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Motivation: High Energy Accelerators
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• Large list of unsolved problems: 

• Understand the origin of the universe
• What is dark matter made of?  What is the reason for the baryon-asymmetry in the Universe? etc…
è With increasing particle energies, we can probe earlier times in the evolution of the Universe.

è Need particle accelerators with new energy frontier

What is this other 96%?

Our Universe

Dark Energy
(70%)

Dark Matter
(26%)

Atoms
(4%)

E. Gschwendtner, CERN



LHC
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Large Hadron Collider, LHC, 27 km circumference, 7 TeV

E. Gschwendtner, CERN

Higgs Particle discovery 
in 2012 at CERN 
Nobel Prize 2013



Discover New Physics

Accelerate particles to 
even higher energies 

à Bigger 
accelerators: circular 
colliders

Future Circular Collider: 
FCC
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Limitations of conventional circular accelerators:

• For hadron colliders, the limitation is magnet 
strength. Ambitious plans like the FCC call for 16 T 
magnets in a 100 km tunnel to reach 100 TeV 
proton-proton collision energy.

• For electron-positron colliders: Circular machines 
are limited by synchrotron radiation in the case of 
positron colliders. These machines are unfeasible for 
collision energies beyond ~350 GeV. 

E. Gschwendtner, CERN
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à 48 km

Discover New Physics

CLIC, electron-positron collider with 3 TeV energy 

Linear colliders are favorable for acceleration  
of low mass particles to high energies. 

Limitations of linear colliders: 
• Linear machines accelerate particles in a single 

pass. The amount of acceleration achieved in a 
given distance is the accelerating gradient. This 
number is limited to 100 MV/m for conventional 
copper cavities. 

E. Gschwendtner, CERN



Why Plasma Wakefield Acceleration? 
Conventional Acceleration Technology: Radiofrequency Cavities

LHC Cavity

(invention of Gustav Ising 1924 and Rolf Wideroe 1927)

• Very successfully used in all accelerators (hospitals, scientific labs,…) in the last 100 years. 
• Typical gradients:

• LHC: 5 MV/m
• ILC: 35 MV/m
• CLIC: 100 MV/m

• However, accelerating fields are limited to <100 MV/m
• In metallic structures, a too high field level leads to break down of surfaces, creating electric 

discharge.
• Fields  cannot be sustained; structures might be damaged.

• several tens of kilometers for future linear colliders

E. Gschwendtner, CERN



Plasma Wakefield Acceleration
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èAcceleration technology, which obtains ~1000 factor stronger acceleration than conventional technology.
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What is a plasma?

What is a plasma wakefield?

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

e

e

e

e
e

e

e

e

e

e

Example: Single ionized rubidium plasma

Quasi-neutrality: the overall charge of a plasma is about zero.

Collective effects: Charged particles must be close enough together 
that each particle influences many nearby charged particles.

Electrostatic interactions dominate over collisions or ordinary gas kinetics.

Fields created by collective motion of plasma particles are called
plasma wakefields.
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Plasma Wakefield
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Seminal Paper 1979, T. Tajima, J. Dawson
Use a plasma to convert the transverse space charge force of a beam driver into a 
longitudinal electrical field in the plasma

11E. Gschwendtner, CERN



How to Create a Plasma Wakefield?
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surfer

boat

water

Analogy:
water à plasma

Boat à particle beam 
(drive beam)

Surfer à accelerated 
particle beam (witness 
beam)

E. Gschwendtner, CERN
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Accelerating for e-

Decelerating for e-

Focusing for e-

Defocusing for e-

e-

Plasma Wakefield, Linear Theory

E. Gschwendtner, CERN

npe = 1016 cm-3 à λpe = 0.3 mm

ωpe
npe e2

me ε0√
= c

ωpe
2πλpe = λpe ≈ 1 mm 1015 cm-3

npe√
è è

plasma frequency plasma wavelength

Example: npe = 7x1014 cm-3 (AWAKE) à ωpe = 1.25x1012 rad/s è c
ωpe

= 0.2mm à kpe = 5 mm-1

λpe = 1.2 mm à Produce cavities with mm size!

è Drive beam: electron or laser or proton beam



Introduction – Accelerating Field, Energy in PWA

14

The maximum accelerating field (wave-breaking field) is:

e EWB = npe

cm-3√
96 V

m Example: npe = 1016 cm-3 à EWB = 10GV/m
Increase gradient by increasing density.

è Advantage of beam-driven PWFA
èFor LWFA:  dephasing: laser group velocity depends on plasma density, is slower than c. 
• Electron energy reach is limited by dephasing: à move to lower densities and longer accelerators 
• Lower density needs higher laser power (Significant progress since Chirped Pulse Amplification, CPA, Nobel Prize 2018 to D. Strickland & G. Mourou)

Eacc=
N/(2 x 1010)

(σz / 0.6mm)2

MV

m
110

In order to create plasma wakefields efficiently, the drive bunch 
length has to be short compared to the plasma wavelength.

à Relatively easy for Laser and Electron bunches.
à Proton beam relies on Self-Modulation. 

Drive beams:



Introduction – Beam Quality in PWA
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Different regimes: 

Linear regime: nbeam << npe

Drive Bunch

Trailing
Bunch

Blown Out Wake

Loaded Wake

Unloaded wake

Sufficient charge in the witness bunch to 
flatten the accelerating field
à reduce energy spread

Beam loading

z = s -ct

Ez
Narrow sheaths of excess
plasma electrons

Accelerating
cavity

Typical bubble length scale: 
fraction of a mm

Ions only

Blow-out regime: nbeam >> npe

- lower wakefields
- transverse forces not linear in r
+ Symmetric for positive and 

negative witness bunches
+ Well described by theory

+ Higher wakefields
+ transverse forces linear in r 

(emittance preservation)
+ High charge witness acceleration 

possible
- Requires more intense drivers
- Not ideal for positron acceleration
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Laser-Driven Plasma Acceleration Facilities
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ANGUS DESY Hamburg, Ge 5 0.2 5

