [51, 74], the amplitude of the wakefields grow along the bunch.

Therefore, one may expect the effect of the transverse wakefields to produce a

smaller size of the microbunches along the bunch at the plasma exit, possibly also

with larger emittance due to the nonlinear nature of the transverse wakefields.

The smaller transverse size and larger emittance of the successive microbunches

at the plasma exit are the likely causes for the increase in transverse size at the

screen of the microbunches along the bunch (as observed in Figure 6.15(b) and

(c)), since the OTR screen is positioned 3.5m downstream of the plasma exit. For

example, as visible in Figure 6.16, the transverse profile of the 15th microbunch

(orange line, t = −260 ps in Figure 6.15(c)) is broader than that of the 3rd mi-

crobunch (blue line, t = −394 ps in Figure 6.15(c)).

The increase of the transverse width of the successive microbunches at the

OTR screen is also the reason for the decreasing in charge density along the

microbunch train. In fact, the slit of the streak camera collects less light per

unit transverse size for a larger than for a narrower bunch. This also explains the

smaller amount of signal in the seeded SM case than in the SMI case in Figure 6.8.
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At the same location along the bunch, the seeded SM is already fully developed

and the microbunches experience wakefields with larger amplitude.

Transverse time-integrated imaging

a) b)

Figure 6.17: Time-integrated, transverse images of the self-modulated Qp = 14.7 nC p+

bunch acquired by the halo cameras. SM is seeded by the Qe = 249 pC e− bunch. a) IS 1,

b) IS 2.

From Figure 6.15(b) and (c), I note that the microbunch train develops sym-

metrically with respect to the propagation axis of the p+ bunch, showing no sign

of the hosing instability [104], as the seed wakefields are aligned on the p+ beam

trajectory. However, an oscillation in the plane perpendicular to that of the slit of

the streak camera would be not visible on the time-resolved images. Thus, we use

the Imaging Stations (IS, see Section 3.1) to study the time-integrated, transverse

distribution of the p+ bunch.

The images of the halo cameras (Figure 6.17(a): IS 1, (b): IS 2) show no obvi-

ous sign of hosing instability. In that case (see Section 6.6), the IS images would

not be round and would show a clear elongation along the axis where the insta-

bility occurs. Hence, in the results discussed in this Section the hosing instability

does not occur. As SM develops from the front of the bunch, the light visible

in the bunch core corresponds to the charge contained in the microbunch train.

Further studies on the seeded hosing are ongoing and will be briefly discussed in

Section 6.6.
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Summary

In conclusion, I have shown that an e− bunch can seed SM of a long p+ bunch

in plasma. I have demonstrated that the timing of SM is reproducible and that

it is controlled by the timing of the e− bunch. When increasing the charge of the

p+ bunch, the frequency of the modulation is shifted due to the slowdown of the

wakefields during the SM growth.

6.4 Seed wakefields amplitude

Theoretical and numerical simulation results [48, 55, 56, 105] show that, in the

linear regime, the amplitude of the transverse wakefields grows along the bunch

(t) and along the plasma (z) as:

W⊥(t, z) = W⊥0 exp (Γ(t, z)z) . (6.4)

When seeding with an e− bunch, the amplitude of the initial wakefields W⊥0

depends solely on the e− bunch parameters (see Equation 2.5), while the growth

rate Γ(t, z) depends solely on those of the p+ bunch (see Equation 2.12).

The protons that are defocused during the growth of the self-modulation are

probes of the wakefields at early times along the plasma, before saturation [51, 91]

because they reach a transverse position at the OTR screen that depends on

the transverse momentum they have acquired from the transverse wakefields (see

Equation 3.2). Thus, the transverse distribution of the bunch at the screen is

related to the amplitude of the wakefields experienced by the defocused protons,

even though this amplitude cannot be calculated directly because the position

along the plasma where the protons leave the wakefields is unknown (the length

of the plasma is much longer than the saturation length).

Using 1.1 ns-scale, time-resolved images of the p+ bunch as in Figure 6.18,

we measure the width of the transverse distribution along the bunch so as to

study the growth of the self-modulation. As discussed in Section 3.2.3, I define

the contours of the transverse distribution calculating for each time-column the

points where the transverse profile reaches 20% of its maximum. The transverse
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distance between the contour lines defines the transverse extent w along the bunch.

a)

b)

c)

d)

Figure 6.18: 1.1 ns-scale, time-resolved images of the p+ bunch with Qp = 14.7 nC in case

of: a) no plasma, b) plasma and no e− bunch, c) plasma and Qe = 249 pC seed e− bunch.

d) Longitudinal profiles calculated as the sum of the counts between y = ±0.2mm on

(a), (b) and (c): blue, orange and green lines, respectively. Bunch center at t = 0ps, the

bunch travels from left to right. Horizontal axis: time along the bunch normalized to the

incoming bunch duration σt.

In case of no plasma (Figure 6.18(a)), the transverse charge density distri-

bution is Gaussian (σy = 0.38mm), and represents the incoming bunch. The

transverse extent woff = 1.7mm is constant along the bunch (the white dotted

lines show the contours).

Figure 6.18(b) shows the result of the same analysis for the case with plasma

and without seed e− bunch, for which SMI occurs (see previous Section, Figure

6.8(a)). The transverse extent along the bunch (white continuous lines) first

becomes smaller than the initial one (t < −0.8σt) showing the effect of the global

focusing due to adiabatic response of the plasma. Later along the bunch, the effect

of defocusing due to SM dominates and w increases. The global focusing effect can

also be seen in Figure 6.18(d) where the on-axis profile for the SMI case (orange
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line) is above that of the case without plasma (blue line) for −1.5 < t < −0.7σt.

Figure 6.18(c) shows the case with plasma (npe and Qp are the same as in

(b)) and the seed e− bunch (Qe = 249 pC), for which seeded SM occurs (see

previous Section, Figure 6.8(b)). The same global focusing effect dominates at

the front of the bunch as in the SMI case (b), but the effect of defocusing starts

earlier: t ∼ −1.5σt rather than t ∼ −0.8σt (Fig. 6.18(b)). Since w depends on

the transverse momentum p⊥ acquired from W⊥, this indicates the the transverse

wakefields reach larger amplitudes earlier along the bunch in the seeded case than

in the SMI case. I also note that, comparing the time axis of Figure 6.18(c)

and Figure 6.15(b,c) (plotted with respect to the same time from the center of

the bunch), in the seeded case the microbunches are already present during the

global focusing, whereas in the SMI case the full modulation becomes visible only

later along the bunch, as already discussed on Figure 6.8(a). This is due to the

fact that the seed wakefields act on the entire bunch, with amplitude larger than

that of the wakefields initially driven by the p+ bunch. Thus, SM occurs earlier

along the bunch and along the plasma, when seeded.

I calculate the radial distance reached by the protons and the transverse extent

w along the bunch using averaged images to take advantage of the improved signal-

to-noise ratio of these images. Figure 6.19 shows that the value of w along the

bunch obtained from an averaged image (blue curve) is equivalent to the average

of w calculated on the single-event images (green points).

When the charge of the seed e− bunch Qe increases, the bunch loses more

energy in plasma (see Section 6.1). Along with the analysis on the simulation

results (Chapter 5), I concluded that larger energy loss corresponds to larger

amplitude of the wakefields driven over the first meters of propagation in plasma.

Since seeding occurs (see previous Section) the amplitude of the seed wakefields

exceeds the seeding threshold [52].

Figure 6.20(a) shows the transverse extent w along the p+ bunch after prop-

agation in plasma, for various values of Qe. The red points indicate the time

along the bunch when w reaches the value of the transverse extent in case of no

plasma (woff ), showing that the defocusing effect due to SM becomes dominant

earlier for larger Qe. This and the increase in w at all times when defocusing
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Figure 6.19: Transverse extent calculated on the charge density distribution of Figure

6.18(c) (blue line). The green points show the average of the transverse extent calculated

on the single-event images. The errorbars indicate the standard deviation. The horizontal

axis is in units of the bunch duration σt. The bunch center is at t = 0.

dominates are directly caused by the increase in W⊥0 with Qe, since all other

parameters are kept constant (in particular, Γ = const), and it is in agreement

with the observation of larger energy loss of the e− bunch. In fact, larger W⊥0

causes larger growth of W⊥ at all times along the bunch and along the plasma

(see Equation 6.4).

Figure 6.20(b) shows the value of w as a function of Qe, at t = −1.19σt (blue

points) and −0.84σt (red points), confirming that the value of w is consistently

larger for larger Qe, at a fixed t along the bunch. The vertical error bars indicate

the variation of w from single images and the horizontal error bars calculated

from variation of Qe.

In all cases, w initially follows the same evolution as in the case with residual

density (gray line in Figure 6.20(a)). This shows that the focusing effect due to

the plasma adiabatic response is independent of npe (as long as there are enough

plasma electrons to cancel out the space-charge field of the bunch) and that the

transition between global focusing and global defocusing (i.e., the time along the

bunch when w = woff ) depends on Qe, that defines W⊥0. The superimposition

of the two effects on the transverse extent of the bunch is schematically shown in
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a)

b)

Figure 6.20: a) Transverse extent w along p+ bunch with Qp = 14.8 nC in case of plasma

with residual density (gray line), plasma and Qe = (0, 147± 22, 249± 17, 777± 29 )pC

(orange, light blue, blue, dark blue lines). The red points show when w = woff . The

time axis is in units of the incoming bunch duration. b) Transverse extent w calculated

at t = −1.19σt (blue points) and −0.84σt (red points) from Fig.(a). The vertical error

bars indicate the variation of w on the single images. Horizontal error bars are calculated

from the variation on the geometrical properties of the p+ bunch σt and σx,y.

Figure 6.21. The blue dashed line shows the effect on w of the adiabatic focusing,

that increases along the bunch following its Gaussian density distribution. The

red dashed line shows the SM defocusing effect, that grows along the bunch. The

sum of the two components (green line) shows a first decreasing of w to values

smaller than the initial one (w0) and then an increasing with the growth of SM.

When increasingW⊥0, while keeping the parameters of the p+ bunch constant, SM

defocusing dominates earlier but the front of the bunch follows the same evolution

in all cases, as shown in Figure 6.20(a).

When the seed bunch is not present (Qe = 0pC, orange line in Figure 6.20(a))
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Figure 6.21: Transverse extent w along the bunch (green line, the bunch travels from

left to right) calculated as the sum of the contribution from the adiabatic focusing (blue

dashed line) and from SM defocusing (red dashed line).

the process occurs in the SMI regime. In this case, not only does the transverse

extent stay in the global focusing for longer than when seeding occurs, but w also

grows with a slope considerably smaller than in the seeded case. This may be due

to the fact that less charge contributes to the driving and to the growth of the

wakefields. In fact, the growth rate is defined as Γ(t− t0), where t0 is time of the

start of SM. In the seeded case, tseed = t0, whereas in the SMI case t0 > tseed.

Also the transverse, time-integrated charge distribution observed at IS 2 (Fig-

ure 6.22) shows that when the value of Qe is larger, the halo formed by the

defocused protons reaches larger extent, indicating larger amplitude of the wake-

fields due to the larger growth of the wakefields. These images are complementary

to the time-resolved images: the portion of OTR passing through the slit of the

streak camera corresponds to a diameter of the transverse distribution visible on

the halo images.

In the case with Qe = 0pC (SMI, (a)) the core of the p+ bunch is much

brighter than in the seeded cases and the radius of the halo is shorter. When

SM occurs as an instability the full modulation occurs later along the bunch and

along the plasma than when SM is seeded. For this reason, more charge remains

on the propagation axis (the total amount of charge is preserved), especially at
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a) b)

c) d)

Figure 6.22: Time-integrated, transverse images of the self-modulated Qp = 14.7 nC

p+ bunch from the halo camera of IS 2. a) Qe = 0pC (no seed bunch). b, c, d)

Qe = 147, 249, 777 pC, respectively.

the bunch front, as it was already discussed on Figure 6.8. The elongation of the

transverse distribution in Figure 6.22(b) indicates that the alignment of the e−

beam trajectory is not optimal and that a hosing component may be present.

In conclusion, I have shown in this Section that when seeding SM with an e−

bunch it is possible to control the amplitude of the seed wakefields, and therefore

the growth of SM, by varying the properties of the e− bunch (Γ = const). I have

also shown that the effect of the plasma adiabatic response is dominant at the

bunch front independently of the plasma electron density and that the transition

to the SM defocusing effect depends on the amplitude of the seed wakefields.
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a)

b)

Figure 6.23: a) Transverse extent w along the self-modulated p+ bunch for different values

of Qp. Qe = 249 pC kept constant. The horizontal axis is in units of the incoming bunch

duration σt. b) Transverse extent w as a function of Qp for t = −1.48σt (blue points)

and −1.30σt (red points) from the measurements on (a). The vertical error bars indicate

the variation of w on the single images. Horizontal error bars are calculated from the

variation on the geometrical properties of the p+ bunch σt and σx,y.

