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Livingston Plot: Progress at the Energy Frontier 

Novel Accelerators | R. Assmann | LCWS 2019, Sendai, Japan 

Great success story: RF-based particle accelerators for discoveries and precision 

Master-pieces of 
technology: 
 
•  LHC, LHC HiLumi 
•  SuperKEKb 
•  LEP, LEP-2 
•  Tevatron 
•  SLC 
•  HERA 
•  RHIC 
•  … 

Progress slowing 
down à R&D à new 
ideas and 
technologies? 

Discovery 
Higgs precision 

Free-electron lasers 
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Comparison Novel Accelerators 

•  Three main concepts with possible gradients in the GV/m regime:  

•  Plasma Wake Field Acceleration, Dielectric Laser Acceleration, THz-based acceleration 

Novel Accelerators | R. Assmann | LCWS 2019, Sendai, Japan 

Possibilities and Limits 

2. R&D Towards Compact Accelerators – Status of the Field

2.1.4. Comparison

In order to compare the aforementioned novel acceleration techniques, it is instructive to sum-
marize the key parameters in a table. This summary can be found in table 2.1. It can be

Table 2.1.: Summary of key parameters of novel particle acceleration techniques (adapted and updated
version of table 2.1 in [57]). The DLA-related values refer to a fully integrated design.
PWFA is comparable to LWFA except for the achievable acceleration gradient (10x less).

LWFA DLA (Optical) DLW (Thz)

Acceleration gradient ⇠ 100 GeV/m ⇠ 1 GeV/m < 10 GeV/m
Period < 300 µm 0.8 µm � 10 µm ⇠ 1 mm
Typical bunch charge < 30 pC < 1 fC < 5 pC
Typical bunch length < 30 fs < 1 fs < 10 fs
Repetition rate < 10 Hz ⇠ 1 MHz > 0.1 kHz
Aperture < 10 µm ⇠ Period length ⇠ 1 mm
Average Current < 0.3 nA < 1 nA > 0.5 nA
Peak Current > 0.3 kA < 0.3 A > 0.15 kA

seen that even though the average current is more or less the same for the three schemes, the
way these currents are achieved is completely different. The three techniques clearly cater to
different applications. LWFA delivers high peak current at very low repetition rate, while in a
DLA very low charges are produced at very high repetition rates. THz-based approaches per-
form in a parameter range between the aforementioned two. If the novel acceleration scheme is
supposed to be coupled with a conventional accelerator for either further acceleration or as a
phase space manipulator, then the aperture size is important. Here the THz-based accelerator
can accomodate the largest beams with an aperture in the mm range. If, on the other hand,
the accelerator should be based solely on a novel scheme, then longitudinal beam dynamics at
low, non-relativistic energies need to be considered, if high quality beams are expected to be
produced. To this end, one can consider the normalized accelerating field strength, or alpha
parameter. It is defined as [58]

↵ =
eE0

2mec2k
, (2.4)

where e is the charge of an electron, E0 is the peak accelerating field amplitude, me the electron
mass, c the speed of light in vacuum and k = 2⇡/� the wavenumber of the accelerating field. The
alpha parameter essentially describes how many periods of the accelerating field the electrons
need to traverse before they reach relativistic energies (ve� ⇡ c) and are thus phase synchronous.
If ↵ � 1, this happens within ⇠ 1 period. For values ⌧ 1 significant phase slippage between
the electrons and the accelerating field is implied if the phase velocity of the accelerating field is
constant. This phase slippage then has to be counteracted by adjusting the phase velocity of the
accelerating field, which can be non-trivial [59, 60]2. Figure 2.3 shows the maximum achievable
alpha parameter for various types of electron sources. The plot is an extended version of what
is shown in [40]3. It can be seen that as the frequency increases, the alpha parameter seems
to follow a negative empirical trend towards smaller values of ↵. Note that DLA-based sources

2Even though the phase-slippage can be counteracted by phase velocity matching, nonlinearities of the field and
transverse forces at low phase velocities can still limit the performance in the low-↵ regime.

3The raw data was kindly provided by the corresponding author T. Vinatier.
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From PhD Frank Mayet, UHH & DESY 
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Comparison Novel Accelerators 

Novel Accelerators | R. Assmann | LCWS 2019, Sendai, Japan 

Possibilities and Limits 

2. R&D Towards Compact Accelerators – Status of the Field

to RF power limitations to < 100Hz1. Another challenge is the synchronization between the
electron beam and an external laser, which is for example needed for pump-probe experiments.

One way to overcome the gradient limitations in conventional linac structures discussed above
is to increase the operating frequency. It has been shown that the achievable surface electric field
and hence the breakdown threshold scales as

Eth /
f1/2

⌧1/4
, (2.1)

where f is the operating frequency and ⌧ is pulse length of the drive signal [3]. In the following
sections three novel acceleration concepts are presented. They are all based on the idea of
reducing the wavelength of the accelerating field in order to achieve gradients on the order of
GV/m, consequently leading to substantial size reduction of the accelerator structures.

