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Motivation: updated Livingston plot




Options towards higher energies




Compact and Cost 

Effective….              
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Beam Quality Requirements





Future accelerators will  require also high quality beams :  

==>   High Luminosity & High Brightness, 

==>   High Energy & Low Energy Spread 


€ 

L =
Ne+Ne− fr
4πσ xσ y – Small spot size => low emittance


– N of particles per pulse => 109


– High rep. rate fr=>  bunch trains


€ 

Bn ≈
2I
εn
2

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


– Short pulse (ps => fs)




High Gradient Linac Options


Metallic	
  accelera7ng	
  structures	
  =>	
  	
  
100	
  MV/m	
  <	
  Eacc<	
  1	
  GV/m	
  
	
  
	
  
Dielectrict	
  structures,	
  laser	
  or	
  par7cle	
  driven	
  =>	
  	
  
Eacc	
  <	
  10	
  GV/m	
  

Plasma	
  accelerator,	
  laser	
  or	
  par7cle	
  driven	
  	
  =>	
  	
  
Eacc	
  <	
  100	
  GV/m	
  
	
  
	
  Related Issues: Power Sources and Efficiency, Stability, Reliability, Staging, 

Synchronization, Rep. Rate and short (fs) bunches with small (µm) spot to match high 
gradients




X-band RF structures – State of the Art


A	
   limit	
   on	
   the	
   acceptable	
   Break-­‐Down	
   Rate	
  
has	
  been	
  set	
  at	
  	
  <	
  3	
  10-­‐7	
  per	
  pulse	
  

•  Kilpatrick, W. D., Rev. Sci. Inst. 28, 824 (1957).

•  A. Grudiev et al, PRST-AB 12, 102001 (2009)

•  S. V. Dolgashev, et al. Appl. Phys. Lett. 97, 171501 2010.

•  M. D. Forno, et al. PRAB. 19, 011301 (2016).


Max	
  accelera7ng	
  field:	
   	
  τrf-­‐1/6	
  
Stored	
  energy:	
   	
  	
  	
  	
   	
   	
  ν	
  -­‐3	
  



Andrea.Mostacci@uniroma1.it 7 800MHz 

110GHz 3MHz 

1.3GHz 

3GHz 450GHz 

dielectric future 

The E.M. Spectrum of Accelerating Structures
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Principle of plasma acceleration


Laser Wakefield Accelerator 
(LWFA): 


Drive beam = laser beam




Plasma WakeField 
Accelerator (PWFA):


Drive beam = high energy 
electron or proton beam


no= 1016 cm−3   ⇒  λp= 300  µm← →%%%%%%%% ω p =
noe

2

εome

Break-Down Limit? 

⇒ Wave-Breaking field:
 Ewb ≈ 100 GeV /m[ ] no cm

−3#$ %&
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Plasma Wake-Acceleration 
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Plasma Wake-Acceleration 
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Plasma Wake-Acceleration 
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Plasma Wake-Acceleration 



Principle of plasma acceleration
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LWFA limitations: Diffraction, Dephasing, Depletion

PWFA limitations: Head Erosion, Hose Instability


Driven by Radiation Pressure


Driven by Space Charge


Linear Regime


Non Linear Regime


Beam Loading




BELLA,	
  Berkeley	
  Lab,	
  US	
  

16	
  

Laser	
  Driven	
  Plasma	
  Wakefield	
  Accelera7on	
  Facility:	
  Today:	
  PW	
  laser!	
  	
  

Staging	
  demonstrated	
  at	
  100	
  MeVs	
  

Mul@stage	
   coupling	
   of	
  
independent	
   laser-­‐
plasma	
  accelerators	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
S.	
  Steinke,	
  Nature	
  530,	
  190	
  (2016)	
  

>210pC	

)

)


~75pC	of	
>210pC	

Electron	spectra,	up	to	6-	8	GeV	

à	
  path	
  to	
  10	
  GeV	
  with	
  con7nued	
  
improvement	
  of	
  guiding	
  in	
  progress	
  

Laser	
  heater	
  added	
  to	
  capillary	
  

PetawaE	
   laser	
   guiding	
   and	
   electron	
   beam	
  
accelera@on	
   to	
  8	
  GeV	
   in	
   a	
   laser-­‐heated	
   capillary	
  
discharge	
  waveguide	
  
A.J.Gonsalves	
  et	
  al.,	
  Phys.Rev.LeA.	
  122,	
  084801	
  (2019)	
  



Horizon	
  2020	
  
Worldwide	
  effort	
  towards	
  high	
  quality	
  plasma	
  beams	
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Horizon	
  2020	
  
Quality:	
  Example	
  Energy	
  Spread	
  

M.	
  Migliora7	
  et	
  al,	
  Physical	
  Review	
  Special	
  Topics,Accelerators	
  and	
  Beams	
  16,	
  011302	
  (2013)	
  