6.5 Growth rate of the self-modulation

The amplitude of the wakefields in the linear regime driven by the self-

modulated p+ bunch increases along the plasma as eΓz, where Γ is the SM growth

rate (see Equation 6.4). At a fixed position z along the plasma, Γ is a function

of the peak p+ bunch charge density np and of the time along the bunch t as

Γ ∝ (np · t)1/3 (see Equation 2.12). Thus, increasing np, while keeping all the

other parameters constant, increases the value of Γ, without changing the seed

wakefields amplitude W⊥0. As a consequence the amplitude of the wakefields

increases at all times along the bunch and at any position along the plasma.

To study the effect of the variation of Γ on SM, we measure the transverse

extent w along the p+ bunch while varying np (see Section 3.2.3). In the experi-

ment, we vary np by varying Qp (see Figure 3.13 and parameters of the bunch in
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Table 3.1).

Figure 6.24: Transverse extent w along the p+ bunch for different values of Qp (indicated

in the title of each plot) in case of no plasma (blue lines), plasma with residual density

(orange lines), plasma and no seed bunch (green lines) and with seed bunch (red lines).

The horizontal axis is expressed in units of the bunch duration for each image.

Figure 6.23(a) shows that the transverse extent w along the p+ bunch for

different values of Qp, while all the parameters of the plasma and of the seed e−

bunch are kept constant. For all cases, the plasma adiabatic response dominates

at the bunch front. As discussed in Section 6.2, this focusing effect is stronger

for larger Qp (i.e., larger np). Therefore, the fact that the defocusing effect due

to SM dominates earlier along the bunch for larger Qp, as shown by the red

points, indicates that the transverse wakefields reach larger amplitude earlier along

the bunch when increasing Qp. Figure 6.23(b) shows w as a function of Qp for

t = −1.48σt (blue points) and −1.30σt (red points). The increasing values of w

with Qp at all time along the bunch when w > woff is directly caused by the

increase in the growth rate of the self-modulation, since all other parameters are

kept constant (in particular, W⊥0 = const).

Figure 6.24 shows that, for different values of np, the effect of defocusing due

to SM always dominates earlier in the seeded case (red lines) than in SMI (green
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lines). In all cases with plasma, w at the bunch front follows the same trend as in

the case with residual density (orange lines), showing again that the focusing effect

due to the plasma adiabatic response dominates until the transverse wakefields

grow to comparable amplitude.

Figure 6.25: Time-integrated transverse images of the self-modulated p+ bunch from the

halo camera of IS 2. Top row: no seed bunch. Bottom row: Qe = 249 pC. The value of

the p+ bunch charge density Qp is indicated above each column. Same color scale for all

the images.

Also the transverse, time-integrated charge distribution of the p+ bunch ob-

served at the IS 2 (Figure 6.25, top row: SMI, bottom row: Qe = 249 pC, seeded

SM) shows that, for a larger value of Qp, the halo formed by the defocused pro-

tons becomes larger, indicating larger amplitude of the wakefields due to the

larger growth rate of SM. For the same reason, the halo reaches larger transverse

distance when seeding, indicating larger growth [51].

I have shown in this Section that when seeding SM with the e− bunch it is

possible to control the growth rate, and therefore the growth, of SM by varying

the properties of the p+ bunch (W⊥0 = const).



6. Experimental results 101

6.6 Seeded hosing of the proton bunch in plasma

Hosing is a beam-plasma instability where the centroid of the bunch transverse

distibution oscillates along the bunch [104], akin to the beam break-up instability

in conventional accelerators. As a consequence, and unlike in SM, the trans-

verse charge distribution along the bunch becomes asymmetric with respect to

the propagation axis. When the oscillation of the transverse centroid is coupled

to the transverse wakefields, it has periodicity ∼ Tpe. Moreover, the amplitude of

the oscillation grows along the bunch and along the plasma [104, 106, 107]. The-

oretical and simulation studies have shown that hosing instability can grow from

the variation of the centroid in the initial transverse distribution along the bunch

or from an asymmetric transverse interaction with the wakefields (e.g. when one

side of the beam is closer to the boundary of the ion channel [104]).

In previous experiments with the p+ bunch in AWAKE, the hosing instability

was observed only at low density (npe ∼ 0.5 · 1014 cm−3) and when SM was not

seeded [108]. As the instability grows from the random variations in the bunch

charge distribution or from a trajectory misalignment, the timing of the centroid

oscillation changes from event to event, similarly to the radius oscillation in the

SMI case.

In the experiment presented in the previous Sections, hosing was not observed.

When the trajectories of the e− and p+ beam coincide, the seed wakefields driven

by the preceding e− bunch act on the p+ bunch symmetrically around the propa-

gation axis, modulating the transverse size along the bunch but not the transverse

position of the centroid. Similarly to SM, hosing can also be seeded by initial seed

wakefields that impose a first oscillation of the transverse centroid position along

the bunch, from which the instability grows.

Figure 6.26(a) shows a 73 ps-scale, averaged, time-resolved image of the p+

bunch when the trajectory of the preceding e− bunch is purposely misaligned

with respect to that of the p+ bunch at the plasma entrance. The timing setup

and plasma electron density are the same as in the previous Sections. The p+

bunch develops in a series of beamlets whose distribution is clearly asymmetric

with respect to the propagation axis (y = 0mm), which is the main signature
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of the hosing instability. Moreover, the averaged image shows high contrast and

signal-to-noise ratio, indicating that the distribution is reproducible throughout

the single-event images.

a)

b)

Figure 6.26: a) 73 ps-scale, time-resolved image of the Qp = 14.7 nC p+ bunch between

205 and 278 ps ahead of the center of the bunch. Average of 10 events. The trajectory

of the e− bunch is misaligned with respect to that of the p+ bunch. Qe = 249 pC.

b) Longitudinal profile between y = 0.2 and 0.8mm (low side: blue line) and between

y = −0.2 and −0.8mm (high side: orange line).

The profile of the distribution of each ”side” is shown in Figure 6.26(b). The

modulation of the two profiles have periodicity Tmod = 10.8 ps (low side, blue line)

and 10.9 ps (high side, orange line) ∼ Tpe and are π out of phase with respect to

each other. Analyzing the timing of each profile with the DFT analysis already

discussed in Section 6.3, I calculate the variation of the timing over one plasma

period rms(t)/Tpe = 0.05 for both profiles. This demonstrates that the charge

distribution is reproducible from event to event and that the oscillation of the

bunch centroid is seeded by the wakefields driven by the preceding e− bunch.

The intensity of the successive beamlets decreases along the bunch. This may

be explained as for the SM case (Section 6.3), considering the increasing divergence

of the successive beamlets at the plasma exit due to the growth of the instability
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and of the oscillaton along the bunch.

a) b)

Figure 6.27: Time-integrated, transverse images of the p+ bunch for one of the events

composing Figure 6.26 a) IS 1, b) IS 2.

Figure 6.27((a): IS 1, (b): IS 2) shows the transverse, time-integrated images

of the p+ bunch for one of the events composing Figure 6.26. The transverse

charge distribution is not round and an elongation is clearly visible along the axis

where the hosing instability occurs. Moreover, a larger amount of charge remains

in the bunch core than in the SM case (Figure 6.17), indicating that hosing is the

dominating process.

In conclusion, when the p+ beam trajectory is not aligned with the seed wake-

fields, we do not observe the self-modulation of the p+ bunch. Instead, the p+

bunch evolves into an asymmetric distribution with periodic oscillation of the

bunch centroid, in agreement with the hosing instability. Further studies on the

tolerances on the trajectory misalignment are ongoing. As already mentioned, in

previous experiments hosing was only observed as an instability [108] and there-

fore the bunch charge distribution was not reproducible from event to event. I

have shown here for the first time that the hosing instability can be seeded by a

preceding e− bunch, hence it is reproducible from event to event.
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6.7 Three-dimensional self-modulation imaging

In the previous Sections, I have shown that SM of the p+ bunch is seeded by the

e− bunch and that the charge density distribution on time-resolved images is axi-

symmetric when hosing instability does not occur. However, a hosing component

in the plane perpendicular to the slit of the streak camera would not be visible

in the time-resolved images and may only be inferred from the time-integrated,

transverse images.

t [ps]

y 
[m

m
]

x 
[m

m
]

Figure 6.28: Three-dimensional image of the self-modulated p+ bunch with Qp = 14.7 nC.

The SM is seeded by the Qe = 249 pC e− bunch. Each slice is the average of ten consec-

utive 210 ps-scale time-resolved images. The vertical axis corresponds to the transverse

position of the OTR on the slit of the streak camera.

We can obtain time-resolved images of longitudinal slices of the charge density

distribution of the p+ bunch at different heights (see Section 3.2.5), by varying

the alignment of the OTR on the slit of the streak camera. Figure 6.28 shows

four 210 ps-scale, averaged, time-resolved images of the p+ bunch, when SM is

seeded by the e− bunch. Each slice is positioned on the vertical axis depending

on the position of the OTR on the slit, composing a three-dimensional image.

The distribution in each slice is axi-symmetric. For example, the microbunch

at t = 150 ps is always visible and its transverse distribution is centered on-axis



6. Experimental results 105

(y) on all slices (x). Figure 6.29 shows the sum of all slices from Figure 6.28.

The distribution is axi-symmetric, further confirming that hosing instability is

not visible in any plane, included the one perpendicular to the slit of the streak

camera.

Figure 6.29: Sum of the slices from Figure 6.28.

The three-dimensional reconstruction also allows to study the evolution of the

width of the microbunches along the bunch. The first microbunch (at t = 16ps)

is only visible in the slice on-axis (x = 0mm). This means that its transverse

width is smaller than the minimum displacement on the slit (x = 0.36mm).

From the eight microbunch on (t > 100 ps), the signal becomes visible on the

third slice. Therefore, the transverse width of the microbunch becomes larger

than x = 0.72mm. A clear microbunch structure is visible on the fourth slice

(x = 1.08mm) only for t > 150 ps. As already discussed in Section 6.3, this

shows an increasing width of the successive microbunches at the screen, likely

due to a smaller size and larger emittance at the plasma exit. This is caused by

the growing amplitude of the wakefields along the bunch. Moreover, the three-

dimensional image shows that the microbunches are radially symmetric, since the

transverse broadening of the microbunches is also visible on each slice.

I have shown here for the first time a method to reconstruct the three-

dimensional charge density distribution of the self-modulated p+ bunch. This

method allows to perform physics studies complementary to those done on the

central slice, such as the evolution of the microbunch width in the horizontal plane
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and the diagnosis of the hosing instability in the plane perpendicular to the slit

of the streak camera.
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Chapter 7

Conclusions & Outlook

When a long, narrow, relativistic, charged particle bunch travels in plasma,

it undergoes the self-modulation instability. In this thesis, I have shown experi-

mentally for the first time, using a long, relativistic p+ bunch, that a preceding

e− bunch can seed the instability. I have demonstrated that the timing of the p+

microbunch train, and therefore of the wakefields, is defined by the timing of the

seed e− bunch and that it is reproducible from event to event.

The characteristics of the defocused protons yield more information about

the evolution of the self-modulation than the microbunches. This is because

the effect of the defocusing fields stops once the protons leave the wakefields. So,

defocused protons have in general experienced the wakefields only over the growth

of the self-modulation. I have shown that, when seeding with the e− bunch, the

amplitude of the seed wakefields and the growth rate of the instability can be

varied independently from one another. When increasing the charge of the seed

e− bunch, the amplitude of the seed wakefields is larger, as indicated by the larger

amount of energy lost by the electrons in plasma. Therefore the wakefields driven

by the self-modulated p+ bunch reach larger amplitude at all positions along the

plasma and at all times along the bunch, due to the larger growth of the self-

modulation. Analogously, increasing the p+ bunch charge increases the growth

rate of the self-modulation and therefore the amplitude of the wakefields at all

times along the bunch, while leaving the seed wakefields unchanged.
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I have also demonstrated that the front of the bunch is focused by the effect

of the adiabatic response of the plasma to the presence of the bunch. After the

effect of self-modulation has grown to comparable amplitude, the defocusing effect

dominates on the transverse profile of the bunch. The transition between the two

effects depends on the amplitude of the seed wakefields.

