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8.6 km, 5.3 mi!

e-/e+ 0-50GeV in 3km SLC!
e-/e+ 0-20GeV in 2km FACET!
e-      0-14GeV in 1km LCLS!

Some of the largest and most complex (and most expensive) scientific 
instruments ever built!!

CERN LHC!

BNL RHIC!

SLAC SLC!

R=621 m!

“The	  2.4-‐mile	  circumference	  RHIC	  ring	  is	  large	  enough	  to	  be	  
seen	  from	  space”	  

Can we make them smaller (and cheaper) and with a higher energy?!
All use RF technology to accelerate particles!

LCLS	  
FACET	  
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Some of the largest and most complex (and most expensive) scientific 
instruments ever built!!
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All use RF technology to accelerate particles!

LCLS	  
FACET	  

e-/e+ 0-50GeV in 3km SLC!
e-/e+ 0-20GeV in 2km FACET!
e-      0-14GeV in 1km LCLS!

Search	  for	  a	  new	  technology	  
to	  accelerate	  parQcles	  	  

at	  high-‐gradient	  (>100MeV/m)	  	  
and	  reduce	  the	  size	  and	  cost	  	  
of	  a	  future	  e-‐/e+,	  e-‐/p+	  collider	  	  

or	  of	  a	  x-‐ray	  FEL	  	  	  
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 Gradient/field	  limit	  in	  (warm)	  RF	  structures:	  <100MV/m	  

 RF	  break	  down	  (plasma!!)	  and	  pulsed	  heaQng	  faQgue	  

 AcceleraQng	  field	  on	  axis,	  damage	  on	  the	  surface	  

 Material	  limit,	  metals	  in	  the	  GHz	  freq.	  range	  (Cu,	  Mo,	  etc.)	  

 Does	  not	  (seem	  to)	  increase	  with	  increasing	  frequency	  

TM010	  mode	  

Braun,	  PRL	  90,	  224801	  (2003)	  

Pritzkau,	  PRSTAB	  5,	  112002	  (2002)	  	  

RF	  break	  down	  

Pulsed	  heaQng	  faQgue	  
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Materials	  with	  higher	  damage	  threshold:	  
 Dielectrics	  (~GV/m)	  
 Plasmas	  (10-‐100GV/m	  or	  ∞)	  

Systems	  powered/driven	  by:	  
 Laser	  pulse(s)*	  
 Charged	  parQcle	  bunch(es)	  

“Novel”	  

“High-‐gradient”	  	  

>1GeV/m	  

Average	  gradient	  over	  m–scale	  

	  GeV	  to	  TeV	  e-‐/e+	  	  

*do	  not	  include	  laser	  vacuum/direct	  acceleraQon	  
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 Reaching	  final	  energy	  	  :	  >150GeV/beam	  for	  e-‐	  and	  e+	  (determined	  by	  physics	  goals)	  
:	  up	  to	  1-‐10TeV	  

	  	  	  	   	   	   	   	   	  :	  >	  	  60GeV	  e-‐	  (for	  e-‐/p+	  collider,	  determined	  by	  physics	  goals)	  

 Reaching	  luminosity	  (e-‐/e+	  or	  e-‐/p+,	  ions)	  
N+,-‐:=	  	  	  	  	  #	  part.	  per	  bunch	  (equal)	  
frep:=	   	  	  train	  repeQQon	  rate	  
nb:=	   	  #	  bunches	  per	  train	  
σ*

x,y,:= 	  	  	  bunch	  transverse	  size	  @	  waist	  
εx,y:= 	  	  bunch	  emilance	  
E:=	  	  	  	  	  	  	  energy	  	  per	  parQcle	  
Pb:=	  	  	  	  	  	  	  average	  beam	  power	  ≈nbNfrepE	  

€ 

∝
N +N − f repnb
σx
* ε x( )σy

* ε y( )

€ 

∝
NPb

Eσx
* ε x( )σy

* ε y( )	  

 Large	  average	  acceleraQng	  gradient	  (>1GeV/m)	  

• Focus	  on	  accelerator	  contribuQon	  (not	  final	  focus	  or	  interacQon	  point)	  
• Assume	  those	  are	  the	  same	  (bunch	  length?)	  