2.1.1. ACHIP

The Accelerator on a CHip International Program (ACHIP) funded by the Gordon and Betty
Moore Foundation aims to demonstrate a working prototype of an all-optical particle accelerator
on a microchip until 2021. Within the collaboration the compact accelerator, which is planned
to produce electron energies up to 1MeV at MHz repetition rates, is referred to as the shoe-box
accelerator. This nickname emphasizes the ambition to build an accelerator that – excluding the
drive laser – fits on a desk in its entirety. The base technology behind the compact accelerator is
called dielectric laser acceleration (DLA) [4]. Although already proposed by Shimoda in 1962 [5],
only recently the concept of accelerating particles using dielectric structures has been realized
experimentally. Acceleration of both relativistic (60 MeV) [6, 7] and non-relativistic (27.9 keV)
[8] externally injected electrons was successfully demonstrated by different groups, which are now
both part of the ACHIP collaboration. Currently three main topologies of dielectric structures
are under investigation: 3D photonic crystals [9, 10], photonic bandgap fibers [11, 12] and grating
structures [6, 7, 8]. The latter type was chosen as the basis for the first iteration of the shoe-box
accelerator. Figure 2.1 shows a schematic of how a potential future compact and all-optical
XUV radiation source based on DLA technology could look like according to the ACHIP col-
laboration. As discussed above, current room temperature and superconducting RF cavities are
usually limited to accelerating gradients < 50MV/m. Dielectric structures on the other hand can
withstand up to two orders of magnitude higher surface fields if operated at optical frequencies
[13]. Operation at optical frequencies also implies the size reduction compared to conventional
RF structures (six orders of magnitude smaller). This is why specifically tailored dielectric struc-
tures were chosen for the development and realization of the aforementioned compact particle
accelerator concept.

Having started in fall of 2015, members of the ACHIP collaboration have contributed important
results and developments to the field of DLA [14, 15]. At UCLA the – at the time of this
publication – record of 315 keV energy modulation using a 0.5mm long fused silica grating DLA
driven by a 800 nm 45 fs short tilted pulse front laser pulse with ⇠200 µJ [16] was shown [17].
This corresponds to an achieved effective gradient of 560MV/m. Higher gradients in excess
of 1GV/m were demonstrated in earlier studies at UCLA, albeit being limited effectively to
850MeV/m due to laser intensity related non-linear effects in the material [18]. At Stanford

1Which is somewhat alleviated by the possibility to accelerate so-called bunch trains. The European XFEL for
example accelerates a burst of 2700 microbunches spaced at 220 ns every 100ms [1].
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Achievable surface field 

•  Message: The different concepts cater to different applications! 

LPWA 

THz 

DLA 

Gradient 

Peak Current 

Aperture 

Typical 
Bunch Charge 

Inverse Typical Bunch Length 

Repetition Rate 

Average Current 

+ period à achievable beam quality…? 

From PhD Frank Mayet, UHH & DESY 

LC needs high bunch and high gradient 
(compact and high Luminosity) 



Dielectric Accelerators 
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AXSIS – THz Accelerator for Science 

Novel Accelerators | R. Assmann | LCWS 2019, Sendai, Japan 

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 à Kärtner/Fromme/Chapman/Assmann 
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      Attosecond X-ray Science – Imaging and Spectroscopy 
Compact Coherent X-ray Source with sub-fs pulses + Science Application 

ps, 1-J-Lasers,  
auto-synchronization 
kHz operation 

FXK. et al., doi:10.1016/j.nima.2016.02.080 

IR 
or 

Optical  
Undulator 
 

Laser driver 

à has its own science case 
à seeding of large scale FELs 
à solve access to large facilities 

sub-fs 
exposures 
required 

Incid
ent 
X-ray 

Ejected K-
shell 

electron 

Auger decay 
rates 
O: 3 fs 
S: 1 fs 
Mn: 0.2 fs 

Incid
ent 
X-ray 

Ejected K-
shell 

electron 

Auge
r 
electr
on 

Auger	decay	
Next year(s) 
AXSIS goal: 

1 – 15 MeV 
X rays 
< 100’s W 
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ACHIP Collaboration 

Novel Accelerators | R. Assmann | LCWS 2019, Sendai, Japan 

Vacuum dielectric accelerator 
 

grant from Moore foundation  
•  Lasers drive 

 (e.g. Silicium) 
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ACHIP Dielectric Structures  

| PhD Defense Talk – 24th October 2019 | Frank Mayet 

Fields in Grating Type Dielectric Laser Acceleration Structures 

•  Real structures: Examples 

•  Message: Breakdown threshold of dielectrics (Si, SiO2, …) in the optical regime (< 9 GV/m) + coupling 
efficiency into the sync. harmonic of ~0.25 à ~GV/m gradients, moderate laser pulse energy requ. (~mJ) 

Acceleration of Relativistic Electrons
in Microstructured Dielectrics

Accelerator on a Chip @ SINBAD

Frank Mayet for UHH and DESY ARD

General Idea

Irradiation of a dielectric structure with laser light 
with the goal to excite electromagnetic fields 
inside the structure, which are usable for particle 
acceleration. 

