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Design and operation of transfer lines for plasma wakefield

accelerators using numerical optimizers

R. Ramjiawan ,*,† S. Döbert , J. Farmer, E. Gschwendtner ,
F. M. Velotti, L. Verra , and G. Zevi Della Porta

CERN, 1211 Geneva, Switzerland

V. Bencini‡ and P. N. Burrows
John Adams Institute for Accelerator Science at University of Oxford, Oxford OX1 3RH, United Kingdom

(Received 4 March 2022; accepted 26 September 2022; published 13 October 2022)

The Advanced Wakefield (AWAKE) Experiment is a proof-of-principle experiment demonstrating the
acceleration of electron beams via proton-driven plasma wakefield acceleration. AWAKE Run 2 aims to
build on the results of Run 1 by achieving higher energies with an improved beam quality. As part of the
upgrade to Run 2, the existing proton and electron beamlines will be adapted and a second plasma cell and
new 150-MeV electron beamline will be added. The specification for this new 150-MeV beamline will be
challenging as it will be required to inject electron bunches with micron-level beam size and stability into
the second plasma cell while being subject to tight spatial constraints. In this paper, we describe the
techniques used (e.g., numerical optimizers and genetic algorithms) to produce the design of this electron
line. We present a comparison of the methods used in this paper with other optimization algorithms
commonly used within accelerator physics. Operational techniques are also studied including steering and
alignment methods utilizing numerical optimizers and beam measurement techniques employing neural
networks. We compare the performance of algorithms for online optimization and beam-based alignment in
terms of their efficiency and effectiveness.

DOI: 10.1103/PhysRevAccelBeams.25.101602

I. INTRODUCTION

A. The use of optimizers in beamline design
and operation

Numerical optimizers are powerful tools for beamline
design and have been used at many particle accelerators;
examples can be found in [1–5]. While there are many
instances of using optimization algorithms to design optics
or select settings of a pre-existing line, there are fewer that
focus, as we do here, on optimizing the magnet positions as
well as their strengths, see [6] for an example of this type of
optimization.
The AWAKE experiment aims to produce a high-energy,

low-emittance beam with a small energy spread as such a
beam could have applications for an electron-proton

collider or for fixed target experiments. The design for
the “witness” electron transfer line, used to inject bunches
into the second plasma cell for acceleration, is therefore
driven by these requirements. The specifications and
constraints on the design, described in Sec. II A, are
particularly challenging because of demanding beam size
and stability requirements, as well as tight tolerances.
Often, design optimization is done within beamline sim-
ulation tools like MAD-X [7]; however, we found that for our
problem, the choice of optimization algorithms was too
limited and there was insufficient control provided over the
algorithms.
In this paper, we consider the various stages of the

AWAKE electron transfer line design process and consider
for each which numerical optimization algorithms and
methods were most effective. In Sec. III A, we begin by
designing a simplified transfer line comprising only dipoles
and quadrupoles. We compare the performance of genetic
algorithms for this task with the Nelder-Mead algorithm [8]
and Powell’s method [9]. We also study the interplay
between the horizontal and vertical components of the
objective function using multiobjective optimization.
In Sec. IV, we discuss the need for online optimization

and possible algorithms for this. We study the suitability of
the Bound Optimization BY Quadratic Approximation
(BOBYQA) algorithm [10] for the beam-based alignment
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Mitigation of the Onset of Hosing in the Linear Regime through
Plasma Frequency Detuning
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The hosing instability poses a feasibility risk for plasma-based accelerator concepts. We show that the
growth rate for beam hosing in the linear regime (which is relevant for concepts that use a long driver) is a
function of the centroid perturbation wavelength. We demonstrate how this property can be used to damp
centroid oscillations by detuning the plasma response sufficiently early in the development of the
instability. We also develop a new theoretical model for the early evolution of hosing. These findings have
implications for the general control of an instability’s growth rate.