E. Gschwendtner, CERN



Beam-Driven Plasma Acceleration Facilities
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FACET, SLAC, US – Electrons as Driver
• Timeline:
• Commissioning (2011)
• Experimental program (2012-2016)

• Key PWFA Milestones: 
✓ Mono-energetic e- acceleration
✓High efficiency e- acceleration     
✓ First high-gradient e+ PWFA
✓ Demonstrate required emittance, energy spread

19

20GeV, 3nC, 20µm3, e- & e+ 20GeV, 3nC, 20µm3, e- & e+ 

Premier R&D facility for PWFA: Only facility capable of e+ acceleration
•  Facility hosted more than 200 users, 25 experiments"
•  One high profile result a year"
•  Priorities balanced between focused plasma wakefield 

acceleration research and diverse user programs with ultra-
high fields 

•  Unique opportunity to develop future leaders 

Energy doubling of 42 GeV electrons in a 
metre-scale plasma wakefield accelerator
I. Blumenfeld et al, Nature 455, p 741 (2007)

à gradient of 52 GV/m 

High-Efficiency acceleration of an 
electron beam in a plasmas 
wakefield accelerator, 2014

M. Litos et al., doi,  Nature, 6 Nov 2014, 
10.1038/nature 13882

Initial energy Accelerated 
w

itness 
beam

70 pC of charge accelerated, 2 GeV energy gain, 
5 GeV/m gradient è Up to 30% transfer 
efficiency, ~2% energy spread

9 GeV energy gain in a beam-
driven plasma wakefield accelerator
M Litos et al 2016 Plasma Phys. Control. 
Fusion 58 034017

è FACET-II starts in 2021



Positron Acceleration, FACET
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Positrons for high energy linear colliders: high energy, high charge, low emittance.

è Emittance blow-up is an issue! à Use hollow-channel, so no plasma on-axis, no complicated forces from plasma 
electrons streaming through the plasma à but then strong transverse wakefields when beams are misaligned.

First demonstration of positron acceleration in plasma (FFTB)
B.E. Blue et al., Phys. Rev. Lett. 90, 214801 (2003)
M. J. Hogan et. al. Phys. Rev. Lett. 90 205002 (2003).

Energy gain of 5 GeV. Energy spread can be as low as 1.8% (r.m.s.).

S. Corde et al., Nature 524, 442 (2015)

The vapor pressure was set to 3.4 Torr at temperature
1095 K, giving a neutral vapor density of 3 × 1016 cm−3.
The laser pulse energy was attenuated to ionize only the
channel wall, ensuring a truly zero plasma density on axis.
A 20.35 GeV two-bunch positron beam was synchronized
to arrive a few picoseconds after the laser pulse. The two
bunches were obtained from a single bunch by giving it a
head-to-tail energy chirp and energetically dispersing it
onto a beam notching device, allowing a tunable bunch
separation up to 600 μm. The positron beam was focused at
the channel center with rms beam sizes σx ¼ 35 and σy ¼
25 μm and beta functions βx ¼ 0.5 and βy ¼ 5 m, which
ensured that the beam size was approximately constant
throughout the channel. A total charge of 0.51" 0.04 nC,
sufficiently low to not ionize the on-axis lithium vapor, was
distributed between the leading drive bunch and the trailing
probe bunch with a ratio ð4.1" 1.1Þ∶1.
The experiment consisted of measuring the transverse

wakefield in a hollow plasma channel by observing the
angular deflection of the probe bunch caused by an offset
channel. In particular, the longitudinal variation of the
transverse wakefield was measured by means of a bunch
separation scan. Figure 1 shows the experimental setup.
Although the two bunches originated from one bunch,
scanning the bunch separation was possible by stretching
the bunch and adjusting the beam notching device [5]. An
electro-optical sampler (EOS) was used to measure the
longitudinal bunch profile of the incoming beam, and an
yttrium aluminum garnet (YAG) crystal in a horizontally
dispersive region functioned as an upstream energy spec-
trometer for the positron beam. Two beam position mon-
itors (BPMs) were used to measure the beam trajectory.
Downstream of the channel, a nondestructive YAG screen
was used to measure the transverse profile of the outgoing

beam. A spectrometer with a vertically dispersive dipole
magnet and a phosphorescent LANEX screen was used to
measure energy changes of the probe bunch. Two quadru-
pole magnets were adjusted such that deflections by
transverse fields induced in the channel were canceled in
the vertical plane for increased energy resolution, but not
completely in the horizontal plane to allow angular deflec-
tion measurements of the probe bunch. The offset of the
channel, which was varied by a random laser pointing jitter,
was measured downstream by imaging the laser profile at
multiple object planes using cameras at different distances
from the same lens.
The expected wakefields can be modeled by assuming

the plasma behaves like a nonevolving dielectric medium
[12] and that the timescale of the evolution of the beam is
long compared to that of the wakefields (quasistatic
approximation). Reference [15] shows that this results in
a single-particle longitudinal wakefield dominated by the
fundamental m ¼ 0 mode, where m denotes the azimuthal
index, which is cosinelike in the comoving longitudinal
coordinate z,

Wz0ðzÞ ¼ −
ekpχ2k
2πϵ0a

B00ða; bÞ
B10ða; bÞ

cosðχkkpzÞΘðzÞ: ð1Þ

Here e is the positron charge, ϵ0 is the vacuum permittivity,
kp is the plasma wave number, a and b are the channel
inner and outer radii, ΘðzÞ is the Heaviside step function,
and

χk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2B10ða; bÞ

2B10ða; bÞ − kpaB00ða; bÞ

s

ð2Þ

Hollow plasma 
channel

Positron  
bunches

Crossed 
polarizers

EOS cameraEOS  
crystal

Kinoform 
focusing optic

Holed 
mirror Laser 

cameras

Imaging 
lens

YAG 
screen

LANEX 
screen

Dipole 
spectrometer

Focusing 
quadrupoles

Lithium oven

Laser 
sample

High power 
laser

Beam 
samplers

Upstream 
object plane

Downstream 
object plane

Holed 
mirror

Drive 
bunch

Probe 
bunch

(d)

(a)

(c)

(b) No channel Aligned channel

Drive 
bunch

Probe 
bunch

Misaligned channel

Both 
bunches

BPM

BPM

FIG. 1. (a) Experimental setup: Two positron bunches first pass an electro-optical sampler. ATi:sapphire laser focused with a kinoform
into a lithium vapor oven produces the hollow plasma channel. Two beam position monitors measure the trajectory of the beam and an
yttrium aluminum garnet screen is used to measure the transverse profile (b). A dipole spectrometer with two quadrupoles focuses the
beam onto a LANEX screen for energy and angular deflection measurements (c) before it is dumped. Meanwhile, the outgoing laser
pulse is focused onto cameras imaging the kinoform profile (d) at different object planes inside the channel, which appears asymmetric
due to aberrations induced by the transmissive optics. The upstream spectrometer does not appear in this figure.

