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EUROPEAN 
PLASMA RESEARCH 
ACCELERATOR WITH 
EXCELLENCE IN 
APPLICATIONS 

This	
  project	
  has	
  received	
  funding	
  from	
  the	
  European	
  Union’s	
  Horizon	
  2020	
  
research	
  and	
  innovaCon	
  programme	
  under	
  grant	
  agreement	
  No	
  653782.	
   h;p://eupraxia-­‐project.eu	
  

EuPRAXIA	
  Design	
  Study	
  started	
  on	
  Novemebr	
  2015	
  
Approved	
  as	
  HORIZON	
  2020	
  INFRADEV,	
  4	
  years,	
  3	
  M€	
  

Coordinator:	
  Ralph	
  Assmann	
  (DESY)	
  



Horizon2020	
  
Motivations 

PRESENT	
  EXPERIMENTS	
  

DemonstraCng	
  	
  
100	
  GV/m	
  rouCnely	
  
DemonstraCng	
  GeV	
  
electron	
  beams	
  
DemonstraCng	
  basic	
  
quality	
  

EuPRAXIA	
  INFRASTRUCTURE	
  

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

Courtesy	
  R.	
  Assmann	
  



Horizon	
  2020	
  
FEL	
  Electron	
  Beam	
  Requirements	
  	
  

P.	
  A.	
  Walker	
  (DESY)	
  -­‐	
  IPAC	
  2017	
  -­‐	
  Copenhagen,	
  16th	
  May	
  2017	
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Horizon	
  2020	
  

undulator	
  hall	
  (assumed	
  
convenConal)	
  

X-­‐ray	
  transport	
  	
  
and	
  user	
  areas	
  

accelerator	
  tunnel	
   laser	
  path	
  

Overall	
  layout	
  status	
  (ongoing)	
  

Accelerator	
  research,	
  undulators	
  and	
  user	
  
areas	
  are	
  located	
  on	
  the	
  first	
  level	
  

R.	
  Aßmann	
  (DESY)	
  -­‐	
  EAAC	
  2017	
  	
   14	
  

Design	
  by	
  A.	
  Walker	
  (DESY)	
  and	
  	
  
Dariusz	
  Kocoń	
  (ELI-­‐Beams)	
  



Horizon	
  2020	
  

RF	
  and	
  TW	
  
laser	
  system	
  

PW	
  laser	
  
system	
  

…	
  with	
  1st	
  floor	
  for	
  laser	
  
infrastructure	
  

RF	
  and	
  laser	
  infrastructure	
  on	
  
second	
  level	
  

R.	
  Aßmann	
  (DESY)	
  -­‐	
  EAAC	
  2017	
  	
   14	
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ConsorCum	
  

16 Participants 

24 Associated Partners 
(as of December 2017) 
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Horizon	
  2020	
  
Industrial Participation 

Industry: involved through 
workshops and  
Scientific Advisory Board 
 
Contacts still evolving, several 
cooperations under discussion 
 
 

Thales group (France):  Number of employees:  62,194 (2015) 
   Sales    14.06 B€ (2015) 

 
Amplitude (France):  Number of employees:  80 (2015) 

   Sales    17.4 M€ (2015) 
 
Trumpf group (Germany):  Number of employees:  11,181 (2016) 

   Sales    2.81 B€ (2016) 
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   Alesini,	
   M.	
   P.	
   Anania,	
   R.	
   Bedogni,	
   M.	
   Bellaveglia,	
   A.	
   Biagioni,	
   F.	
   Bisesto,	
   E.	
   Brentegani,	
   B.	
   Buonomo,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
P.L.	
   Campana,	
   G.	
   Campogiani,	
   S.	
   Cantarella,	
   F.	
   Cardelli,	
   M.	
   Castellano,	
   E.	
   Chiadroni,	
   R.	
   Cimino,	
   R.	
   ClemenC,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
M.	
   Croia,	
   A.	
   Curcio,	
   G.	
   Costa,	
   S.	
   Dabagov,	
   M.	
   Diomede,	
   A.	
   Drago,	
   D.	
   Di	
   Giovenale,	
   G.	
   Di	
   Pirro,	
   A.	
   Esposito,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
M.	
  Ferrario,	
  F.	
  Filippi,	
  O.	
  Frasciello,	
  A.	
  Gallo,	
  A.	
  Ghigo,	
   	
  A.	
  Giribono,	
  S.	
  Guiducci,	
  S.	
  Incremona,	
  F.	
  Iungo,	
  V.	
  Lollo,	
  	
  	
  
A.	
  Marcelli,	
  A.	
  Marocchino,	
  V.	
  MarCnelli,	
  A.	
  Michelon,	
  C.	
  Milardi,	
  L.	
  Pellegrino,	
  L.	
  PiersanC,	
  S.	
  Pioli,	
  R.	
  Pompili,	
  	