I have shown that, when the trajectory of the seed e− bunch is misaligned with

respect to that of the p+ bunch, the hosing instability occurs. The experimental

results presented here show for the first time indication of seeded hosing.

I have also discussed a method to obtain three-dimensional images of the

self-modulated p+ bunch, by varying the position of the OTR with respect to

the entrance slit of the streak camera. This method allows to study the evolu-

tion of the microbunch train along the bunch in the plane perpendicular to the slit.

These studies took place in the context of the AWAKE experiment, whose

goal is to use the wakefields driven by a long, self-modulated p+ bunch to ac-

celerate an externally injected e− bunch to GeV energies, while preserving its

initial bunch quality. To allow for on-axis external injection in vacuum, after the

self-modulation reaches saturation, the setup of future experiments will consist of

two plasma sections, separated by a gap region. Thus, it is needed that the entire

p+ bunch self-modulates with timing and amplitude reproducible from event to

event. This can be obtained by seeding the instability with the wakefields driven

by a preceding e− bunch.

This thesis summarizes the main achievements of the first year of AWAKE

Run 2a. The work presented here contributes significantly to the understanding

and control of the self-modulation and to the feasibility of the future design of

the experiment. The e− bunch seeding of the self-modulation in plasma is an

important milestone on the path towards proton driven plasma wakefield accel-

eration of e− bunches, with quality and energy suitable for high-energy physics

applications.

For the remaining part of Run 2a, the experimental program will focus on

the study of the e− bunch seeding at higher plasma electron densities, on the

competition between the self-modulation instability in the front of the bunch with
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the seeded self-modulation in the back of the bunch, and on the seeded hosing.

In 2023, a new vapor source will be installed to study the effect of plasma

density step on the self-modulation (Run 2b).

Starting in 2024, major interventions on the experimental facility are planned

to take place to allow for the installation of the second vapor source, of a new

150MeV electron beamline, of a second ionizing laser pulse line and of additional

diagnostics. The start of Run 2c is foreseen for 2028. The goal is to demonstrate

high-quality plasma wakefield acceleration to GeV energies.

Afterwards, the use of novel plasma sources will be investigated (Run 2d) to

prove the scalability of the process to higher energies (tens of GeVs), leading to

the first particle physics applications within the next decade.
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Glossary

arb. units arbitrary units

AWAKE Advanced Wakefield Experiment

B magnetic field

Btheta azimuthal magnetic field

Bx,y Earth’s magnetic field in the experimental hall

BPM Beam Position Monitor

BTV Beam Scintillating Screen

c speed of light in vacuum c = 2.998 · 108m/s

CLIC Compact Linear Collider

CERN European Centre of Nuclear Research

CTR coherent transition radiation

CPA chirped pulse amplificiation

δn plasma density perturbation

DESY Deustsches Elektronen-Synchrotron

DFT discrete Fourier transform

ε0 vacuum permittivity ϵ0 = 8.85 · 10−12 As
Vm

ϵN normalized bunch emittance

e elementary charge e = 1.602 · 10−19C

e− electron
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E particle energy

Eb energy content of the drive bunch

Ein initial energy

Emin minimum energy

EWB non-relativistic cold wave-braking field

Er radial electric field

Ez longitudinal wakefield

f frequency

fmod frequency of the bunch density modulation

fpe cold plasma electron frequency

FCC Future Circular Collied

FEL Free Electron Laser

γ Lorentz factor

Γ SM growth rate

g plasma density gradient

I0 zeroth order modified Bessel function of the first kind

IS Imaging Station

kB Boltzmann constant kB = 1.381 · 10−23 J/K

kpe plasma electron wave number

K0 zeroth order modified Bessel function of the second kind

Kβ strength of the self-focusing force

λβ beam betatron wavelength

λD Debye length

λpe plasma electron wavelength

L collider luminosity

Lbunch square bunch length

LBNL Lawrence Berkley National Laboratory

LCLS Linac Coherent Light Source
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LEP Large Electron-Positron Collider

LINAC Linear Accelerator

LHC Large Hadron Collider

LWFA Laser Wakefield Acceleration

µE highest peak energy of accelerated electrons

me electron rest mass me = 9.109 · 10−31 kg

mi plasma ion mass

m0 particle rest mass

mp proton rest mass mp = 1.6 · 10−27 kg

nb initial bunch density

nb,0 bunch peak density

npe plasma electron density

nvap Rubidium vapor density

ND number of particles in a Debye sphere

ω angular frequency

ωpe plasma electron angular frequency

ωpi plasma ion angular frequency

OTR optical transition radiation

p+ proton

p⊥ transverse momentum

P number of zero-padding arrays

PIC Particle-in-cell

PWFA Plasma Wakefield Acceleration

Qe electron bunch charge

Qp proton bunch charge

ρ bending radius of a particle in the magnetic field B

re classical electron radius re = 2.8 · 10−15m
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R geometrical factor of the wakefields

Rx,y Larmor radii

R&D research and development

Rb Rubidium

RF radio-frequency

RIF relativistic ionization front

rms root mean square

σr,x,y bunch width in r, x, y

σt bunch duration

SLC Stanford Linear Collider

SM Self-Modulation

SMI Self-Modulation Instability

SPS Super Proton Synchrotron

Θ Heaviside function

t time in the bunch frame

tp, tRIF time interval between RIF and p+ bunch center

tseed time interval between e− and p+ bunch center

Tc mean time between collisions in plasma

Te plasma electron temperature

Tpe plasma electron period

Tmod period the modulation

UV ultra-violet

vw velocity of the witness bunch

w transverse extent of the proton bunch

woff transverse extent of the proton bunch without plasma

W⊥ transverse wakefields

W⊥0 seed wakefields
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ξ spatial coordinate in the co-moving bunch frame

φ SM phase
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D. Shwartz, S. White, and F. Zimmermann, “Top-up injection schemes for



118

future circular lepton collider,” Nuclear Instruments and Methods in Physics

Research Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment, vol. 880, pp. 98–106, 2018.

[10] M. Aicheler et al., “AMulti-TeV Linear Collider Based on CLIC Technology:

CLIC Conceptual Design Report,” 2012.

[11] Aihara, Hiroaki et al., “The International Linear Collider. A Global

Project,” tech. rep., Jan 2019.

[12] M. Tigner, “Does accelerator-based particle physics have a future?,” Physics

Today, vol. 54, no. 1, pp. 36–40, 2001.

[13] N. A. Solyak, “Gradient limitations in room temperature and superconduct-

ing acceleration structures,” AIP Conference Proceedings, vol. 1086, no. 1,

pp. 365–372, 2009.

[14] F. F. Chen, “Excitation of large amplitude plasma waves,” Physica Scripta,

vol. T30, pp. 14–23, jan 1990.

[15] T. Tajima and J. M. Dawson, “Laser electron accelerator,” Phys. Rev. Lett.,

vol. 43, pp. 267–270, Jul 1979.

[16] P. Chen et al., “Acceleration of electrons by the interaction of a bunched

electron beam with a plasma,” Phys. Rev. Lett., vol. 54, pp. 693–696, Feb

1985.

[17] R. Keinigs and M. E. Jones, “Two-dimensional dynamics of the plasma

wakefield accelerator,” The Physics of Fluids, vol. 30, no. 1, pp. 252–263,

1987.

[18] P. Muggli, “Beam-driven systems, plasma wakefield acceleration,” 2020.

[19] C. Clayton et al., “Ultrahigh-gradient acceleration of injected electrons by

laser-excited relativistic electron plasma waves,” Phys. Rev. Lett., vol. 70,

pp. 37–40, Jan 1993.

[20] D. Strickland and G. Mourou, “Compression of amplified chirped optical

pulses,” Optics Communications, vol. 56, no. 3, pp. 219–221, 1985.



119

[21] C. G. R. Geddes et al., “High-quality electron beams from a laser wake-

field accelerator using plasma-channel guiding,” Nature, vol. 431, no. 7008,

pp. 538–541, 2004.

[22] S. P. D. Mangles et al., “Monoenergetic beams of relativistic electrons from

intense laser–plasma interactions,” Nature, vol. 431, no. 7008, pp. 535–538,

2004.

[23] J. Faure et al., “A laser–plasma accelerator producing monoenergetic elec-

tron beams,” Nature, vol. 431, no. 7008, pp. 541–544, 2004.

[24] W. P. Leemans et al., “Multi-gev electron beams from capillary-discharge-

guided subpetawatt laser pulses in the self-trapping regime,” Phys. Rev.

Lett., vol. 113, p. 245002, Dec 2014.

[25] A. J. Gonsalves et al., “Petawatt laser guiding and electron beam acceler-

ation to 8 gev in a laser-heated capillary discharge waveguide,” Phys. Rev.

Lett., vol. 122, p. 084801, Feb 2019.

[26] S. Steinke et al., “Staging of laser-plasma accelerators,” Physics of Plasmas,

vol. 23, no. 5, p. 056705, 2016.

[27] J. van Tilborg et al., “Active plasma lensing for relativistic laser-plasma-

accelerated electron beams,” Phys. Rev. Lett., vol. 115, p. 184802, Oct 2015.

[28] M. Kirchen et al., “Optimal beam loading in a laser-plasma accelerator,”

Phys. Rev. Lett., vol. 126, p. 174801, Apr 2021.

[29] S. Jalas et al., “Bayesian optimization of a laser-plasma accelerator,” Phys.

Rev. Lett., vol. 126, p. 104801, Mar 2021.

[30] W. Wang, K. Feng, L. Ke et al., “Free-electron lasing at 27 nanometres

based on a laser wakefield accelerator,” Nature, vol. 595, 2021.

[31] J. B. Rosenzweig et al., “Experimental observation of plasma wake-field

acceleration,” Phys. Rev. Lett., vol. 61, pp. 98–101, Jul 1988.

[32] I. Blumenfeld et al., “Energy doubling of 42 gev electrons in a metre-scale

plasma wakefield accelerator,” Nature, vol. 445, no. 7129, pp. 741–744, 2007.



120

[33] E. Kallos et al., “High-gradient plasma-wakefield acceleration with two sub-

picosecond electron bunches,” Phys. Rev. Lett., vol. 100, p. 074802, Feb

2008.

[34] M. Litos et al., “High-efficiency acceleration of an electron beam in a plasma

wakefield accelerator,” Nature, vol. 515, no. 7525, pp. 92–95, 2014.

[35] N. Vafaei-Najafabadi et al., “Beam loading by distributed injection of

electrons in a plasma wakefield accelerator,” Phys. Rev. Lett., vol. 112,

p. 025001, Jan 2014.

[36] C. A. Lindstrøm et al., “Energy-spread preservation and high efficiency in

a plasma-wakefield accelerator,” Phys. Rev. Lett., vol. 126, p. 014801, Jan

2021.
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di svolgere il mio dottorato al CERN. Grazie per la fiducia che mi ha sempre

concesso, e per quella accordata per i prossimi anni.

Grazie al mio Professore universitario, Allen Caldwell, per aver sostenuto

questo lavoro.

Grazie a Giovanni Zevi Della Porta per le innumerevoli ore in control room a

lavorare con me sulla beamline. Grazie per le quasi altrettante scuffie in catama-

rano e per aver preso alcuni dei dati finali mentre ero a gareggiare in un triathlon

o ero troppo stanco per allineare il fascio ancora una volta.
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A long, narrow, relativistic charged particle bunch propagating in plasma is subject to the self-
modulation (SM) instability. We show that SM of a proton bunch can be seeded by the wakefields
driven by a preceding electron bunch. SM timing reproducibility and control are at the level of a
small fraction of the modulation period. With this seeding method, we independently control the
amplitude of the seed wakefields with the charge of the electron bunch and the growth rate of SM
with the charge of the proton bunch. Seeding leads to larger growth of the wakefields than in the
instability case.

Introduction.— Instabilities are of paramount impor-
tance in plasma physics [1]. Similar instabilities occur
in vastly different plasmas, from astrophysical [2, 3], to
laboratory [4] and fusion [5], to quantum [6] and even

to quark-gluon plasmas [7]. They can be disruptive and
must then be suppressed, or beneficial and must then
be controlled. Charged particle beams propagating in
plasma are subject to a number of instabilities, including
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different occurrences of the two-stream instability [8, 9].
In the case of a long, narrow, relativistic charged particle
bunch, the instability is transverse and it is called the
self-modulation instability (SMI) [10].