K.	
  Floeemann,	
  PRSTAB,6,	
  034202	
  (2003)	
   18	
  

FEL	
  Territory	
  

Compact	
  FEL’s?	
   Lower	
  quality	
  

Higher	
  quality	
  

σγ =
3

2
kp

2σ z
2

σ x,eq =
2
γ

4
εn
kp
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2σ x

2σ !x
2 +εrms

2( )



EUROPEAN 
PLASMA RESEARCH 
ACCELERATOR WITH 
EXCELLENCE IN 
APPLICATIONS 

This	
  project	
  has	
  received	
  funding	
  from	
  the	
  European	
  Union’s	
  Horizon	
  2020	
  
research	
  and	
  innova7on	
  programme	
  under	
  grant	
  agreement	
  No	
  653782.	
   hEp://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	
  

Demonstra7ng	
  	
  
100	
  GV/m	
  rou7nely	
  
Demonstra7ng	
  GeV	
  
electron	
  beams	
  
Demonstra7ng	
  basic	
  
quality	
  

EuPRAXIA	
  INFRASTRUCTURE	
  

Engineering	
  a	
  high	
  
quality,	
  compact	
  
plasma	
  accelerator	
  
5	
  GeV	
  electron	
  beam	
  
for	
  the	
  2020’s	
  
Demonstra@ng	
  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	
  	
  
applica7ons	
  soon	
  

Courtesy	
  R.	
  Assmann	
  









E.	
  Chiadroni	
  -­‐	
  10	
  December	
  2020,	
  Italy@EuXFEL	
  Workshop,	
  via	
  
Zoom	
  

The	
  execu@ve	
  design	
  of	
  the	
  building	
  has	
  officially	
  started,	
  the	
  delivery	
  is	
  expected	
  by	
  the	
  end	
  
of	
  February	
  2021.	
  	
  

Beam	
  Driven	
  EuPRAXIA	
  Site	
  at	
  Frasca@	
  



Recent (November 4)  message from ESFRI Policy Officer:

“We are glad to inform you that the proposal EuPRAXIA has been considered eligible 
and can now be assessed for entering the ESFRI Roadmap 2021.”

Next steps:

•  Invitation for the hearing with list of critical questions: February-March 2021

•  Hearing: April-May 2021




EuPRAXIA@SPARC_LAB


Courtesy	
  Simona	
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EuPRAXIA@SPARC_LAB	
  building	
  _	
  render	
  

Courtesy S. Incremona – U. Rotundo




EuPRAXIA@SPARC_LAB
EuPRAXIA@SPARC_LAB


RF	
  power	
  modules	
  	
  

1	
  GeV	
  LINAC	
  

Beam	
  user	
  areas	
  

FEL	
  user	
  area	
  @3nm	
  

Undulators	
  

Plasma	
  module	
  

0.5	
  PW	
  Laser	
  

Secondary	
  	
  
Sources	
  

http://www.lnf.infn.it/sis/preprint/pdf/getfile.php?filename=INFN-18-03-LNF.pdf





ü  Prepare 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


132	
  m	
  

24	
  m	
  
55	
  m	
   40	
  m	
  

31	
  m	
  

32	
  m	
  

12	
  m	
  

6	
  m	
  

52	
  m	
  



Courtesy A. Ghigo - E. Di 
Pasquale
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SPARC_LAB	
  HB	
  photo-­‐	
  injector	
  

55	
  m	
  



Electron source and acceleration 
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X-­‐band	
  Linac	
  	
  

55	
  m	
  



Parameter	
   Value	
  

Frequency	
  [GHz]	
   11.9942	
  

RF	
  pulse	
  [µs]	
   1.5	
  

Kly.	
  power	
  [MW]	
   50	
  

Average	
  iris	
  radius	
  <a>	
   3.5	
  

Iris	
  radius	
  a	
  [mm]	
   4.3-­‐2.7	
  

Average	
  gradient	
  <G>	
  [MV/m]	
   65-­‐>60	
  

Structure	
  length	
  Ls	
  [m]	
  	
   0.9	
  

Linac	
  ac7ve	
  length	
  Lact	
  [m]	
  	