 Accelerator(s)	  a	  few	  100’s	  of	  meter	  long	  (not	  km’s)	  

 Deliver	  the	  same	  average	  (s)	  current	  with	  the	  same	  emilance	  (DWA,	  LWFA,	  PWFA)	  

 Deliver	  lower	  average	  current	  with	  lower	  emilance??	  (DLA)	  

ILC	  
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 X-‐ray	  for	  radiography	  (advanced:	  phase	  contrast,	  etc.)	  
 e-‐	  for	  medical	  applicaQons	  

 All	  require	  low	  energy	  <GeV	  
 Can	  operate	  at	  very	  large	  peak	  gradient,	  mm-‐cm	  accelerator	  
 Efficiency	  not	  an	  issue	  
 Luminosity	  “not	  an	  issue”	  
 Special	  characterisQcs:	  ultra-‐short,	  synchronized	  (laser),	  pump	  probe,	  etc.	  
 Biological	  advantage	  …	  
 Unique	  applicaQons,	  compact	  

 Powerful	  radiaQon	  source,	  THz	  to	  γ-‐rays	  
 High-‐energy	  physics	  (HEP)	  

England,	  Rev.	  Mod.	  Phys.,	  86,	  1337,	  (2014)	  
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 Novel	  Accelerator	  Techniques	  “Goals”	  

 Summary	  

 	  	  

 	  	  

 	  	  

 	  	  

 Directly	  use	  the	  laser	  E-‐	  field	  in	  a	  ~λ3	  (micro)	  structure	  
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DiELECTRiC LASER ACCELERATOR (DLA)!

 Take	  advantage	  of	  large	  laser	  E-‐field	  
 Take	  advantage	  of	  large	  damage	  threshold	  
 Structure	  =	  phase	  mask	  for	  velocity	  matching	  

Courtesy	  P.	  Hommelhoff	  

1ps,	  800nm	  	  

Soong,	  AIP	  Conf.	  Proc.	  1507,	  511	  (2012)	  

Si	  
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Yoder,	  
Rosenzweig,	  
2005	  

Woodpile	  
Cowan,	  2008	  

Plelner,	  Lu,	  Byer,	  2006	  
…	  and	  variants	  

•  Goal:	  generate	  a	  mode	  that	  allows	  
momentum	  transfer	  from	  laser	  field	  to	  
electrons	  

•  Use	  first	  order	  effect	  (efficient!)	  
•  Second	  order	  effects	  (ponderomoQve)	  

too	  inefficient	  

For	  a	  review	  and	  an	  extensive	  list	  of	  references,	  see:	  	  R.	  J.	  
England	  et	  al.,	  “Dielectric	  laser	  accelerators”,	  
Rev.	  Mod.	  Phys.	  86,	  1337	  (2014)	  

Buried	  GraQng	  
Chang,	  Solgaard,	  2014	  

P.	  Hommelhoff,	  Accel.	  Med.	  Appl.,	  Vösendorf,	  Austria,	  2015	  

DiELECTRiC LASER ACCELERATOR (DLA)!

Courtesy	  P.	  Hommelhoff	  
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DLA RESULTS!

 Inferred	  acceleraQng	  gradient	  in	  excess	  of	  300MV/m,	  can	  be	  increased	  	  
 Need	  sub-‐(λlaser)3	  beams,	  naturally	  low	  emilance	  and	  charge	  
 Operate	  at	  very	  high	  rep-‐rate	  

300MeV/m	  
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DLA RESULTS!
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DLA RESULTS!

Peralta,	  AIP	  Proc.	  1507,	  169	  (2012)	  

 Deliver	  lower	  average	  current	  with	  lower	  emilance??	  (DLA)	  
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DLA RESULTS!

Courtesy	  of	  J.	  England	  
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 Novel	  Accelerator	  Techniques	  “Goals”	  

 Summary	  

 	  	  

 	  	  

 	  	  

 	  	  

 Cherenkov	  wakes	  in	  dielectric	  layers	  	  

Table I. This combination of beam attributes is obtained
through both magnetic compression [12], to obtain bunch
lengths <100 fs, and the high 28.5 GeV beam energy,
which gives small beam sizes naturally through adiabatic
damping of the emittance.