The dielectric needs to be microstructured 
according to the laser wavelength.

Structure images by Peralta, E. A. et al. Demonstration of electron acceleration in a laser-driven dielectric microstructure. Nature 503, 91–94 (2013) and the ACHIP Collaboration

Dual Layer Grating

than an 800-nm gap structure but requires tighter tolerances on the
electron beam.

The NIR pulses, 1.24 6 0.12 ps long, from a regeneratively amplified
Ti:sapphire mode-locked laser are focused to an r.m.s. spot size of
30mm 3 300mm at the interaction point. We use a motorized four-
axis stage for precise alignment of the structure with the electron beam.
Once aligned, the electron beam leaving the structure goes through a
point-to-point focusing spectrometer magnet, which disperses the
outgoing electron beam in energy onto a Kodak Lanex phosphor
screen that is imaged by an intensified CCD (charge-coupled device)
camera. According to particle tracking simulations, 2.2% of the 60-
MeV beam is transmitted through the vacuum channel of the 400-nm
gap structure (see Methods). A segment of the spectrometer screen
focusing on this transmitted distribution is shown in Fig. 2a. The
horizontal axis represents beam energy, and the entire image spans
240 keV. The central pixel location of the 60-MeV beam is taken as the
reference point, corresponding to zero energy deviation (DE).

The spectrometer image in Fig. 2a is a median filtered average of a
dozen shots. The least-squares fit to the distribution of electrons scat-
tered by the fused silica substrate and the grating teeth has been removed
from this image to emphasize the transmitted distribution (see Methods).
A similarly averaged set of laser-on spectrometer images within 0.5 ps
of the optimal timing overlap for laser pulses with energy 93mJ per
pulse is shown in Fig. 2b. The white contour in both Fig. 2a and Fig. 2b
denotes the location where the spectral charge density is 4.5% of the
maximum density (at the peak of the scattered distribution). In the
presence of a laser field, there exists a higher charge density on either
side of the original peak at DE 5 0. The white contour shows a sizable
fraction of electrons with maximum energy that is ,60 keV higher
than in the laser-off case.

The laser-induced energy modulation is readily apparent in the energy
spectra (Fig. 2c). Using the fits to these spectra, a maximum energy
shift of 53.1 keV is calculated from the abscissa of the half-width at half-
maximum (HWHM) point in the high-energy tail. We use an analy-
tical interaction model (see Methods and Extended Data Fig. 3) to
calculate an accelerating gradient from this measurement. Figure 2c
shows the input electron beam distribution used in the model (blue
curve), which is a fit to the measured spectrum in the absence of a laser
field (light blue crosses). The calculated energy modulation (red curve)
agrees with our measurement (pink crosses), and gives a correspond-
ing accelerating gradient of 151.2 MeV m21 for this example. Particle
tracking simulations (black dots; see Methods) at this gradient level give
an independent confirmation of the observed modulated spectrum.

To determine the maximum gradient at a given laser power level, we
measure the energy modulation as the laser pulse is temporally scanned

across the electron beam, forming a cross-correlation signal. A sample
measurement at a laser pulse energy of 91.8 6 1.3mJ over a laser delay
of 6 ps is shown Fig. 3a. The orange circles (laser-off data) show no
variation correlated with laser delay, as expected, and have an r.m.s.
deviation of 4.5 keV, which is taken as the noise floor level of the mea-
surement. The blue circles (laser-on data) show the expected sech2 dis-
tribution with a full-width at half-maximum (FWHM) of 1.89 6 0.09 ps,

Electron 
beam

Laser pulse (λ = 800 nm)

