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First Demonstration: Wideröe’s PhD 1927 in Aachen 

27 pages 
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The Situation in 1946 (20 years after Wideröe’s sketch)… 

Glass vacuum chamber of the 1947 General Electric 
Synchrotron Accelerator (70 MeV). Courtesy BNL and 
ESRF. 
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General Electric Synchrotron Accelerator 1946 

“We had from one of the pulse transformers.  
When of the wall he noticed a very bright 
spot of light coming from the tube on the left hand side.” 

Herbert C. Pollock’s Notebook from 1946 
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Nobel Prize Winners, a Spy, an Actor/Politician… 

“From the there were many 
visitors between 1947 and 1949.  

Among them we can count   

With other visitors came Klaus Fuchs, the famous 
, clearly capable since none of us in the 

synchrotron room could remember his visit until it was 
documented beyond question by the FBI.  

Another visitor for 20 minutes was …” 
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DESY 50 Years ago... 
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PETRA III 
2010 

FLASH 
2005 
4,2nm - 45nm 
1,7nm 3rd harm 

P3X Nord 
2015 

P3X Ost 
2015/16 

FLASH II 
2015 
variable gap U 

NanoLab „bio“ 

„nano“ 

„femto“ 

CFEL
SCIENCE

DESY 
1962 

FEL 
1,25 GeV 

SR 
6 GeV 

Today:	X-Ray	Facilites	at	DESY.	Masterpieces	for	photon	science	

Slide adapted from H. Dosch 
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Questions and Challenges Arise… 
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Can we build accelerators
much smaller?

We miniaturized successfully phones, TV’s, computers, ... 
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Electron Acceleration: Reminder Basic Concept 

>  Areas with positive and negative charge; free electrons in between. 

>  Free electron (e-) is accelerated towards the positive charge (anode) 
(„ ”). 

 
 

 

>  For a voltage of 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 
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Flashovers Destroy the Metallic Structures 

W. Wuensch 

Damaged 
location 

30 GHz, 16 ns,  
66 MV/meter 

CLIC, W. Wuensch 
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 Plasma 
 Accelerator 
 Laser- or beam driven 
 Dynamic Plasma Structure 
 Plasma field calculations 

High Gradient Accelerators 

High  à  High  à   Small  
Gradients   Frequencies   Dimensions 
(1 – 100 GV/m)   (> 100 GHz)   (< 1 mm) 
  

>  No klystrons for high frequencies! 

>  Use particle bunches or laser pulses as drivers. 

>  Material limitations solved through “new cavities”: dielectric materials, 
plasma cavities, … 

>  Two main directions: 

 Microstructure  
 Accelerator
 Laser- or beam driven 
 Vacuum accelerators 
 Conventional field design 

1 2 
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ANGUS Laser Lab (200 TW, DESY & University Hamburg) 
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The Laser Promise: Transverse Electrical Field 

Ralph Assmann, September 13, 2010

Formulae Plasma

1 Introduction

Here it starts.

Rayleigh length:

zr = ⇤ · r2
0

⇥laser
(1)

r0 = radial spot size at focal point (2)
⇥laser = Wave length of laser (3)

z = Longitudinal coordinate (4)

Radial behavior of laser pulse intensity I:

I(r) = I0 · exp
✓
�2r2

r2
0

◆
(5)

I0 =
2P

⇤r2
0

(6)

r = Radial coordinate (7)
P = Power of laser pulse (8)

Transverse electrical field:

E0 =
r

2 · I0

c �0
(9)

�0 = Dielectric constant (10)
c = Light velocity (11)

Example Parameters:

P = 100 TW (12)
r0 = 10 µm (13)
I0 = 6.4 · 1019 W/cm2 (14)
E0 = 22 TV/m (15)
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Laser-Driven Micro Structures (Vacuum) – 1 

> 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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THz Laser Lab (DESY, CFEL, University Hamburg) 
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Laser-Driven Micro Structures (Vacuum) – 2 

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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Financed by Foundation of Silicon Valley Billionaire... 
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Lorentz Force F 

Event rate =
Ne+Ne�

Abeam
· fcoll · ⌅e+e��X (20)

Abeam = Transverse beam area (21)
N = Particles per bunch (22)

fcoll = Collision rate (23)
⌅e+e��X = Cross section physics process (24)

L =
frep Nbunch Ne+Ne�

4⇥ ⌅x⌅y
(25)

p = eRBy (26)
e = charge (27)

Ry = vertical magnetic field (28)

Maxwell’s equations in vacuum:

⇤ · E =
⇤

�0
⇤⇥E = �⇧B

⇧t
(29)

⇤ · B = 0 ⇤⇥B = µ0J + �0µ0
⇧E
⇧t

(30)

E = Electrical field intensity (31)
B = Magnetic flux density (32)
J = Total current density (33)
⇤ = Total charge density (34)

µ0 = Permeability of free space (35)
�0 = Permittivity of free space (36)

Lorentz force:

F = q (E + v ⇥B) (37)
q = Charge (38)
v = Velocity (39)
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Laser Plasma Accelerator: Transverse to Longitudinal 

>  Idea: 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! 

R. Assmann 27 
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Laser Plasma-Acceleration (Internal Injection) 

Works the same way with an . 
But then usually lower plasma density.  Ponderomotive force of 
laser is then replaced with space charge force of electrons on 
plasma electrons (repelling).  