PHYSICAL REVIEW LETTERS 120, 124802 (2018)

124802-2

Measurement of transverse wakefields in a hollow plasma
channel due to off-axis drive bunch propagation. 

C. A. Lindstrøm et. al. Phys. Rev. Lett. 120 124802 (2018).

Vacuum
Plasma

Drive Beam e+Witness Beam e+

𝜀 < 0
𝜀 = 1

Hollow plasma channel: positron propagation, wake 
excitation, acceleration in 30 cm channel.
S. Gessner et. al. Nat. Comm. 7, 11785 (2016)

There is no plasma on-axis, and therefore no complicated forces 
from plasma electrons streaming through the beam.

Electron-driven blowout wakes:

But the field is defocusing in this region.  

E. Gschwendtner, CERN



BELLA, Berkeley Lab, US– Laser as Driver

21

Laser Driven Plasma Wakefield Acceleration Facility: Today: PW laser! 

Staging demonstrated at 100MeVs 
level. 

Multistage coupling of independent laser-
plasma accelerators

S. Steinke, Nature 530, 190 (2016)

>210pC	

)
)

~75pC	of	
>210pC	

Electron	spectra,	up	to	6-	8	GeV	

à path to 10 GeV with continued 
improvement of guiding in progress

Laser heater added to capillary

Petawatt laser guiding and electron beam acceleration to 8 GeV in a laser-
heated capillary discharge waveguide

A.J.Gonsalves et al., Phys.Rev.Lett. 122, 084801 (2019)

E. Gschwendtner, CERN



FLASHForward>>, DESY
SYNCHRONIZED 25 TW LASER

1.2 GEV BEAMS!
FROM FLASH!

CENTRAL INTERACTION AREA!
FINAL FOCUSSING SECTION!

DISPERSIVE SECTION!

DIFFERENTIAL PUMPING!

FLASH 2!

 → A. Aschikhin et al., NIM A 806, 175 (2016) 

plasma source!
30 mm long (up to 450 mm possible)

BC3BC2ACC1 ACC23 ACC45ACC67

ACC39
Photo 
cathode

FLASH 1

FLASH 2ACC → SCRF modules
BC → Bunch compressors

FLASHFORWARD‣‣"
25 TW laser

1.25 GeV

Transfer efficiency 42+/-4% with 0.2% energy spread,
Up to 70% when allowing energy spread increase

Energy-spread preservation and high efficiency in a plasma-
wake-field accelerator
C.A. Lindstrøm et al., Phys.Rev.Lett. 126, 014801 (2021)

22E. Gschwendtner, CERN

à FLASH is an FEL user facility
• 10% of beam time dedicated to generic 

accelerator research and development

à FLASHForward‣‣ is a beam line for PWFA 
research

à Both share the same superconducting 
accelerator based on ILC/XFEL technology. 
Typical electron beam parameters:
• ≲ 1.25 GeV energy with a few 100 pC at 

~100 fs rms bunch duration, up to 1MHz 
repetition rate, few kW average power



What about a proton beam as a driver? 

23E. Gschwendtner, CERN



Energy Budget for High Energy Plasma Wakefield Accelerators

• Electron/laser driven PWA: need several stages, and challenging wrt to relative timing, tolerances, matching, etc…
• effective gradient reduced because of long sections between accelerating elements….

24

Witness beam

Drive beam: electron/laser

Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell

Drive beams:
Lasers: ~40 J/pulse
Electron drive beam: 30 J/bunch

Witness beams:
Electrons: 1010 particles @ 1 TeV  ~few kJ

To reach TeV scale: 

C. B. Schroeder et. al. Phys. Rev. ST Accel. Beams 13, 101301
E. Adli et. al.,arXiv:1308.1145 [physics.acc-ph]

E. Gschwendtner, CERN



Energy Budget for High Energy Plasma Wakefield Accelerators
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Witness beam

Drive beam: protons

Plasma cell

• Proton drivers: large energy content in proton bunches à allows to consider single stage acceleration:
• A single SPS/LHC bunch could produce an ILC bunch in a single PDWA stage.

Drive beams:
Lasers: ~40 J/pulse
Electron drive beam: 30 J/bunch
Proton drive beam: SPS 19kJ/pulse, LHC 300kJ/bunch

Witness beams:
Electrons: 1010 particles @ 1 TeV  ~few kJ

Dephasing:

SPS: ~70 m
LHC: ~few km

FCC: ~ ∞

E. Gschwendtner, CERN



State of the Art and Goals for HEP Collider
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Current FEL (Intermediate Goal) Collider (Final Goal)

Charge (nC) 0.01 – 0.1 0.01 – 0.1 0.1– 1

Energy (GeV) 9 0.1 – 10 1000

Energy spread (%) 0.1 0.1 0.1

Emittance (um) >50-100 (PWFA), 0.1 
(LFWA)

0.1– 1 0.01

Staging single, two single, two multiple

Wall plug efficiency (%) 0.1 <0.1 - 10 10

Rep Rate (Hz) 10 101 - 106 104 - 105

Avg. beam power (W) 10 101 - 106 106

Acc. Distance (m)/stage 1 1 1 – 5 

Continuous run 24/1 24/1 – 24/7 24/365

Parameter stability 1% 0.1% 0.1%

Simulations days days - 107 improvements by 107

Positron acceleration acceleration emittance preservation

Plasma cell (p-driver) 10 m 100s m

Proton drivers SSM, acceleration emittance control

E. Gschwendtner, CERN

Various important milestones have been 
and will be achieved in internationally 
leading programmes at:
CERN, CLARA, CNRS, DESY, various centres 
and institutes in the Helmholtz 
Association, INFN, LBNL, RAL, Shanghai 
XFEL, SCAPA, SLAC, Tsinghua University 
and others.