Magnetic 
lenses

Spectrometer
magnet

Cylindrical lens

DLA device

Lanex screen

B

Intensified CCD
camera

Energy

Electrons

Scattered
electrons

Transmitted
electrons

2 μm

a b

Figure 1 | DLA structure and experimental set-up. a, Scanning electron
microscope image of the longitudinal cross-section of a DLA structure
fabricated as depicted in Extended Data Fig. 1a. Scale bar, 2 mm.
b, Experimental set-up. Inset, a diagram of the DLA structure indicating the

field polarization direction and the effective periodic phase reset, depicted as
alternating red (acceleration) and black (deceleration) arrows. A snapshot of
the simulated fields in the structure shows the corresponding spatial
modulation in the vacuum channel. See text for details.
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Figure 2 | Demonstration of energy modulation. a, Image of the transmitted
electron beam on the spectrometer screen, with the laser off. b, As a but when
the laser field is present. c, Energy spectra from a and b showing energy
modulation. A fit (blue curve) to the measured laser-off spectrum (light blue
crosses) is used as input for the simulations. The calculated energy modulation
(red curve) and particle tracking simulations (black dots) agree with our
measured spectrum (pink crosses). Images of the entire spectrometer screen are
shown in Extended Data Fig. 2.
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Structures

Pillars

Why Dielectrics? Typical Parameters

• Very high damage threshold allows for 
accelerating gradients of 100‘s of MV/m

• Dielectric material like SiO2 or Si is easy to 
process (industry!) – small structure sizes are 
no problem even on the nanoscale

• Grating/pillar period equal to the laser 
wavelength of 800 nm

• Channel width of 400 nm
• Length of the structures: 500 um

How it works

z

x

• Linearly polarized (x-direction) laser 
field from bellow, electrons travel in 
x-direction

• Dielectric structure acts as a phase 
reset mask

• Resulting field pattern allows for net 
acceleration in the near-field

• If the grating period is matched to 
the laser wavelength, relativistic 
electrons are phase synchronous

t1 t2 t3 t4 t5

The color scale shows the x-component of the laser field

Challenges ACHIP @ SINBAD

• Small scale – Short Wavelengths
• Ultra-short bunches of a few fs (SINBAD ✔ ︎)
• Laser to electron synchronisation < 10 fs  

(SINBAD+UHH ✔)
• Small spot size - 400 nm channel! 

• Alignment
• Structure geometry/errors

• ACHIP benefits greatly from SINBAD being a 
dedicated ARD facility

• The ARES linac provides ideal electron bunch 
parameters to test and improve future staging 
concepts for the pursued stand-alone 
accelerator on a chip

Dual Grating Dual Pillar Structure 

Multiple Structures  
on a Wafer 

2 µm SiO2 Dual Grating mounted on a 
Sample Holder (B. Herrmann, PSI)  

1 cm 

1 mm 

3 mm 

”Our” DESY/PSI type structure developed 
and produced by Stanford University 

Slide from Frank Mayet, DESY 
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J. England et al., Rev. Mod. Physics, V. 86, (2014) 

ACHIP Dielectric Structures 
 

CST simulation/animation courtesy of W. Kuropka 

Longitudinal Electric Field Component 

Fields in Grating Type Dielectric Laser Acceleration Structures 

Next year(s) ACHIP goal: 1 MeV 
shoe-box accelerator (< 10’s W) 
Work ongoing on compact injector, laser 
coupling, accelerator 



Plasma Accelerators 
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Options for Driving Plasma Wakefields 

Novel Accelerators | R. Assmann | LCWS 2019, Sendai, Japan 

Drivers characterized also by stored energy (LC needs about 15 MJ stored per collider bunch) 

•  Laser pulse:  
•  Industrially available, steep progress, path to low cost 

•  Limited energy per drive pulse (up to 50 J @ 5 Hz) 

•  Electron bunch:   
•  Short bunches (need µm) 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) 

Courtesy M. Kaluza 

Photo  of wakefield induced by laser 
(to the right, not visible) 
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Facilities 

Novel Accelerators | R. Assmann | LCWS 2019, Sendai, Japan 

Europe here 

Most with laser-driven 
plasma accelerator facilities 
or ambition but... 
 

  electron beam driven  
  proton beam driven 

Graph prepared by EuPRAXIA 
collaboration – Blue countries 

are members of EuPRAXA 
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Facilities 

Novel Accelerators | R. Assmann | LCWS 2019, Sendai, Japan 

World-wide 

Graph prepared by EuPRAXIA collaboration – Blue countries 
are members of EuPRAXA outside Europe 
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Major Progress Achieved World-Wide 

Novel Accelerators | R. Assmann | LCWS 2019, Sendai, Japan 

Quick overview, not complete and no details (see ESSP talks in Granada for more details) 

•  LBNL: 8 GeV electron beams created with laser pulse in 20 cm of plasma, two stage plasma 
acceleration, work on plasma lenses, ... 

•  SLAC: 30 GeV electron acceleration through an electron beam driver, first positron 
acceleration, efficiency of plasma accelerator assessed (30%), ... 

•  Tsinghua: HQ external injection of electrons into a plasma accelerator, ... 

•  CERN: 2 GeV electron acceleration from proton-driven plasma wakefield (AWAKE) 
•  DESY: X ray emission from 1 GeV laser-wakefield electron bunch, >24 h operation of a laser 

plasma accelerator, stability improvements, plasma dechirper for reduction of electron spread, 
work on plasma lenses, high transformer ratio (>> 2), ... 