Relativistic charged particle bunches traveling in
plasma leave behind a perturbation in the plasma elec-
tron density. This perturbation provides a restoring force
that induces an oscillation of the plasma electrons with

angular frequency ωpe =
√

npee2

meε0
, where npe is the plasma

electron density, e and me are the electron charge and
mass, ε0 is the vacuum permittivity. The local charge
non-neutrality sustains fields with transverse and longi-
tudinal components, known as wakefields, that can have
amplitudes appealing for high-gradient particle accelera-
tion [11, 12].

SMI [10] develops when the bunch duration is
much longer than the period of the wakefields:
σt � Tpe = 2π/ωpe. Transverse wakefields act back on
the bunch, modulating its radius and thus its charge den-
sity. The modulated distribution drives enhanced wake-
fields, causing the growth of SMI that, at saturation,
leaves the long bunch fully modulated into a train of mi-
crobunches with periodicity ∼ Tpe. The timing of the
microbunches along the train is tied to that of the wake-
fields since microbunches develop in their focusing phase.

When a long proton (p+) bunch enters a pre-ionized
plasma, SMI develops from the wakefields driven by
noise [13] or by imperfections in the incoming bunch
charge distribution [14]. Thus, the initial conditions vary
from event to event and so do the timing and amplitude
of the wakefields. However, the outcome can be con-
trolled by seeding the instability, i.e., by fixing the initial
conditions from which the instability grows.

Seeding requires driving initial transverse wakefields
with amplitude larger than those driven by the noise or
imperfections in the bunch so that the self-modulation
(SM) develops from a well-defined time, and with well-
defined initial amplitude and growth rate. We demon-
strated experimentally that a high-energy, long p+ bunch
undergoes SMI when traveling in plasma [15], and that
the resulting microbunch train resonantly excites large
amplitude wakefields [16, 17]. A relativistic ionization
front (RIF) generating the plasma and co-propagating
within the p+ bunch can provide the seed by the rapid
onset of the beam-plasma interaction [14]. In this case,
the amplitude of the seed wakefields and the growth rate
of SM depend on the p+ bunch density at the RIF and
cannot be varied independently. Moreover, the front of
the bunch propagates as if in vacuum and thus remains
unmodulated.

The initial transverse seed wakefields can also be pro-
vided by a preceding charged particle bunch [18, 19]. In
this case, seeding amplitude and growth rate of SM can
be varied independently. Moreover, as the seed wake-
fields act on the whole p+ bunch, the entire bunch self-

modulates.

The protons that are defocused out of the wake-
fields are probes for the amplitude of the wakefields
at early distances along plasma, during SM growth,
before saturation [16, 20]. Theoretical and numerical
simulation results [10, 21–23] show that, in the lin-
ear regime, the amplitude of the transverse wakefields
along the bunch (t) and along the plasma (z) grows
as W⊥(t, z) = W⊥0 exp (Γ(t, z)z). In the case of seed-
ing with an electron (e−) bunch, the amplitude of the
initial wakefields W⊥0(z = 0) depends solely on the e−

bunch parameters, while the growth rate of SM Γ(t, z)
depends solely on those of the p+ bunch. The radial ex-
tent reached by defocused protons a distance downstream
of the plasma is proportional to the transverse momen-
tum they acquire from these wakefields, and therefore
increases with the growth of SM.

In this Letter, we demonstrate with experimental re-
sults that SM of a long, relativistic p+ bunch in plasma
can be seeded by a preceding e− bunch. We show that
the growth of SM increases when increasing the charge
of the seed e− bunch Qe or the charge of the p+ bunch
Qp. We attribute these changes to a change in the am-
plitude of the transverse seed wakefields W⊥0(Qe) or in
the SM growth rate Γ(Qp). These observations are pos-
sible because the e− bunch effectively seeds SM and they
are in agreement with theoretical and simulation predic-
tions [10, 21, 23, 24]. When seeding, the growth of the
process is larger than in the SMI case [10]. We also ob-
serve adiabatic focusing of the front of the p+ bunch,
where the growth of SM is small. In addition, e− bunch
seeding allows for the timing of the process to be con-
trolled at the sub-modulation-period, picosecond time
scale.

tseed

tp

dump

electron
spectrometer

streak camera image

p+ bunch e-
bunch

ionizing 
laser pulse

t

y

laser 
beam 
dump
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screen
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FIG. 1. Schematic of the experimental setup: the ionizing
laser pulse enters the vapor source tp ahead of the p+ bunch
center and ionizes the rubidium atoms, creating the plasma.
The seed e− bunch follows, tseed ahead of the p+ bunch. The
optical transition radiation produced at a screen positioned
3.5 m downstream of the plasma exit is imaged on the en-
trance slit of a streak camera. A schematic example of a
time-resolved image of the self-modulated p+ bunch provided
by the streak camera is shown in the inset. The magnetic
spectrometer is located downstream of the screen.

Experimental Setup.— The measurements took place
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in the context of the AWAKE experiment [25], whose goal
is to accelerate e− bunches to GeV energies, ultimately
for high-energy physics applications [26].

Figure 1 shows a schematic of the experimental setup.
A 10-m-long source provides rubidium vapor density ad-
justable in the nvap = (0.5−10)·1014 cm-3 range [25]. The
density is measured to better than 0.5% [27] at the source
ends. An ∼ 120 fs, ∼ 100 mJ laser pulse (λ = 780 nm)
produces a RIF that creates the plasma by ionizing the
vapor (RbI→RbII). Previous experiments [15] showed
that the RIF ionizes ∼ 100% of the vapor along its
path, producing an ∼ 2-mm-diameter plasma column
with density equal to that of the vapor. The RIF is
placed tp = 620 ps (∼ 2.5σt) ahead of the center of the
400 GeV/c, σt ∼ 240 ps, p+ bunch provided by the CERN
SPS. Therefore, it does not seed SM [14]. The p+ bunch is
synchronized with the RIF with root mean square (rms)
variation of 15 ps� σt, which is therefore negligible.

Optical transition radiation (OTR) is emitted when
protons enter an aluminum-coated silicon wafer, posi-
tioned 3.5 m downstream of the plasma exit. The OTR
is imaged onto the entrance slit of a streak camera that
provides time-resolved images of the charge density dis-
tribution of the p+ bunch (t, y) [28] in a ∼ 180-µm-wide
slice (the spatial resolution of the optical system) near
the propagation axis. The streak camera temporal res-
olution is ∼ 2 ps in the 210 ps time window, sufficient
to resolve the microbunch train as the plasma period is
Tpe = 11.04 and 11.38 ps, for the values of npe used in this
experiment. An ultraviolet pulse derived from the same
laser oscillator as that producing the RIF generates an
18.3 MeV e− bunch in a photo-injector and booster cav-
ity [29]. The e− bunch and the RIF have a relative rms
timing jitter < 1 ps (� Tpe) [30]. The delay tseed between
the e− and the p+ bunch centers can be adjusted using a
translation stage. We use a magnetic spectrometer [31]
to measure the energy spectrum of the e− bunch after
propagation with and without plasma [32].

We use a bleed-through of the ionizing laser pulse, thus
also synchronized with the e− bunch at the sub-ps time
scale [33], to determine on the time-resolved images the
bunch train timing with respect to that of the e− bunch.
This is necessary to circumvent the ∼ 5 ps rms jitter
(∼ Tpe/2) of the triggering system.

Experimental Results.— We first present a new and
important result that is necessary for the measurements
presented hereafter: the seeding of SM by the e− bunch.
The incoming p+ bunch with Qp = (14.7 ± 0.2) nC has
a continuous charge distribution (Fig. 2(a), no plasma)
with an approximately 2D-Gaussian (t, y) charge density
profile. With the plasma (npe = 1.02 ·1014 cm−3) and the
Qe = (249±17) pC e− bunch placed tseed = 612 ps ahead
of the center of the p+ bunch, we observe the clear for-
mation of a train of microbunches on the image resulting
from the average of ten consecutive single-event images
(Fig. 2(b)). This indicates that SM is reproducible from

event to event. The period of the modulation is 11.3 ps,
close to Tpe as expected from SM [10, 15]. We measure
the timing variation of the microbunch train with respect
to the e− bunch by performing a discrete Fourier trans-
form (DFT, see Supplemental Material of [14]) analysis
of the on-axis time profile of single-event images. The
rms timing variation is ∆trms = 0.06Tpe, demonstrating
that the e− bunch effectively seeds SM. The same mea-
surement without the e− bunch yields ∆trms = 0.26Tpe,
consistent with uniform variation of the timing over Tpe
(∆trms = 0.29Tpe), confirming the occurrence of SMI, as
was also observed in [14].

a)

b)

d)

c)

FIG. 2. Time-resolved images (t, y) of the p+ bunch at the
OTR screen obtained by averaging ten single-event images
(210 ps, Qp = 14.7 nC). Bunch center at t = 0 ps, the bunch
travels from left to right. Horizontal axis: time along the
bunch normalized to the incoming bunch duration σt. a) No
plasma (incoming bunch). b) Plasma (npe = 1.02 ·1014 cm−3)
and e− bunch with Qe = 249 pC, tseed = 614 ps ahead of
the p+ bunch center. c) Same as (b) but e− bunch delayed by
6.7 ps (tseed = 607.3 ps). All images have the same color scale.
d) On-axis time profiles of (b) (blue line) and (c) (red line)
obtained by summing counts over −0.217 ≤ y ≤ 0.217 mm.

We also observe seeding of SM with
Qp = (46.9± 0.5) nC and the same value of Qe = 249 pC,
i.e., with p+ bunch and plasma parameters similar to
those of [14]. This indicates that the e− bunch drives
transverse wakefields with amplitude exceeding the
seeding threshold value of (2.8− 4.0) MV/m, determined
in [14] when seeding with RIF. The amplitude thus also
exceeds that for the lower Qp = 14.7 nC (Fig. 2) since
the seeding threshold is expected to scale with Qp.

Figure 2(c) shows an averaged time-resolved image ob-
tained after delaying the seed e− bunch timing by 6.7 ps
with respect to the case of Fig. 2(b). The bunch train
is again clearly visible and timing analysis shows an rms
variation of 0.07Tpe, confirming the seeding of SM. Fig-
ure 2(d) shows that the temporal profiles of Fig. 2(c) (red
curve) is shifted in time by (7.2± 1.0) ps with respect to
that of Fig. 2(b) (blue curve). This demonstrates that
the timing of the p+ bunch modulation and thus also the
timing of the wakefields are tied to that of the seed within
a small fraction of Tpe.

As the amplitude of the wakefields grows along the
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bunch and along the plasma [15, 16], one may expect
them to produce a smaller size of the successive mi-
crobunches at the plasma exit, possibly also with larger
emittance due to the nonlinear nature of the transverse
wakefields. These two effects are the likely causes for the
increase in transverse size of the microbunches along the
train observed in Figs. 2(b) and (c), as the OTR screen is
positioned 3.5 m downstream of the plasma exit. We also
note that the p+ bunch self-modulates starting from the
visible front of the bunch (t > −1.82σt on Figs. 2(b) and
(c)), as the seed wakefields act on the entire bunch, and
that on these figures the charge density at the bunch front
is higher than in the case without plasma (Fig. 2(a)).
This is due to the focusing associated with the forma-
tion of the microbunches and to global plasma adiabatic
focusing (see Fig. 3).

We measure the transverse extent of the p+ bunch dis-
tribution along the bunch on 1.1 ns, time-resolved images
(Fig. 3). We define this extent w for each time-column
of the image as the distance between the two points
(±y) where the transverse distribution reaches 20% of its
peak value, when detectable. In the case without plasma
(Fig. 3(a), incoming bunch), woff = 1.7 mm is constant
along the bunch (black dashed line) and corresponds to
the σy ∼ 0.37 mm rms size of the bunch at the screen.

a)

b)

c)

FIG. 3. Time-resolved images (t, y) of the p+ bunch
(1.1 ns, Qp = 14.7 nC) obtained by averaging ten single-
event images. a) No plasma (incoming bunch). b) Plasma
(npe = 0.97 · 1014 cm−3) and no e− bunch (SMI). c) Plasma
and e− bunch with Qe = 249 pC (seeded SM). All images have
the same color scale. Black dashed lines in (a) and continu-
ous lines in (b) and (c) indicate, for each time-column of the
images, the points where the transverse distribution reaches
20% of its peak value. The distance between the lines is the
transverse extent woff (a) and w (b, c). Dashed lines of (a)
also plotted in (b) and (c) for reference.