The criticality of these beam parameters for driving
ultrahigh field wakes in a DWA can be seen from the
expression that describes the longitudinal decelerating
wakefield within the driving electron beam, Ez;dec, and its
relation to the peak surface electric field Er;surf . While the
formal theory of DWAs is well developed [13–16], a
simple treatment based on the classic problem of
Cherenkov radiation in the presence of a dielectric bound-
ary [17] yields a more lucid, approximate form for Ez;dec:

 eEz;dec ! eEr;surf
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where e is the electron charge, a is the inner radius of the
hollow dielectric tube, "z # c"t is the rms bunch length,
re and mec2 are the classical radius and rest energy of the
electron, respectively, " is the dielectric’s relative permit-
tivity, and Nb is the number of bunch electrons. One could
simultaneously obtain the Table I beam parameters at the

FFTB. With such small beam dimensions, and a !
50 #m, decelerating fields up to 11 GV=m were produced
within the beam during these experiments. The peak radial
electric field at the dielectric surface is, however, of pri-
mary interest in this breakdown study; values as high as
Er;surf ! 27 GV=m were achieved.

While dielectric breakdown has been studied in detail at
both optical and cm wavelengths, only the laser-induced
breakdown studies use pulse times comparable to those
explored in this experiment. The beam-produced electro-
magnetic wave contains a fundamental wavelength of $ #
4'b" a(

!!!!!!!!!!!!
"" 1

p
! 634 #m (f ! c=$ ! 0:47 THz) and

higher harmonics. The length of this radiation pulse, as
experienced by the downstream end of the tube, is deter-
mined by the Cherenkov radiation group velocity and path
length through the media. Therefore, while "t !
30–330 fs depending on the level of compression, the pulse
of THz radiation produced by the 1 cm fused silica tube is
always )100 ps. Laser-induced breakdown of SiO2 has
been studied extensively for wavelengths near 800 nm and
pulse lengths from 20 fs to 7 ns [18,19]. These studies have
consistently found a breakdown damage threshold of
)1:1 GV=m for 100 ps pulses. Thresholds for "t !
30 fs and 330 fs pulses were found to be about 18 GV=m
and 7 GV=m, respectively.

The fundamental mechanism for dielectric breakdown is
avalanche ionization. The manner in which avalanche
ionization is initiated and driven to the critical density
for damage varies with pulse length and photon energy.
For long pulse lengths * 10 ps, the background carriers
dominate the avalanche process and breakdown is insensi-
tive to wavelength [20]. For short pulse lengths &10 ps,
multiphoton or tunnel ionization provides the free elec-
trons that lead to the breakdown avalanche [21–23].

Comparisons between this experiment and previous la-
ser breakdown work is complicated by several factors: the
relative roles of tunneling and multiphoton ionization, the
THz pulse envelope, and possible background sources of
ionizing radiation. While the Keldysh parameter [22] at the
fundamental frequency is small, indicating that tunnel
ionization is dominant, multiphoton ionization will be-
come increasingly important for the higher harmonics. If
the THz pulse amplitude remains relatively constant for its
)100 ps duration, breakdown should occur at about
1:1 GV=m as in the laser experiments at the same pulse
length. If, however, the pulse damps rapidly, possibly due
to absorption, dispersion, boundary losses, etc., and has a
large amplitude for much less than 100 ps, then the break-
down field could be higher. It should also be noted that the
fused silica in this experiment is subject to additional low-
flux sources of ionizing radiation including: incoherent
optical and UV Cherenkov photons, stray 28.5 GeV elec-
trons, and background x rays.

With the above considerations in mind, the experiment
carried out at the FFTB was designed to assess the ability
of dielectric tubes to withstand the high fields generated by

TABLE I. Experimental parameters.

