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Breakdown of the cumulative number of industrial 
accelerators according to the application categories 

§  More   than   24,000   particle   accelerators   over   the   past   60   years   for   use   in   the   industrial  
processes.  More   than   11,000   particle   accelerators   exclusively   for  medical   therapy  with  
electrons,  ions,  neutrons,  or  X-­‐‑rays.  	
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Fermi’s Globatron: ~5000 TeV proton beam 
1954 the ultimate synchrotron 

 
3 TeV c.m. 
170 G$ 
1994  



Dipole Magnets (Bending) 





Fermi’s Globatron: ~5000 TeV Proton beam 
1954 the ultimate synchrotron 

 
Bmax 2 Tesla  
ρ  8000 km  
fixed target  
3 TeV cm 
170 G$ 
1994  
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Touschek’s Anello Di Accumulazione (ADA) 
1961 the first e+e- Collider 



GeV 

Fixed Target equivalent accelerator energy versus year 
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ILC – International Linear Collider 



“The Universe in a Nutshell”, by Stephen William Hawking, Bantam, 2001 

Without further novel technology, we will eventually need an 
accelerator as large as Hawking expected.  

Hawking: the Solartron 
Towards the Planck scale 



Accelerator on a Chip?




SLAC Now and Tomorrow?






①  Miniaturization of the accelerating 
structures (~resonant)




②  Wake Field Acceleration (~transient)

(LWFA, PWFA, DWFA)


HIGH GRADIENT AAC ROAD MAP


•  Power sources

•  Accelerating structures

•  High quality beams
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Modern accelerators require high quality beams:   
==>     High Luminosity & High Brightness

==>     High Energy & Low Energy Spread  

– Small spot size => low emittance


– N of particles per pulse => 109


– High rep. rate fr=>  bunch trains


– Little spread in transverse 
momentum and angle => low emittance


– Short pulse (ps to fs)
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E = 10 keV 





ΔVT=0 





Interaction with a plane wave in Vacuum




vz = βc

E z, t( ) = Ez z( )e
i ωt−kz( )

"
#
$

%$

Let us consider a charge co-propagating in the z direction 
with a wave having a longitudinal component Ez
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The energy gain depends on the spatial pattern of the 
field and on the phase relation (phase slippage)
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The wave is syncronous when: 
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Interaction with a plane wave: particle at rest


Non relativistic approx:
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Interaction with a plane wave: particle co-propagating


€ 

Ex = γEx
'

By = γ
β
c

Ex
' =

β
c

Ex

$ 

% 
& 

' & 

β ≈ 1

E'

β ≈ 1

FE

FB=βFE

a b

x
y

E

H

z

€ 

β ≈ 1

  

€ 

 
E ' ≡ (Ex 0,0)

€ 

Ex = cBy

E
B

€ 

F⊥ = e Ex − βcBy( )cos ωt − kz( )

€ 

kz = kβct =ωβt

€ 

= e 1− β( )Ex cos ω 1− β( )t( )



x

z

Wave 
front

Interaction with a plane wave with an angle
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Taking into account the boundary conditions the accelerating 
component of the field becomes:
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We must slow down the wave propagation

In order to slow down the waves we have to load the cavity by introducing 
some periodic obstacle into it











Conventional RF accelerating structures 





High field ->Short wavelength->ultra-short bunches-> low charge 



Miniaturization of the accelerating 
structures 





Direct Laser Acceleration 
DLA 



Laser based dielectric accelerator 





Dielectric Photonic Structure 

�  Why photonic structures?  
�  Natural in dielectric  

�  Advantages of  burgeoning field  
�  design possibilities 

�  Fabrication 

�  Dynamics concerns 

�  External coupling schemes 

Biharmonic ~2D structure 

e-beam 

Laser pulses 
180 degrees  
out of  phase 

Schematic of  GALAXIE 
monolithic photonic DLA 



Laser-Structure Coupling: TW 
GALAXIE Dual laser drive structure, large reservoir of  power recycles  

e-beam 

Laser pulses 
(180 degrees  
out of  phase) 



Direct Wakefield Acceleration 
DWA 



Dielectric Wakefield Accelerator 
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Plasma Acceleration 





Future	
  of	
  Accelerators	
  

R.	
  Assmann,	
  EAAC	
  2015,	
  9/2015	
  

ILC Technical Design exists 
          Waiting funding decision 

FCC 
Conceptual 
Design started 

ESS 

E-XFEL 

LHeC ERL SuperKEKb 

FAIR 

LHC HiLumi 

Hadron acc. project 

Hadron acc. proposal 

Lepton acc. project 

Lepton acc. proposal 

SwissFEL 

LBNL LWFA 2014 

muons 



Horizon2020	
  

Laser Plasma-Acceleration 
(Internal Injection) 