DOI: 10.1103/PhysRevLett.130.115001

In the last decades, plasma-based acceleration has been
explored as a possible avenue for the next generation of
particle accelerators. Plasma can sustain electric fields
about a thousand times higher than conventional acceler-
ator elements. This estimate is based on a plasma electron
density n0 ¼ 1018 cm−3 and the cold nonrelativistic wave
breaking field [1,2] E0¼mecωp=e≈96

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0½cm−3#

p
½V=m#,

where c is the speed of light, me is the electron mass, e is
the elementary charge, ωp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2n0=ε0me

p
is the electron

plasma frequency, and ε0 is the vacuum permittivity.
One approach to leveraging plasma-based acceleration

for high-energy physics applications is to drive a plasma
wave (and the associated wakefields) with a high-energy
particle bunch and accelerate a trailing bunch in a single,
many-meter-long plasma, thus avoiding the complexity of
staging schemes [3,4]. This concept has been demonstrated
recently in the AWAKE experiment at CERN using a 400-
GeV proton bunch as the driver through a ten-meter-long
plasma, leading to the acceleration of injected electrons
from 18 MeV up to 2 GeV [5].
A plasma wave is excited effectively by an impulse with a

length of the order of a plasma wavelength λp ¼ 2πc=ωp. It
is currently impractical to compress a 400-GeV proton
bunch into this longitudinal size, even for lower plasma
densities on the order of 1014 cm−3. Nevertheless, high-
amplitude wakefields can be reached by letting the bunch
undergo the self-modulation instability (SMI) [6,7] and
controlling its onset with seeding [8,9]. The same transverse
wakefields that modulate the beam envelope at ∼λp (self-
modulation) can also modulate the centroid of the bunch
when it is not propagating axisymmetrically, leading to the
hosing instability (HI) [10]. This oscillation of the drive
bunch centroid can alter the structure of the wakefields

significantly, thus impacting their quality and that of an
accelerated witness bunch.
The long-bunch HI and the SMI have comparable growth

rates and can couple to each other when growing from
similar seed levels [11,12]. Nevertheless, hosing can be
avoided in a fully self-modulated bunch. This requires
strongly seeding the SMI [13], which has been accom-
plished in experiments by letting an ionizing laser pulse
propagate with the proton bunch and create the plasma [8].
In the future, SMI seeding may be achieved with a
preceding short electron bunch, such that the entire proton
bunch self-modulates [9,14,15]. When misaligned, this
arrangement may seed the growth of hosing. For short
bunches in both quasilinear and nonlinear wakefield
regimes, it has been established that hosing eventually
reaches saturation [16,17], leading to an increased emit-
tance. However, saturation in the long-bunch case is not yet
well understood, both in the presence and absence of the
SMI. Since this could represent a major impediment for
high-quality acceleration, it would be useful to develop
further mitigation methods for hosing in the linear wake-
field regime.
In this Letter, we show that the growth rate at the onset of

hosing in the linear regime of plasma wakefield acceler-
ation is highly sensitive to the centroid perturbation wave-
length, and we exploit this property to suppress the growth
of the HI. As a proof of concept of this mitigation approach,
we consider the front portion of a long, cold electron bunch
propagating through several plasma density steps.
Nevertheless, these HI properties are general and their
application as a mitigation strategy can be scaled for any
relativistic particle driver through the betatron period. We
also develop a theoretical model that can describe the early
evolution of hosing and supplement existing asymptotic
models. Our Letter opens up an unprecedented avenue for
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Towards automatic setup of 18MeV electron beamline using machine learning

Francesco Maria Velotti,⇤ Brennan Goddard, Verena Kain, Rebecca Ramjiawan, and Giovanni Zevi Della Porta
CERN, Geneva, CH

Simon Hirlaender
University of Salzburg, Kapitelgasse 4/6, 5020 Salzburg, Austria

(Dated: April 5, 2023)