Parameter Value

Dielectric inner diameter (2a) 100 #m
Dielectric outer diameter (2b) 324 #m
Dielectric relative permittivity (") )3
Number of e" per bunch (Nb) 1:4* 1010

RMS bunch length ("z) 100" 10 #m
RMS bunch radius ("r) 10 #m
Beam energy 28.5 GeV
Maximum radial field at dielectric surface 27 GV=m
Maximum decelerating field (vacuum) 11 GV=m
Maximum accelerating field (vacuum) 16 GV=m

FIG. 1 (color online). Conceptual drawing of the dielectric
wakefield accelerator (DWA). A ‘‘drive’’ beam excites wake-
fields in the tube, while a subsequent witness beam (not shown)
would be accelerated by the Ez component of the reflected
wakefields (bands of color).

PRL 100, 214801 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
30 MAY 2008

214801-2
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lengths <100 fs, and the high 28.5 GeV beam energy,
which gives small beam sizes naturally through adiabatic
damping of the emittance.
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)1:1 GV=m for 100 ps pulses. Thresholds for "t !
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avalanche ionization. The manner in which avalanche
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for damage varies with pulse length and photon energy.
For long pulse lengths * 10 ps, the background carriers
dominate the avalanche process and breakdown is insensi-
tive to wavelength [20]. For short pulse lengths &10 ps,
multiphoton or tunnel ionization provides the free elec-
trons that lead to the breakdown avalanche [21–23].

Comparisons between this experiment and previous la-
ser breakdown work is complicated by several factors: the
relative roles of tunneling and multiphoton ionization, the
THz pulse envelope, and possible background sources of
ionizing radiation. While the Keldysh parameter [22] at the
fundamental frequency is small, indicating that tunnel
ionization is dominant, multiphoton ionization will be-
come increasingly important for the higher harmonics. If
the THz pulse amplitude remains relatively constant for its
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length. If, however, the pulse damps rapidly, possibly due
to absorption, dispersion, boundary losses, etc., and has a
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fused silica in this experiment is subject to additional low-
flux sources of ionizing radiation including: incoherent
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trons, and background x rays.

With the above considerations in mind, the experiment
carried out at the FFTB was designed to assess the ability
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Dielectric relative permittivity (") )3
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FIG. 1 (color online). Conceptual drawing of the dielectric
wakefield accelerator (DWA). A ‘‘drive’’ beam excites wake-
fields in the tube, while a subsequent witness beam (not shown)
would be accelerated by the Ez component of the reflected
wakefields (bands of color).
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Table I. This combination of beam attributes is obtained
through both magnetic compression [12], to obtain bunch
lengths <100 fs, and the high 28.5 GeV beam energy,
which gives small beam sizes naturally through adiabatic
damping of the emittance.

The criticality of these beam parameters for driving
ultrahigh field wakes in a DWA can be seen from the
expression that describes the longitudinal decelerating
wakefield within the driving electron beam, Ez;dec, and its
relation to the peak surface electric field Er;surf . While the
formal theory of DWAs is well developed [13–16], a
simple treatment based on the classic problem of
Cherenkov radiation in the presence of a dielectric bound-
ary [17] yields a more lucid, approximate form for Ez;dec:
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where e is the electron charge, a is the inner radius of the
hollow dielectric tube, "z # c"t is the rms bunch length,
re and mec2 are the classical radius and rest energy of the
electron, respectively, " is the dielectric’s relative permit-
tivity, and Nb is the number of bunch electrons. One could
simultaneously obtain the Table I beam parameters at the

FFTB. With such small beam dimensions, and a !
50 #m, decelerating fields up to 11 GV=m were produced
within the beam during these experiments. The peak radial
electric field at the dielectric surface is, however, of pri-
mary interest in this breakdown study; values as high as
Er;surf ! 27 GV=m were achieved.

While dielectric breakdown has been studied in detail at
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explored in this experiment. The beam-produced electro-
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higher harmonics. The length of this radiation pulse, as
experienced by the downstream end of the tube, is deter-
mined by the Cherenkov radiation group velocity and path
length through the media. Therefore, while "t !
30–330 fs depending on the level of compression, the pulse
of THz radiation produced by the 1 cm fused silica tube is
always )100 ps. Laser-induced breakdown of SiO2 has
been studied extensively for wavelengths near 800 nm and
pulse lengths from 20 fs to 7 ns [18,19]. These studies have
consistently found a breakdown damage threshold of
)1:1 GV=m for 100 ps pulses. Thresholds for "t !
30 fs and 330 fs pulses were found to be about 18 GV=m
and 7 GV=m, respectively.