In the case with plasma (hereafter npe = 0.97 ·
1014 cm−3) and no e− bunch (SMI [14], Fig. 3(b)), the
transverse extent (black continuous lines) indicates that
first the effect of plasma adiabatic focusing dominates,
i.e., w decreases, due to the cancellation of the p+ bunch
space-charge field by the plasma electrons (t < −0.8σt).
Then the effect of defocusing due to SM development
dominates and w increases.

We note that the time resolution of these images is not
sufficient to evidence the microbunch structure and the
charge distribution appears continuous along the bunch.

In the case with plasma and e− bunch (Qe = 249 pC,
seeded SM, Fig. 3(c), all other parameters kept con-
stant), the same focusing effect as in the SMI case first
dominates, but the effect of defocusing starts earlier:
t ∼ −1.5σt rather than t ∼ −0.8σt (Fig. 3(b)).

Figure 4(a) shows that, when increasing the charge of
the seed bunch Qe, the width w along the bunch ini-
tially decreases, following the same curve in each case,
due to the effect of adiabatic focusing. It then increases
with SM growth, reaching the value of the case with-
out plasma (woff) earlier along the bunch, for larger Qe

(red points). Since the global focusing effect is equal
in all cases (Qp = const), this shows that an increase in
Qe causes the SM defocusing effect to dominate earlier
along the bunch. Afterwards, w increases monotonically
and reaches larger values at all times for larger Qe, as
shown in Fig. 4(b) for two times along the bunch (blue
points: t = −1.19σt, red points: t = −0.84σt; first and
last t when w > woff for Qe > 0 and all measurements
provide a value).

a) c)

b) d)

FIG. 4. Top row: transverse extent w along the p+ bunch as
a function of time along the bunch normalized to the incom-
ing bunch duration σt. a) Varying the e− bunch charge (see
legend), Qe = 0 (SMI), Qe > 0 (seeded SM), Qp = 14.7 nC. c)
Varying the p+ bunch charge Qp (see legend), Qe = 249 pC.
Red points indicate the time along the bunch when w = woff .
Bottom row: b) w as a function of Qe at t = −1.19 (blue
points) and t = −0.84σt (red points). d) w as a function of
Qp at t = −1.48 (blue points) and t = −1.30σt (red points).
The error bars indicate the standard deviation of w, and of
Qe and Qp. Note: blue line: same data on (a) and (c).

Measurement of the energy spectrum of the seed e−

bunch (not shown) [32], and numerical simulation re-
sults [34] indicate that the amplitude of the wakefields
driven by the e− bunch W⊥0 over the first ∼ 2 m of
plasma increases as a function of Qe and exceeds 4 MV/m
in all cases. The earlier occurrence of SM defocusing
and the increase in w at all times when w ≥ woff for
larger Qe are thus directly caused by the increase in am-
plitude of the seed wakefields W⊥0(Qe), since all other
parameters were kept constant (Γ(Qp) = const). Fig-
ure 4(a) also shows that in the SMI regime (Qe = 0)
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the defocusing effect of SM dominates much later along
the bunch (∼ −0.78σt) and w is much smaller than in
the seeded regime (Qe > 0). This lower growth can be
attributed to the lower amplitude of the (uncontrolled)
initial wakefields, as well as to a later start of SM along
the bunch [14].

When increasing the p+ bunch charge Qp (Fig. 4(c)),
we observe again that w increases at all times along
the bunch when SM defocusing effect dominates, as also
shown in Fig. 4(d) for two times along the bunch (blue
points: t = −1.48σt, red points: t = −1.30σt; t chosen
as in the previous case). Increasing Qp also increases the
emittance, transverse size and bunch density np of the p+

bunch at the plasma entrance [35], and also woff at the
screen (red points, Fig.(c)). Therefore, and unlike with
Qe, when increasing Qp the effect of adiabatic focusing
(∝ np) also increases. However, measurements show that
the increase in w with Qp is even larger and thus the ef-
fect of SM defocusing starts dominating earlier along the
bunch.

The expected variation of Γ with np is Γ ∝ n
1/3
p [10,

21, 23]. Measurements of σx,y and σt [35] show that over
the Qp = (14.7 − 46.9) nC range, np changes only from
6.9 to 8.9 · 1012 cm−3. However, the effect of this change
is observed after exponentiation of SM.

The effect of the increase in transverse size and emit-
tance of the p+ bunch when increasing Qp [35] (not
explicitly included in Γ) is to reduce the growth of
SM [36, 37]. Thus, the increase in Γ with Qp is likely
larger than the increase in w shown by Fig. 4(d).

We note here that the measurement of w is not direct
measurement of the amplitude of the seed wakefieldsW⊥0

or growth rate Γ. However, changes in w are direct con-
sequences of changes in W⊥0(Qe) and Γ(Qp). For a di-
rect measurement of Γ all protons would have to leave
the wakefields at the same position along the plasma
and propagate ballistically an equal distance to the OTR
screen. Numerical simulation results show that with the
plasma of these experiments longer than the saturation
length of SM [20], protons may leave the wakefields earlier
or later depending on the amplitude of the wakefields and
on the distance they are subject to them. However, sim-
ulations also show monotonic increase of w, as observed
in the experiments, and that w increases with increasing
amplitude of the wakefields along the bunch.

Summary.— We demonstrated in experiments that a
short e− bunch can seed SM of a long p+ bunch in
plasma. We showed that when increasing the e− (Qe) or
the p+ (Qp) bunch charge, the transverse extent of the p+

bunch distribution w along the bunch (measured after the
plasma) also increases. We attribute these changes to the
change in amplitude of the seed wakefields (Qe → W⊥0)
and in growth rate of SM (Qp → Γ), in agreement with
theoretical and simulation results.

These results show that SM is well understood and can
be well controlled. Control is key for optimization of the

SM wakefields for particle acceleration [38, 39].
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We show in experiments that a long, relativistic p+ bunch is focused by the plasma adiabatic

response. The free plasma electrons migrate so as to neutralize the space-charge field of the

bunch [1], and the bunch is therefore focused by the azimuthal magnetic field generated by its

own current, that is not balanced by the radial electric field [2, 3, 4]. Since the length of the

bunch is much longer than the plasma electron wavelength, the bunch also undergoes the self-

modulation instability [5, 6]. Thus, the amplitude of the wakefields grows along the bunch and

along the plasma, and the defocusing effect of the self-modulation can become dominant over

the adiabatic focusing effect. We show that, when seeding the self-modulation with a preceding

e− bunch [7], the transition between the effect of the adiabatic response and that of the self-

modulation depends on the amplitude of the seed wakefields.
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Introduction

The AWAKE experiment at CERN [1] relies on the self-modulation in plasma of the long

400GeV/c proton bunch from the CERN SPS, to accelerate an externally injected electron

bunch to GeV energies. The control of the acceleration requires that the self-modulation pro-

cess and the electron beam injection are reproducible from event to event. Making the self-

modulation instability (SMI) reproducible means that the phase and the amplitude of the plasma

wakefields along the driver bunch are fixed, once the process has saturated. This is achieved by

seeding the instability, and the process is therefore called seeded self-modulation (SSM). Pro-

ton bunch SSM using a relativistic ionization front method [2, 3, 4], and the acceleration of

electrons [5] were demonstrated during AWAKE Run 1. The physics of seeding using a short

electron bunch will be studied during Run 2a (starting in July 2021) [6, 7].

Electron bunch seeding of the self-modulation

When an electron bunch travels in plasma, it drives wakefields that can impose a charge

modulation on the trailing proton bunch (see Figure 1a). If this modulation is deep enough (i.e.

the amplitude of the wakefields is above the seeding threshold), the self-modulation process is

seeded and grows resonantly until the proton bunch is fully modulated (see Figure 1b). Thus,

the final phase of the microbunch train (and of the wakefields) is uniquely related in phase to

the short seed electron bunch.

AWAKE Run 2a is using the same experimental setup as Run 1 [1, 7]. The main elements are:

a 10meter-long Rb vapor source, a 120fs, < 450mJ laser pulse (λ = 780nm) ionizing the Rb

atoms and creating the plasma column, the electron beam source and transfer line, a magnetic

spectrometer system downstream of the plasma. The initial plasma electron density npe can be

varied in a range from 0.5 to 10 ·1014 cm-3, the energy of the electron bunch from 10 to 20MeV
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with 0.5%relative energy spread, the charge from 100 to 600pC (with normalized transverse

emittance and bunch length σz scaling accordingly from 1 to 6mm·mrad and from 2 to 5ps).

The electron bunch transverse size at the plasma entrance can be adjusted using a quadrupole

triplet final focusing system to a minimum size σr ∼ 200 µm.

Figure 1: Schematic of the elec-

tron bunch seeding process. a)

Beams at the injection and ini-

tial wakefields; b) Fully modu-

lated train of microbunches and

transverse wakefields at satura-

tion.

As shown in [4], the phase of the train of proton mi-

crobunches is reproducible (therefore SSM has occurred) when

the amplitude of the seed wakefield is larger than a threshold

value. Using the relativistic ionization front seeding method,

the threshold was determined to be between 4 and 6MV/m

(with npe = 0.9 · 10−14 cm-3). Linear plasma wakefields the-

ory [9] shows that with the initial parameters of the AWAKE

electron bunch, it would not be possible to effectively seed

the self-modulation. For Q = 150pC, σz = 2ps, σr = 200 µm,

npe = 2 ·10−14 cm-3, the maximum amplitude of the transverse

wakefields W⊥ behind the bunch at r = σr is 3MV/m. The

electron beam transverse size, though, evolves according to

γmd2σr
dt2 = qW⊥ (where q and m are the electron charge and mass

and γ the relativistic factor): using linear optics, one can esti-

mate the initial bunch radius σr0 at the injection so that the amplitude of the wakefields within

the bunch at r =σr0 balances the divergence of the bunch and therefore the size remains constant

along the plasma. For the same parameters mentioned above, σr0 ∼ 7 µm, much smaller than

the minimum achievable size at the plasma entrance in the experiment. Therefore, the bunch

undergoes severe non-linear pinching in the first centimeters of propagation in plasma [10],

and numerical simulations are required to describe and compute its transverse size. Simulations

[11, 12] show that, because of this transverse size evolution, the bunch charge density becomes

high enough to drive transverse wakefields with amplitude above the seeding threshold.

The goal of Run 2a is not only to experimentally prove the seeding of the self-modulation

of the long proton bunch using an electron bunch, but also to vary the initial parameters of the

electron bunch (and therefore the amplitude of the initial wakefields) to observe the transition

between SMI and SSM.

Preparatory experimental studies

Before performing the electron bunch seeding experiment with the SPS proton bunch, we

want to study the effect of the propagation through the 10 meter-long plasma column [13] on the

electron bunch. As the low-energy bunch drives wakefields and loose a significant amount of its



energy, we expect a fraction of the electrons to be dephased with respect to the wakefields, and

to be defocused, and to detect the energy loss as a long low-energy tail in the energy spectrum

of the bunch on the spectrometer screen. Figure 2a shows the 150pC and ∼ 18.5MeV electron

bunch, propagated through vacuum and imaged onto the spectrometer screen. Figure 2b shows

the electron bunch with the same input parameters after propagation through 10m of plasma

(npe = 2 · 1014 cm-3). As the beam is dispersed in the horizontal plane, the horizontal axis of

the screen is converted into energy. One notices the long low-energy tail, showing energy loss

occurred in the plasma.

Figure 2: a) Electron bunch imaged onto the spectrometer screen after propagation through vacuum.

b) Electron bunch imaged onto the spectrometer screen after propagation through 10 meters of plasma.

The horizontal axis is the dispersive plane. The counts of each image are normalized to the respective

maximum. c) and d) show a waterfall plot of the energy projections of the electron beam imaged on the

spectrometer screen. c) 30 events with the smallest beam size at the plasma entrance; d) 30 events with

the largest beam size at the plasma entrance. e) sums of the energy distributions for the two cases: (c) in

blue and (d) in orange. For all images, the electron bunch charge at the plasma entrance is 150pC and

the energy is ∼ 18.5MeV.

During the first experimental campaign, we varied the size at the plasma entrance of the

150pC, 18.5MeV electron bunch (and npe = 2 ·1014 cm-3). Figure 2 (c and d) show a waterfall

plot of the projections along the energy axis of images at the spectrometer screen. We collected

30 events with the smallest beam size at the injection (beam focused at the plasma entrance,

σr ∼ 200 µm (c)) and 30 events with the largest beam size (beam focused 5m downstream of

the plasma entrance, σr ∼ 1mm (d)). We note here that the energy distributions reach lower

values for the smaller beam size (the minimum energy is detected around 10MeV) indicating

that the smaller beam (with larger charge density) experiences more energy loss. We also show

in Figure 2e the sum of the energy distributions for the two cases: the minimum energy and the

mean of the distribution are clearly different in the two cases. The energy of one electron along

the propagation length L evolves according to: ∆W = q
∫ L

0 Ez(z)dz, where Ez is the longitudinal



wakefield within the bunch. What we observe on the screen is the results of a complex dynamics,

as Ez varies along the bunch and along the plasma.