•  HZDR: 500 pC charge with > 10 kA, ... 
•  Frascati INFN/LNF: plasma dechirper for reduction of electron spread, work on plasma 

lenses, ... 
•  LOA/Soleil: transport of laser wakefield accelerated electrons, X ray emission from laser-

wakefield electron bunch, ... 
•  STFC/Oxford: High resolution medical imaging with X rays from laser wakefield acc, ... 

•  Osaka: magnetic steering of laser wakefield accelerated electrons, two stages, ... 
•  ... 

2 – 8 – 30 GeV 

Two stages 

Plasma lenses 

Transport e- 

X rays prod. 

1st positron acc. 

Plasma dechirper 

Steering e- beam 

24 h operation 

500 pC (> 10 kA) 

 γε < 1 mm-rad 

Up to 1 Hz 

... 

* 

* Not all achieved the at same time 



Plasma Linear Collider I 
Ready to go for a full collider? 
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R&D Paths Plasma Accelerators 
EuroNNAc Assessment 

e- driven PWFA 

p+ driven 
PWFA 

Power and Efficiency 

Sizes reflect very 
roughly ongoing 
efforts in R&D 
topics 
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R&D Paths Plasma Accelerators 
EuroNNAc Assessment 

e- driven PWFA 

p+ driven 
PWFA 

Power and Efficiency 

Can plasma 
accelerator
s deliver 
peak 
luminosity? Can plasma 

accelerator
s accelerate 
positrons? 

Can plasma 
accelerator
s deliver 
polarized 
beams? 

Can plasma 
accelerator
s deliver 
integrated 
luminosity? 

€ 

L =
Ne+Ne− fr
4πσ xσ y
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Advanced LinEar collider study GROup 

Novel Accelerators | R. Assmann | LCWS 2019, Sendai, Japan 

Advanced Linear Collider related activities based on Advanced and Novel Acceleration (ANA) concepts  

•  To foster and trigger Advanced Linear Collider related activities 
based on Advanced and Novel Acceleration (ANA)  concepts  

•  Provide a framework to amplify international coordination, broaden 
the community, involving accelerator labs/institutes 

•  Identify topics of ANAs requiring intensive R&D and facilities needed   

 

PC	

TMS	CMD	

LWFA	 SWFA	

PWFA	 DLA	

PAC	

ALEGRO	
Steering	
Group	

ALEGRO	Working	Groups	

ICFA	
ICFA	ANA	

Euronnac	
B Cros 
C Schroeder 
P Muggli 

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

ALEGRO input for the 2020 update of the European Strategy
for Particle Physics: comprehensive overview

Contacts: B. Cros1, P. Muggli2
on behalf of ALEGRO collaboration,
member list at http://www.lpgp.u-psud.fr/icfaana/alegro/alegro-members

1 LPGP, CNRS, Université Paris Sud, Orsay France, email: brigitte.cros@u-psud.fr
2Max Planck Institute for Physics, Munich, Germany, email: muggli@mpp.mpg.de

Advanced and Novel Accelerators (ANAs) can provide acceleration gradients orders of magni-
tude greater than conventional accelerator technologies, and hence they have the potential to provide a
new generation of more compact, high-energy machines. Four technologies are of particular interest, all
of which rely on the generation of a wakefield which contains intense electric fields suitable for parti-
cle acceleration. In the laser wakefield accelerator (LWFA) and plasma wakefield accelerator (PWFA)
the wakefields are driven in a plasma by intense laser or particle beams, respectively; in the structure
wakefield accelerator (SWFA), the wake is excited by a particle bunch propagating through a structured
tube; and in the dielectric laser accelerator (DLA), a laser pulse directly drives an accelerating mode in a
dielectric structure.

In view of the great promise of ANAs, and the substantial effort worldwide to develop them, the
Advanced LinEar collider study GROup, ALEGRO, was formed at the initiative of the ICFA ANA panel.
ALEGRO aims to foster studies on accelerators based on ANAs for applications to high-energy physics,
with the ambition of proposing a machine that would address the future goals of particle physics. This
document summarizes the current view of the international community on this topic. It proposes a list of
priorities that the community would like to invest effort in over the next five to ten years.

We propose as a long-term goal the design of an e+/e�/gamma collider with up to 30 TeV in the
center of mass - the Advanced Linear International Collider (ALIC). On the path to this collider, a number
of stepping stones have to be established. These will lead to spin-offs at lower energy that will benefit
ultrafast X-ray science, medicine, and industrial applications. The major goal for our community
over the next five to ten years is the construction of dedicated ANA facilities that can reliably
deliver high-quality, multi-GeV electron beams from a small number of stages. The successful
demonstration of robust stages of this type would provide a platform for ANAs with large number of
stages generating high-quality beams in the TeV range.