The fundamental mechanism for dielectric breakdown is
avalanche ionization. The manner in which avalanche
ionization is initiated and driven to the critical density
for damage varies with pulse length and photon energy.
For long pulse lengths * 10 ps, the background carriers
dominate the avalanche process and breakdown is insensi-
tive to wavelength [20]. For short pulse lengths &10 ps,
multiphoton or tunnel ionization provides the free elec-
trons that lead to the breakdown avalanche [21–23].

Comparisons between this experiment and previous la-
ser breakdown work is complicated by several factors: the
relative roles of tunneling and multiphoton ionization, the
THz pulse envelope, and possible background sources of
ionizing radiation. While the Keldysh parameter [22] at the
fundamental frequency is small, indicating that tunnel
ionization is dominant, multiphoton ionization will be-
come increasingly important for the higher harmonics. If
the THz pulse amplitude remains relatively constant for its
)100 ps duration, breakdown should occur at about
1:1 GV=m as in the laser experiments at the same pulse
length. If, however, the pulse damps rapidly, possibly due
to absorption, dispersion, boundary losses, etc., and has a
large amplitude for much less than 100 ps, then the break-
down field could be higher. It should also be noted that the
fused silica in this experiment is subject to additional low-
flux sources of ionizing radiation including: incoherent
optical and UV Cherenkov photons, stray 28.5 GeV elec-
trons, and background x rays.

With the above considerations in mind, the experiment
carried out at the FFTB was designed to assess the ability
of dielectric tubes to withstand the high fields generated by

TABLE I. Experimental parameters.

Parameter Value

Dielectric inner diameter (2a) 100 #m
Dielectric outer diameter (2b) 324 #m
Dielectric relative permittivity (") )3
Number of e" per bunch (Nb) 1:4* 1010

RMS bunch length ("z) 100" 10 #m
RMS bunch radius ("r) 10 #m
Beam energy 28.5 GeV
Maximum radial field at dielectric surface 27 GV=m
Maximum decelerating field (vacuum) 11 GV=m
Maximum accelerating field (vacuum) 16 GV=m

FIG. 1 (color online). Conceptual drawing of the dielectric
wakefield accelerator (DWA). A ‘‘drive’’ beam excites wake-
fields in the tube, while a subsequent witness beam (not shown)
would be accelerated by the Ez component of the reflected
wakefields (bands of color).
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No	  Breakdown	  

Breakdown	  

 σz=100-‐10µm,	  N=2x1010	  e-‐	  
 a=50µm,	  b=162µm,	  fused	  silica,	  ε~3,	  f1~470GHz	  
 Breakdown	  field	  at	  13.8±0:7GV/m	  
 EsQmated	  max.	  deceleraQng	  field:	  11GV/m	  
 EsQmated	  max.	  acceleraQng	  field:	  	  17GV/m	  
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• Transformer ratio (unshaped beam)!

DiELECTRiC WAKEFiELD ACCELERATOR (DWA)!

Vacuum	  

Dielectric	  

Cladding	  
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AcceleraQon	  in	  slab	  symmetric	  DWA	  

•  Structure:	  
–  SiO2,	  planar	  geometry,	  beam	  gap	  240µm	  

•  BNL	  ATF	  
–  Flat	  beam	  

–  Long	  bunch	  structure	  with	  two	  peaks	  

•  AcceleraQon	  of	  trailing	  peak	  	  

•  Robust	  start-‐to-‐end	  simulaQons	  for	  
benchmarking	  

 e-beam a
b

L

Courtesy	  G.	  Andonian	  

DWA RESULTS!

Slab	  geometry	  allows	  for:	  
 More	  charge	  per	  bunch	  
 Reduced	  transverse	  wakefields	  
 DemonstraQon	  of	  energy	  gain!	  
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No	  Slab	  Exp.	  

No	  Slab	  Sim.	  

Slab	  Exp.	  

Slab	  Sim.	  