   18	
  

Unloaded	
  SLED	
  Q-­‐factor	
  Q0	
   180000	
  

External	
  SLED	
  Q-­‐factor	
  QE	
   23100	
  

Shunt	
  impedance	
  R	
  [MΩ/m]	
   85-­‐117	
  

Effec7ve	
  shunt	
  Imp.	
  Rs	
  [MΩ/m]	
   356	
  

Number	
  of	
  modules	
   5	
  

Structures	
  per	
  module	
  Nm	
  	
   4	
  

Klystron	
  power	
  per	
  module	
  Pk_m	
  [MW]	
   43	
  

Peak	
  input	
  power	
  [MW]	
   74	
  

Input	
  power	
  averaged	
  over	
  the	
  pulse	
  [MW]	
   48	
  

Total	
  number	
  of	
  structures	
  Ntot	
   20	
  

Total	
  number	
  of	
  klystrons	
  Nk	
   5	
  

SLED	
  

MODE	
  CONVERTER	
  

MODE	
  	
  CONVERTER	
  
CIRCULAR	
  WAVEGUIDE	
  

MODULATOR	
  HALL	
  

LINAC	
  HALL	
  

CPI	
  VKX-­‐8311A	
  

Courtesy M. Diomede
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Courtesy D. Alesini




Courtesy E. Di Pasquale


X-BOX@LNF




Plasma	
  WakeField	
  Accelera7on	
  

55	
  m	
  

Capillary	
  discharge	
  at	
  SPARC_LAB	
  

40	
  



•  20	
  images	
  separated	
  by	
  100	
  ns,	
  so	
  2	
  µs	
  of	
  total	
  observa@on	
  @me	
  of	
  the	
  plasma	
  plumes	
  
•  The	
  ICCD	
  camera	
  area	
  is	
  1024	
  x	
  256	
  pixel	
  	
  

Plasma plumes 

Discharge	
  voltage	
  18	
  kV	
  
Capillary	
  

Electrode	
  
Plasma	
  
channel	
  

20	
  mm/2	
  μs	
  

	
  

§  Both	
  plama	
  plumes	
  can	
  reach	
  a	
  total	
  expansion	
  length	
  around	
  40	
  mm	
  (20	
  mm	
  each	
  
one)	
  that	
  is	
  comparable	
  with	
  the	
  channel	
  length	
  of	
  30	
  mm,	
  so	
  they	
  can	
  strongly	
  
affect	
  the	
  beam	
  proper7es	
  that	
  passes	
  through	
  the	
  capillary	
  

§  Temperature,	
  pressure	
  and	
  plasma	
  density,	
  inside	
  and	
  outside	
  the	
  gas-­‐filled	
  
capillary	
  plasma	
  source,	
  represent	
  essen7al	
  parameters	
  that	
  have	
  to	
  be	
  
inves7gated	
  to	
  understand	
  the	
  plasma	
  evolu7on	
  and	
  how	
  it	
  can	
  affect	
  the	
  electron	
  
beam.	
  

Vacuum	
  

 Angelo.Biagioni@lnf.infn.it	
  



Plasma module layout	
  

Vgas	
  (cm3)	
   VimpEXT	
   	
  VimpINT	
   Tpumps	
   VC-­‐band	
   Vchamber	
   WMme	
  
1	
  Hz	
   0.0236	
   2	
  x	
  6mm/15cm	
   2	
  x	
  6mm/10cm	
   1780	
  l/s	
   10-­‐7	
  mbar	
   10-­‐8	
  mbar	
   No	
  limits	
  

10	
  Hz	
   0.236	
   2	
  x	
  6mm/15cm	
   2	
  x	
  6mm/10cm	
   1780	
  l/s	
   10-­‐7	
  mbar	
   10-­‐8	
  mbar	
   1	
  hour	
  

100Hz	
   2.36	
  
	
  

3 cm-long capillary@ne = 1016 - 1017  cm-3 

Vgas	
  (cm3)	
   Vimp	
   Vimp2	
   Tpumps	
   VX-­‐band	
   VChamber	
   WMme	
  
1	
  Hz	
   0.314	
   2	
  x	
  6mm/15cm	
   2	
  x	
  6mm/10cm	
   7000	
  l/s	
  

10	
  Hz	
   3.14	
   2	
  x	
  6mm/15cm	
   2	
  x	
  6mm/10cm	
   7000	
  l/s	
  

100Hz	
   31.4	
  

Vacuum X-band	
  

LINAC	
  

FEL	
  

First	
  PMQ	
  End	
  X-­‐band	
  

300	
   50	
   250	
  

Driver 
Removing 

275	
  
Vacuum inside chamber	
   Vacuum Chicane 

Plasma driver removing	
  
Vacuum FEL	
  

50 cm-long capillary@ne = 1016 - 1017  cm-3 

25	
   100	
  

Further	
  Vimp2	
  

Vimp	
  

1.  Chamber sizing depends on the vacuum constrains and capillary dimensions 
2.  Eupraxia chamber sizing starts from the current plasma chamber 
3.  Minimum length is 215 cm 
4.  Driver removing chamber properties depend on the technique used to remove the driver (Plasma or chicane) 
5.  Chamber/capillary factor is 5.5  
6.  New solutions will be studied to reduce the chamber/capillary factor by means of vacuum test and simulation 

x15	
  

x100	
   Courtesy R. Pompili , A. Biagioni




Undulators	
  

40	
  m	
  

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



Undulators chain 



E.	
  Chiadroni	
  -­‐	
  10	
  December	
  2020,	
  Italy@EuXFEL	
  Workshop,	
  via	
  
Zoom	
  

Expected	
  SASE	
  FEL	
  performances	
  	
  

