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Laser plasma acceleration: Laser WakeField Acceleration (LWFA) 
provides accelerating fields in the  range 1-100 GV/m: 
An e-e+ collider in the TeV range would be 100 km long using an 
accelerating field < 50 MV/m with conventional technology

The properties of LWFA have attracted the  interest of a large 
community since the achievements of GeV electrons over a 
length of  3 cm in  2006

cavity scaling:

LWFA is a promising concept for the 
development of compact accelerators

~ 0.1 m

~ 0.1 mm
CNRS LPGP 
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Tajima et Dawson, Phys. Rev. Lett. 1979
A plasma wave can be associated to very high 
accelerating gradients 
Concept of  laser wakefield to excite a relativistic plasma 
wave

Strickland et Mourou, Opt. Comm. 1985
Concept of laser system using laser chirped pulse 
amplification
Short and intense laser pulse facilities have become 
available  at the beginning of the 1990s

Laser wakefield studies are now in full growth

LWFA associates new concepts 
to innovative technology 
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Basic physics of LWFA
Main achievements
Perspective

Outline
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How to create a plasma wave ?
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Electrons move under the action of
the ponderomotive force

Electrons move under the action of
the ponderomotive force

Ion

Electron

Driving
laser pulse

Ponderomotive force
F  - Energy

Oscillation of 
electrons over p

L=c
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Large longitudinal electric field
associated to a plasma wave
Large longitudinal electric field
associated to a plasma wave

Accelerating fields > 1 GV/m

Space charge field and 
plasma wave
p[µm] ~33 (ne[1018cm-3])1/2

p~ 33µm pulse duration~55 fs
ne = Zn i

ne +dne

E

v

x

E

p

Relativistic wave:
phase velocity of the order of the 
laser group velocity

Ez [GV/m]~ 96  (ne [1018 cm-3])1/2 dne/ne
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Laser wakefield
in the quasi‐linear regime

Laser wakefield
in the quasi‐linear regime
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Courtesy N.E. Andreev

Laser strength parameter
a ~ eA/mc² 

normalized laser vector potential
Peak value

a0 ~ 8.5x10-10 [µm] I01/2[Wcm-2]
Quasilinear regime or weakly
relativistic regime
a0 ~ 1 
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Accelerating field:  1-10 GV/m
Transverse fields :    focusing or 
defocusing, driver transverse profile 
can be shaped :
Cormier-Michel et al., PR ST-AB (2011)

Electrons or other relativistic
particles produced by an 
external source can be
accelerated

Linear e- or e+ focusing and acceleration,
Independent control of acceleration and focusing

Ez [GV/m]=1.35 10-18 Imax[Wcm-2]([µm])2/[ps]

Quasi-linear regime, a0 ~ 1 

Focusing 
field

Plasma 
density

Accelerating 
field 

e‐ focus

e‐ accel

e+ focus

e+ accel

e‐ accel+focus

e+ accel+focus

Courtesy
C. Schroeder
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Nonlinear regime or bubble regime reached
for large laser intensity

Nonlinear regime or bubble regime reached
for large laser intensity

a0 > 2 for I0 > 8.7 ×1018 Wcm-2

A. Pukhov et al, Appl. Phys. B 74, 355 (2002)
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Non linear wakefield
with self-injection of electrons

Non linear wakefield
with self-injection of electrons

W. Lu PRSTAB, 10, 061301 (2007) 11

Compression and self-
focusing of the pulse
Expulsion of electrons: 
creation of a bubble (ions)
Electrons self-injected at 
the back of the bubble by 
accelerating and focusing 
fields
Injected electrons modify 
the back of the bubble 
(beam loading)
Generation of betatron
radiation
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Maximum energy gain 
in a laser plasma accelerator

Maximum energy gain 
in a laser plasma accelerator

ΔW = e Ep L
The length of acceleration is determined by 

Laser diffraction
Dephasing of electrons (entering a decelerating phase of the 
plasma):                                    Ldeph  1/ ne

3/2

Damping of laser energy Lam  1/ (a0² ne
3/2)

Optimum length: Ldeph~Lam and a0~1
ΔW  1/ne 

To increase energy gain requires
To lower electron density
To increase interaction length

12
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Energy increases for lower plasma density
At low enough density, self‐injection stops, additional laser 
power or external injection should be used 13

