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Slow-down in Energy Increase of Frontier Accelerators
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Livingston plot leveling off – here our version, giving beam energy versus time

HiLumi

Hadron acc. project

Hadron acc. proposal

Lepton acc. project

Lepton acc. proposal

Advance of new colliders 

limited by practical constraints 

on required resources 

(budget, manpower) and size 

(does it fit on site?)
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e- Acceleration: Principle and Limit
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• Areas with positive and negative charge; free electrons in between.

• Free electron (e-) is accelerated towards the positive charge (anode).

• For 10.000 Volt the electron gains 10.000 electron-Volt („eV”).

• Higher energies with :

- +
e-

10.000 Volt

Sketch Padamse, Tigner “Runzelröhre”

20.000.000 Volt per Meter

Can we increase the 

accelerating voltage? Higher 

energy accelerators in same 

size with same technology?
Flashover at 

too high 

voltages

Flashover at 

too high 

voltages

NO! metallic structures self destruct
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Towards Much Higher Accelerating Fields
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In nature, theory and technology

R. Wideröe (in 1927 built first RF accelerator) in 1990: 

“The with regard to accelerating particles by electromagnetic 

means (i.e. within the scope of the Maxwell equations which have been known since the 

19th century), , ...” 

Schwinger limit: 1.3 x 109 GV/m
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The Laser Promise: Transverse Electrical Field
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We can produce every day very high transverse electrical fields

• Those high peak 

power lasers are 

commercially available 

from European 

industry.

• State of the art is at 

the several Peta-Watt 

level.

• Many facilities do 

exist, e.g. also in 

Spain.
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High Gradient – High Frequency – Small Dimensions
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Powering novel accelerators

Plasma

Accelerator
Laser- or beam driven

Dynamic Plasma Structure

Plasma field calculations

High  High  Small 

Gradients Frequencies Dimensions

(1 – 100 GV/m) (> 100 GHz) (< 1 mm)

• No for high frequencies!

• Use as drivers.

• Material limitations solved through “new cavities”: dielectric materials, 

plasma cavities, …

:

Microstructure 

Accelerator
Laser- or beam driven

Vacuum accelerators

Conventional field design

1 2
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Laser-Driven Micro Structures (Vacuum) – 1
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Vacuum dielectric accelerator

• 1 GeV/m possible but low absolute energies achieved so far

at DESY/

Uni Hamburg: THz laser-driven accelerator with 

atto-second science  Kärtner/Fromme/Chapman/Assmann
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THz Laser Lab (DESY, CFEL, University Hamburg)
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Vacuum dielectric accelerator
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Laser-Driven Micro Structures (Vacuum) – 2

Novel High Gradient Accelerators: Plasmas & Beyond | Ralph Assmann | INFIERI Seminar 08/2021

Vacuum dielectric accelerator

grant from Moore foundation for work by/at 

Stanford, SLAC, University Erlangen, DESY, University Hamburg, PSI, 

EPFL, University Darmstadt, CST, UCLA

• Lasers drive

(e.g. Silicium)

• Major breakthroughs can

be envisaged:

for in-body irradiation of tumors

• Accelerators for
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Laser Plasma Accelerator: Transverse to Longitudinal
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Every accelerator is a transformator

Idea in 1979: 

Use a plasma to convert the transverse 

space charge force of a beam driver (or 

the electrical field of the laser) into a 

longitudinal electrical field in the plasma!
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Plasma Acceleration Guide I
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Comic courtesy Zach Weiner
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Plasma Acceleration Guide II
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Comic courtesy Zach Weiner

Linear Wakefield Theory (here from R. 
Ruth / P. Chen 1986)
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Plasma Acceleration Guide III
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Overcome high-field limitations of metallic walls with dynamic plasma structures (undestructible)

New idea in 1979 by Tajima and Dawson: Wakefields inside a 

homogenous plasma can convert 

transverse forces into longitudinal accelerating fields 

Options for driving wakefields:

• Lasers: Industrially available, steep progress, path to low cost

Limited energy per drive pulse (up to 50 J)

• Electron bunch: Short bunches (need mm) available, need long RF accelerator

More energy per drive pulse (up to 500 J)

• Proton bunch: Only long (inefficient) bunches, need very long RF accelerator

Maximum energy per drive pulse (up to 100,000 J)

Pondero-

motive force 

of a laser

Space charge 

force of a 

charged 

particle bunch 

(e-, p+)

or
Accelerating gradients 

of 10 GeV/m to 

1,000 GeV/m

Courtesy M. Kaluza
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Side Remark Proton/Ion Beams
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Plasmas can also be used to produce beams of proton or ion bunches

Lasers have high peak power (Peta-Watt) & transverse electrical fields (>Tera-eV/m).