To improve the performance-critical stability and brightness of the electron bunch at injection
into the proton-driven plasma wakefield at the AWAKE CERN experiment, automation approaches
based on unsupervised Machine Learning (ML) were developed and deployed. Numerical optimisers
were tested together with di↵erent model-free reinforcement learning agents. In order to avoid
any bias, reinforcement learning agents have been trained also using a completely unsupervised
state encoding using auto-encoders. To aid hyper-parameter selection, a full synthetic model of
the beamline was constructed using a variational auto-encoder trained to generate surrogate data
from equipment settings. This paper describes the novel approaches based on deep learning and
reinforcement learning to aid the automatic setup of a low energy line, as the one used to deliver
beam to the AWAKE facility. The results obtained with the di↵erent ML approaches, including
automatic unsupervised feature extraction from images using computer vision are presented. The
prospects for operational deployment and wider applicability are discussed.

I. INTRODUCTION AND MOTIVATION

The AWAKE experiment [1] at CERN’s Super Proton
Synchrotron (SPS) uses proton-driven plasma wake-fields
to accelerate an 18 MeV electron witness bunch to about
2 GeV over a distance of 10 m. E�cient capture and ac-
celeration relies on precise delivery of a dense low-energy
e� bunch to the correct location in space and time in the
plasma. The e� beam brightness (intensity divided by
transverse beam size) and position are therefore critical
to the performance of the overall facility, as evidenced by
the experiments performed in 2018 [2].

The low energy 18MeV/c e� beamline requires time-
consuming and frequent optimisation, given its high sen-
sitivity to initial conditions, to equipment settings and
to the bunch momentum distribution, as well as inher-
ently less predictable environmental e↵ects like temper-
ature, magnetic history and the pulsing of the adjacent
400GeV/c proton beamline. The commissioning of the
e� beamline highlighted the criticality of the magnetic
element modelling and of the incoming beam energy jit-
ter [3].

Some of the contributions to beam quality degra-
dation are completely random or uncontrollable, with
timescales ranging from seconds to hours or even days.
Time-consuming and sometimes non-reproducible man-
ual tuning of the e� source and beamline parameters were
needed to satisfy the experiment requirements.

The main fluctuations are observed on the transverse
beam quality and are believed to be caused by chromatic
aberrations and optical mismatch at the injection point.
Problems of this type for low-energy lines are known

⇤ francesco.maria.velotti@cern.ch

[4, 5], although large variations usually also a↵ect the
longitudinal beam delivery. A similar multi-objective op-
timisation is needed, e.g. position, angle, emittance and
charge delivered, with a large number of free tuning pa-
rameters.

To reduce the time and personpower e↵ort needed for
setting up, and to improve the stability and also poten-
tially the absolute performance reach, model-free ML au-
tomation approaches were investigated.

At CERN, the usage of numerical optimisation for
modelling and design is not new - the most represen-
tative example is the di↵erent algorithms available in the
MADX design tool. The exploitation of these algorithms
on real operating machines is, on the contrary, very new
and only in the recent years, the full exploitation of nu-
merical optimisers and high level controllers has started.
One of the first examples to bridge between the mod-
elling and operation world for the CERN accelerators is
reported in [6]. In other facilities, recent works showed
how numerical optimisers can significantly speed up the
tuning of particle accelerators [7], also when combined
with machine learning techniques.

Furthermore, many recent studies [8–10] propose ideas
and applications to di↵erent accelerator and facilities,
spanning from deep neural networks to convolutional
ones to control and optimise accelerator performance.
For instance, in [11], the authors proposed a neural net-
work based controller for the optimisation of the longi-
tudinal distribution of the their electron bunch using a
modified version of the adaptive extremum seeking con-
troller. One of the main conclusions, which is also consis-
tent with our experiments, is that the time-varying na-
ture of most of the accelerator components makes it non-
trivial the operational deployment of pre-trained neural
networks. For this reason, the approach of Reinforcement
Learning (RL), assuming that all dominant observable
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A B S T R A C T

The Advanced Wakefield (AWAKE) Run 1 experiment, which concluded in 2018, achieved electron acceleration
to 2GeV via plasma wakefield acceleration driven by 400GeV, self-modulated proton bunches extracted from
the CERN SPS. The Run 2c phase of the experiment aims to advance these results by demonstrating acceleration
up to about 10GeV while preserving the quality of the accelerated electron beam. For Run 2c, the Run 1 proton
transfer line will be reconfigured to shift the first plasma cell 40m longitudinally and a second plasma cell will
be added 1m downstream of the first. In addition, a new 150MeV beamline will be required to inject a witness
electron beam, with a beam size of several microns, into the second plasma cell to probe the accelerating
fields. Proposed adjustments to the proton transfer line and the design of the 150MeV electron transfer line
are detailed in this paper.