Simulations [12] show that the amplitude of the decelerating fields inside the bunch and of

the transverse fields behind the bunch are maximum over the first 2meters of plasma, where the

transverse pinching occurs. Then, due to dephasing, some charge is expelled out of the plasma

and the bunch length becomes comparable to the plasma wavelength, making the wakefields

decrease and the bunch transverse size increase. To summarize, the energy spectrum, observed

after the propagation in plasma, is mostly affected by the longitudinal and transverse evolution

of the bunch and of the wakefields over the first meters of propagation, which in turn are directly

related to the initial parameters of the electron bunch, in particular its charge density.

Conclusions

We have discussed the electron bunch seeding process of the proton bunch self-modulation,

that will be studied in the context of AWAKE Run 2a. We have shown that we are able to vary

the energy loss of the seed electron bunch in plasma by changing its initial parameters. We

will perform the same type of measurements in the presence of the proton bunch, including the

variation of other parameters (e.g. electron bunch charge, for a fixed bunch size), to study the

phase reproducibility of the self-modulation of the proton bunch and the transition from SMI to

SSM, using the electron bunch seeding method.
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Abstract.
We describe an external electron injection scheme for the AWAKE experiment. We use

scattering in two foils, that are necessary as vacuum window and laser beam dump, to decrease
the betatron function of the incoming electron beam for injection and matching into plasma
wakefields driven by a self-modulated proton bunch. We show that, for a total aluminum foil
thickness of ⇠ 280 µm, multiple Coulomb scattering increases the beam emittance by a factor
of ⇠ 10 and decreases the betatron function by a factor of ⇠ 3. The plasma in the accelerator is
created by a ionizing laser pulse, counter-propagating with respect to the electron beam. This
allows for the electron bunch to enter the plasma through an ”infinitely” sharp vapor-plasma
boundary, away from the foils.

1. Introduction
During its first experimental run (2016-2018), AWAKE (the Advanced WAKEfield experiment)
[1] reached two important milestones: the demonstration of the seeded self-modulation of the
400 GeV/c proton bunch delivered by the CERN Super Proton Synchrotron [2][3], and the
acceleration of externally injected electrons from 19 MeV up to 2GeV [4]. The goal of the
second run is to accelerate a 165 MeV electron bunch while preserving its quality. For AWAKE
Run2 [5] we plan to use two separated plasma sources: one dedicated to the self-modulation of
the proton bunch (seeded by an electron bunch) and one to the electron acceleration (see Figure
1).

Figure 1. Schematic drawing of the AWAKE Run2 setup.

A short vacuum gap (with length of ⇠ 30 cm) separates the two sources, and aluminum
windows confine the rubidium vapor to the sources. In the gap region, the electron beam
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trajectory merges with the proton beam one, so as to inject the witness bunch on axis into the
wakefields. A laser pulse (�⌧ = 120 fs, E < 450mJ, � = 780 nm) is split to ionize separately
the rubidium vapor in the two sources. In the first source, the laser pulse co-propagates with
the proton bunch and is stopped by the laser beam dump. In the second source, the laser
pulse counter-propagates with respect to the particle bunches. Particles thus enter the plasma
through an ”infinitely” sharp in space, but extended in time (on the order of half the bunch
duration), boundary between vapor and plasma. The electron bunch parameters are such that
it is directly matched to the ion column focusing force. Using a plasma density ramp to assist
the matching of the beam would require a room temperature expansion volume between the two
vapor sources and would make the gap between the two plasmas too long for e↵ective excitation
of wakefields in the second plasma [6]. Laser beam dumps protect the vacuum windows in each
source. Hence, the proton and electron beams cross these aluminum foils upstream the injection
point. While the e↵ect on the proton beam optical properties is negligible, the electron beam
is strongly a↵ected by scattering in the material. In this paper we study the incoming electron
beam parameters to achieve matching to the plasma focusing force.

2. Electron beam injection
2.1. Blowout, beam loading, beam matching
The final goal of the AWAKE experiment is to provide an electron beam suitable for applications
to high-energy physics (fixed target or electron-proton collision experiments). To do this, it
is necessary that the electron bunch carries a high charge (> 100 pC), that the normalized
emittance is su�ciently low (10� 20 mm · mrad), and that the final energy spread is kept at, or
below, the %�level.

The bunch must be injected in the accelerating and focusing phase of the wakefields.
Therefore, the electron bunch length �z must be much shorter than a quarter of the plasma

electron wavelength �pe = 2⇡c/!pe, where c is the speed of light and !pe =
q

npee2/✏0me is the

angular plasma electron frequency (npe is the plasma electron density, e is the elementary charge,
✏0 is the vacuum permittivity, me is the electron mass). This would insure high e�ciency of the
capture process. At the baseline plasma electron density (npe = 7 · 1014 cm-3), �pe ⇠ 1.2 mm; by
design, �z = 60µm [5].

According to Liouville’s theorem, the incoming emittance is preserved if the transverse
focusing force acting on the witness beam increases linearly with the distance from the axis.
This is achieved by fully blowing out the plasma electrons from the plasma cavity [7]: the
system enters in the so-called blowout, non-linear regime. In this scenario, the focusing force
generated by the pure, uniform density ion column is radially linear, therefore the electron bunch
slice emittance can be conserved. Simulations [8] show that, even though the AWAKE proton
microbunches generate plasma wakefields only in the quasilinear regime (�npe  npe), an intense
enough electron bunch (neb > 35npe, with neb the charge density of the electron bunch, for a
bunch length of 60µm) can expel all the residual plasma electrons from the propagation axis,
leaving an ion column behind.

In order to accelerate this bunch with a low energy spread, it is necessary to flatten the
longitudinal wakefield amplitude along the bunch, so that most of the witness bunch particles
experience the same accelerating gradient. This is possible with beam loading [9]: the witness
bunch is positioned such that its own wakefields, superimposed to the wakefields driven by the
proton bunch train, make the accelerating field approximately constant along the witness bunch.

To maintain blowout and beam loading, the electron bunch charge density may not oscillate
while propagating along the plasma. This is satisfied by matching the electron beam to the
plasma ion column focusing force. When the beam is injected into the wakefields, its transverse
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size � follows the envelope equation:

�00(z) + (K2
� � ✏2g

�4(z)
)�(z) = 0, (1)

where K� =
!pe

c
p

2�
is the focusing term of the ion column (� is the Lorentz factor), and the

✏2g
�4(z)

term describes the divergence of the beam due to its geometric emittance ✏g. The beam

is matched to the plasma (and therefore its envelope does not oscillate along the plasma) when
it is injected at the waist (�0(zinj) = 0, where zinj is the longitudinal position of the injection
point, i.e. the plasma entrance) and the term in parenthesis in Equation 1 vanishes, i.e. the
focusing force exactly balances the divergence of the beam. Satisfying these conditions yields:

�⇤ =

s
2✏0mec2�

npee2
, (2)

where �⇤ = �⇤2/✏g is the betatron function of the electron beam at the injection point (therefore,
at the beam waist). Thus, Equation 2 defines the matching condition for �⇤, and therefore for
the transverse beam size and emittance, accordingly.

2.2. Electron beam injection and matching in the AWAKE experiment
For the AWAKE Run2 baseline parameters, the electron beam energy is 165 MeV and
npe = 7 · 1014 cm-3, hence �⇤ = 5.1 mm (for a normalized emittance ✏N = 20 mm · mrad,
�⇤ = 17.7 µm). This is a rather short value that is challenging to produce in the AWAKE
geometry, since it requires strong focusing close to the waist location. Increasing this value
for the incoming beam is therefore desirable. As mentioned above, the electron beam has to
cross two aluminum foils before the injection (a vacuum window and a laser beam dump).
We choose aluminum because of the good trade-o↵ between its radiation length (X0 ⇠ 9 cm)
and its mechanical properties. The incoming beam parameters are spoiled because of multiple
scattering inside the material [10]: the emittance increases, the betatron function decreases, the
position of the waist moves upstream [11]. Therefore, since the plasma parameters determine
�⇤ after the foils, we calculate backwards the necessary incoming beam parameters (incoming
betatron function �⇤

in and position of the waist respect to the laser beam dump position) and
the maximum possible foil thickness in order to match the beam with the plasma at the injection
point, according to:

✏2in � ✏2g = �2
f2✓

2
f2 + �2

f1✓
2
f1, (3)

where ✏in, �f2, ✓f2 and ✏g, �f1, ✓f1 are the geometric emittance, transverse beam size,
scattering angle at the vacuum window and at the laser beam dump, respectively, and

�⇤
in =

✏in
✏g � �⇤(✓2

f1 + ✓2
f2)

· �⇤, (4)

Figure 2 shows the required betatron function to achieve a normalized emittance
✏N = ��✏g = 20mm·mrad (� is the ratio of the beam velocity to c) and �⇤ = 5.1 mm at the
injection, assuming an initial normalized emittance of 2 mm·mrad (nominal value provided by
the electron beamline design), as a function of the total amount of material in the beam path.

Note that, as the foils thickness increases, �⇤
in has to increase, but it is independent of the

distance between the two foils (Equation 4). The black dashed line indicates the maximum
amount of material that can be positioned in the beam path. For a foil thicker than this
value, the divergence contribution of the multiple scattering < ✓2 > becomes too large to be
compensated by any convergence angle. Therefore, the beam defocuses at the foil exit and
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Figure 2. Incoming betatron function
�⇤

in as a function of the foil thickness
required to reach the goal parameters at
the injection point.

cannot be matched to the plasma wakefields. The decrease of the betatron function, as the
beam crosses the material, means that the beam waist moves closer to the foil.

Hence, the beamline does not have to provide directly �⇤
in = �⇤, that is very challenging

to produce and require to position the last focusing element very close to the injection point.
Instead, we exploit the two foils, needed as vacuum window and beam dump, to relax the request
on the betatron function.

We also calculate the position respect to the laser beam dump where the incoming beam waist
needs to be set (without foils and scattering), as a function of the distance between the two foils
(Figure 3, blue line). The upper limit is given by the requirement that the beam does not diverge
upstream the laser beam dump. Figure 3 also shows the final position of the waist with foils
and scattering (orange line): this is closer to the foils (i.e. upstream) than without scattering,
as expected. Using the calculated betatron function and waist position, we can estimate the
maximum distance from the plasma entrance where the last focusing element can be positioned.
Considering the linear field area of a quadrupole magnet to have a radial dimension r ⇠ 20 mm,
the upper limit of the distance for the magnet to accept the whole beam (i.e. 3� < r) is ⇠ 10 m.
Still, in order to keep � < 10 mm inside the magnets, the last focusing element is positioned as
closed as possible to the gap region, depending on the beamline bending angle.

Figure 3. Position of the waist with
(orange line) and without (blue line)
scattering, respect to the laser beam dump,
as a function of the gap between the two
foils.

When the beam is correctly matched to the plasma ion column (see the green line in Figure
4), its transverse size does not oscillate along the plasma. The bunch charge density does not
change and the blowout and beam loading are maintained along the entire plasma length. On
the contrary, when the beam is mismatched (see blue and red lines) betatron oscillations of the
beam envelope take place. The beam size along the plasma is obtained by integrating Equation
1 with particular initial condition:

�(z) =

vuut✏g(
p

F 2 + 1 + Fcos(2
p

K�z))1/2

p
K�

, (5)
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where F =
(K��

⇤4/✏2g)�1

2
p

K��⇤2/✏g
. Moreover, even though the betatron function at the waist is equal to

�⇤ (calculated with Equation 2), the envelope starts oscillating when the beam is not injected
at the waist (�0(zinj) 6= 0), as shown in Figure 5. Since the plasma entrance is determined by
the location of the counter-propagating ionization laser pulse and electron bunch meeting point,
mismatch caused by �0(zinj) 6= 0 can be corrected by adjusting the relative timing between the
pulse and the bunch. The value of the betatron function also determines the required timing
precision needed for the meeting point. This time has to be much shorter than the transition
time of the bunch over one �⇤. In this case, �⇤/c = 17ps. We also note that, as the crossing
distance is on the order of �z << �⇤, the entire bunch can be considered as injected and matched
at once. Instead, mismatching caused by the wrong transverse waist size can only be corrected
by adjusting the incoming beam optical properties.