Plasma = same number of negative charges (low weight 
electrons) and positive charges (heavy weight ions) 
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Laser Plasma-Acceleration (Internal Injection) 
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Laser Plasma-Acceleration (Internal Injection) 

-   +   - 
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Laser Plasma-Acceleration (Internal Injection) 
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Laser Plasma-Acceleration (Internal Injection) 

•  This proved highly 
successful with electron 
bunches of 

. 

•  Small dimensions involved 
à few ! 

•  Highly compact but also 
 

accelerator: generation, 
bunching, focusing, 
acceleration, (wiggling) all in 
one small volume. 

•  Energy spread and stability 
at the few % level. 
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Laser Plasma Accelerators for Electron Beams 

Laser pulse 
200 TW – 1 PW Laser pulse 

Electron beam 

Plasma channel 



Ralph Aßmann  | CAS |  7.6.2016 |  Page 34 

And the Plasma Accelerator is Compact… 
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Our Focus: External Injection of Known Beams... 
Ex

te
rn

al
 In

je
ct

io
n…
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Foto Laser-Plasmabeschleuniger 
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High fields trigger imagination of scientists and public… 



Ralph Aßmann  | CAS |  7.6.2016 |  Page 38 

Record Acceleration: 42 GeV (beam-driven) 

E167 collaboration 
SLAC, UCLA, USC 

I. Blumenfeld et al, Nature 445, 
p. 741 (2007) 



High-Efficiency Acceleration of an Electron Bunch in a 
Plasma Wakefield Accelerator 

•  Electric field in plasma wake is loaded by presence of trailing bunch 
•  Allows efficient energy extraction from the plasma wake 

Energetically Dispersed 
Beam After Plasma (Data) 
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Slide: V. Yakimenko 
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4.25 GeV beams have been obtained from 9 cm plasma channel 
powered by 310 TW laser pulses (15 J) 

An
gl

e 
(m

ra
d)

Electron beam spectrum

1           2           3           4           5
Beam energy [GeV]

						W.P.	Leemans	et	al.,PRL	2014,	in	print	

INF&RNO simulation*

Exp. Sim. 

Energy 4.5 GeV 

ΔE/E 5% 3.2% 

Charge ~20 pC 23 pC 

Divergence 0.3 mrad 0.6 mrad 

•  Laser	(E=15	J):	
-  Measured	longitudinal	profile	(T0=	40	fs)	
-  Measured	far	field	mode	(w0=53	μm)		

•  Plasma:	parabolic	plasma	channel	(
)	

*C.	BenedeS	et	al.,	proceedings	of	AAC2010,	proceedings	of	ICAP2012	

Slide: W. Leemans 
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Livingston and Accelerators at the Energy Frontier 
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Livingston and Accelerators at the Energy Frontier 

Shows potential of 
plasma acceleration 

for very high 
energies à 
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Livingston and Accelerators at the Energy Frontier 

Shows potential of 
plasma acceleration 

for very high 
energies à 

Plasma acc. today in 
regime required for 

FEL’s  
à ! 
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Livingston and Accelerators at the Energy Frontier 

Advent of plasma acc.: 
 
1.  Metallic cavity walls replaced with 

plasma walls à overcoming hard 
physical limits of metallic RF structures. 
 

2.  Acceleration lengths (same energy) are 
factor 100 – 1000 shorter. Multi-GeV e- 
beams proven. 

3.  Still short-comings but no fundamental 
limit.  
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Plasma Accelerator Physics I 

>  A plasma of density n0 (same density electrons - ions) is characterized 
by the : 

>  This translates into a  of the plasma oscillation: 

>  The wavelength gives the longitudinal size of the plasma cavity… 
Lower plasma density is good: larger dimensions. 

0.3 mm for n0 = 1016 cm-3 
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Plasma Accelerator Physics II 

>  The plasma oscillation leads to  with a 
gradient of (higher plasma densities are better): 

>  The  is as follows for ωp << ωl: 
(note ωl is laser frequency) 

>  The laser-driven wakefield has a lower velocity than a fully relativistic 
electron à slippage and dephasing. Lower densities are better. 

9.6 GV/m for 1016 cm-3 

∝ Nb zσ
2
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Plasma Accelerator Physics III 

>  The ion channel left on axis, where the beam passes, induces an 
. In the simplest case: 

>  This can be converted into a  (lower density is 
better , as beta function is larger):: 

>  The  in the plasma channel is rapid: 

300 kT/m for 1016 cm-3 

β = 1.1 mm for 100 MeV 
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Plasma Accelerator Physics IV 

>  The  in the ion channel is small: 

>  Offsets between laser and beam centres will induce betatron 
oscillations. Assume: full dilution into emittance growth (energy spread 
and high phase advance).  

>  Tolerances for  due to offsets Δx = σx: 

>  Lower plasma density better: larger matched beam size, bigger 
tolerances. 

σ0 = 1.3 µm for γε = 0.3 µm 

100% for 1.3 µm offset 

 Assmann, R. and K. Yokoya. Transverse Beam 
Dynamics in Plasmas. NIM A410 (1998) 544-548. 
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R. Assmann 50 
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Lasers or plasmas as undulators... 

> See lecture by J. Rosenzweig: Path to shrinking down 
undulator sections! 