1. Introduction

1.1. AWAKE Run 1

Run 1 of the AWAKE Experiment demonstrated the acceleration
of electron beams to GeV-energies via proton-driven plasma wakefield
acceleration [1,2]. The Run 1 plasma cell was a 10-m-long Rubid-
ium vapour cell within which a plasma channel of radius 1mm was
produced via the ionisation of Rubidium gas with a high-power laser
pulse [3]. The wakefield driver, a 400GeV proton beam extracted
from the CERN Super Proton Synchrotron (SPS), was injected into
the plasma where the 12-cm-long bunch underwent self-modulation to
produce a train of micro-bunches with lengths of approximately half of
the O(1mm) plasma wavelength [4,5]. These trains of micro-bunches
resonantly drove wakefields within the plasma which were probed by
18.84MeV witness electron bunches [1]. The laser pulse which ionised
the Rubidium gas co-propagated in the plasma with the proton beam
and caused a relativistic ionisation front which was used to seed the
self-modulation of the proton bunch behind the laser pulse.

The witness electron beams were produced with an S-band, RF
photo-cathode gun and accelerated in a travelling-wave booster linac
to 16–20MeV [6]. A transfer line [7], with both horizontal and vertical
bends, transported the electron beams for injection into the plasma cell
with a beam size of � = 250 �m. The injected electron beams propagated
co-linearly in the plasma with the proton and laser beams. Injected elec-
trons which were captured within the focusing, accelerating phase of
the plasma wakefields were accelerated and could be used to measure
the accelerating gradient. With the nominal plasma electron density,

< Corresponding author.
E-mail address: rebecca.louise.ramjiawan@cern.ch (R. Ramjiawan).

7 ù 1014 cm*3, it was estimated that average accelerating gradients of
200MV_m were achieved [8].

1.2. AWAKE Run 2

The aim of AWAKE Run 2 is to improve the energy reach compared
with Run 1 while preserving a smaller emittance and energy spread
to produce a beam suitable for high-energy physics applications [10].
Run 2 is planned to comprise four stages [11]. Run 2a studies the
seeding of the proton bunch self-modulation with a Ì18 MeV electron
bunch to ensure the self-modulation of the full proton bunch is phase-
stable and reproducible [12]. During Run 2b, a density step will be
introduced in the plasma to stabilise the self-modulation process [13].
The aim for Run 2c is to achieve electron energies up to 10GeV with
a smaller emittance and energy spread than Run 1. To achieve this,
the proton bunch self-modulation and the electron bunch acceleration
will be separated between two plasma cells to prevent the emittance
growth of the electron bunch which would occur if exposed to the
defocusing fields of the un-modulated proton bunch [14]. A schematic
of the proposed Run 2c beamline configuration is shown in Fig. 1. The
aim of Run 2d will be to demonstrate the scalability of the acceleration
method to longer plasma cells and thus higher energies.