Non Linear regime
with injection of 
plasma electrons

Energies above GeV
reached for PW laser 
power:  UTexas13, 
APRI13: 2 gaz jets

LBNL14 also includes
channel guiding1 10 100
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Experimental results since 2004 follow the 
scaling law for the energy gain 
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Recent breakthrough for accelerator R&D  

10GeV accelerator module
LBNL, laser guiding in 20cm long cap 
discharge waveguide

PRL 122, 084801 (2019)

24 hour operation
DESY, LUX Laser plasma accelerator

PRX 10, 031039 (2020) 

Experiment

Simul INFERNO

Automated optimisation
Shalloo et al, Nat comm (2020) 11:6355 

Optimised for 
charge

Optimised for 
small energy
spread

PRL 126, 104801 (2021)



211123_GdR APPEL IRN TeraScale joint session, B. Cros

Best beam properties demonstrated so far at DESY 
Agreement with simulations (injection and acceleration in the plasma)

Good agreement with simulations: strong basis for accelerator
design 15

Optimisation of electron beam properties 
assisted by machine learning 

PRL 126, 174801 (2021)
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Next steps: multi‐stage schemes to achieve
multi‐GeV reliable beams

Next steps: multi‐stage schemes to achieve
multi‐GeV reliable beams

Objective of multi-stage: control the properties
of the accelerated beams and increase their
energy

Optimisation of the beam properties (energy spread, 
emittance, reliability) in the range 100MeV -1GeV
Control the emitted radiation
Increase the energy: feasability studies for an 
accelerator scalable to high energy (multi-stages)

Main challenges
Laser reliability and performance (average power, 
stability, quality)
Increase acceleration length
Inject electrons in the accelerating structure in a 
precise and controlled way
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Stage I: gas jet 

mean energy (72±3) MeV  

charge (19±3) pC  

Stage I + II 

reference 

Steinke et al, Nature (2016)

80% throughput

Preliminary test of 
external electron injection at LBNL

Emphasizes the need to 
achieve a good beam
quality for coupling the 
electron beam to the 
plasma
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Laser plasma collider conceptLaser plasma collider concept
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Perspective of LWFA 
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National coordination (GdR APPEL) and 
roadmaps (UK, De Helmoltz)
European projects : Eupraxia has fostered
accelerator development (pilot application to 
FEL, overlaps GeV range requirement for 
future collider )
International coordination :ALEGRO, ICFA
Input for last ESPP lead to a mention of 
plasma R&D in strategic recomendations and 
expert panel on plasma and laser has been 
created to propose a roadmap for advanced
concepts

20

Coordination towards accelerator
development happens at different levels
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GdR APPEL in France
Brings together laser plasma 
physicists and accelerator
community (INP, IN2P3) 
Input from particle physicists most
welcome for brainstorming and 
collaboration

Brigitte Cros, Nicolas Delerue
contact@gdr-appel.fr

21

National coordination towards laser 
plasma accelerators

http://gdr-appel.fr/
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European coordination: Eupraxia has 
fostered accelerator development

On the ESFRI roadmap since July 2021
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Advanced and Novel Accelerator panel of ICFA 
(International Committee for Future Accelerators)  has initiated
a study group for advanced linear Collider
Challenging question for ANAs: Can we envisage 
the delivery of an Advanced Linear Collider design at 
>1TeV (30 TeV) in 2035?

Electron- positron Collider at the energy frontier
Parameters defined for/by HEP (Luminosity)

Discussions towards multi TeV range have started in 
2017 (ALEGRO): input from physicists (theory and exp) 
needed to define scientific case and parameters for test 
facilities
Workshops in 2017 (CERN), 2018 (JAI Oxford), 2019(CERN) 
http://www.physics.ox.ac.uk/confs/alegro2018/index.asp
https://indico.cern.ch/event/732810/

Submitted a contribution to ESPP update 
https://arxiv.org/abs/1901.08436
https://arxiv.org/abs/1901.10370

24

International coordination 
ICFA , ALEGRO

http://www.lpgp.u-
psud.fr/icfaana/

Towards a Proposal for an Advanced Linear 
Collider Report on the Advanced and Novel 
Accelerators for High Energy Physics 
Roadmap Workshop, CERN, Geneva, April 
2017 - CERN Document Server
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Plasma stage driven
by laser, based on 
order of magnitude 
scaling laws,
and efficiencies
(laser to plasma and 
plasma to beam) that
could be obtained in 
principle.