  	
  	
  
R.	
  Ricci,	
  S.	
  Romeo,	
  U.	
  Rotundo,	
  L.	
  SabbaCni,	
  O.	
  Sans	
  Plannell,	
  J.	
  Scifo,	
  B.	
  Spataro,	
  A.	
  Stecchi,	
  A.	
  Stella,	
  V.	
  Shpakov,	
  	
  	
  	
  	
  	
  
C.	
  Vaccarezza,	
  A.	
  Vannozzi,	
  A.	
  Variola,	
  F.	
  Villa,	
  M.	
  Zobov.	
  	
  

•  INFN	
  -­‐	
  Laboratori	
  Nazionali	
  di	
  FrascaV	
  
•  A.	
  Bacci,	
  F.	
  Broggi,	
  C.	
  Curatolo,	
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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
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52	
  m	
  



SPARC_LAB	
  HB	
  photo-­‐	
  injector	
  

55	
  m	
  



X-­‐band	
  Linac	
  	
  

55	
  m	
  



MODULATOR	
  HALL	
  

LINAC	
  HALL	
  

X-­‐Band	
  LINAC	
  parameters	
  

total	
  acCve	
  length	
  Lt	
   16	
  m	
  

Number	
  of	
  secCons	
  Ns	
   32	
  (4	
  modules	
  x	
  8	
  secCons)	
  
	
  

available	
  RF	
  power	
  
50	
  MW	
  (@klystron	
  output	
  coupler)	
  
40	
  MW	
  (@	
  secCon	
  input	
  couplers)	
  

InjecCon	
  in	
  the	
  plasma	
   InjecCon	
  in	
  the	
  undulator	
   UlCmate	
  

linac	
  energy	
  gain	
  ΔWlinac	
   480	
  MeV	
   910	
  MeV	
   1280	
  MeV	
  

average	
  	
  acc	
  gradient	
  <Eacc>	
   30	
  MV/m	
   57	
  MV/m	
   80	
  MV/m	
  

total	
  required	
  RF	
  power	
  PRF	
   44	
  MW	
   158	
  MW	
   310	
  MW	
  

KLYSTRON	
  

SLED	
  

MODE	
  CONVERTER	
  

CIRCULAR	
  WAVEGUIDE	
  

1	
  klystron	
  x	
  LINAC	
  Module	
  

MODE	
  CONVERTER	
  

KLYSTRON	
  1	
  

SLED	
  

MODE	
  CONVERTER	
  

CIRCULAR	
  WAVEGUIDE	
  

2	
  klystrons	
  x	
  LINAC	
  Module	
  

MODE	
  CONVERTER	
  

KLYSTRON	
  2	
  



Plasma	
  WakeField	
  AcceleraCon	
  –	
  External	
  InjecCon	
  

driver	
   witness	
  

55	
  m	
  

Capillary	
  discharge	
  at	
  SPARC_LAB	
  



Ti:Sa FLAME laser




Undulators	
  

40	
  m	
  

	
  KYMA	
  Δ	
  udulator	
  at	
  SPARC_LAB:	
  	
  λ=1.4	
  cm,	
  K1	
  	
  



 30 pC beam Start To End Simulations 

automaCc	
  cut	
  of	
  parCcles	
  
outside	
  ±4𝜎r	
  region	
  r	
  region	
  

inside	
  the	
  capillary	
  





FEL Genesis simulation with 
particle driven plasma 
accelerated electron beams  

Characteristics of the electron beam 

Growth of the radiation  
along the undulator 

At 30 m 
8 1011 photons 
6 1011 photons 
 
 
3.5 1011 photons 
	
  
	
  
	
  

Undulator	
  λu=1.5 cm, 
	
  aw=0.7  

	
  Radiation:	
  λ=2.78 nm  
	
  	
  	
  	
  Ephot=0.44 keV   

At 15 m,  Power density 
Quasi-single structure 

At 15 m, Spectral density 
Quasi-single spike structure 

Best  
slice 

Best slice Without ramps 

With ramps   
5 mm 
1cm 

Without ramps 
with tapering 

At 15 m, 
5 1011 phs 
3.6 1011 phs 
2 1011 phs 
	
  
	
  

In the undulator 



FEL driven by PLASMA

  Units 1 GeV PWFA 

with Undulator 
Tapering 

 

1 GeV LWFA 
with Undulator 

Tapering 
 

Bunch charge pC 29 26.5 
Bunch length rms fs 11.5 8.4 

Peak current kA 2.6 3.15 
Rep. rate Hz 10  10  

Rms Energy Spread % 0.73 0.81 
Slice Energy Spread % 0.022 0.015 
Average Rms norm. 