For Run 2c, a seeding electron beamline will be used to inject
electron bunches into the first plasma cell to seed the proton bunch
self-modulation. To incorporate a seeding electron beamline and second
plasma cell, the first plasma cell will be shifted 40m downstream, re-
quiring reconfiguration of the proton beamline. To limit the defocusing
of the proton beam between the two plasma cells the gap between

https://doi.org/10.1016/j.nima.2023.168094
Received 21 October 2022; Received in revised form 10 January 2023; Accepted 25 January 2023
Available online 30 January 2023
0168-9002/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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ABSTRACT

Energy-frontier TeV colliders based on plasma accelerators are attracting much attention due to the recent achievements in multi-stage laser
acceleration as well as the remarkable advances in electron- and proton-driven plasma accelerators. Such colliders may suffer a fundamental
energy loss due to the radiation reaction (RR) effect, as the electrons lose energy through betatron radiation emission. Although the RR may
not be critical for low-energy accelerators, it will exert limitations on TeV-class plasma-based colliders that need to be considered. In this
paper, we have provided an extensive study of the RR effect in all pathways toward such colliders, including multi-stage plasma acceleration
driven by the state-of-the-art lasers and the relativistic electron beam as well as the single-stage plasma acceleration with the energetic proton
beams available at the CERN accelerator complex. A single-particle Landau–Lifschitz approach is used to consider the RR effect on an elec-
tron accelerating in the plasma blow-out regime. The model determines the boundaries where RR plays an energy limiting role on such col-
liders. The energy gain, the radiation loss, and the validity of the model are numerically explored.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0140525

I. INTRODUCTION
Colliders are one of the most important scientific tools of discovery

in particle physics, e.g., the large hadron collider (LHC) at CERN led to
the discovery of the new particle Higgs boson a decade ago. The future
lepton colliders are going to be in the TeV energy range; however, those
will be huge and expensive if they are based on the conventional radio
frequency acceleration.1–3 In other words, TeV-class colliders may rely
on plasma accelerators, which have shown a tremendous progress in the
recent decades.4–6 In plasma accelerators, a much higher energy gradient
than that in the conventional accelerators is generated in a plasma
medium driven by an energetic driver, e.g., laser pulse,7 electron-8 or
proton-beam.9 Therefore, electrons potentially can gain high energy in a
very short distance. On the contrary, plasma-based positron acceleration
is very challenging due to the asymmetric response of the plasma; how-
ever, some ideas have been proposed and experimentally demonstrated
the positron acceleration.10–13 Although very promising for applications
in high-energy physics research, plasma-based colliders require consid-
erable and long-term research effort.

The laser wakefield accelerators (LWFAs) have been proved to
produce the shot-to-shot stable and high-quality quasi-monoenergetic
electron beams up to 1GeV in a centimeter-long plasma.14 Since then

there have been much progress increasing the beam’s energy gain in a
single plasma stage with the energy gain record of 7.8GeV in a 20-cm-
long plasma.15 With the successful coupling of two LWFA stages,16 it
is natural to think about the future compact and high-energy colliders
based on LWFA with several stages.17–19

The electron beam-driven plasma wakefield accelerators
(PWFAs) have successfully demonstrated the energy doubling of a
42GeV electron beam within an 85-cm-long plasma at the Final
Focus Test Beam facility at SLAC.20 In addition, the recent experi-
ments at Facility for Advanced Accelerator Experiment (FACET) have
also shown the high-efficiency electron beam acceleration with a con-
siderable charge and low-energy spread.21 Therefore, it is envisaged
that a high-energy collider can be designed based on PWFA
scheme.22,23 It will surely rely on the multi-stage acceleration to boost
the beam energy up to TeV level due to the limited energy content of
the electron beam driver.

On the contrary, the CERN accelerator complex has the high-
energy proton beams with an intrinsically significant energy content,
usually two to three orders of magnitude greater than that of the elec-
tron beams nowadays, e.g., the 400GeV Super-Proton Synchrotron
(SPS) and the 7TeV LHC proton beams. The idea of proton-driven

Phys. Plasmas 30, 043104 (2023); doi: 10.1063/5.0140525 30, 043104-1
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Optimization of Proton-Driven Plasma Wakefield Acceleration Using Bayesian

Optimization and Neural Networks

Jiabao Guan1, Chang You1, Yuancun Nie1,⇤, Guoxing Xia2,⇤, and Jike Wang1,⇤
1The Institute for Advanced Studies, Wuhan University, Wuhan, 430072, China