> In this lecture: focus on accelerator part of an FEL 



Ralph Aßmann  | CAS |  7.6.2016 |  Page 52 

Content 

1.  From Table-Top to Biggest Machines of Mankind 

2.  Towards 21st Century Table-Top: The Plasma 

Wakefield and the Plasma Accelerator 

3.  Building an FEL Based on Plasmas 

4.  Plasma FEL Projects in Europe 



Ralph Aßmann  | CAS |  7.6.2016 |  Page 53 

FEL Needs High Quality Beam (Learnt at this CAS) 

Plasma accelerators have small dimensions and they have/should have 
small dimensions beams! Possible FEL parameters that are being 
considered (example):  

λ = 4 nm, K = 1, λu = 15mm, slice energy spread 0.025%,  
E about 1 GeV 

Possible beam parameter sets have been worked out. For example: 

>  Energy:   1 – 5 GeV 

>  Charge:   10 – 30 pC 

>  Bunch length rms:  1 µm   (about 3 fs) 

>  Peak current:  2 – 3 kA 

>  Norm. emittance:  0.2 µm 

> Energy spread:  0.2 % 
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FEL = The Power of Coherence 

Adapted from P. Schmüser 
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Can plasma accelerators 
produce the  required 

quality?

Yes, B U T ...
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Linear Wakefields (R. Ruth / P. Chen 1986) 

ε= electrical field 
z = long. coord. 
r = radial coord. 
a = driver radius 
ωp= plasma frequency 
kp= plasma wave number 
t= time variable 
e= electron charge 
 
N= number e- drive bunch 

ω= laser frequency 
τ= laser pulse length 
E0= laser electrical field 
m= mass of electron 

Can be analytically solved and treated. Here comparison beam-driven 
and laser-driven (beat wave). 
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Linear Wakefields (R. Ruth / P. Chen 1986) 

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 

π/2 out of 
phase 



Ralph Aßmann  | CAS |  7.6.2016 |  Page 58 

The Useful Regime of Plasma Accelerators 

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 à full accelerating range is 
available for beam à usually place the beam on the crest of the 
accelerating voltage 
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Plasma Accelerator 
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Plasma Accelerator 
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Plasma Accelerator 

Half of beam is in 
defocusing regime 
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Plasma Accelerator 
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Plasma Accelerator 

Half of beam is in 
decelerating regime 
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Plasma Accelerator 
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Plasma Accelerator 

Beam is in 
defocusing regime 
à beam explodes 
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Plasma Accelerator 
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Plasma Accelerator 

This works, but the 
bunch sits on the 
slope of acceleration 
à head gets lower 
energy than tail à 
energy spread 
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Comparison with OSIRIS simulation 
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Comparison with OSIRIS simulation 

0 50 100 150 200 250 300-0.4

-0.2

0

0.2

0.4
Longitudinal field Transverse field x10

-3 cm17Plasma density 10

0 20 40 60 80 100 120 140

-3 cm18Plasma density 10

-1

-0.5

0

0.5

1

z [μm]

W
z,x

 / W
z,0

Wz,0 = 30.4 GV/m

Wz,0 = 96 GV/m

0 50 100 150 200 250 300-0.4

-0.2

0

0.2

0.4
Longitudinal field Transverse field x10

-3 cm17Plasma density 10

0 20 40 60 80 100 120 140

-3 cm18Plasma density 10

-1

-0.5

0

0.5

1

z [μm]

W
z,x

 / W
z,0

Wz,0 = 30.4 GV/m

Wz,0 = 96 GV/m
Laser pulse 

Calculation J. Grebenyuk 



Ralph Aßmann  | CAS |  7.6.2016 |  Page 70 

Plasma Accelerator 

This works, but the 
bunch sits on the 
slope of acceleration 
à head gets lower 
energy than tail à 
energy spread 
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B U T ... 
 ���

Energy spread is a  
physics feature and a 
serious problem!
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Accelerator Builder’s Challenge (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 
. 
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Accelerator Builder’s Challenge (simplified to typical values) 

>  Match into and out of plasma with (about 1 mm beta function).  

>  Control  between the wakefield driver (laser or beam) and the accelerated electron 
bunch at . 

> Use to minimize energy spread.  
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Accelerator Builder’s Challenge (simplified to typical values) 

>  Match into and out of plasma with (about 1 mm beta function).  

>  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). 
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Accelerator Builder’s Challenge (simplified to typical values) 

>  Match into and out of plasma with (about 1 mm beta function).  

>  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: Beam Loading to Flatten 
Wakefield 

>  Author:  
– CLIC Note No. 3, CERN/PS/
85-65 (AA) (1985). 

>  Shape the electron beam to 
get optimized fields in the 
plasma, e.g. minimize energy 
spread. 

>  Study: Tom Katsouleas. 
Particle Accelerators, 1987, 
Vol. 22, pp. 81-99. 
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Slide by V. Malka 



Ralph Aßmann  | CAS |  7.6.2016 |  Page 77 

Alternative: Coping with Large Energy Spread 

> Focus is presently on 
in plasma accelerators: 

§ Beneficial for extracting beams from plasmas (chromatic emittance 
growth) 

§ Beneficial for matching in/out of plasma (chromaticity) 

§ Beneficial for lasing in an FEL (coherence) 

> In case 
: 

. A. Maier et al, PRX 

with a dispersive chicane 

> Interesting directions with many possible applications. 
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Content 

1.  From Table-Top to Biggest Machines of Mankind 

2.  Towards 21st Century Table-Top: The Plasma 

Wakefield and the Plasma Accelerator 

3.  Building an FEL Based on Plasmas 

4.  Plasma FEL Projects in Europe 
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Linac Coherent 
Light Source 

Kilometer-scale X-ray FEL 

Zone plate sample 

Pin hole 

Beam stop Coherent X-ray 

X-ray Holography Microscope 

The DREAM: Laser-driven table-top X-ray Free Electron Laser 

Visualization by  
T. Tajima, 2010 
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HEP and photon science lab: DESY Accelerator R&D 

FLASHForward 
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LAOLA Collaboration Hamburg 

SEITE 81 

Laser: Ti:Sa 200 TW, 25 fs pulse length, 5 Hz repetition rate 

§  Initially: Laser-driven wakefields in REGAE. LUX exp. towards FEL 
§  Later: Move to SINBAD facility. 
 