1. Shoot in plasma: Used for electron beam generation and/or acceleration (see before).

2. Shoot on a solid target: Create plasma  charge separation, acceleration of plasma ions.

Target Normal Sheath Acceleration (TNSA) method Courtesy U. Schramm, HZDR
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Side Remark Proton/Ion Beams
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Plasmas can also be used to produce beams of proton or ion bunches

• Application driven - for the development of

compact proton and ion sources

• Building on unique energy efficient diode

pumping technology expected to support

favorable proton energy scaling

• Science driven - for the systematic

optimization of

• driver laser technology

• acceleration processes

• energy scaling

• average power

Courtesy U. Schramm, HZDR
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Laser-Plasma Electron Accelerator: Photo
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Small but can be photographed

0.25 mm

1
0

0
 m

m

Metal (Copper)

S band

linac

structure

Microwaves for 

generation of RF 

waves

2013

0
.0

5
 m

m

500 mm
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SLAC: 42 GeV electron acceleration has been shown
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85 cm plasma driven by a 42 GeV electron beam, tail of bunch accelerated

E167 collaboration

SLAC, UCLA, USC

I. Blumenfeld et al, Nature 445, 

p. 741 (2007)

Bob Siemann, SLAC



Page 20

AWAKE at CERN: 2 GeV electron beam acceleration 
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Over a plasma cell length of 10 meters

Adli, E., Ahuja, A., Apsimon, O. et al. Acceleration of 

electrons in the plasma wakefield of a proton bunch. 

Nature 561, 363–367 (2018). 

https://doi.org/10.1038/s41586-018-0485-4
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LBNL: 8 GeV electron beams have been obtained
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From 20 cm plasma channel, wakefields driven by pulses from BELLA laser
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HZDR Dresden: Electron beam 500 pC charge, > 10 kA
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Applying Novel Solutions for Pushing the Charge

World record peak current (~20 kA). Opens exciting new applications:

 Higher charge electron applications (irradiation, collider, ...)

 Driver for THz sources

 Driver for beam driven wakefields

J. Couperus, et al., Nat. 

Commun. 8, 487 (2017)

A.Irman, et al., PPCF 60, 

044015 (2018)
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Compact Accelerators for HEP?
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Compact Accelerators for HEP?
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Compact Accelerators for HEP?
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The Plasma Accelerator: The Next Step?
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A 1 TeV collider in 10-100 meters? 

Not so easy...

Illustration from PhD A. Ferran

Pousa
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Physics – Linear Wakefields (R. Ruth / P. Chen 1986)
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The formulae behind it all

e = electrical field

z = long. coord.

r = radial coord.

a = driver radius

wp = plasma frequency

kp = plasma wave number

t = time variable

e = electron charge

N = number e- drive bunch

w = laser frequency

t = laser pulse length

E0 = laser electrical field

m = mass of electron

Can be analytically solved and treated. Here comparison beam-driven 

(PWFA) and laser-driven (beat wave = PBWA).
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Physics – Linear Wakefields (R. Ruth / P. Chen 1986)
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The formulae behind it all

Accelerating field

Transverse field

Depends on 

radial position r

Changes between 

accelerating and 

decelerating as function of 

longitudinal position z

Depends on 

radial position r

Changes between 

focusing and defo-

cusing as function of 

longitudinal position z

p/2 out of 

phase
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The Useful Regime of Plasma Accelerators
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Where do we put the electron bunch inside the wave (or the surfer on the wave)

Two conditions for an accelerator:

These two conditions define a useful range of acceleration!

Reminder metallic RF accelerator structures: 

no net transverse fields for beam particles  full accelerating range is 

available for beam  usually place the beam on the crest of the 

accelerating voltage
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Plasma Accelerator Phasing
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Finding the useful regime  Systematic problem of large energy spread is induced (not in RF accelerators)
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Optimization: Minimal Energy Spread
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Avoid creation of too much energy spread (cannot be avoided by principle explained before)

1 fs = 0.3 mm when travelling with light velocity c

R. Assmann

J. Grebenyuk

IPAC 2014



Page 32

Optimization: Phase Slippage Stability/Reproducibility
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Maximize distances over which we can accelerate Hit the same phase every time
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Warning: Non-Linearities are Important
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Linear regime nice to get an understanding – Quasi-linear and non-linear regimes most often used

• Plasma wakefield acceleration is most often operated in 

the so-called .