2Department of Physics and Astronomy, University of Manchester, Manchester, United Kingdom

Particle-in-cell simulation plays an important role in optimization of today’s plasma-based ac-
celeration research and experiments. Due to many variables involved, the computational cost is
usually very demanding, especially when the experiment includes several di↵erent beams, e.g., the
AWAKE experiment at CERN. Here, we have successfully developed the neural network models in
the simulation of AWAKE Run 2 experiment, which can replace computationally expensive simu-
lation software for the optimization process. Study shows that Bayesian optimization with neural
network (NN) can provide a more e�cient way in finding optimal solution by tuning the beam
and plasma parameters. In the models we trained, the coe�cients of determination (R2) of neural
network model reached above 0.99.

I. INTRODUCTION

For traditional radio-frequency (RF) based accelera-
tors, it is preferable to increase the feed-in power of the
RF cavity to increase the acceleration gradient. However,
a continuous increase of the cavity voltage will lead to the
electrical breakdown of cavity materials, which poses a
fundamental limit for conventional accelerators. On the
other hand, the plasma-based accelerators (PBA), either
driven by a ultrashort and intense laser pulse or a rela-
tivistic particle bunch, can sustain ⇠GeV/cm accelera-
tion gradient, i.e. more than three orders of magnitude
compared with the conventional accelerators. There-
fore, the plasma-based accelerators can greatly reduce
the footprint of future accelerators and their associated
construction and operation cost. It is envisaged that the
plasma-based accelerators will find many applications in
providing high quality particle beams for free electron
lasers [1–4], fixed target experiments and energy frontier
colliders [5–8].

In the process of design and optimization of a plasma
accelerator, many variables, including plasma parame-
ters, driving beam parameters and witness parameters
should be taken into account simultaneously. To obtain
a high quality beam, it is often necessary to continuously
optimize these variables, such as brute force search or
use of optimization algorithms. Brute force search re-
quires a lot of computing resources and time, which in-
creases exponentially with the number of variables [9].
Once the number of variables is too large, the calcula-
tion time required will be unacceptable. The use of opti-
mization algorithms, such as genetic algorithm [10, 11],
particle swarm optimization algorithm [12] and Bayesian
optimization algorithm [13, 14], can reduce the time to
find the optimal solution to a certain extent [15]. But
if there are multiple optimization problems in the same
variable range, the algorithm optimization process needs
to be repeated for each optimization problem, which also
brings an increase in time and computing resources. The
neural network model, however, can solve this problem
very well. The training set data is generated through the

simulation software. The model generated by the neural
network training can be used to replace the simulation
software for prediction when the prediction accuracy is
su�cient. When there are multiple variables, it is no
longer necessary to use simulation software to calculate,
and the results can be predicted through the trained neu-
ral network model instead.
Bayesian optimization is an e�cient machine learning

tool for solving multi-variable, complex objective func-
tions [13, 14]. It has been successfully applied to several
laser-driven electron acceleration simulations [16, 17] and
experiments [18, 19]. The calculation of the objective
function value in the Bayesian optimization process is of-
ten obtained through simulation data from software or
data collected from experiments, which requires a lot of
computing resources and time. In this paper, in the cal-
culation of the objective function value in the Bayesian
optimization process, the predicted value from the neu-
ral network is used instead of the calculated value of the
simulation software. Since the prediction time using the
neural network is much less than the calculation time
using simulation software, this greatly reduces the cal-
culation time and computing resource requirement. In
addition, when di↵erent physical problems need to be op-
timized simultaneously, the use of neural network model
predictions can greatly reduce the computing resources
[20]. In this paper, we introduce this novel algorithm that
combines Bayesian optimization and neural networks, by
taking AWAKE Run 2 experiment at CERN as an ex-
ample, to demonstrate the e↵ectiveness of this method.
Section II introduce the physical problems of AWAKE
Run 2 and methods used. Work flow and optimization
results are given in Section III and IV. The discussion
and conclusion are presented in Sections V and VI, re-
spectively.
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