Beams: 

: 5 MeV, fC, 7 fs bunch length, 50 Hz 
 

: 1.25 GeV, 20 – 500 pC, 20 - 200 fs  
bunch length, 10 Hz.  
Beam-driven plasma wakefields. Beam-driven  
plasma wakefields with shaped beams and  
innovative injection methods. Helmholtz VI with UK collaboration. 
 

: 25 MeV, 100 pC, 20 ps bunch length, 10 Hz. 
Beam modulation experiment in a plasma cell, 
preparation to CERN experiment AWAKE 
 

: dedicated R&D,  
multi purpose, 150 MeV,  
0.01 – 3 pC, down to  
< 1 fs bunch length,  
pulse rate 10 – 1000 Hz 
à Home of AXSIS ERC 
          Synergy Grant 
à Home of ATHENAe 

A. Maier 

F. Grüner 

J. Osterhoff 

F. Stephan 

U. Dorda B. Marchetti 

Similarly strong 
teams in other 

Helmholtz 
centers! 
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Short INnovative Bunches & Accelerators at Desy 

50 as, ICS 
ERC Synergy Grant 14 M€, 
DESY, Uni HH, Arizona 

< 1 fs with conven-
tional technology 
ARD, DESY, Uni 
HH, KIT 

> 1 GeV/m, useable beam 
quality, FEL? 
LAOLA, ARD, DESY, 
Uni HH 

Third party funding, 
interest from ELI, … 

ARD top class research 
in existing infrastructure 

Footprint: 90 m x 50 m 

H. Chapman 

F. Kärtner P. Fromme 

R. Assmann 
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Projects for Plasma FEL (100 Billion Volt Machine) 

1.  The Helmholtz Project ATHENA in Germany 
1.  Outstanding review results & resonance 

2.  Funding presently being decided 

2.  The Horizon2020 Project EuPRAXIA 
1.  Only 2nd EU design study in H2020 on accelerators (after 

CERN 100 km project) 

2.  Initiated and led by Helmholtz/DESY 

3.  Fully funded by EU 
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Common proposal of all Accelerator 
Centers in the Helmholtz Association 

Electron energy goal: 1 GeV – the step before EuPRAXIA with 5 GeV 

Accelerator Technology HElmholtz iNfrAstructure 

Development of ultra-compact* accelerators and 
radiation facilities for science and medicine 

*and highly cost-efficient 



ANKA Synchrotron Light Source at KITFLUTE, a Linac-Based THz Source at KIT   

FLUTE: ARD-Forschung am KIT 

Ultrakurze Elektronenpulse (1 fs bis 300 fs)
Grosser Bereich an Ladungen (1 pC bis 3 nC)
Kohärente Strahlung für Materialwissenschaften und biologische 
Anwendungen 
Entwicklung/Tests von Kurzpuls-Strahldiagnose und Instrumentierung
Kooperation KIT, PSI, DESY 

Ferninfrarot Linac- Und Test Experiment 

Institute for Synchrotron RadiationTU Darmstadt, 13.12.2010
A.-S. Müller  -  Coherent  Synchrotron Radiation in 

Storage Rings
2

FLUTE
ANKA Synchrotron Light Source at KITFLUTE, a Linac-Based THz Source at KIT   

FLUTE: ARD-Forschung am KIT 

Ultrakurze Elektronenpulse (1 fs bis 300 fs)
Grosser Bereich an Ladungen (1 pC bis 3 nC)
Kohärente Strahlung für Materialwissenschaften und biologische 
Anwendungen 
Entwicklung/Tests von Kurzpuls-Strahldiagnose und Instrumentierung
Kooperation KIT, PSI, DESY 

Ferninfrarot Linac- Und Test Experiment 

Institute for Synchrotron RadiationTU Darmstadt, 13.12.2010
A.-S. Müller  -  Coherent  Synchrotron Radiation in 

Storage Rings
2

FLUTE

Coordinating PI 



Universities and External Partners 

SEITE 86 

*In the following the partner universities and external partners are not 
explicitly indicated on each WP, except UHH. Contributions will be 
discussed in more detail in the upcoming review talks. 
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ATHENA: construction 2018 – 2021, total invest 93 M€ (if 30 M€ grant from Helmholtz 
awarded), proposal submitted June 30th, 6 Helmholtz centers + 1 institute + universities 
+ 1 international collaborator, using infrastructures together, 2 future technologies  
for the Helmholtz strategy, high relevance for applications in many centers. 



ATHENA Potential of New Acc. Technology 
•  Reduced size (and cost) particle accelerators. More science for the 

same budget! 

•  Due to short acceleration wavelength: Ultra-short pulses of particles 
à ultra-fast science applications  
(also pump-probe exp. = exciting and measuring fast processes) 

•  Strong transverse magnetic fields à ultra-strong wiggling/undulating à 
point-like photon emission à better than conventional resolution. 