• No time to discuss here – would require more time.

• Accelerating field approaches triangular shape and 

focusing field is constant with radius  easier regime in 

many aspects.

• Electron trapping (beam forming) occurs here.

Paper by Pukhov and Meyer-Ter-Vehn one of 

most cited papers in accelerators: refused at 

higher impact journals as irrelevant (“would never 

work”)
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Plasma opens new reach but also difficulties…
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Comparing plama to conventional accelerators

• Optimized to provide longitudinal acceleration 

and no transverse forces on the beam.

• Only due to imperfections, transverse forces can 

be induced  correction of trajectory, wakefields, 

dispersion with well established methods.

• Ultra-strong longitudinal fields  high 

accelerating gradient.

• Ultra-strong transverse fields  transverse 

forces cannot be avoided and must be 

controlled.



Page 35

Accelerator Builder’s Challenge
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(simplified to typical values)

> Match into/out of plasma with (about 

1 mm beta function). Adiabatic matching (Whittum, 

1989).

> Control between the wakefield driver (laser or 

beam) and the accelerated electron bunch at 

.

> Use to minimize energy 

spread. 

> Achieve from 

injected electron bunch to wakefield (energy stability 

and spread).

> Control the to compensate 

energy spread (idea Simon van der Meer).

> Develop and demonstrate 

.

Phase Advance   ne
1/2L

s
x
(µ

m
)

PRL 2002, C. E. Clayton, B. E. Blue, E. S. Dodd, C. 

Joshi, K. A. Marsh, W. B. Mori, and S. Wang, P. 

Catravas, S. Chattopadhyay, E. Esarey, and W. P. 

Leemans, R. Assmann, F. J. Decker, M. J. Hogan, R. 

Iverson, P. Raimondi, R. H. Siemann, and D. Walz, T. 

Katsouleas, S. Lee, and P. Muggli
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European Strategy for 
Particle Physics

• The European Strategy for Particle Physics is updated every 5 years in a 
procedure based on wide community input.

• Many of us provided input to this process: 

• Written statements from European Network for Novel Accelerators 
(EuroNNAc), AWAKE, ALEGRO and EuPRAXIA.

• Several talks at meetings.

• Strategy defines future directions and priorities for particle physics in Europe 
and for CERN. Last update: 2020.

• Outcome a great success for advanced accelerators:

• Importance of accelerator R&D in general.

• Explicit mentioning of plasma and laser high gradient acceleration.

• Request for accelerator R&D roadmap, adequate resources, priorities, 
deliverables for next decade, synergy with other science fields, …

Novel High Gradient Accelerators: Plasmas & Beyond | Ralph 
Assmann | INFIERI Seminar 08/2021
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Expert Panel HGPL “High Gradient Acceleration (Plasma/Laser)”
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Expert Panel 
Chair: Ralph Assmann (DESY/INFN)
Deputy Chair: Edda Gschwendtner (CERN)

Panel members: 
Kevin Cassou (IN2P3/IJCLab), Sebastien
Corde (IP Paris), Laura Corner ( Liverpool),
Brigitte Cros (CNRS UPSay), Massimo
Ferarrio (INFN), Simon Hooker (Oxford),
Rasmus Ischebeck (PSI), Andrea Latina
(CERN), Olle Lundh (Lund), Patric Muggli
(MPI Munich), Phi Nghiem (CEA/IRFU), Jens
Osterhoff (DESY), Tor Raubenheimer (SLAC),
Arnd Specka (IN2PR/LLR), Jorge Vieira (IST),
Matthew Wing (UCL).

Panel associated members: 
Cameron Geddes (LBNL), Mark Hogan 
(SLAC), Wei Lu (Tsinghua U.) , Pietro 
Musumeci (UCLA) 

Expert Panel:   18 experts  - 4 associated  - 13 meetings         Retreat 23/6

Email list
231 scientists 
registered to 
roadmap 
process

Parameters
Parameters of 
interest, proposal 
of 2 common 
study cases

Townhall 30/3
Setting the scene,
explaining the
process, HEP goals
and targets

Townhall Meetings 21/5 and 31/5
Input presented by 48 SPEAKERS FROM COMMUNITY
Up to 130 simultaneous participants

Draft R&D Roadmap, 
deliverables: 16 July
Townhall #4: 12 July

Townhall #4 feedback

LDG, SPC, … feedback

FINAL REPORT 
October

OPEN CONSULTATION PROCESS – WORK FLOW
Input M. Lamont, 
L. Rivkin, C. Biscari
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Scope:

• Accelerator R&D Roadmap for plasma and laser accelerators (includes beam-driven
options and dielectric structures).