New European research infrastructures 
involving lasers and plasma accelerator 
technology have been driven forward in 
recent years, namely ELI and EuPRAXIA, 
both placed on the ESFRI roadmap. 

The distributed RI EuPRAXIA as well as the 
aforementioned internationally leading 
programmes will pursue several 
important R&D milestones and user 
applications for plasma accelerators. 



ESPP Roadmap for Accelerator R&D 
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European Strategy for Particle Physics - Accelerator R&D Roadmap
Final Report
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Steering committee: D. Newboldb,⇤ (Chair), S. Bentvelsenc, F. Bossid, N. Colinoe, A.-I. Etienvref ,
F. Gianottia, K. Jakobsg, M. Lamonta, W. Leemansh, J. Mnicha, E. Previtalii, L. Rivkinj , A. Stocchik,
E. Tsesmelisa

Expert panel chairs: R. Assmannd,h, S. Boussonk, M. Kleinl, D. Schultea, P. Védrinef

Expert panel editors: R. Assmannd,h, B. Baudouyf , L. Botturaa, E. Gschwendtnera, M. Kleinl,
R. Ischebeckj , C. Rogersb, D. Schultea

aCERN, Geneva, Switzerland
bSTFC Rutherford Appleton Laboratory, Harwell Campus, UK
cNikhef, Amsterdam, Netherlands
dLNF/INFN, Frascati, Italy
eCIEMAT, Madrid, Spain
fCEA, Saclay, France
gUniversity of Freiburg, Germany
hDESY, Hamburg, Germany
iLNGS/INFN, L’Aquila, Italy
jPSI, Villigen, Switzerland
kIJCLab, Orsay, France
lUniversity of Liverpool, UK

Abstract
The 2020 update of the European Strategy for Particle Physics emphasised
the importance of an intensified and well-coordinated programme of acceler-
ator R&D, supporting the design and delivery of future particle colliders in
a timely, affordable and sustainable way. This report sets out a roadmap for
European accelerator R&D for the next five to ten years, covering five topical
areas identified in the Strategy update. The R&D objectives include: improve-
ment of the performance and cost-performance of magnet and radio-frequency
acceleration systems; investigations of the potential of laser / plasma acceler-
ation and energy-recovery linac techniques; and development of new concepts
for muon beams and muon colliders. The goal of the roadmap is to document
the consensus in the field on the next steps for the R&D programme, and to
provide the evidence base against which subsequent decisions on prioritisation,
resourcing and implementation of that programme can be made.

Keywords
Particle Physics; European Strategy; Accelerator; R&D; Roadmap.

⇤dave.newbold@stfc.ac.uk

• As an outcome of the European Strategy for Particle Physics 2020, CERN Council has mandated the Laboratory Directors Group (LDG) to define and 
maintain a prioritised accelerator R&D roadmap towards future large-scale facilities for particle physics. 

• Expert Panels are convened, which are steered by the ‘Extended Laboratories Directory Group (LDG)’. 
• In autumn 2021: prepare a report on the strategic roadmap for the Council meeting in December 2021. 

Panel selected 
8 out of 56 
experimental 
demonstrations

“The expert panel considers those activities of very high priority and fully endorses them.“

• Proposed delivery plan for the required R&D roadmap : 
• Minimal plan: Plasma Collider and Particle Physics Facility Feasibility and Pre-CDR Study and four 

Experimental Demonstration of highly Important Technical R&D Milestones
• Aspirational plan: Four additional highly important experimental demonstrations of R&D Milestones
• Ongoing projects and facilities

CERN Yellow Reports: Monographs, CERN-2021-XXX

3 High-gradient Plasma and Laser Accelerators

Editors: R. Assmanna,b, E. Gschwendtnerc, R. Ischebeckd

Panel members: R. Assmanna,b,⇤ (Chair), E. Gschwendtnerc (Co-Chair), K. Cassoue, S. Cordef ,
L. Cornerg, B. Crosh, M. Ferrariob, S. Hookeri, R. Ischebeckd, A. Latinac, O. Lundhj , P. Mugglik,
P. Nghieml, J. Osterhoffa, T. Raubenheimerm, A. Speckan, J. Vieirao, M. Wingp

Associated members: C. Geddesq, M. Hoganm, W. Lur, P. Musumecis
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3.1 Executive Summary
Plasma and laser accelerators have demonstrated acceleration of electrons and positrons with very high
accelerating gradients of 1 to >100 GeV/m. This is about 10 to 1000 times higher than achieved in
RF accelerators, and as such they have the potential to overcome limitations that affect RF accelerators.
They have produced multi-GeV bunches with single parameters approaching those suitable for a linear
collider. A significant reduction in size and, perhaps, cost of future accelerators can therefore in principle
be envisaged. Based on the various R&D achievements, the field has reached the stage of setting up first
user facilities for photon and material science in the European research landscape. The many national
and regional activities will continue through the end of the 2020s with a strong R&D and construction
program, aiming at low energy research infrastructures, for example to drive a free electron laser (FEL)
or ultrafast electron diffraction (UED). Various important milestones have been – and will continue to
be – achieved in internationally leading programs at CERN, CLARA, CNRS, DESY, ELI, EuPRAXIA,

⇤ralph.assmann@desy.de
This contribution should be cited as: High-gradient Plasma and Laser Accelerators, DOI: 10.23731/CYRM-2021-XXX.57, in:
European Strategy for Particle Physics - Accelerator R&D Roadmap, Ed. N. Mounet,
CERN Yellow Reports: Monographs, CERN-2021-XXX, DOI: 10.23731/CYRM-2021-XXX, p. 57.
© CERN, 2021. Published by CERN under the Creative Commons Attribution 4.0 license.
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CERN Yellow Reports: Monographs, CERN-2021-XXX

Table 3.5: Deliverables in the minimal plan.