•  Possibility of phase space manipulation with beams and lasers  
à ultra-small emittance beams (“nano emittance”) 

•  Compact footprint à additional accelerator applications comple-
menting “big science”:  
compact hospital light source for imaging, compact FEL in universities, compact proton/ion 
therapy for cancer, compact radiation source for cargo inspection (ions and e-), compact 
plasma LC, … 

SEITE 88 



New Accelerators towards Users 

ATHENA-h 

•  First medical user area 

•  High repetition rate laser 
(higher dose) 

•  High stability laser front 
end (reliability) 

•  Heavy ion applications 

•  Polarized protons 

•  Neutrons 

ATHENA-e 

•  Quality e- beam from 
plasma to delivery point 

•  First science user area 

•  Conventional and novel 
accelerator technology 

•  Plasma FEL 

•  Medical imaging 

•  Injection into storage ring 

•  Towards staging à LC 

SEITE 89 



ATHENA Vision 

•  Timescale of ATHENA is into the 2030’s:  
Ø  Construction: 2018 – 2021 

Ø  Operation: 2022 – 2032+ 

•  ATHENA provides infrastructure to optimize usability 
of beams from novel accelerators during its operational 
phase. 

•  ATHENA will involve pilot users in dedicated areas: 

Ø  have users learn about new beams 

Ø  expose the novel accelerator technologies to constructive 
criticism from users 

•  ATHENA is not a user facility but the step before. 

SEITE 90 

Decision PENDING 



Projects for Plasma FEL (100 Billion Volt Machine) 

1.  The Helmholtz Project ATHENA in Germany 
1.  Outstanding review results & resonance 

2.  Funding presently being decided 

2.  The Horizon2020 Project EuPRAXIA 
1.  Only 2nd EU design study in H2020 on accelerators (after 

CERN 100 km project) 

2.  Initiated and led by Helmholtz/DESY 

3.  Fully funded by EU 
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Intensive work in Europe... 

•  258 registered participants + about 
50 accompanying persons.  

•  45 sponsored students. 
•  Participants from 23 countries in 4 

continents (11 EU member states). 
•  16 % female participation. 
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Horizon2020	Horizon2020	

EuPRAXIA	ConsorVum	 Plus	16	Associated	Partners	

The	Horizon2020	
EuPRAXIA	Project	
Towards	a	Groundbreaking	

European	Plasma	
Accelerator	



Horizon2020	

Plasma Accelerators: 
The Future? 

 Believing that we can build GeV/TeV/PeV particle 
accelerators for a lower price tag and can open many new 
applications and scientific discoveries. 

Believing that the many short-comings of the 
plasma accelerator technology (efficiency, positrons, stability, 
energy spread, ...) cannot be solved in reasonable time. 

  
–  Focus on facts and physics. Take short-coming serious.  

–  However, if not proven impossible we assume solutions can be found 
and we work on these solutions.  

–  Use the 

. 



Horizon2020	

Reminder: A Particle Accelerator is 
More than the Accelerating System 

•  In a circular accelerator facility:  
 

•  In a linear accelerator facility:  

 

•  Highly developed (and expensive) systems for generation/
bending/focusing/diagnostics/correction/collimation/control of 
particle beams: 
–  Accelerator facilities would not provide interesting performance without 

these systems. 



Horizon2020	

EuPRAXIA is a  
Horizon2020 Design Study  

•  EuPRAXIA is a so-called . 
–  FP7 (2007 – 2013): EU funded 16 such studies, of which 7 

were in physical science. Only 2 were accelerator-related. 

–  Horizon2020 (2014 – 2020): EuPRAXIA project is 
funded so far, 

other is EuroCirCol (FCC from CERN). 

•  Already great success to have been selected! A great 
chance for promoting novel accelerators. 

•  Study is legally governed by 
, defining the work plan, milestones 

and deliverables. 

, defining project 
rules. 

have signed contracts, 
 have sent signed letters, accepting 

consortium rules (governance, IP, ...). 



Horizon2020	

EuPRAXIA = 16 Partners plus 
16* Associated Partners 

•  STIFTUNG	DEUTSCHES	ELEKTRONEN-SYNCHROTRON	(DESY)	
•  ISTITUTO	NAZIONALE	DI	FISICA	NUCLEARE	(INFN)	
•  CONSIGLIO	NAZIONALE	DELLE	RICERCHE	(CNR)	
•  CENTRE	NATIONAL	DE	LA	RECHERCHE	SCIENTIFIQUE	(CNRS)	
•  UNIVERSITY	OF	STRATHCLYDE	(USTRATH)	
•  ASSOCIAÇÃO	DO	INSTITUTO	SUPERIOR	TÉCNICO	PARA	A	
INVESTIGAÇÃO	E	DESENVOLVIMENTO	(IST-ID)	

•  SCIENCE	AND	TECHNOLOGY	FACILITIES	COUNCIL	(STFC)	
•  SOCIÉTÉ	CIVILE	SYNCHROTRON	SOLEIL	(SOLEIL)	
•  THE	UNIVERSITY	OF	MANCHESTER	(UMAN)	
•  THE	UNIVERSITY	OF	LIVERPOOL	(ULIV)	
•  AGENZIA	NAZIONALE	PER	LE	NUOVE	TECNOLOGIE,	L'ENERGIA	E	
LO	SVILUPPO	ECONOMICO	SOSTENIBILE	(ENEA)	