• Roadmap to support esta-blishing compact, high gradient accelerator techno-logy (> 1
GV/m) as a viable option for HEP.

• Enable intermediate HEP experiments and on the longer-term a compact, cost-effective
plasma linear collider design.

 Expert panel is working on a final report for end of October. Too early to report any
conclusions today!

Expert Panel HGPL “High Gradient Acceleration (Plasma/Laser)”
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Great News End of June
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Building the first plasma accelerator facility About the ESFRI Roadmap

ESFRI has established a European 

Roadmap for Research 

Infrastructures (new and major 

upgrades, pan-European interest) 

for the next 10-20 years, stimulates 

the implementation of these 

facilities, and updates the roadmap 

as needed. The ESFRI Roadmap 

arguably contains the best 

European science facilities based 

on a thorough evaluation and 

selection procedure. It combines 

ESFRI Projects, which are new 

Research Infrastructures in 

progress towards implementation, 

and ESFRI Landmarks successfully 

implemented Research 

Infrastructures enabling excellent 

science.
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Great News End of June
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Building the first plasma accelerator facility
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Great News End of June
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Building the first plasma accelerator facility
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EuPRAXIA: A European Strategy for Accelerator Innovation
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Do the required intermediate step between proof of principle and production facility – make one acc. unit! 

PRESENT EXPERIMENTS

Demonstrating 
100 GV/m routinely

Demonstrating GeV electron 
beams

Demonstrating basic quality

EuPRAXIA INFRASTRUCTURE

Engineering a high quality, 
compact plasma accelerator

5 GeV electron beam for the 
2020’s

Demonstrating user readiness

Pilot users from FEL, HEP, 
medicine, ...

PRODUCTION FACILITIES

Plasma-based linear collider in 
2040’s

Plasma-based FEL in 2030’s

Medical, industrial
applications soon



Horizon 2020
The EuPRAXIA Project
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• First ever international design of a plasma accelerator facility.

• Challenges addressed by EuPRAXIA since 2015:

• How can plasma accelerators produce usable electron beams?

• For what can we use those beams while we increase the beam 

energy towards HEP and collider usages?

• CDR for a distributed research infrastructure funded by EU 

Horizon2020 program. Completed by 16+25 institutes.

• Next phase consortium with 40 partners, 10 observers.

• Applied to ESFRI roadmap update 2021 with government 

support in Sep 2020.

• Successful and and placed on ESFRI roadma.

http://www.eupraxia-project.eu/

653 page CDR, 240 scientists contributed
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The Consortium Members for the Next Phase
(from 16 to 40)
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40 Member institutions in:
 Italy (INFN, CNR, Elettra, ENEA, Sapienza Università di 

Roma, Università degli Studi di Roma “Tor Vergata”)

 France (CEA, SOLEIL, CNRS)

 Switzerland (EMPA, Ecole Polytechnique Fédérale de 

Lausanne)

 Germany (DESY, Ferdinand-Braun-Institut, Fraunhofer 

Institute for Laser Technology, Forschungszentrum Jülich, 
HZDR, KIT, LMU München) 

 United Kingdom (Imperial College London, Queen’s 

University of Belfast, STFC, University of Liverpool, 
University of Manchester, University of Oxford, University 
of Strathclyde, University of York)

 Poland (Institute of Plasma Physics and Laser 

Microfusion, Lodz University of Technology, Military 
University of Technology, NCBJ, Warsaw University of 
Technology)

 Portugal (IST)

 Hungary (Wigner Research Centre for Physics)

 Sweden (Lund University)

 Israel (Hebrew University of Jerusalem)

 Russia (Institute of Applied Physics, Joint Institute for 

High Temperatures)

 United States (UCLA) 

 CERN

 ELI Beamlinespending

pending
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The Consortium Observers for the Next Phase
(from 25 to 10, Consortium Agreement signed)
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10 Observer institutions in:

 France (Amplitude Technologies, Thales LAS France SAS)

 Germany (Helmholtz-Institut Jena) 

 Poland (University of Warsaw)

 United States (LBNL)
 China (Shanghai Jiao Tong University)

 Japan (Institute for Molecular Science, Osaka University, Kansai 

Photon Science Institute, RIKEN SPring-8 Center)
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EuPRAXIA Deliverables and User Interests
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EuPRAXIA is designed to 
deliver at 10-100 Hz ultra-
short pulses of 
• Electrons (0.1-5 GeV, 30 pC) 
• Positrons (0.5-10 MeV, 106)
• Positrons (GeV source)
• Lasers (100 J, 50 fs, 10-100 Hz)
• Betatron X rays (5-18 keV, 1010)
• FEL light (0.2-36 nm, 109-1013)

Expressions of interest from 95 
research groups representing 
several thousand scientists in 
total.