Energy	  
Gain	  

E0=59MeV	  
Q=100-‐900pC	  
Lz~1.2mm	  
εN=2mm-‐mrad	  

SiO2,	  Al	  
TSLAB=240µm	  
Tgap=240µm	  
Lz=2cm	  
εN=2mm-‐mrad	  

G~7MeV/m	  
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 Novel	  Accelerator	  Techniques	  “Goals”	  

 Summary	  

 	  	  

 	  	  

 	  	  

 	  	  

 Intense	  laser	  pulse	  to	  drive	  wakefields	  in	  plasma	  
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Gas	  Jet	  Plasma	  (short,	  injector)	   Capillary	  Discharge	  Plasma	  (long,	  accelerator)	  

LASER WAKEFiELD ACCELERATOR (LWFA)!

 Most	  acQve	  field	  
 Availability	  of	  TW	  Ti:Sapphire	  laser	  systems	  
 Few	  TW	  for	  10-‐100MeV	  e-‐	  in	  a	  few	  mm	  
 AcceleraQon,	  guiding	  
 Self-‐trapping	  
 InjecQon	  (plasma	  “gun”)	  
 DiagnosQcs	  
 RadiaQon	  source	  
 …	  

Leemans,	  Physics	  Today	  2009	  
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LWFA!

Eav=4.2	  GeV,	  ∆E/ERMS=6%	  
Q=6	  pC	  	  
Θrms=0.3	  mrad	  	  
Lp=9cm,	  ne≈7×1017cm-‐3	  

Plaser≈0.3PW	  
W=16J,	  σr≈52µm,	  τ≈42fs	  

 Peak	  energy	  gain	  4.2GeV	  in	  <10cm	  
 Self-‐trapped	  plasma	  e-‐	  

 Needed:	  controlled	  external	  injecQon	  
 100TW	  laser	  pulse	  with	  joules	  (i.e.,	  not	  too	  short)	  
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LWFA LASER DEVELOPMENT!

 Strong	  effort	  to	  develop	  high	  peak	  power/high	  average	  power,	  short	  pulse	  lasers	  

 InternaQonal	  Commilee	  on	  Ultra-‐high	  Intensity	  Lasers	  (ICUIL)	  
•  “Our	  mission	  is	  to	  sQmulate,	  strengthen	  and	  expand	  ultra-‐intense	  laser	  science	  and	  related	  
technologies.”	  

 The	  InternaQonal	  Coherent	  AmplificaQon	  Network	  (ICAN)	  
•  “The	  network	  is	  looking	  into	  exisQng	  fiber	  laser	  technology,	  which	  we	  believe	  has	  fantasQc	  
potenQal	  for	  accelerators”	  

•  “CERN's	  contribuQon	  to	  the	  ICAN	  project	  is	  part	  of	  a	  wider	  strategy	  to	  encourage	  the	  
development	  of	  laser	  acceleraQon	  technologies.	  By	  supporQng	  ICAN	  and	  similar	  research	  
projects,	  CERN	  will	  be	  contribuQng	  to	  the	  R&D	  of	  potenQally	  ground-‐breaking	  accelerator	  
technologies.”	  

 The	  future	  is	  fiber	  lasers?	  
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LWFA-BASED COLLIDER CONCEPT!

www.physicstoday.org March 2009    Physics Today 49

would be created by trapping in the vicinity of a gas jet at the
entrance of the first module’s plasma channel. After that ini-
tial trapping, the laser and plasma parameters must be cho-
sen so that there is no further trapping of plasma background
electrons in the rest of the first module’s channel or in any
subsequent module. 

After the laser pulse propagates through the plasma chan-
nel of a single module, it would have lost most of its energy. So
it will be necessary to inject a fresh 30-J drive pulse into each of
the 10-GeV accelerating modules. Transporting the laser pulse
to the channel with conventional optics would require a 10-m
distance between stages to avoid having excessive light inten-
sity damage the focusing optics. That 10-m spacing would
greatly lengthen the overall machine and thus reduce its aver-
age accelerating gradient—a key figure of merit. To avoid that,
the LPA community is exploring novel concepts that would
allow the spacing between stages to be less than a meter. 