Due Title Description
DEL2.1 6/24 Report Electron

High Energy Case
Study

Plasma accelerator from 175 GeV to 190 GeV, including
full lattice, in/out-coupling, all magnetic elements, cor-
rectors, diagnostics, collective effects, synchrotron radia-
tion, estimate of realistic performance, estimate of realis-
tic footprint, estimate of realistic benefits in cost and size,
understanding of scaling with beam energy for different
technologies (laser-driven, electron-driven, proton-driven,
DLA/THz).

DEL2.2 6/24 Physics Case of an
Advanced Collider

Report from common study group with particle physicists
on physics cases of interest at the energy frontier (e+ � e

�

collider, ��) and at lower beam energies (e�p collider, dark
matter search, . . . ).

DEL2.3 6/25 Report Positron
High Energy Case
Study

Equivalent to 2024 report on electron accelerator (see
above).

DEL2.4 6/25 Report Low En-
ergy Study Cases
for Electrons and
Positrons

Assessing the low energy regime around 15-50 GeV,
achievable performance, foot print and cost, schemes and
designs for first particle physics experiments with novel ac-
celerators, needed R&D demonstration topics for low en-
ergy design and needed test facilities. Includes studies on
a low energy, high charge plasma injector.

DEL2.5 12/25 Pre-CDR and
Collider Feasibility
Report

Input for decision point of European strategy, brings to-
gether work/reports achieved (see earlier). Complemented
by report on Technical Readiness Levels (TRL report) for
collider components and systems. Comparison of perfor-
mance and readiness for different technologies (laser, elec-
tron, proton driven plasma, DLA/THz) for a possible focus
on the most promising path for particle physics. Design
of a staging experiment. Report on intermediate steps and
need for a dedicated facility. Project plan for a CDR of an
advanced collider.

DEL3.1 12/25 High-Repetition
Rate Plasma Ac-
celerator Module
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Table 3.13: Aspirational plan.

Topic Needed
funding

Needed
workforce

Milestones to be achieved by
2025

Far term goal

Scalable plasma
source

3 MCHF 17 FTE-y Several metres long prototype
with required plasma density
and stability

10s to 100s metres
of plasma source

High-charge,
high-quality
plasma accel-
erator module
driven by laser
pulses

6.5 MCHF 30 FTE-y Detailed specification of the pa-
rameters for a self-consistent
demo remain to be finalised

Accelerator mod-
ule with 1 nC high
quality beam (out-
come feasibility
study)

Stable low-
emittance
electron source

4 MCHF 20 FTE-y Electron beam extracted with
50-250 MeV, 10-100 Hz, sub-
micron emittance, 30-100 pC

15 kHz, >500 pC,
<100nm emittance,
fs bunch length,
sub % energy
spread

High-rep rate,
high peak
power laser

22 MCHF 80 FTE-y Demonstration of kW average
power (e.g. 100Hz, 10J,
<100fs or 1kHz, 1J , <100fs
or another combination/scheme)
Ti:sapp laser pulse

15 kHz rep rate,
>100 Tera-Watt,
30% wall plug
efficiency

Sum 35.5
MCHF

147 FTE-y

3.7.3 Aspirational Plan
An aspirational plan has been established, that lists highly important R&D in addit ion to the minimal
plan. Those additional five tasks, which are described in details in Section 3.6.5, have been selected
out of the 56 proposed activities. Executing the aspirational plan in addition to the minimal plan would
ensure that additional collider-relevant aspects of the research are covered and would allow a maximum
rate of progress.

It is noted that the expert panel considers those activities of very high priority and endorses
them fully. Required additional resources for the aspirational plan amount to a total of 35.5 MCHF
and 147 FTE-years. The components of the aspirational plan are listed in Table 3.13.

3.8 Facilities, Demonstrators and Infrastructures
3.8.1 Accelerator R&D Facilities
The ongoing R&D for advanced, high-gradient accelerators is being performed at accelerator or laser
facilities that are located at research centers and universities. Access possibilities range from limited
access, through collaboration-based access models to user facility operation with excellence-based ac-
cess after committee review. We provide a selected list, aimed at facilities or projects with particular
importance for high energy physics related research:

3.8.1.1 AWAKE (CERN, Europe)

The Advanced WAKEfield Experiment, AWAKE, at CERN is the only facility in the world using pro-
ton beams to drive plasma wakefields for electron acceleration. AWAKE is an international collabora-
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AWAKE at CERN
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Advanced WAKEfield Experiment
• Proof-of-Principle Accelerator R&D experiment at CERN to study 

proton driven plasma wakefield acceleration.

• Collaboration of 23 institutes world-wide

• Approved in August 2013

AWAKE Run 1 (2016-2018): 

ü 1st milestone: Demonstrate seeded self-modulation of the proton 
bunch in plasma (2016/17)

ü 2nd milestone: Demonstrate electron acceleration in plasma 
wakefield driven by a self-modulated proton bunch.  (2018)

AWAKE Run 2 (2021 – ~2029):
Accelerate an electron beam to high energies (gradient of 0.5-1GV/m) while preserving the electron beam quality and demonstrate 
scalable plasma source technology.

Once AWAKE Run 2 demonstrated: First application of the AWAKE-like technology: 
Fixed target experiments for e.g. dark photon search. 