The document also discusses other challenges that must be met for the complete ALIC concept.
These include the design of appropriate particle sources, the development of high-power lasers needed
for LWFAs and DLAs, the achievement of required tolerances, and the need for additional tools such as
the development of novel diagnostics for the ultra-fast bunches generated by ANAs, and fast simulation
methods.

1

Material from Brigitte 
Cros & Patric Muggli 
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Advanced LinEar collider study GROup 
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Advanced Linear Collider related activities based on Advanced and Novel Acceleration (ANA) concepts  

Timeline estimated: 
 
End of 2030’s à 
technical design 
worked out 
 
Construction 
afterwards à 
operation end of 
2040’s or in the 
2050’s 

Material from Brigitte 
Cros & Patric Muggli 
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•  1998 study 
Yokoya/Assmann: 
1 TeV plasma 
linac, driven by (1) 
beam or (2) laser 

•  Tolerance for 
200% emit. growth 

•  Found ≈20 nm rms 
offset tolerance 
beam to driver 
(e.g. laser) for 
normalized emitt. 
of 4e-8 m-rad 

•  Early estimate... 

LC Challenges 
Example 
See 2017 ANAR Talk 
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AWAKE: Proton-Driven Plasma Acceleration at CERN 
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Using energy stored in protons for driving plasma acceleration 

1 GV / m    by  2024 

50 GeV       e- beam 

Ideas for first particle 
physics experiments 

Material from Anthony Hartin 
(AWAKE collaboration) 



Plasma Linear Collider II 
Ready to go for a plasma booster? 
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Plasma Booster 
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Published in 2002 for the SLC 

Driver pulse 
Laser, e- or p+ bunch 

Collider bunch 
e- bunch to be injected into plasma 

Plasma wakefield 
accelerator 

Plasma 
lenses 
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Plasma Booster 
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Published in 2002 for the SLC 

Driver pulse 
Laser, e- or p+ bunch 

Collider bunch 
e- bunch to be injected into plasma 

Plasma wakefield 
accelerator 

We have much of this in hand à system test? 
Plasma 
lenses 
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EuPRAXIA: The Demonstration Facility (System Test for a Plasma Booster) 
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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 
second half of 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 
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Horizon	2020	
The	Consortium	
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Horizon	2020	

EU	funded	Consortium	(3	M€)	to	produce	a	CDR	for	a	
European	Research	Infrastructure	

The	EuPRAXIA	Project	
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                              #EuPRAXIA 
                              #plasma 
                              #accelerator 

•  CDR	ready:	653	pages	

•  EU	design	study	(2015	–	2019):		
16	beneficiaries,	25	associated	partners,		
15	Work	Packages,	30	WP	Leaders,		
more	than	240	scientists	from	71	institutes	
contributed	

•  One	of	four	DS‘s	in	physical	science	approved	in	H2020.	
Others:	EuroCirCol	(FCC),	CompactLight		
(X	band),	Neutrino	(ESS)	



Horizon	2020	
Some	Initial	Design	Goals	(not	complete)	
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Up to 5 GeV electron 
beam energy 

≤ 250 m facility 
length 

30 pC charge in 
electron beam 

≤ 1 % total energy 
spread 

≤ 1 mm-mrad 
transverse emittance 

10 femto-s electron 
bunch duration 

Basically	proven	in	the	field	 To	be	evaluated	

Major	critical	issue	
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EuPRAXIA	Design:	High	Quality	Single	Bunch	
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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	
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Horizon 2020 
Compact	Multi-Stage	Plasma-Based	Accelerator	
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Combined RF plus 
optical scheme 
 
•  1.5 m long 

•  5.5 GeV 

•  0.03% slice 
energy spread 

•  0.12 % total 
energy spread 

•  sub-micron 
emittance 

Ideal 5 GeV 
LC stage? 
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Horizon 2020 
Use	Alternating	Accelerating	Slopes	for	Plasmas?	
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?  

Defocusing regime 

Electron bunch (w/o beam 
loading) in plasma 
accelerators always on 
positive slope of 
accelerating voltage à 
correlated energy spread 
 
Jumping the RF phase for 
plasma accelerators is 
not possible due to the 
focusing requirement 
 
Correlated energy spread 
is building up along 
plasma accelerator 
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Horizon 2020 
SLC:	RF	Linac	with	High	Energy	Spread	
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•  High current linacs 
are affected by the 
beam-breakup 
instability 

•  This is cured by 
BNS damping, 
requiring large 
energy spread 

•  The SLAC linac 
operated for the SLC 
collider successfully 
in this mode 

See R. Assmann, SLAC-
PUB-7576 (1997) 
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Horizon 2020 
Compact	Multi-Stage	Plasma-Based	Accelerator	
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Plasma	mirror	
(laser	1	
removal)	

Plasma	accel.	

stage	1	
Active	plasm

a	lens	

Active	plasma	lens	

Plasma	mirror	
(coupling	of	laser	

2)	

Magnetic	chicane	

Laser	1	

Electron	beam	

Laser	2	

Plasma	accel.	

stage	2	

	
	

	
	

	
	

	
	

	
	

	
	

Not	to	scale.	Compact	setup	1.5	m.	