Horizon2020	
  

Laser Plasma-Acceleration 
(Internal Injection) 



Horizon2020	
  

Laser Plasma-Acceleration 
(Internal Injection) 



Horizon2020	
  

Laser Plasma-Acceleration 
(Internal Injection) 



External-injection 



Horizon2020	
  

Laser Plasma-Acceleration 
(Internal Injection) 



Capillary Discharge 







Plasma	
  Source	
  

PH2	
  =	
  10	
  mbar	
  
Total	
  discharge	
  duraPon:	
  800	
  ns	
  	
  
Voltage:	
  20	
  kV	
  
Peak	
  current:	
  200	
  A	
  	
  
Capacitor:	
  6	
  nF	
  

Courtesy	
  of	
  M.	
  P.	
  Anania,	
  A.	
  Biagioni,	
  D.	
  Di	
  Giovenale,	
  F.	
  Filippi,	
  S.	
  Pella	
  



Horizon2020	
  

Laser Plasma-Acceleration 
(Internal Injection) 



Surface charge density Surface electric field

Restoring force

Plasma frequency

Plasma oscillations





Horizon2020	
  

Linear Wakefields 
(R. Ruth / P. Chen 1986) 

AcceleraPng	
  field	
  

Transverse	
  field	
  

Depends	
  on	
  
radial	
  posiPon	
  r	
  

Changes	
  between	
  acceleraPng	
  
and	
  deceleraPng	
  as	
  funcPon	
  of	
  
longitudinal	
  posiPon	
  z	
  

Depends	
  on	
  radial	
  
posiPon	
  r	
  

Changes	
  between	
  
focusing	
  and	
  defo-­‐
cusing	
  as	
  funcPon	
  of	
  
longitudinal	
  posiPon	
  z	
  

π/2	
  out	
  of	
  
phase	
  









Energy spread compensation with beam loading 









positrons 

What about positrons?




Conventional RF accelerating structures 





Breakdown limit?




Horizon2020	
  

Laser Plasma-Acceleration 
(Internal Injection) 



Horizon2020	
  

Laser Plasma-Acceleration 
(Internal Injection) 



Horizon2020	
  

Laser Plasma-Acceleration 
(Internal Injection) 



Horizon2020	
  

Laser Plasma-Acceleration 
(Internal Injection) 



Wake Field Acceleration 1 
Laser Driven 

LWFA 



 Laser beam 

Electron beam 

1 mm 

 Direct production of e-beam 



Diffraction - Self injection - Dephasing – Depletion  

























Beam	
  Manipula8on	
  





Capillary Discharge 



Active Plasma Lens












velocity of plasma 

Delay:	
  20	
  images	
  separated	
  
by	
  100	
  ns	
  =	
  2	
  µs	
  
Gate:	
  10	
  ns	
  
Area:	
  1000	
  x	
  500	
  pixel	
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Tapered capillaries

Local control of the plasma density is required to match the laser/electron beam into the 
plasma. 

Tapering the capillary diameter is the easiest way to change locally the density. 


TAPERING OF:	
   0°	
   5°	
   10°	
   15°	
   CAPILLA
RY 

TAPERI
NG 
ANGLE




Wake Field Acceleration 2 
Beam Driven 

PWFA 
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ILC – International Linear Collider 













Protons and Ions 





①  High Gradient – Low e- Beam Quality



②  High e+e- Beam Quality – Low Gradient


③  High e+e- Beam Quality - High Gradient 


3 Steps towards a reliable  PWA




EUROPEAN 
PLASMA RESEARCH 
ACCELERATOR WITH 
EXCELLENCE IN 
APPLICATIONS 

This	
  project	
  has	
  received	
  funding	
  from	
  the	
  European	
  Union’s	
  Horizon	
  2020	
  
research	
  and	
  innovaPon	
  programme	
  under	
  grant	
  agreement	
  No	
  653782.	
  