25

Prospective parameters for multi-TeV
colliders: single stage LWFA 

arXiv:1901.10370 [physics.acc-ph]
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Very preliminary
estimation, 
needs:
A full simulation 
study,
Experimental
demonstrations,
Development of 
plasma and driver 
technology.

26

Prospective parameters
for multi-TeV colliders

arXiv:1901.10370 [physics.acc-ph]
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https://europeanstrategyupdate.web.cern.ch/

Update of the European Strategy for 
Particle Physics in June 2020
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Laser and Plasma Expert Panel 
general considerations

Laser and Plasma Expert Panel 
general considerations

28

• Advanced accelerators have made important progress in demonstrating key 
aspects of those technologies: energy and quality for laser/electron/proton 
driven

• Rapid progress in underlying technologies, e.g. lasers, feedbacks, nano-control, 
manufacturing, …

• Various roadmaps in EU (EuroNNAc), US (DOE) and internationally (ALEGRO), 
defining R&D needs for having a collider at the end of the 2030`s or in the 
2040`s  slipping schedule due to missing funding for particle physics 
oriented R&D in novel accelerators. 

• Feasibility of a collider remains to be proven: 
• E.g. scheme for positrons in plasma accelerators still to be demonstrated on 

paper. 
• Staging designs for high energy remain to be calculated in detail and with all 

elements, including tolerances, length and cost scaling. 
• Repetition rate issues and efficiency approach to be investigated in detail. 
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2024 –
electron high 
energy case study

Multi‐stage electron accelerator from 175 GeV to 190 GeV, including
full lattice, in/out‐coupling, all magnetic elements, correctors, 
diagnostics, collective effects, synchrotron radiation, estimate of
realistic performance, estimate of realistic 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).

2024 –
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, gg) 
and at lower beam energies (e‐ g collider, dark matter search, 
…)

2025 - positron
high energy case
study

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

2025 –
low energy 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 accelerators, needed R&D 
demonstration topics for low energy design and needed test facilities

A plan for feasibility assessment by 2025 of
advanced accelerator development is under

discussion



211123_GdR APPEL IRN TeraScale joint session, B. Cros 30

Summary

Tremendous progress has been achieved since the 
seminal idea and over the last 10 years in LWFA
LWFA is a promising technology for facilities with 
significantly reduced size that may be an alternative 
path to multi-TeV scale e+e- colliders 
It is timely to push forward plasma accelerator R&D 
and strengthen the physics case
Roadmaps are under discussion at several levels
and new projects should emerge within the next 10 
years
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Additional slides
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Eupraxia organisation
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Advanced and Novel Accelerator 
concepts (ANAs): definition

Advanced and Novel Accelerator 
concepts (ANAs): definition

Wakefields driven in plasma by 
intense laser beams : LWFA
Wakefields driven in plasma by 

particle beams: PWFA
Wakefields driven in structures

(e.g.dielectric tubes) by particle beams: 
SWFA
Wakefields driven in dielectric 

structures by short-pulse lasers: 
DLA

Acceleration gradients larger then 1GV/m
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Advanced LinEar collider
study GROup: organisation
Advanced LinEar collider
study GROup: organisation

ALEGRO WG titles and leaders:
PC: Physics Case (M Peskin, J Tian)
CMD: Collider Machine Design (A Seryi,  D Schulte, H 
Yamamoto)
TMS:Theory, Modelling, Simulations (JL Vay, J. Vieira)
LWFA: Laser wakefield Accelerators (C. Schroeder, S. 
Hooker, B. Cros)
PWFA: Plasma wakefield Accelerators (J Osterhoff, E 
Gschwendter,  P Muggli )
PAC: Positron acceleration (S. Gessner, S. Corde)
SWFA: Structure wakefield accelerator (P Piot, J Power)
DLA: Dielectric laser accelerator (J England, B Cowan)

PC

TMS

CMD

LWFA

SWFA

PWFA

DLA

PAC

ALEGRO 
Steering
Group

ALEGRO Working Groups

ICFA
ICFA ANA

Euronnac

Opened to contributions from
interested scientists worldwide

B Cros
C Schroeder
P Muggli

http://www.lpgp.u-psud.fr/icfaana/ana-publications-2017