Several groups around the world, including ours, plan
to explore those and other issues using petawatt laser
 systems with repetition rates as high as 10 Hz. Spurring that
effort is the commercial development—most notably in
France—of sophisticated petawatt-class systems.

To achieve the desired collider luminosity, a laser–
plasma collider would need a repetition rate of about 15 kHz.
That means an average laser power of half a megawatt per
module, which is still far beyond the performance of today’s
lasers. Current high-peak-power lasers can operate with an
average power of 100 W at most, with a wall-plug efficiency
of about 0.1%.

On a less grandiose scale than TeV colliders, LPAs offer
attractive prospects for driving light sources. Their potential
advantages over light sources based on conventional linacs
include compactness and cost, intrinsic synchronization be-
tween the e– beams and drive-laser pulses, and the femtosec-
ond duration of the e– beam pulses. But the relatively low av-
erage laser power of today’s high-peak-power lasers places
severe limitations on the average power of the electron beam
and therefore on the brightness of the radiation. 

From various quarters, there’s considerable emphasis on
creating more capable pulsed lasers. High-average-power
diode pump lasers and new amplifier materials based on ce-

ramics are being developed for military and civil applica-
tions. Laser systems operating in so-called burst mode (a few
seconds active, followed by minutes of cooling) have ap-
proached 100-kW average power, but not yet the operating
parameters needed for LPAs. Diode-based lasers are being
developed to reach greater than 50% wall-plug efficiency,
which would be essential for both light-source and collider
applications.

The ever-increasing performance of laser systems has
contributed much to the blossoming of laser-driven plasma
acceleration over the past decade. So has the increasing
power of computer simulation and, of course, the develop-
ment of ingenious concepts for mastering the physics of
laser–plasma interactions. We believe that short-term appli-
cations such as ultrafast hyperspectral radiation sources will
soon come to fruition. Reaching the high average-power lev-
els required for particle-physics colliders is a daunting but
not insurmountable task that requires a revolution in laser
technology.

We thank all past and present members of the LOASIS program at
LBNL, especially Csaba Toth, Carl Schroeder, and Cameron Geddes,
for their contributions to this article.
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Figure 6. A 2-TeV electron–positron collider based on laser-
driven plasma acceleration might be less than 1 km long. Its
electron arm could be a string of 100 acceleration modules,
each with its own laser. A 30-J laser pulse drives a plasma
wave in each module’s 1-m-long capillary channel of pre-
formed plasma. Bunched electrons from the previous module

gain 10 GeV by riding the wave through the channel. The
chain begins with a bunch of electrons trapped

from a gas jet just inside the first module’s
plasma channel. The collider’s

positron arm begins the same
way, but the 10-GeV elec-
trons emerging from its first
module bombard a metal
target to create positrons,
which are then focused and
injected into the arm’s string
of modules and accelerated
just like the electrons.
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 Novel	  Accelerator	  Techniques	  “Goals”	  

 Summary	  

 	  	  

 	  	  

 	  	  

 	  	  

 Dense,	  relaQvisQc	  parQcle	  bunch	  to	  drive	  
wakefields	  in	  a	  plasma	  	  
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Plasma e- expelled by space charge force  =>  deceleration + focusing (MT/m)!
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    =>  acceleration, GV/m!

Ultra-relativistic driver !=> ultra-relativistic wake!
! ! ! ! ! !=> no dephasing!

Particle bunches have long “Rayleigh length”!
(beta function β*=σ*2/ε~cm, m)!

Acceleration physics identical PWFA, LWFA!
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 Linear theory !
(nb<<ne) scaling:!

 Focusing strength:!

 N=2x1010: σz=600 µm, ne=2x1014 cm-3, Eacc~100 MV/m,  Bθ/r=6 kT/m!
!              σz=  20 µm, ne=2x1017 cm-3, Eacc~   10 GV/m, Bθ/r=6 MT/m!

 Frequency: 100GHz to >1THz, “structure” size 1mm to 100µm!
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 Conventional accelerators: MHz-GHz,  Eacc<150 MV/m, Bθ/r<2 kT/m!

Neutral	

Plasma	


€ 

Bθ
r

=
1
2
nee
ε 0c

kpe~ne
1/2	  



	  ©	  P.	  Muggli	   P.	  Muggli,	  EPS-‐HEP	  07/25/2015	  

Plasma e- rush back on axis	
 	
    	
 	
    =>  acceleration, GV/m!