E. Gschwendtner, CERN



AWAKE at CERN
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AWAKE experiment

beam 
dump

~1100m

SPS

LHC

protons

~1000m

Control 
room

~50m

AWAKE

AWAKE installed in CERN underground area



AWAKE
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AWAKE Collaboration: 23 institutes world-wide:
• University of Oslo, Oslo, Norway
• CERN, Geneva, Switzerland
• University of Manchester, Manchester, UK
• Cockcroft Institute, Daresbury, UK
• Lancaster University, Lancaster, UK
• Oxford University, UK
• Max Planck Institute for Physics, Munich, Germany
• Max Planck Institute for Plasma Physics, Greifswald, Germany
• UCL, London, UK
• UNIST, Ulsan, Republic of Korea
• Philipps-Universität Marburg, Marburg, Germany
• Heinrich-Heine-University of Düsseldorf, Düsseldorf, Germany
• University of Liverpool, Liverpool, UK
• ISCTE - Instituto Universitéario de Lisboa, Portugal
• Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia
• Novosibirsk State University, Novosibirsk, Russia
• GoLP/Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, 

Universidade de Lisboa, Lisbon, Portugal 
• TRIUMF, Vancouver, Canada
• Ludwig-Maximilians-Universität, Munich, Germany
• University of Wisconsin, Madison, US
• Uppsala University, Sweden
• Wigner Institute, Budapest
• Swiss Plasma Center group of EPFL, Lausanne, Switzerland 

Novosibirsk

Vancouver
Oslo

Hamburg, Greifswald

Dusseldorf

Munich
CERN

Lisbon

Manchester

London

Glasgow Korea

Madison

Lausanne
Budapest



AWAKE Experiment
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AWAKE Run 1: Proof-of Concept
2016/17: Seeded Self-Modulation of proton beam in plasma
2018: Electron acceleration in plasma



AWAKE Proton Beam Line
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750m proton beam line

Plasma linear theory: kpe σr ≤ 1  
With σr = 200 µm
kpe = ωpe /c = 5 mm-1

è npe = 7x1014 cm-3

The AWAKE beamline is designed to deliver a high-quality beam to the 
experiment. The proton beam must be steered around a mirror which 
couples a terawatt class laser into the beamline. 
Further downstream, the witness electron beam will injected into the 
same beamline.



AWAKE Plasma Cell

Circulation of Galden HT270 
at 210 [°C] in plasma cell
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Pl
as

m
a 

de
ns

ity

10 m few cmfew cm

Plasma density profile

• 10 m long, 4 cm diameter

• Rubidium vapor, field ionization threshold ~1012 W/cm2

• Density adjustable from 1014 – 1015 cm-3 è 7x 1014 cm-3

• Requirements: 
• density uniformity better than 0.2%

• Fluid-heated system (˜220 deg)
• Complex control system: 79 Temperature probes, valves

• Transition between plasma and vacuum as sharp as possible



AWAKE Plasma Cell
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Plasma cell in AWAKE tunnel



AWAKE uses a short-pulse Titanium:Sapphire laser to ionize the rubidium source.
à Seeding of the self-modulation with the ionization front.
The laser can deliver up to 500 mJ in a 120 fs pulse envelope.

Laser and Laser Line

37

Laser, compressor in laser room

Diagnostic laser

e-source laserLaser beam



Electron Beam System
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Laser line

Electron source
Diagnostics and booster 

structure

Transfer line

e-source laserLaser beam

A Photo-injector originally built for a CLIC test facility is now used as electron source for AWAKE producing short electron bunches at an 
energy of ~20 MeV/c. 
A completely new 12 m long electron beam line was designed and built to connect the electrons from the e-source with the plasma cell.

Challenge: cross the electron beam with the proton beam inside the plasma at a precision of ~100 µm. 



Electron Acceleration Diagnostics
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camera

scintillator screen 
Lanex, 1m x 6cm

Spectrometer: 
Dipole: B = 0.1 - 1.5 T, Magnetic length = 1m
à detect electrons with energies ranging from   
30MeV - 8.5 GeV

Electrons will be accelerated in the plasma. To measure the energy the electrons pass through a dipole spectrometer 
and the dispersed electron impact on the  scintillator screen.
The resulting light is collected with an intensified CCD camera.
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Seeded Self-Modulation of the Proton Beam
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In order to create plasma wakefields efficiently, the drive bunch length has to be  in the order of the plasma wavelength.
CERN SPS proton bunch: very long! (sz = 12 cm) à much longer than plasma wavelength (l = 1mm) N. Kumar, A. Pukhov, K. Lotov,

PRL 104, 255003 (2010)

Self-Modulation: 

a) Bunch drives wakefields at the initial seed value when entering plasma. 
• Initial wakefields act back on the proton bunch itself. à On-axis density 

is modulated. à Contribution to the wakefields is ∝ nb .

b) Density modulation on-axis à micro-bunches. 
• Micro-bunches separated by plasma wavelength λpe. 
• drive wakefields resonantly. 

⇒ Seeded self-modulation (SSM)

AWAKE: Seeding of the instability by 

• Placing a laser close to the center of the proton bunch

• Laser ionizes vapour to produce plasma

• Sharp start of beam/plasma interaction

• à Seeding with ionization front

laser

E. Gschwendtner, CERN



Results: Direct Seeded Self-Modulation Measurement
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• Effect starts at laser timing ® SM seeding
• Density modulation at the ps-scale visible 
• Micro-bunches present over long time scale from seed point
• Reproducibility of the µ-bunch process against bunch parameters variation
• Phase stability essential for e- external injection.

AWAKE 
collaboration

à 1st AWAKE Milestone reached

VaporPlasma
Laser

p+

AWAKE Collaboration,  Phys. Rev. Lett. 122, 054802 (2019).
M. Turner et al. (AWAKE Collaboration), ‘Phys. Rev. Lett. 122, 054801 (2019).
M. Turner, P. Muggli et al. (AWAKE Collaboration), Phys. Rev. Accel. Beams 23, 081302 (2020)
F. Braunmueller, T. Nechaeva et al. (AWAKE Collaboration), Phys. Rev. Lett. July 30 (2020).
A.A. Gorn, M. Turner et al. (AWAKE Collaboration), Plasma Phys. Control Fusion, Vol. 62, Nr 12 (2020).
F. Batsch, P. Muggli et al. (AWAKE Collaboration), Phys. Rev. Lett. 126, 164802  (2021).