Coherent	Synchro
tron	

Radiation	(CSR)	a
nd	Space-

Charge	checked	

Ref.: Ferran Pousa, Martinez de la Ossa, Brinkmann, Assmann 
PRL 123, 054801 (2019) 

Rotate 
longitudinal 
phase space 

Plasma 
accelerator  
1 

Plasma 
acc. 
2 

Electron 
beam 
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Horizon 2020 
Simulation	Results	
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Ref.: Ferran Pousa, Martinez de la 
Ossa, Brinkmann, Assmann 
PRL 123, 054801 (2019) 

Energy spread 
total and slice 

Beam Energy  
5.5 GeV 

Beta function 

Norm. emittance 
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Horizon 2020 
Beam	Transport	Design	
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A. Chance et al 

•  Here: high energy 
beam transport 
over 8 meters 

•  Preserved beam 
quality is achieved 
in the design 

•  Space has 
important benefits 
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Horizon 2020 
Diagnostics:	Electron	Beam	
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A. Cianchi, N. Delerue  et al 

Example: 
 
Permanent beam line from laser-plasma 
injector to laser plasma accelerator 
 
Use space in beam transport for beam 
diagnosis 
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Horizon 2020 
Start-to-End	Simulations	for	FEL	
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Ultrashort FEL radiation pulses 
Radiation wavelength 0.2 – 36.3 nm 
Photons per pulse 2x109 – 3x1013 

Brightness 2x1030 – 6x1032 [*] 

*	=	[mm	mrad	s	(0.1%	BW)]-1	

[A.	Nilsson	et	al.,	Chem.	
Phys.	Letters	2017,	675]	
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Horizon 2020 

RF gun and wave structures along the FEL-beamline 
used to generate an electron beam of few hundred 
MeV energy for external injection into a plasma 
accelerator stage. 
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Horizon 2020 

Plasma accelerator section of the FEL-beamline at 
the laser-driven construction site. The RF-injector 
producing the electron beam is seen in the background. 
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Horizon 2020 

The beginning of the undulator section 
generating FEL radiation from the accelerated 
electron beam. In the background the accelerator 
can be seen in the adjacent part of the tunnel. 



Horizon	2020	
Design:	Medical	Imaging	X	Rays	
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Has	Unique	Advantages	– Already	Working	Today	– Too	Slow	at	the	Moment	

2015 publication from J.M. Cole et al., 
John-Adams-Institute, UK: “Laser-
wakefield accelerators as hard x-ray 
sources for 3D medical imaging of 
human bone”. Nature Scientific 
Reports 5, 13244 (2015) 
 

Laser plasma based 
betatron X ray source 



Horizon	2020	
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Fully	plasma-based	beamline	for	generating	betatron	
radiation	as	a	compact	X-ray	source	for	medical	imaging	
and	material	analysis.	The	user	area	is	behind	the	wall	on	
the	right.	



Horizon	2020	
Design:	Positron	Annihilation	Spectroscopy	
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Courtesy	M.	Butterling,	HZDR	

•  EuPRAXIA	would	provide	access	to	unique	
regime	of	detecting	small	defects	at	large	
penetration	depths	

•  Does	not	require	highest	quality	of	
electron	beam	

Gianluca	Sarri	et	al	



Horizon	2020	

Fully	plasma-based	beamline	for	generating	electron	and	positron	
beams.	The	accelerator	stages	can	be	seen	in	the	front.	In	the	
back	the	beamline	splits	and	leads	to	two	user	areas	behind	the	
back	wall.		
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EuPRAXIA	Design:	Shrink	the	Facility	
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Facility:	
•  Shielding	
•  RF	galleries	
•  Klystron	
•  Beam	transport	
•  Focusing	
•  Plasma	
accelerator	

•  ...	
	

Factor	6-7	
reduction	in	
accelerator	facility	
length	(factor	3	in	
total	facility	length)	

	



Horizon	2020	

Cost	Estimate	in	CDR	(to	be	detailed	and	reviewed	in	
technical	design	phase)	
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Full	cost:	 					323	M€	
Duration:	 					8	–	10	years	
	
Reduced	cost	systems	possible,	e.g.	1	
construction	site	only,	pre-existing	
invest,	...	Full	project	will	be	fully	
European	and	will	bundle	capabilities	

Technology	Split	PWFA	 Technology	Split	LWFA	



Horizon	2020	

EuPRAXIA	
Implementation		
Where	and	who?	
	