•  COMMISSARIAT	A	L	ENERGIE	ATOMIQUE	ET	AUX	ENERGIES	
ALTERNATIVES	(CEA)	

•  UNIVERSITA	DEGLI	STUDI	DI	ROMA	LA	SAPIENZA	(UROM)	
•  UNIVERSITAET	HAMBURG	(UHH)	
•  IMPERIAL	COLLEGE	OF	SCIENCE,	TECHNOLOGY	AND	MEDICINE	
(ICL)	

•  THE	CHANCELLOR,	MASTERS	AND	SCHOLARS	OF	THE	
UNIVERSITY	OF	OXFORD	(UOXF)	

•  CENTER	FOR	ACCELERATOR	SCIENCE	AND	
EDUCATION	AT	STONY	BROOK	UNIVERSITY	&	
BROOKHAVEN	NATIONAL	LABORATORY	(BNL)	

•  LAWRENCE	BERKELEY	NATIONAL	LABORATORY	
(LBNL)	

•  UNIVERSITY	OF	CALIFORNIA	AT	LOS	ANGELES	
(UCLA)	

•  JIAOTONG	UNIVERSITY	SHANGHAI	
•  TSINGUA	UNIVERSITY	BEIJING	
•  KANSAI	PHOTON	SCIENCE	INSTITUTE,	JAPAN	
ATOMIC	ENERGY	AGENCY	

•  OSAKA	UNIVERSITY	
•  RIKEN	SPRING-8	CENTER	

•  EUROPEAN	ORGANIZATION	FOR	NUCLEAR	
RESEARCH	(CERN)	

•  ORGANISATION	EXTREME	LIGHT	
INFRASTRUCTURES	-	BEAMS	(ELI-B)	

•  WIGNER	RESEARCH	CENTER	OF	THE	HUNGARIAN	
ACADEMY	OF	SCIENCE	IN	UNGARN	

•  HELMHOLTZ-INSTITUT	JENA	
•  HELMHOLTZ-ZENTRUM	DRESDEN-ROSSENDORF	
•  LUDWIG-MAXIMILLIANS-UNIVERSITÄT	MÜNCHEN	
•  UNIVERSITY	LILLE	
•  UNIVERSITY	LUND	

	

*KEK	could	not	sign	to	consor6um	agreement.	Legal	discussions	with	SLAC	ongoing.	Other	candidates	contacted	us:	Russia,	Turkey.	



Horizon2020	

EuPRAXIA = 16 Partners plus 
16 Associated Partners 

All required expertise on board: 

(operating world’s energy frontier accelerators)  

(operating XFEL’s, synchrotron rad.) 

(operating 1 – 5 Peta-Watt frontier lasers) 

(operating plasma accelerators with record 
stability) 

(operating advanced plasma acc. simulations) 



Horizon2020	Project W
eb 

Site 
h:p://eupraxia-project.eu	



Horizon2020	

Collabora'on))
Board)

Scien'fic)Advisory))
Board)

Project)
Coordinator)

DESY%

Project)
Office)
DESY%

WP1:)Project)Management)

and)Technical)Coordina'on)

)DESY%–%CNRS%

WP2:)Physics)and)Simula'on)

CEA%–%IST%%

WP3:)High)Gradient)Laser)

Plasma)Acc.)Structure))

CNRS%–%ICL%

WP4:)Laser)Design)and)

Op'miza'on))

CNR%–%CNRS%

WP5:)Electron)Beam)Design)

and)Op'miza'on))

INFN%–%CEA%

WP6:)FEL)Pilot)applica'on)

SOLEIL%–%ENEA%%

WP7:)High)Energy)Physics)

and)other)Pilot)Applica'ons)

CNRS%–%UOXF%

Steering)
CommiRee)

WP8:)Outreach)and)Liaison)

ULIV%–%USTRATH%%

WP9:)Alterna've)eUBeam)

Driven)Plasma)Structure)

DESY%–%INFN%%

WP10:)Use)of)Other)Novel)

Technologies))

DESY%–%UMAN%

WP11:)FEL)Applica'on)

Prototyping))

CNRS%–%UHH%

WP12:)Acc.)Prototyping)and)

Experiments)at)Test)Facili'es)

STFC%–%UROM%%

WP13:)Alterna've)Radia'on)

Genera'on))

USTRATH%–%ICL%

WP14:)Hybrid)LaserUElectronU

Beam)Driven)Accelera'on))

USTRATH%–%DESY%

Exis'ng)Facili'es)

ELIUBeamlines)

CILEXUAPOLLON)

Helmholtz)VI)

INFN)SPARC)

STFC)CLF))

Laser)Lab))

CERN)AWAKE)

etc)

ERC)Advanced)

Grants)

)XUfive)(CNRS),)

COXINEL)(SOLEIL))

ERC)Synergy)

Grant)AXSIS)

(DESY,)UHH))

VOCAL)pladorm)

(University)

Liverpool))

Ini'al)Training)

Networks)ITN)

(University)

Liverpool)et)al))

EU)Project)
Office)DESY)

European)Laser)

Industry)

European)AcceleU

rator)Industry)

Collabora'on))
Board)

Scien'fic)Advisory))
Board)

Project)
Coordinator)

DESY%

Project)
Office)
DESY%

WP1:)Project)Management)

and)Technical)Coordina'on)