emittance 
µm 0.6 0.47 

Slice norm. emittance µm 0.39-0.309 0.47 
Slice Length µm 1.39 1.34 

    
Radiation wavelength nm 2.79 2.7 

ρ  x 10-3 2 2 
Undulator period cm 1.5 1.5 

K  0.987 1.13 
Undulator length m 30 30 
Saturation power GW 0.850-1.2 1.3 

Energy  µJ 63 63.5 
Photons/pulse  8.8  x 1011 8.6 x 1011 

Bandwidth % 0.35 0.42 
Divergence µrad 49 56 

Rad. size µm 210 160 
Brilliance per shot (s mm2 

mrad2bw
(‰))-1 

0.83 x 1027 1.22 x1027 





FEL driven by X-band linac only

  Units 1 GeV with X-

band linac only 
100 pC 

 

1 GeV  with X-
band linac only 

200 pC  

Bunch charge pC 100 200 
Bunch length rms fs 38.2 55.6 

Peak current kA 2. 1.788 
Rep. rate Hz 10  10  

    
Rms Energy Spread %  0.1      0.05 
Slice Energy Spread % 0.018 0.02 
Average Rms norm. 

emittance 
µm 0.5 0.5 

Slice norm. emittance µm 0.35-0.24 0.4-0.37 
Slice Length µm 1.25 1.66 

    
Radiation wavelength nm 2.4 (0.52 keV) 2.87(0.42 keV) 

ρ  x 10-3 1.9(1.7) 1.55(1.38) 
Undulator period cm 1.5 1.5 

K  0.987 0.987 
Saturation length m 15-25 16-30 
Saturation power GW 0.361-0.510 0.120-0.330 

Energy  µJ 48-70 64-177 
Photons/pulse  5.9-8.4  x 1011 9.3-25.5 x 1011 

Bandwidth % 0.13-2.8 0.24-0.46 
Divergence µrad 17.5-16 28-27 

Rad. size µm 65-75 120-200 



SPARC_LAB 





Capillary Discharge at SPARC_LAB 



PWFA vacuum chamber at SPARC_LAB  



Active Plasma Lens














Effects of plasma ramps




velocity of plasma 

Electrodes	
  

Gas	
  flow	
  

Gate:	
  	
  	
  10	
  ns	
  
Delay:	
  1100	
  ns	
  
Area:	
  1000	
  x	
  500	
  pixel	
  	
  

ICCD	
  

In	
  order	
  to	
  see	
  the	
  real	
  expansion	
  
of	
  the	
  plasma	
  we	
  have	
  to	
  mount	
  	
  
the	
  capillary	
  of	
  3	
  cm	
  length	
  so	
  that	
  
we	
  will	
  not	
  see	
  the	
  cunng	
  due	
  to	
  
the	
  supports	
  	
  

Supports	
  	
  Real	
  gas	
  flow	
  profile	
  

Side	
  view:	
  Front	
  view	
  



velocity of plasma 

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


10°	
  

By monotonically varying the radius 
of the capillary it is possible to 
change the density. 


Kaganovich	
  et	
  al.,	
  Appl.	
  Phys.	
  Le;.	
  75,	
  772–
774	
  (1999).	
  

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. 


Studies on plasma tapering are 
currently in progress in the 
SPARC_LAB Plasma lab.
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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°	
   CAPILLARY 

TAPERING 
ANGLE




A hydrodynamic approximation can be employed, 
the current density is computed using the static 
current flow approximation and the ohmic 
heating term is added to the energy equation:
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Plasma source

We preionize the capillary with a preformed plasma prior the main discharge. The initial plasma is 
formed in a short primary capillary by a high voltage pulse discharge. Part of this plasma and free 
electrons expanding into a long capillary that is connected to a high voltage capacitor. Since the 
discharge process follows the Paschen law, the breakdown threshold of the long capillary is 
lowered and the discharge can develop. 

This strategy allow to ionize long capillaries with reasonable applied voltage in controlled and 
homogeneous way. 
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Plasma source

This scheme can be reproduced for tens-of-centimetre capillaries. This single unit can be 
integrated simply by adding more units obtaining up to tens of centimetre capillaries 
homogenously ionized and controlled independently one to each other, leading to the desired 
length of plasma (almost 30 cm) with the proper density (1017 cm-3) required for this project.




EuPRAXIA@SPARC_LAB

•  X-band RF technology implementation,è  CompactLight


•  Science with short wavelength Free Electron Laser (FEL)


•  Physics with high power lasers and secondary particle source


•  Compact Neutron Source


•  R&D on compact radiation sources for medical applications


•  Detector development and test for X-ray FEL and HEP


•  Science with THz radiation sources


•  Nuclear photonics with γ-rays Compton sources


•  R&D on polarized positron sources

 

•  R&D in accelerator physics and industrial spin – off







Thank for your attention