AWAKE Run 1: Electron Acceleration Results
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Beams are co-propagating in this 

direction close to the sp
eed of 

light

protons

electrons

A. Petrenko, CERN A. Caldwell et al., AWAKE Coll., Nucl. Instrum. A 829 (2016) 3

with baseline parameters: ~1.6 GeV

Electron acceleration after 10m:
What we expect with the AWAKE Run 1 setup:



Electron Acceleration Results 

Event at npe =1.8 x 1014 cm-3 with 5%/10m density 
gradient. à Acceleration to 800 MeV.

44

• Acceleration up to 2 GeV has been achieved. 

• Charge capture up to 20%. 

E. Adli et al. (AWAKE Collaboration), Nature 561, 363–367 (2018) 
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1st plasma cell: 
self-modulator

2nd plasma cell: 
accelerator

3

AWAKE Run 2

46

è Demonstrate possibility to use AWAKE scheme for high energy physics applications in mid-term future!
è Start 2021, program goes beyond CERN Long Shutdown 3 (2027+)!  

Accelerate an electron beam to high energy (gradient of 0.5-1GV/m)
Preserve electron beam quality as well as possible (emittance preservation at 10 mm mrad level) 
Demonstrate scalable plasma source technology (e.g. helicon prototype)

Goals:

E. Gschwendtner, CERN
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1st plasma cell: 
self-modulator

2nd plasma cell: 
accelerator

3
In existing AWAKE facility: 
Run 2a: demonstrate electron seeding of self-modulation 
in first plasma cell (2021/22)
Run 2b: demonstrate the stabilization of the micro-
bunches with a density step in the plasma cell (2023/2024)

In extended AWAKE facility:  (after LS3 2027+)
Run 2c: demonstrate electron acceleration and emittance preservation 
Run 2d: demonstrate scalable plasma sources

AWAKE Run 2 Program

During CERN Long Shutdown 3: 
dismantling of CNGS area

Installation of 2nd plasma source, 2nd electron beam system…

AWAKE Run 2a and Run 2b until LS3 (2025):
Optimize self-modulation of the proton bunch

AWAKE Run 2c and Run 2d after LS3 (2027+) :
Optimize acceleration of electrons in p-driven plasma wakefield

1st plasma source: 
p-bunch self-modulator

2nd plasma source: 
electron accelerator



1st plasma cell: 
self-modulator

2nd plasma cell: 
accelerator

AWAKE Run 2a
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Run 2a: Demonstrate electron seeding of self-
modulation in first plasma cell.

fully self-modulated 
proton bunch

Electron acceleration 
in plasma wakefield
driven by protons

Run 1: Front-part of proton beam is not self-modulated 
Run 2: à This can cause issues when the proton beam enters into the second plasma source 
For Run 2: need fully self-modulated proton bunch

G.	Zevi	Della	Porta,	for	the	AW
AKE	Collaboration	

Run	2a	perform
ance	and	prelim

inary	results

Second	run	(August	23,	3	w
eeks)

•
Study	self-m

odulation	dependence	on:	
•
electron	bunch	charge,	i.e.	seed	w

akefield	am
plitude	

•
proton	bunch	charge,	i.e.	self-m

odulation	grow
th	rate	

9

1.5⋅10
11ppb

2.0⋅10
11ppb

2.5⋅10
11ppb

3.0⋅10
11ppb

1.0⋅10
11ppb

21.09.2021
L. Verra, for the AW

AKE collaboration
34

The m
icrobunch

train carry inform
ation about 

the w
hole history of the propagation in plasm

a

Variation of the proton bunch charge density

electron bunch charge Q = 220 pC
n

pe = 1⋅10
14 cm

-3

Larger proton bunch charge density  à
larger grow

th 
à

m
icrobunch

train starts earlier
à

w
idening of the m

icrobunches

*All	im
ages	are	sum

s	of	O
(10)	events

Proton	bunch,	210	ps	scale	(plasm
a	and	electron	seed).	Different	proton	bunch	charges

6

Run 2a):  Dem
onstrate Electron Seeding of Self-M

odulation in First Plasm
a Cell

laser

gas
plasm

a

proton beam
self-m

odulated 
proton beam

laser

gas
plasm

a

proton beam

proton beam
electronslaser

gas
plasm

a

self-m
odulated proton beam

electronslaser

gas
plasm

a

AW
AKE Run 1:

AW
AKE Run 2: 

W
hy electron seeding: 

Run 1: Front-part of proton beam
 is not self-m

odulated 
Run 2: Æ

This can cause issues w
hen the proton beam

 enters into the second 
plasm

a source 
For Run 2:need fully self-m

odulated proton bunch

Prelim
inary	[L.	Verra]

Preliminary, L. Verra, 
AWAKE Collaboration

Run 2a: experimental demonstration: 
electron-seeded SSM of the entire 
proton bunch

è Physics Program 2021/2022

AWAKE Run 2a

AWAKE Run 1

AWAKE Run 2c

AWAKE Run 1

Goal: Electron bunch seeding:
à Modulates entire proton bunch with phase reproducibility



1st plasma cell: 
self-modulator

2nd plasma cell: 
accelerator

AWAKE Run 2b
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Run 2a: Demonstrate electron seeding of self-
modulation in first plasma cell.
Run 2b: Demonstrate the stabilization of the 
micro-bunches with a density step.

fully self-modulated 
proton bunch

Electron acceleration 
in plasma wakefield
driven by protons

• In constant-density plasma, wakefield amplitude decreases after saturation.
• In a plasma with density step within the SM grow: wakefield amplitude maintains larger after saturation.

ne=7x1014 cm-3

K. Lotov, V. Minakov, private communication

Gradient is 
Factor 4 
higher

with density step

without density step

Gradient in 1st plasma source (self-modulator)

ènew plasma source with density step capability

ènovel plasma diagnostics to allow measurement of plasma ‘wave’ directly

è Physics Program 2023/2024

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

Plasma source prototype with density step
MPP & WDL, UK MPP Munich



1st plasma cell: 
self-modulator

2nd plasma cell: 
accelerator

AWAKE Run 2c
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fully self-modulated 
proton bunch

• Accelerate an electron beam to high energy (gradient of 0.5-1GV/m)

• Preserve electron beam quality as well as possible (emittance preservation at 10 mm mrad level) 

è Facility extension and installation: 2025/26/27
è Physics program: 2027/28/…

• New electron source and beam line, reuse run 1 e-source
• New plasma cell (Accelerator cell), reuse 2b self-modulator
• New laser to 2nd plasma cell (back-propagating)
• New diagnostics
• Expand the experimental facility (CNGS dismantling) 

To house the full length of the Run 2 
experiment, the AWAKE area must be 
extended into the former CNGS target 
area (radioactive!)