)DESY%–%CNRS%

WP2:)Physics)and)Simula'on)

CEA%–%IST%%

WP3:)High)Gradient)Laser)

Plasma)Acc.)Structure))

CNRS%–%ICL%

WP4:)Laser)Design)and)

Op'miza'on))

CNR%–%CNRS%

WP5:)Electron)Beam)Design)

and)Op'miza'on))

INFN%–%CEA%

WP6:)FEL)Pilot)applica'on)

SOLEIL%–%ENEA%%

WP7:)High)Energy)Physics)

and)other)Pilot)Applica'ons)

CNRS%–%UOXF%

Steering)
CommiRee)

WP8:)Outreach)and)Liaison)

ULIV%–%USTRATH%%

WP9:)Alterna've)eUBeam)

Driven)Plasma)Structure)

DESY%–%INFN%%

WP10:)Use)of)Other)Novel)

Technologies))

DESY%–%UMAN%

WP11:)FEL)Applica'on)

Prototyping))

CNRS%–%UHH%

WP12:)Acc.)Prototyping)and)

Experiments)at)Test)Facili'es)

STFC%–%UROM%%

WP13:)Alterna've)Radia'on)

Genera'on))

USTRATH%–%ICL%

WP14:)Hybrid)LaserUElectronU

Beam)Driven)Accelera'on))

USTRATH%–%DESY%

Exis'ng)Facili'es)

ELIUBeamlines)

CILEXUAPOLLON)

Helmholtz)VI)

INFN)SPARC)

STFC)CLF))

Laser)Lab))

CERN)AWAKE)

etc)

ERC)Advanced)

Grants)

)XUfive)(CNRS),)

COXINEL)(SOLEIL))

ERC)Synergy)

Grant)AXSIS)

(DESY,)UHH))

VOCAL)pladorm)

(University)

Liverpool))

Ini'al)Training)

Networks)ITN)

(University)

Liverpool)et)al))

EU)Project)
Office)DESY)

European)Laser)

Industry)

European)AcceleU

rator)Industry)



Horizon2020	

EuPRAXIA General Goals 

:  
–  designing accelerator and laser systems for improving the quality of 

plasma-accelerated beams, similar to the methods used in 
conventional accelerators.  

–  These methods require significant space and investment. 

:  
–  developing beam parameters, two user areas and the use cases for a 

femto-second Free Electron Laser (FEL), High Energy Physics (HEP) 
detector science and other applications. 

:  
–  developing an implementation model for a common European plasma 

accelerator.  
–  this includes a comparative study of possible sites in Europe, a cost 

estimate and a model for distributed construction in Europe and 
installation at one central site. 



Horizon2020	

EuPRAXIA Research Infrastructure for 
the 2020’s 

Present Laser 
Plasma Accelerators 
 
Up to 4.25 GeV 
electron beams 

Beam 
Diagnostics 

Research 
Infrastructure 

PLASMA ACCELERATOR HEP & OTHER USER 
  AREA 

FEL / RADIATION SOURCE 
USER AREA 

5 GeV electron beam
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Kick-off	meeYng	at	DESY	on	
Nov	26th	–	27th	



Horizon2020	
1st Steering Meeting 
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EuPRAXIA Work Progress 
Example WP4 "Laser Design and Optimization” 

•  On  at SOLEIL - France.  

including: 
–  Intense Laser Irradiation Laboratoy (INO - Italy),  
–  the Laboratoire d’Utilisations des  

Lasers Intenses (CNRS - France),  
–  the Lawrence Livermore National Laboratory (USA),  
–  the Centro de Láseres Pulsados Ultracortos Ultraintensos  

(University of Salamanca, Spain),  
–  the Central Laser Facility (Science and Technology Facilities  

Council, UK),  
–  The Petawatt Laser Facility (University of Texas at Austin, USA)  

•  and such as  
–  Thales (France),  
–  National Energetics (USA),  
–  Amplitude Technologies (France),  
–  Amplitude Systèmes (France) and  
–  Proton Laser (Spain).  

•  “Brainstorming” session starting basic specifications of the EUPRAXIA laser from EUPRAXIA 
steering committee, the so-called “ ”: , contrast 1010 at 
10ps à 1PW @ 100Hz 

•  Detailed report is in preparation for Pisa meeting in June 29, 2016. 



Horizon2020	Cutting 
edge 
lasers 

24/7 
operation 

Modern 
accelerator 
technology  

100 – 250 m 
footprint 

HQ electron 
beams FEL 

facility 

Other apps 
HEP 

appli-
cations 

Feedbacks and 
corrections 

Collimation 

Next-gen facility 

Competition for 
best EU site 
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EuPRAXIA  
Implementation Model 

•  Goal	is	to	

to	partners:	
–  Model	of	big	parVcle	physics	detector:	Many	insVtutes	

team	up	to	build	one	detector	at	one	place,	each	
contribuVng	a	part.	

•  Open	 with	the	goal	to	propose	the	
best	site.	To	be	considered:	

–  ExisVng	infrastructure,	host	lab	support,	scienVfic	user	
community,	support	from	funding	agency,	…	

•  Facility	will	be	
:	

–  Ultra-compact	X-ray	FEL	
–  Ultra-compact	GeV	electron	source	for	HEP	detector	

development	
–  Other	applicaVons	(industry,	medicine,	...)	



Horizon2020	
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Wideröe 1992 at age 90 

After all, 

. 

are not subject to any such considerations. The 

.  