Figure 4. Transverse electron beam
envelope (from Equation 5) in vacuum
(z < �1 mm), in Rb vapor between
foils (�1 < z < 0 mm) and along the
plasma (z > 0.1 mm) for the case of a
matched (green line), under-matched (red)
and over-matched (blue) beam. In this
case, �matched = 17.7 µm

Figure 5. Transverse electron beam envelope
(from Equation 5) in the plasma for the case
of a beam injected at the waist (zinj =
zw, green line), of an early injected beam
(zinj = zw � 1 mm, red line) and of a late
injected beam (zinj = zw + 1mm, blue line).
� = �⇤ for all the examples.

2.3. E↵ect of acceleration on electron beam matching
So far, we determined the matching condition at the plasma entrance for the incoming beam
energy. But energy gain occurs along the plasma (�(z) = �0(1+ d�

dz dz)), potentially leading to loss
of the matching condition. However, when the energy gain per unit length is small enough so that
d�
dz << �

��
, the matching is mostly maintained. The transverse bunch size therefore adiabatically

adjusts to satisfy the matching condition as the energy changes, according to � / �1/4 (from
Equation 2). In this case, � = �(z) in Equation 1, that is solved numerically. We consider

a constant energy gain d�
dz = 200 MeV/m (from Run1 experimental results [4]), that satisfies

the adiabaticity condition, and we assume that the normalized emittance is preserved during
the acceleration. Figure 6 shows that the bunch size decreases overall, but the approximate
matching leads to small envelope oscillations. With the adiabatic matching, the transverse
beam size and the betatron function are, after the acceleration over 10 m of plasma, ⇠ 10 µm
and ⇠ 2 cm, respectively. This is important for the magnetic energy spectrometer design. We
also note here that the e↵ect of the density ramp at the plasma exit must be included. Still, the
matching condition (Equation 2) is defined for only one energy value. Therefore, in order to have
the whole beam nearly matched, a small energy spread of the incoming beam, and the beam
loading, are necessary conditions. And, to satisfy the request of a constant normalized emittance,
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the beam must be accelerated in the blowout regime. It is then clear that matching, blowout
and beam loading are reciprocal conditions. Blowout and beam loading are achieved through
proper charge and length adjustment of the electron bunch (for a given radius, determined from
matching to the pure ion column), that is not discussed here. We also note that the blowout
is produced by the head of the electron bunch; therefore, a thin part of the beam will not
experience the linear focusing force and its emittance might not be preserved. Still, as shown
in numerical simulation [8], the short witness bunch is injected in an overall focusing phase of
the proton driven wakefields. Thus, the superimposition of the fields keeps the whole electron
bunch confined (head included), minimizing the emittance growth.

Figure 6. Electron beam envelope for
a matched beam accelerated in plasma
(blue line), and without plasma (orange
line). The result is obtained integrating
numerically Equation 1.

3. Conclusions
AWAKE Run2 focuses on producing a high-energy and high-quality beam suitable for high-
energy physics applications. To do so, the Run1 experimental setup is modified in order to
precisely control the electron beam injection in the proton-driven plasma wakefields. The
emittance preservation and the low final energy spread are achieved exploiting full blowout
of the plasma electrons, beam loading of the wakefields, and matching of the electron beam to
the plasma ion column focusing force. For a given plasma electron density, we therefore define
the necessary incoming electron beam parameters, considering the amount of material that the
bunch has to cross before entering the plasma, and we find that the use of foils relax the condition
on the incoming electron beam betatron function. The electron bunch parameters for matching
are determined for the case of a low electron bunch normalized emittance (20mm · mrad). Full
parameters were determined for the case of a single driver proton microbunch [8] and a witness
bunch normalized emittance of 2 mm·mrad. Parameters for the higher emittance case need to be
determined for the fields driven by the self-modulated proton bunch and also for lower densities
(e.g. from 2 to 4·1014 cm-3). To unequivocally prove the matching of the electron beam with the
plasma wakefields, we will experimentally study the accelerated beam properties as a function of
the incoming beam parameters. Therefore, it will be necessary to measure the transverse beam
size and position at the entrance of the accelerating plasma section with µm-resolution. As the
electron beam has to be injected in the proton driven wakefields, its trajectory must be aligned
onto the proton beam for the whole accelerator length within the proton transverse beam size
(200 µm, by design) in position and within 0.02 mrad in pointing. This will require a challenging
design and integration of the diagnostics, due to the compact geometry of the system. Once
the acceleration of a high-quality electron bunch is successfully proven, the final energy could
be increased by simply scaling up the length of the accelerating plasma section.
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We present a method to measure the transverse size and position of an electron or proton beam, close to
the injection point in plasma wakefields, where other diagnostics are not available. We show that transverse
size measurements are in agreement with values expected from the beam optics with a < 10% uncertainty.
We confirm the deflection of the low-energy (∼18 MeV) electron beam trajectory by Earth’s magnetic
field. This measurement can be used to correct for this effect and set proper electron bunch injection
parameters. The advanced wakefield experiment at CERN (AWAKE) relies on these measurements for
optimizing electron injection.

DOI: 10.1103/PhysRevAccelBeams.23.032803

I. INTRODUCTION

A. The AWAKE experiment

AWAKE [1], the advanced wakefield experiment at
CERN, recently demonstrated acceleration of externally
injected electrons in plasma wakefields resonantly excited
by a self-modulated [2,3] relativistic proton bunch [4].
The core of the experiment is a 10-m-long rubidium vapor

source [5]: a long, fluid-heated heat exchanger evaporates
rubidium at 180 °C–230 °C to reach the required vapor
density of 0.5–10 × 1014 atoms=cm3. A 120 fs, <450 mJ
laser pulse (λ ¼ 780 nm) ionizes the rubidium vapor,
creating a plasma cylinder with a radius of approximately
1 mm [6]. The vapor source is connected to the beam line at
each end by a 10-mm-diameter aperture. The 400 GeV=c
proton bunch provided by the CERN Super Proton
Synchrotron (SPS) and delivered by a 750-m-long transfer
line [7] with 3 × 1011 particles drives the plasmawakefields.
A photoinjector with an output energy of 5 MeV

produces the witness electron bunch, which is then accel-
erated to 10–20 MeV in a 1-m-long booster structure [8].
A 15-m-long transfer line [9] finally transports the bunch
from the booster to the rubidium vapor source. The electron
source can provide an electron bunch charge between
0.1 and 1 nC. The nominal normalized emittance of the
electron beam is 2 mm · mrad.

We use beam-position monitors (BPMs) to measure the
position of the proton and electron beams along the beam
line and scintillating screens (BTVs) to measure their
transverse bunch profiles [10]. Losses and radiation pro-
duced by the proton beam are monitored by proton beam
loss monitors (PBLMs) positioned along the transfer line
and the vapor source. Figure 1 shows a schematic of the

E

P

FIG. 1. Schematic of the proton and electron beam transfer line
and vapor source close to the vapor source entrance. Main beam
diagnostics devices are highlighted: beam-position monitors
(BPMs), scintillating screens (BTVs), and electron and proton
beam loss monitors (EBLMs and PBLMs, respectively). l and d
are the distances between the two BPMs and between the last
BPM and the vapor source entrance aperture, respectively. Beams
are overlapped at the last two BPMs: The proton beam propagates
essentially straight (red arrow); the electron beam trajectory
(blue) is bent by Earth’s magnetic field with radius of curvature
Ry. Δy is the deviation from the straight trajectory in the vertical
plane. The drawing is not to scale.
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beam transfer line and of the vapor source close to the vapor
source entrance and the relevant diagnostics devices.

B. Experimental challenges

To inject and accelerate the electrons, we spatially and
temporally overlap them with the plasma wakefields [11].
This means that the electron and proton beam trajectories
have to cross within the plasma cylinder. To investigate the
acceleration process and to characterize the wakefields,
we want to inject the electron bunch at various locations
downstream from the plasma entrance and at various angles
with respect to the proton beam trajectory. We observe that
the highest capture and acceleration efficiency occurs when
the electron beam is injected ∼1 m downstream from the
entrance. This is therefore the baseline setup for the
acceleration experiment.
Because of the complexity of the vapor source, it was not

possible to install any beam position or beam size diag-
nostics close to or along the plasma. Therefore, the last
direct measurement of the electron beam is given by a
scintillating screen positioned 0.8 m upstream from the
entrance of the vapor source. Furthermore, during the
acceleration experiment, no screen can be inserted in
the beam line, because this would completely absorb the
electron beam. This makes the alignment process for the
injection extremely challenging due to the uncertainty on
the electron transverse beam size at the injection point and
due to the different effects of external magnetic fields on the
two beam trajectories, given by the very different rigidity.
The rms transverse size σ at the crossing point is one of

the factors that contributes to the charge capture efficiency.
Measuring the size near the crossing point is therefore
important. Moreover, including the effect of Earth’s mag-
netic field on the low-energy beam is crucial to precisely
predict the electron beam trajectory only using information
provided by BPMs.
In this article, we illustrate how we use the electron beam

loss monitors (EBLMs) to measure the transverse beam
size at the plasma entrance and infer it at the injection point.
We also use this setup to align the proton-electron beam
trajectories, by measuring the effect of Earth’s magnetic
field on the electron beam trajectory.

II. MEASUREMENT SETUP

When electron and proton beams interact with the
material surrounding the vapor source, they generate beam
losses in the form of scattered and secondary particles. To
detect these losses, we installed two EBLMs 1.5 m down-
stream of the source entrance aperture as shown in Fig. 1.
Each detector consists of two main parts, optically

connected by a light guide: a scintillating material (EJ-
200, a polyvinyltoluene-based plastic organic scintillator)
and a photomultiplier tube (PMT) biased with a negative
high voltage (∼kV). When particles cross the detector

material, they deposit energy; part of this energy is
converted to scintillating light that is transmitted to the
PMT via the light guide. The PMT produces an amplified
electric signal, read out by an oscilloscope. We control the
amplification power of each detector independently, with
the high voltages applied to the PMTs. These are chosen
such that the detectors respond linearly to our range of
deposited energies. The linearity of the system has been
checked varying the charge of the incoming beam, with
fixed trajectory, while measuring the loss signals [12]. The
integral of the output signal is proportional to the charge
produced by the PMT, i.e., to the deposited energy, and it is
indicated as counts. In the following text, losses will be
expressed in percentage with respect to the maximum
counts value of each given dataset.

III. MEASUREMENTS CONCEPT

As mentioned in Sec. I A, the vapor source has a 10-mm-
diameter aperture in a 600-μm-thick aluminum foil for the
rubidium vapor to exit the source. The thickness of the foil
and the size of the aperture have been chosen according to
the mechanical and thermal constraints of the vapor source,
to minimize the radiation produced by the proton beam
during the acceleration experiment and to allow for oblique
external injection of the electron beam [11]. When beam
particles hit the aluminum entrance foil, they produce
secondary particles (scattered electrons and x rays) that
deposit energy in the beam loss monitors. The thickness of
the foil is sufficient to produce a high signal-to-noise ratio
in the detectors when a fraction of the 18 MeV electron
beam interacts with the material. The foil thickness and the
distance between the foil and detector can, in principle, be
adjusted to obtain a suitable signal. The loss signals are
proportional to the amount of beam interacting with the
material. Measuring these losses, we calculate the electron
transverse beam size at the entrance aperture location and
the deflection from the straight trajectory caused by Earth’s
magnetic field on the electron beam.