Energy	
  region	
  between	
  Oxygen	
  and	
  
	
  Carbon	
  K-­‐edge	
  2.34	
  nm	
  –	
  4.4	
  nm	
  
	
  (530	
  eV	
  -­‐280	
  eV)	
  
Water	
  is	
  almost	
  transparent	
  to	
  radia7on	
  	
  
in	
  this	
  range	
  while	
  nitrogen	
  and	
  carbon	
  are	
  	
  
absorbing	
  (and	
  scaeering)	
  

Coherent	
  Imaging	
  of	
  biological	
  samples	
  
protein	
  clusters,	
  VIRUSES	
  and	
  cells	
  	
  

living	
  in	
  their	
  na@ve	
  state	
  	
  
Possibility	
  to	
  study	
  dynamics	
  
~10	
  11	
  photons/pulse	
  needed	
  



Beam separation 



Photon	
  beam	
  line	
  

40	
  m	
  



Experimental hall (Single Protein Imaging) 

http://lcls.slac.stanford.edu/AnimationViewLCLS.aspx




Energy	
  region	
  between	
  Oxygen	
  and	
  
	
  Carbon	
  K-­‐edge	
  2.34	
  nm	
  –	
  4.4	
  nm	
  
	
  (530	
  eV	
  -­‐280	
  eV)	
  
Water	
  is	
  almost	
  transparent	
  to	
  radia7on	
  	
  
in	
  this	
  range	
  while	
  nitrogen	
  and	
  carbon	
  are	
  	
  
absorbing	
  (and	
  scaeering)	
  

Coherent	
  Imaging	
  of	
  biological	
  samples	
  
protein	
  clusters,	
  VIRUSES	
  and	
  cells	
  	
  

living	
  in	
  their	
  na@ve	
  state	
  	
  
Possibility	
  to	
  study	
  dynamics	
  
~10	
  11	
  photons/pulse	
  needed	
  

	
  

Water	
  Window	
  Coherent	
  Imaging	
  

3 nm        2 nm


Courtesy F. Stellato, UniToV




Courtesy A. Falone
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SPARC_LAB is the test and training facility at 
LNF for Advanced Accelerator Developments 
(since 2005) 



PWFA vacuum chamber at SPARC_LAB  



hep://w3.lnf.infn.it/primi-­‐eleeroni-­‐accelera7-­‐con-­‐plasma-­‐a-­‐sparc_lab/	
  

Witness	
  
Energy	
  
Spread:	
  
0.1	
  %	
  





E.	
  Chiadroni	
  -­‐	
  10	
  December	
  2020,	
  Italy@EuXFEL	
  Workshop,	
  via	
  
Zoom	
  

R&D	
  Ac@vi@es	
  at	
  SPARC_LAB	
  
Expected	
  FEL	
  Results	
  

The	
  experimental	
  beam	
  parameters,	
  as	
  measured	
  in	
  the	
  beam	
  driven	
  PWFA	
  experiment,	
  have	
  
been	
  used	
  as	
  input	
  for	
  a	
  preliminary	
  evalua@on	
  of	
  FEL	
  performances	
  by	
  means	
  of	
  GENESIS	
  1.3	
  
7me-­‐dependent	
  simula7ons	
  =>	
  measurable	
  growth	
  of	
  the	
  FEL	
  gain	
  	
  	
  	
  

from	
  measured	
  accelerated	
  beam	
  parameters	
  

Witness beam parameters!

γ! 174!

∆E/E (%)! 0.28*!

εnx,y(mm mrad)! 3.5**!

Q (pC)! 20!

Ipeak (A)! 214! *It is the rms energy spread
**projected emittance 

Courtesy of F. Nguyen


Undulator parameters!

λu (cm)! 2.8!

Krms! 0.72!

FODO β function (m)! 1.6!

λr (nm)! 700!



Energy Stability


Δλ
λ

=
1
2
ΔE
E
∝ ρ ≈ 10−3 FEL requirement


ΔE
E DW

=
aω p

2π
ΔtDW

2 ≤ a ≤ 4

ΔE
E p

=
Δnp
np

ΔE
E Q

=
ΔId

2 Id( )
+
ΔIw

2 Iw( )

Plasma density


Bunch charge/length


Driver/Witness separation

56 





Grazie per l’attenzione