CNGS target area during 
installation

Electron acceleration 
in plasma wakefield
driven by protons



1st plasma cell: self-
modulator

2nd plasma 
cell: 
accelerator
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AWAKE Run 2c: Demonstrate Electron Acceleration and Emittance Preservation

CNGS target area during installation

15°
plasma cell 1 plasma cell 2

750 mm

horiz.
dipole

0.1 m

quadrupoles

e-

< 3 m < 1 m

CNGS target area during installation
New electron source:
à based on X-band 
à Prototyping together with CLEAR

New electron line: 
à Requirement of β = 5 mm at injection. 
à Require achromatic module, with no bunch lengthening.
à Limit of ~ 3m width set by tunnel width
à Dipole bending angle > 15°
à Dipole-quadrupole spacing > 1 m
à Matching conditions at merging: 𝝈 = 𝟒. 𝟖𝟕 𝐦𝐦×𝝐

New laser system: 
IR laser beams to ionize the 2nd rubidium vapour source will be 
injected from downstream counter-propagating to the p-beam.
UV laser beams for producing two electron beams

New beam instrumentation:
Co-propagating e- and p+ beams: position, size measurement 
(e- beam).
200 fs electron bunches: bunch length measurement.
Witness e- beam injected in 2nd plasma cell: measurement of 
small (6 µm s) beam in Rb vapour.

New 2nd plasma cell:
Complex injection region: matching of electron beam to 
plasma

Electron source 
prototype at CERN

E. Gschwendtner, CERN

New electron beam: 150 MeV, 200 fs, 100 pC, σ = 5.75 µm
Blow-out regime: Beam loading: reach small ∂E/E , Match electron 
beam transverse properties to the plasma

proton 
bunch

electron 
bunch

V. Berglyd Olsen, E. Adli, P. Muggli, 
Phys. Rev. Accel. Beams, 21 (2018) 011301



1st plasma cell: 
self-modulator

2nd plasma cell: 
accelerator

AWAKE Run 2d: Demonstrate Scalable Plasma Sources

52

Scalable plasma source

Experiment

Today: Laboratory developments of scalable plasma sources in dedicated plasma labs
Aim: Propose a design for a scalable, several meter-long plasma cell for Run 2d.
Final Goal: Use this technology to build a 50-100m long plasmas source and use it for first applications (~2029)

Photo © Julien Ordan 
/ CERN

1 m helicon plasma cell from IPP-Greifswald @ CERN 1.6 m discharge in CERN reference tube (b. 169/R-026)

E. Gschwendtner, CERN
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Applications with AWAKE-Like Scheme
è Requirements on emittance are moderate for fixed target experiments and e/p collider experiments, so first experiments in not-too far future! 

54

First Application: Fixed target test facility: 

à Deep inelastic scattering, non-linear QED, search for dark photons

à Extension of kinematic coverage for 50 GeV 
electrons and even more for 1 TeV electrons 

à Decay of dark photon into visible particles (e.g. e+/e-)
àEnergy and flux is important
àRelaxed parameters for emittance

E. Gschwendtner, CERN

Experimental conditions modeled on NA64 experiment. 

Dark photons

3

There are models which postulate light (GeV and below) new particles which could be 
candidates for dark matter.  

A light vector boson, the “dark photon”, A′, results from a spontaneously broken new 
gauge symmetry, U(1)D. 

The A′ kinetically mixes with the photon and couples primarily to the electromagnetic 
current with strength, εe

γ

Z

e−
e−e− A’

e+

χ

Z

e−e− A’

γ

χ

Visible 
channel

Invisible 
channel

à Use bunches from SPS with 3.5 E11 protons every ~5sec, à electron beam of up 
to O (50GeV), 3 orders of magnitude increase in electrons (compared to NA64) 



Applications with AWAKE-Like Scheme

• PEPIC: Low-luminosity version of LHeC (50 GeV electrons)
• Use the SPS to drive electron bunches to 50 GeV and collide with protons from the LHC
• Modest luminosity à only interesting should the LHeC not go ahead

• EIC: 
• use the RHIC-EIC proton beam to accelerate electron

• 3 TeV VHEeP
• use the LHC protons to accelerate electrons to 3 TeV and collide with protons from LHC with 7 TeV
• Yields centre-of-mass energy of 9 TeV, Luminosity is relatively modest ~1028 – 1029 cm-2 s-1, i.e. 1bp-1/yr.   
• New energy regime means new physics sensitivity even at low luminosities.

• Fixed target variants with these electron beams
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Summary and Outlook
à Plasma wakefield acceleration is an exciting and growing field with many encouraging results and a huge potential.

à AWAKE: Proton-driven plasma wakefield acceleration interesting because of large energy content of driver. Modulation process means existing proton machines can 
be used.

à Current and planned facilities (Europe, America, Asia) explore different advanced and novel accelerator concepts and proof-of-principle experiments 
and address beam quality challenges and staging of two plasmas.

à Coordinated R&D program for dedicated international facilities towards addressing HEP challenges are needed over the next 5 to 10 years.
à As follow-up from the Update of the European Strategy on Particle Physics, the Plasma wakefield acceleration community has prepared a roadmap towards a high-

energy collider based on advanced acceleration technologies.  

Outlook: 
à Near-term goals: the laser/electron-based plasma wakefield acceleration could provide near term solutions for FELs, medical applications, etc. 

à Mid-term goal: the AWAKE technology could provide particle physics applications. 

à Long-term goal: design of a high energy electron/positron/gamma linear collider based on plasma wakefield acceleration.
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