A. Transverse beam size measurements

The goal of the measurement is to predict the rms
transverse electron beam size σ at the injection point, in
order to improve the trajectory pointing precision and to
estimate the charge capture efficiency. To effectively inject
the witness bunch into the wakefields, its transverse size
has to be comparable to the transverse extent of the plasma
wakefields. This is given by the plasma skin depth c=ωpe,

where c is the speed of light and ωpe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nee2=ϵ0me

p
is the

plasma electron frequency (ne is the plasma electron
density, e is the elementary charge, ϵ0 is the vacuum
permittivity, andme is the electron mass) [13]. For a plasma
electron density of 2 × 1014 cm−3, c=ωpe ≈ 0.4 mm. We
cannot directly measure the electron beam σ at the injection
point, as it is located ∼1 m downstream from the vapor
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source entrance. Therefore, we measure the beam size at
the plasma entrance and estimate the size at the injection
location, from beam optics.
We use the last corrector magnet in the beam line (see

Fig. 1) to scan the electron beam position horizontally and
vertically across the entrance aperture (examples of elec-
tron beam transverse positions at the entrance aperture are
shown in Fig. 2) while recording the signals of the electron
beam loss monitors. This beam scraper technique is a well-
known and routinely used procedure in machine operation
for beam collimation and aperture size measurements
[14,15] and for transverse beam profile measurements
[16]. Using the horizontal and vertical beam positions
measured on BPM1 and BPM2, we reconstruct the hori-
zontal and vertical (x; y) position of the electron beam at the
entrance location using a linear trajectory prediction:

ðx; yÞ ¼ ðx2 − x1; y2 − y1Þ
l

· dþ ðx2; y2Þ; ð1Þ

where x1;2 and y1;2 are the horizontal and vertical beam
position measurements (offset from the center of the beam
line) given by BPM1 and BPM2, respectively, l is the
distance between the two BPMs, and d is the distance
between BPM2 and the plasma entrance. Even though
BPM1 is positioned upstream of the corrector magnet, we
use its measurement as the beam position at the exit of the
corrector, since the two instruments are only ∼9 cm apart
and the position deviations at the exit of the magnet are
small (< 0.05 mm). We also neglect the effect of Earth’s
magnetic field on the electron beam trajectory, as it gives a
constant deflection (see Sec. III B) and is, thus, not relevant
for beam size measurements. For each electron beam
position at the aperture, we collect and average 30
measurements. The electron beam normalized emittance

was measured to be ∼9 mmmrad with a quadrupolar scan
at the exit of the electron source.
Figure 3 shows one side of the vertical and horizontal

scans of the 200 pC electron bunch focused at the entrance
aperture, measured by the detector positioned above the
vapor source. We note that the minimum of the measured
losses is around 5% (position at the entrance < 3.5 mm in
Fig. 3), when the beam is centered on the aperture. We
attribute this small, but nonzero, value to the non-Gaussian
halo of particles around the Gaussian bunch. As soon as a
significant number of beam particles hit the aluminum
entrance foil, losses increase, reaching a maximum when
they all interact with the iris (> 6 mm in Fig. 3).
Assuming that the transverse electron beam charge

distribution is Gaussian [9], we can fit independently both
rising ramps of each loss scan with an error function

erfðx; μ; σÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2πσ2

p
Z

x

0

e−½ðt−μÞ2=2σ2�dt; ð2Þ

FIG. 2. Schematic drawing of the vapor source entrance.
Examples of electron beam transverse positions at the entrance
aperture during the horizontal and vertical scans are shown. The
yellow areas mark the fraction of the beam interacting with the
material, i.e., beam loss. The drawing is not to scale.

FIG. 3. Loss signals (red dots) measured as a function of the
vertical (a) and horizontal (b) position at the vapor source
entrance [calculated with Eq. (1)]. Every point is the mean value
of 30 measurements; error bars are the standard deviation of the
distribution for each point. Each plot is fitted with an error
function according to Eq. (2) (blue dashed lines). For these
measurements, the 200 pC electron beam is focused at the vapor
source entrance (measurement location).

ELECTRON BEAM CHARACTERIZATION WITH … PHYS. REV. ACCEL. BEAMS 23, 032803 (2020)

032803-3



where μ is the position of the center and σ the rms of the
Gaussian distribution. Every loss scan produces two values
of the beam transverse size σfit (one for each side).
According to the beam line optics [9], we also focus the

beam 1 m downstream from the entrance aperture and repeat
the measurement, that is, the optical configuration used
during the injection experiment. In Table I, we give the
resultingσfit values for thevertical andhorizontal scans for the
different optics. The error on σfit is given by the fit covariance
matrix and, therefore, quantifies the goodness of the fit.
We note that the two values of σfit for each scan

agree with each other. The final values are calculated as
the mean of the two measurements for each scan, as
given in Table I; the errors on the final values are
calculated propagating the statistical error on the single
measurement. When the beam is focused at the entrance,
ðσx;σyÞ¼ð0.54�0.03;0.31�0.03Þmm; when it is focused
1 m downstream, ðσx; σyÞ ¼ ð1.06� 0.05; 0.5� 0.1Þ mm.
The measured vertical transverse beam size at the waist
(beam focused at the entrance) is slightly larger but still
consistent, within 2 times the statistical error, with the
nominal value (0.25 mm) [9]. The horizontal σ is measured
to be larger than the vertical one in both optical settings; the
beam is, therefore, not round as expected from the design.
The difference is attributed to the dispersion D in the
horizontal plane [17], that is minimized at the beam waist
but never fully compensated.
The measurements performed focusing the beam 1 m

downstream from the vapor source entrance provide a
value of the transverse beam size 1 m upstream from the
waist position. Therefore, we calculate the beam size at
the waist σ0 according to linear Gaussian beam optics:

σðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσ20 þ z2ϵ2g=σ20Þ þ ðDδp=pÞ2

q
(where z ¼ 1 m, σ

is the transverse beam size obtained from the measure-
ments, ϵg is the geometric emittance, and δp=p ∼ 0.5%
is the momentum spread [9]). Thus, this measurement
allowed us to predict the beam transverse size at the
injection point as ðσx; σyÞ ¼ ð0.60� 0.06; 0.3� 0.1Þ mm
(the errors are calculated propagating the statistical errors
obtained above). For a plasma electron density
ne ¼ 2 × 1014 cm−3, we are thus confident that a signifi-
cant fraction of the bunch is injected into the wakefields
(when the beam trajectory is properly set to cross the
wakefields).

To further test this measurement concept, we also
measure the transverse beam size of the well-characterized
SPS “pilot” proton bunch (ϵN ∼ 1 mmmrad, bunch pop-
ulation ¼ 1010 particles). We directly see from Fig. 4 that
the slope of the proton bunch (blue curve, rise ramps in the
½−6;−4� and [4,6] mm ranges) is steeper than that of the
electron beam signal (red curve, rise ramps in the ½−4;−2�
and [5,7] mm ranges). This indicates that the proton beam
transverse size is smaller than the electron beam one. With
the same fit procedure described above, we measure it to be
σ ¼ ð0.12� 0.02Þ mm. It is in good agreement with the
expected value ð0.10� 0.01Þ mm: This is calculated
measuring the proton beam σ with foils emitting optical
transition radiation upstream and downstream from the
vapor source and the beam emittance in the SPS.

B. Electron beam deflection from
Earth’s magnetic field

The externally injected electrons have a low energy
(∼18 MeV), and the transfer beam line is not shielded
from external magnetic fields. Earth’s magnetic field B
in the experimental area was measured during the
installation campaign to be [18] Bðx;yÞ ∼ ð0.2; 0.4Þ G

TABLE I. Results of the electron beam scan of the entrance aperture for different focal point locations. Every scan
gives two transverse beam size values σfit, one for each side of the beam loss signal. The final value of σ is obtained
as the mean of the two measurements for each scan; the error is calculated propagating the statistical error.

Focal point location Dimension σfit [mm] σ [mm]

Entrance aperture Vertical 0.28� 0.03 0.34� 0.06 0.31� 0.03
Horizontal 0.53� 0.04 0.54� 0.03 0.54� 0.03

1 m downstream from the entrance Vertical 0.52� 0.05 0.4� 0.2 0.5� 0.1
Horizontal 1.13� 0.06 0.98� 0.08 1.06� 0.05

FIG. 4. Proton (blue dots) and electron (red dots) beam losses
as a function of the horizontal position at the vapor source
entrance aperture. Dashed lines are the error function fits, the
black triangles the centers of the rising ramps.
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(with a �15% uncertainty), corresponding to a Larmor
radius Rðx;yÞ ¼ βγmec=eBðy;xÞ ∼ ð1.5; 3Þ km. In particular,
the beam trajectory between the last magnetic element and
the entrance of the vapor source (more than 3 m away)
cannot be approximated as straight, since Earth’s magnetic
field bends the beam onto a circular trajectory. The vapor
source is shielded with mu metal, so that the electron beam
trajectory is straight, once injected into it.
We estimate the deviation from straight trajectory as

(see Fig. 1) [12]

Δx;Δy ∼ d sin

�
1

2

d
Rx;y

�
: ð3Þ

The beam position at the vapor source entrance is
predicted to be different from that given by a straight line
trajectory by Δx ∼ −1.3 mm (to the right in the horizontal
plane) and Δy ∼ −0.66 mm (down in the vertical plane),
with an uncertainty of �15%.
Since the last BTV is too close to the BPMs to resolve the

trajectory deviation, and no beam size or position instru-
ment can be installed at the plasma entrance, it is not
possible to directly measure this electron beam trajectory
deflection. Thus, we developed an indirect measurement
technique that uses both the proton and electron beam loss
monitors and the vapor source entrance aperture as follows:
1. Proton beam scan to establish position references.—

While recording the loss signals from the proton beam loss
monitor (positioned on the right-hand side of the vapor
source and downstream from the entrance aperture), we
scan (horizontally and vertically) the proton beam position
over the entrance aperture by shifting the beam parallel to
its nominal trajectory (see the blue dots in the horizontal
scan of Fig. 4). Note that losses on the negative side (right-
hand side) are higher than on the positive side because of
the position of the detector. We fit both rise ramps with the
error functions [Eq. (2)] and define the position of the
entrance aperture edge in the two transverse dimensions as
the μ values of the rising ramps (black triangles pointing
right in Fig. 4). A straight trajectory prediction of the
proton beam trajectory is justified, as the effect of Earth’s
magnetic field on the 400 GeV=c proton bunch is smaller
in amplitude than on the electron bunch by a factor
ppþ=pe− ¼ 2.6 × 104, where ppþ;e− is the momentum of
the proton and electron beam, respectively. Using the loss
scans, we align the proton beam position on the center of
the entrance aperture, and we take a trajectory reference on
two scintillating screens upstream from the vapor source.
2. Electron beam scan.—After aligning the electron

beam onto the proton reference trajectory at the scintillating
screens (and, therefore, including in the measurement offset
readings of the BPMs), we scan horizontally and vertically
the electron beam position over the aperture while record-
ing the EBLM loss signals. Then, we compute the beam
position at the iris using Eq. (1) (red dots in Fig. 4) and fit

the ramps with error functions [Eq. (2)], obtaining the μ
values (black triangle pointing left in the plot) as the centers
of the ramps. The error on μ is provided by the covariance
matrix of the fit.
3. Comparison of loss signals.—As shown in Fig. 4,

the proton and electron beams loss distributions do not
overlap in space because of the effect of Earth’s magnetic
field on the electron beam trajectory. Thus, we determine
the deflection ðΔx;ΔyÞ ¼ ðμpþ − μe−Þx;y, where μpþ;e− are
the centers of the rising ramps for the proton and electron
scans, respectively. As the σ of the two beams are different,
we obtain two values of the deflection for each plane (see
right- and left-hand sides of the scans in Fig. 4). We use the
mean of the two as a final estimate of the deflection.
The measured values are Δx ¼ ð−1.44� 0.03Þ mm (to

the right in the horizontal plane) andΔy¼ð−0.55�0.03Þmm
(down in the vertical plane). The measurements agree
with the calculations discussed above ðΔx ∼ −1.3 mm;
Δy ∼ −0.66 mmÞ � 15%. This allows us to reach true
electron-proton beam crossing at the plasma entrance.
Correcting the electron beam trajectory upstream, we could
also make the two beam tangent at their crossing point,
aligning the position and angle. This trajectory is then used as
a reference for injection during the acceleration experiment.

IV. CONCLUSIONS

Using the electron beam loss monitor setup, we conduct
measurements on the AWAKE electron beam. Measuring
losses at the vapor source entrance aperture when the beams
are made to hit the aperture, we measure the transverse
beam size of the electron beam for two different magnetic
optic settings. The results agree with the optical model of
the beam line. This measurement has been essential for the
electron beam line commissioning and for the external
electron injection experiment, since no other beam trans-
verse size diagnostics is available at that location: The
EBLM system provides the closest information about
the electron beam size and position to the injection point
(∼1 m downstream from the aperture).
Using the same technique, we measure the deflection of

the low-energy ð∼18 MeVÞ electron beam trajectory, after
the last corrector magnet, caused by Earth’s magnetic field.
We use this information to correct the electron beam
trajectory in order to make it cross with the proton bunch
trajectory at the desired location.
We note that this beam loss method is applicable when

the beam is smaller than the entrance aperture but larger
than the uncertainty on the transverse position. This method
could be used in advanced accelerator experiments, when
the electron beam for external injection into wakefields
must be aligned onto the center of a capillary discharge
or gas cell. These have, in general, rather small apertures
(≤1 mm) and the beam must be aligned in position and
angle.
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