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), , 
and technology surprises us almost daily with 
innovations which in turn allow us to broach new trains of 
thought.  

…there are yet to 
be made. They could allow us to advance to 

.  



Ralph Aßmann  | CAS |  7.6.2016 |  Page 111 

Thank you for your attention… 
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Wait one moment… Compact and Cost-Effective? 

>  Consider laser-driven plasma: Presently one can buy 
lasers from industry for a low double digit million € cost. 

>  The most compact 1 PW laser is installed in HZDR, Dresden, Germany 
(part of ARD): 

    
    (can be visited) 

  

>  The laser size drives the size of such an accelerator facility. With such 
a 1 PW laser electrons of 
(see LBNL result). 

>  The 1 PW laser should be sufficient for a 
. Total footprint: about 200-300 m2 (incl. all infrastructure). 

>  Now do this conventionally and compare size and cost!  
(e.g. ) 

>  Need to bring up quality, efficiency and repetition rate. 
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Plasma Accelerator Physics I 

>  A plasma of density n0 (same density electrons - ions) is characterized 
by the : 

>  This translates into a  of the plasma oscillation: 

>  The wavelength gives the longitudinal size of the plasma cavity… 
Lower plasma density is good: larger dimensions. 

0.3 mm for n0 = 1016 cm-3 
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Plasma Accelerator Physics II 

>  The plasma oscillation leads to  with a 
gradient of (higher plasma densities are better): 

>  The  is as follows for ωp << ωl: 
(note ωl is laser frequency) 

>  The laser-driven wakefield has a lower velocity than a fully relativistic 
electron à slippage and dephasing. Lower densities are better. 

9.6 GV/m for 1016 cm-3 

∝ Nb zσ
2
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Plasma Accelerator Physics III 

>  The ion channel left on axis, where the beam passes, induces an 
. In the simplest case: 

>  This can be converted into a  (lower density is 
better , as beta function is larger):: 

>  The  in the plasma channel is rapid: 

300 kT/m for 1016 cm-3 

β = 1.1 mm for 100 MeV 
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Plasma Accelerator Physics IV 

>  The  in the ion channel is small: 

>  Offsets between laser and beam centres will induce betatron 
oscillations. Assume: full dilution into emittance growth (energy spread 
and high phase advance).  

>  Tolerances for  due to offsets Δx = σx: 

>  Lower plasma density better: larger matched beam size, bigger 
tolerances. 

σ0 = 1.3 µm for γε = 0.3 µm 

100% for 1.3 µm offset 

 Assmann, R. and K. Yokoya. Transverse Beam 
Dynamics in Plasmas. NIM A410 (1998) 544-548. 
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2016 
17,5 GeV 

2005 
1,2 GeV 

2016 
2,1 GeV 
5,8 GeV 

2010 
1,2 GeV 

2009 
14 GeV 

2015 
1,2 GeV 

2019 
4 GeV 

2015 
10 GeV 

2010 
3,5 GeV 

2015 
0,2 GeV 

Great	Progress:		X-RAY	FEL	Map	of	the	World.	

2005: 1       à       2015 (today): 5       à       2025: 10+ 
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What is Plasma Acceleration? 
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What is Plasma Acceleration? 
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What is Plasma Acceleration? 
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What is Plasma Acceleration? 
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What is Plasma Acceleration? 
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What is Plasma Acceleration? 

Laser 

LASER AND ELECTRONS 
ELECTRONS 
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What is Plasma Acceleration? 

    IONS         
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What is Plasma Acceleration? 
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What is Plasma Acceleration? 
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What is Plasma Acceleration? 
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What is Plasma Acceleration? 
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Optimization 1: Energy Spread 

Minimize: Ratio of accelerated 
bunch length over ¼ plasma 

wavelength! 

Minimize 
length accele-
rated bunch 

Increase plasma 
wavelength and/or 

Ultra-short 
bunches (fs, as) 

Ultra-fast 
science 

Lower plasma 
density 

Lower 
accelerating 

gradient 

Reduce energy spread (head to 
tail à correlated with z) 

1 fs = 0.3 µm 
 
when travelling with 
light velocity c 
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Optimization 2: Phase Slippage 

Minimize: Phase slippage 
between driver and 
accelerated bunch 

Increase 
plasma 

wavelength 

Match velocity 
of driver to 
accelerated 

beam 

and/or 

Many plasma 
stages (reset 
slippage to 
zero, …) 

Lower plasma 
density 

Faster 
laser 
group 

velocity 

More 
tolerance 
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Optimization 3: Stability / Reproducibility 

Stabilize: Distance between 
driver and accelerated 

bunch. 

Internally 
generate 

accelerated 
electron 
bunch 

Synchronize 
externally 

injected beam 
to driver 

Synchronize with 

for few 
degree phase 

stability 

High accelera- 
ting fields 

Drive 
beam (or 
laser) 

d 

High plasma 
density 
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Optimization 4: Maximum Energy Gain 

Maximize: Transformer ratio  

Shaping of 
driver bunch 

Respect energy 
conservation or 

Driver beam 
should have 
high energy 
and/or high 
intensity or 

many 
bunches 

Modern photo-
cathodes with 
bunch shape 
tuned through 
photo-cathode 

laser 

Multiple 
bunch driver 

Tolerances on 
timing, offsets, 

… 

Accelerated 
beam should 
have lower 

intensity 

Lower energy 
driver beams 

possible 