EuPRAXIA	
  Design	
  Study	
  
Approved	
  as	
  HORIZON	
  2020	
  INFRADEV,	
  4	
  years,	
  3	
  M€	
  

Coordinator:	
  Ralph	
  Assmann	
  (DESY)	
  



Horizon2020	
  
Motivations 

PRESENT	
  EXPERIMENTS	
  

DemonstraPng	
  	
  
100	
  GV/m	
  rouPnely	
  
DemonstraPng	
  GeV	
  
electron	
  beams	
  
DemonstraPng	
  basic	
  
quality	
  

EuPRAXIA	
  INFRASTRUCTURE	
  

Engineering	
  a	
  high	
  
quality,	
  compact	
  
plasma	
  accelerator	
  
5	
  GeV	
  electron	
  beam	
  
for	
  the	
  2020’s	
  
Demonstra8ng	
  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	
  	
  
applicaPons	
  soon	
  

Courtesy	
  R.	
  Assmann	
  





Horizon2020	
  

Participating Institutions 
16 beneficiaries, 16 associated partners 

4 5 
6 
7 

DESY	
  
SPgung	
  Deutsches	
  Elektronen	
  Synchrotron,	
  
Germany	
  

INFN	
  
InsPtuto	
  Nazionale	
  di	
  Fisica	
  Nucleare,	
  
Italy	
  

2   

1   

3   

	
  

CNR	
  
Consiglio	
  Nazionale	
  delle	
  Ricerche,	
  Italy	
  

4   

CNRS	
  
Centre	
  NaPonal	
  de	
  la	
  Recherche	
  
ScienPfique,	
  France	
  

USTRATH	
  
University	
  of	
  Strathclyde,	
  UK	
  

5   

6   

7   

STFC	
  
Science	
  &	
  Technology	
  FaciliPes	
  
Council,	
  UK	
  

8   

9   

UNIMAN	
  
University	
  of	
  Manchester�,	
  UK	
  

10   

ULIV	
  
University	
  of	
  Liverpool�,	
  UK	
  

11   

ENEA	
  
Agenzia	
  nazionale	
  per	
  le	
  nuove	
  tecnologie,	
  
l'energia	
  e	
  lo	
  sviluppo	
  economico	
  
sostenibile,	
  Italy	
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Associated	
  Partners	
  	
  
(as	
  of	
  August	
  2016)	
  

	
  

IST-­‐ID	
  
Associacao	
  do	
  insPtuto	
  superior	
  tecnico	
  para	
  
a	
  invesPgacao	
  e	
  desenvolvimento,	
  	
  Portugal	
  

UHH	
  
Universität	
  Hansestadt	
  Hamburg,	
  Germany	
  

UOXF	
  
University	
  of	
  Oxford,	
  UK	
  
	
  

SOLEIL	
  
Synchrotron	
  SOLEIL	
  -­‐	
  French	
  NaPonal	
  
Synchrotron�,	
  France	
  
	
  

CEA	
  
Commissariat	
  à	
  l'Énergie	
  Atomique	
  
et	
  aux	
  énergies	
  alternaPves,	
  France	
  
	
  

UROM	
  
Sapienza	
  Universita	
  di	
  Roma,	
  Italy	
  
	
  

ICL	
  
Imperial	
  College	
  London,	
  UK	
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JUS	
  Jiao	
  Tong-­‐University	
  Shanghai	
  
TUB	
  Tsingua	
  University	
  Beijing	
  
ELI-­‐B	
  	
  Extreme	
  Light	
  Infrastructure-­‐Beams	
  

PHLAM	
  Lille	
  University	
  

HIJ	
  Helmholtz	
  InsPtute	
  Jena	
  

HZDR	
  Helmholtz-­‐Zentrum	
  Dresden-­‐Rossendorf	
  

LMU	
  Ludwig-­‐Maximilians-­‐Universität	
  München	
  

CERN	
  European	
  OrganizaPon	
  for	
  Nuclear	
  Research	
  

OU	
  Osaka	
  University	
  

RSC	
  RIKEN	
  SPring-­‐8	
  Center	
  

LU	
  Lund	
  University	
  

LBNL	
  Lawrence	
  Berkeley	
  NaPonal	
  Laboratory	
  
UCLA	
  University	
  of	
  California,	
  Los	
  Angeles	
  

WIGNER	
  Wigner	
  Research	
  Centre	
  of	
  the	
  Hungarian	
  Academy	
  of	
  Science	
  

KPSI/JAEA	
  Kansai	
  Photon	
  Science	
  InsPtute,	
  Japan	
  Atomic	
  Energy	
  Agency	
  

CASE	
  Center	
  for	
  Accelerator	
  Science	
  and	
  EducaPon	
  at	
  Stony	
  Brook	
  U	
  &	
  BNL	
  

Status	
  8/2016	
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EuPRAXIA@SPARC_LAB
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•  Candidate LNF to host EuPRAXIA (1-5 GeV)

•  FEL user facility (1 GeV – 3nm)

•  Advanced Accelerator Test facility (LC) + CERN


•  500 MeV by RF Linac + 500 MeV by Plasma (LWFA or PWFA)

•  1 GeV  by X-band RF Linac only

•  Final goal compact  5 GeV accelerator




Conclusions
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