Horizon 2020
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IMPORTANT: EuPRAXIA design includes RF injectors, 

transfer lines, undulator lines, shielding, ...
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Examples of EuPRAXIA Ideas and Innovation
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Horizon 2020
Solving Energy Spread
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Plasma mirror
(laser 1 

removal)

Plasma mirror
(coupling of laser 

2)

Laser 1

Electron beam

Laser 2

Not to scale. Compact setup 1.5 m.
Ref.: Ferran Pousa, Martinez de la Ossa, Brinkmann, Assmann

PRL 123, 054801 (2019)

... flipping phase space 
in the middle before 
second plasma stage

Accelerating in a 
plasma stage and... 
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Solving Energy Spread
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5 – 30 pC

10 pC – 1 nC Current FEL Facilities

300 – 400 pC

1 – 500 pC Energy Spread
EuPRAXIA points indicate 
start-to-end simulations



Horizon 2020
Spin Polarization | Hybrid Plasma Accelerators
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• e+e- colliders and physics reach enhanced by spin 
polarized beams

• International Partners: Germany, Greece, China, and 
USA  facilities involved at FZJ, Shanghai, ...

• Use a laser-generated electron beam for driving 
plasma wakefields in a second stage  HQ electron 
beam from ultra-compact setup

• Several facilities involved at HZDR, Strathclyde, ... 
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Distributed Research Infrastructure – 1st Users 2028
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Collaboration Board
1 representative per Member & Observer

1 Chair and 1 Deputy Chair

Project Coordinator

+ Management Team
Steering Committee

Project Clusters (WPs)

Theory & 

Simulation
Laser 

Technology

Plasma 

Components 

& Systems

RF 

Technology

Magnets & 

Other 

Beamline 

Components

Diagnostics Applications

Transfor-

mative

Innovation 

Paths

Training, 

Outreach 

& Dissemi-

nation

Implemen-

tation & 

Layout

Central EuPRAXIA Management

EUROPEAN

PLASMA RESEARCH ACCELERATOR WITH

EXCELLENCE IN APPLICATIONS

National projects and facilities
Individual groups at universities

and laboratories

Technical Design 

Report

Construction Site
(tbd in 2023)

Laser-driven plasma accelerator

Delivers FEL light, X rays, electrons, 

positrons

Life sciences, medicine, materials

Four candidate sites described in 

conceptual design report

EuPRAXIA Organisation Chart

Construction Site Frascati

Beam-driven plasma accelerator

Delivers FEL light, X rays, electrons, positrons

Life sciences, particle physics, medicine, materials

Location: metropolitan 

area Rome, Italy

Excellence Centres

Technical design 

tests, prototyping, 

production

EuPRAXIA 

user e-needs

infrastructure

Plasma 

Simulations & 

Theory

Plasma 

Acceleration & 

High-Rep-Rate 

Developments

Technology 

Incubator to 

Laser Science 

Users

Laser-Plasma 

Acceleration & 

FEL 

Developments

Advanced 

Application 

Beamlines

Organization for initial Preparatory Phase in dark blue

Features to be added with decision on second site or in later 
phases are indicated in lighter shades

Scientific & Technical Advisory Committee

Open Innovation Forum

User Meetings & Program Committees

Resource Review Board

Quality Assurance Panel

Ethical Advisory Board

Advisory & Oversight Boards Co-funded by the 

European Union
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Conclusions
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Long-term future

• The long-term future is bright: there will be plenty of opportunities as technology 

advances!

• Plasma colliders are another possible game changer. Energy very promising but 

beam quality insufficient:

• There are now near future science applications outside HEP, e.g. FEL. This can be the 

stepstone towards a plasma linear collider. 

• Major projects going on, all including HEP aspects. Please follow up.

• A long-term future with novel colliders does not come by itself: We (you) must 

work towards this goal and support it as required, continuing long tradition. 
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Thank you for your attention...
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