	
	

Designing	a	European	project	
à	building	a	facility	together	
as	optimum	solution	
	
		
Example	how	this	can	work:	
ATLAS	and	CMS	in	particle	
physics.	Many	institutes,	local	
facilities	with	two	central	
installations	

Novel	Accelerators	|	R.	Assmann	|	LCWS	2019,	Sendai,	Japan	



Horizon	2020	
EuPRAXIA:	1	GeV	X	Band	Linac	à	Synergy	with	LC	
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A	STATE-OF-THE-ART	X-BAND	LINAC	

Operating	frequency	 Field	strength	 Length	 Final	beam	energy	

~12	Hz	 ≤	80	MV/m	 10	m	 ~500	MeV	

§  Free-electron	laser	

§  Gamma-ray	source	
(inverse	Compton	
scattering)	

§  GeV-class	positron	
source	

§  High-energy	
physics	detector	
testing	stand	

©	M.	Volpi	

The	Beam-Driven	Construction	Site	
at	Frascati	



Horizon	2020	
Beam-Driven	EuPRAXIA	Site	at	Frascati	
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EuPRAXIA	1	GeV	X	Band	
linac	in	Frascati	can	be	
considered	as	CLIC	
demonstrator	(including	
plasma	booster)	



Horizon	2020	
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2066	

§  ESFRI	Review	2	
§  Procurement	and	delivery	of	

each	essential	component		

§  Installation	of	each	essential	
component	

§  Commissioning	of	each	
essential	component	

Main	Project	Milestones	&	Deliverables	

2018	 2019	 2020	 2021	 2022	 2023	 2024	 2025	 2026	 2027	 2028	 2029	 2030	 2031	 ...	 2065	 2066	

Project	
Phases	

Conceptual	
Design	
Phase	

Technical	Design	Phase,	Prototyping		
(Jan	2020	–	Dec	2024)	

Implementation	&	
Construction		&	First	OP	
(Jan	2026	–		Dec	2029)	

Full	Operation		
(Jan	2030	–		Dec	2065)	

Decom-
missioning	

§  Submission	of	CDR	
§  Start	of	full	operation	

§  Development	of	future	user	and	stakeholder	
support	

§  Calculation	of	detailed,	realistic	budget	&	cost-
benefit	analysis	

§  Submission	of	ESFRI	Roadmap	Application	

§  Technical	design	of	excellence	centre	sites	
§  Prototyping	of	essential	machine	
components		

§  ESFRI	Review	1	

§  Development	of	long-term	
science	programme	

§  Technical	design	of	construction	site(s)	
§  Decision	on	legal	structure	&	governance	
model	for	implementation	and	operation	

§  Procurement	of	funding	for	implementation	
&	operation	

EuPRAXIA	-	R.	Assmann,	ATS	Seminar	-	10/2019	

Next	steps: 		

Publish	CDR	à	on	its	way:	submission	Oct	31	

May	2020:	Apply	to	ESFRI	roadmap	

Step	2	

Step	3	

•  The	beam-driven	
site	will	start	OP	in	
second	half	of	the	
2020’s	

•  Conservative	
planning	–	can	be	
accelerated	
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Conclusion 
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Advanced Accelerator Technology 

•  Field is developing metallic RF technology: new possibilities for colliders. 

•  Progress in peak energy slowing. Practical limitations: size and cost.  
•  Dielectric accelerators promising but low charge and low beam energy so 

far: at this stage aiming at other applications primarily.  

•  Plasma accelerators open the horizon to transformative steps with several 
orders of magnitude to be gained. 

•  Great progress in the field but still very long way to a full plasma LC. 

•  Ready to build the “plasma booster demonstration” facility 
EuPRAXIA. CDR completed. Provides design, cost, schedule.  

•  Many applications of EuPRAXIA create societal benefits. 

•  Great synergy with LC à 1 GeV X Band linac of EuPRAXIA as CLIC 
demonstrator! Should push a common strategy together. 

•  The future is bleak bright (but does not come for free)... 
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Thank you for your attention 
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Spin-Off from CLIC Technology: Femto-Second Diagnostics 
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X Band Transverse Deflecting Structure with Variable Polarization (DESY – CERN – PSI collaboration) 

Variable Polarization Circular TE11 Mode 
Launcher 

Phase difference between port 1 and port 
2: 
•  0 degree -> vertically streaking field 
•  180 degree -> horizontally streaking 

field 

A. Grudiev, CLIC-note-1067 
(2016) 

Novel X-band TDS Concept with 
Variable Polarization 

Prototype manufactured at PSI 

Simulation 