Plasma e- expelled by space charge force  =>  deceleration + focusing (MT/m)!

Plasma wave/wake excited by a relativistic particle bunch!

Ultra-relativistic driver !=> ultra-relativistic wake!
! ! !                    => no dephasing!

Particle bunches have long Rayleigh lengths”!
(beta function β*=σ2/ε~cm, m)!

Acceleration physics identical PWFA, LWFA!
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E0! 2E0!

Blumenfeld, Nature 445, 741 (2007) 

“quanQty”	  

42	  =>	  84GeV	  in	  85cm!	  50GeV/m	  

Experiment	  

ne=2.3x1017cm-‐3	  

σz~20µm	  
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a) b)

Figure 8. (a) Most probable energy of witness bunch particles as a function of

propagation distance in plasma. (b) Energy spectrum of the drive and witness

bunch after 85 cm of plasma.

drive bunch particles lose a significant fraction of their energy and actually begin to slow down,

the position of the peak decelerating field rapidly moves back (in the speed of light frame). At

the same time its magnitude drops. However, the position of the peak accelerating field (the

spike in figure 7(c)), and more importantly the plateau in the acceleration field where most of

the witness bunch particles reside, does not change in this frame, and the witness bunch moves

with the wakefield without dephasing.

3.6. Efficiency

Figure 8(a) shows energy gain (defined as the most probable energy of the witness bunch

particles) as a function of propagation distance for the simulations of figure 7. The energy gain

is almost linear up to a distance of ≈ 65 cm. At a distance of 80 cm, the initially 25 GeV witness

bunch has doubled in energy with an ≈3% energy spread, as seen in figure 8(b). While the

witness bunch is monoenergetic, much of the drive bunch has lost nearly all its energy. We have

estimated various efficiencies in the simulations. The energy transfer efficiency from the wake

to the witness bunch is almost 56%. The efficiency from the drive to the witness bunch is greater

than 30%.

The overall drive to witness bunch transfer energy efficiency can be improved by using

bunches with longitudinal current profiles tailored such that all longitudinal slices of the

drive bunch lose energy at the same rate (except for the very first and the last ones). This is

accomplished by ramping up the current along the bunch. The optimum longitudinal current

shape is trapezoidal [33] with a long rise time and a sharp fall time. In that case, the peak

decelerating wakefield remains constant along the drive bunch, while the peak accelerating field

left behind the bunch keeps increasing with the bunch length. The transformer ratio then scales

as π times the number of plasma wavelengths covered by the bunch, and can be much larger than

two. More sophisticated bunch profiles can lead to even larger enhancements of R. After first

New Journal of Physics 12 (2010) 055030 (http://www.njp.org/)

SLAC	  
FACET	  

Hogan, 
NJP 12, 

055030 (2010) E0! 2E0!

Blumenfeld, Nature 445, 741 (2007) 

“quanQty”	  

42	  =>	  84GeV	  in	  85cm!	  50GeV/m	  

Experiment	  

SimulaQon	  
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FACET FY15 End of Run Summary!

– Focus	  on	  energy	  gain,	  efficiency,	  opQmizaQon	  of	  accelerated	  beam	  quality	  
– Measure,	  repeat/confirm,	  publish,	  improve…	  

33	  

Optimization of electron PWFA in H2 plasma is the focus of ongoing run 

E
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Plasma ON No Plasma 

2 GeV Energy Gain (~30cm) 
~2% dE/E 
~30% efficiency 

26 GeV 

Single shot with 
6 GeV Energy Gain (~1m) Nature 515, 92-95!

(November 2014) !

High-‐Efficiency	  Accelera1on	  of	  an	  Electron	  Bunch	  in	  a	  Plasma	  
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accelerated by a CW superconducting rf recirculating linac, taking advantage of the 
impressive progress in the RF technology developed by ILC and providing excellent 
power efficiency together with high flexibility in the number of bunches.  We consider 
the overall optimization for the proposed design, compare the efficiency with similar 
colliders like ILC and CLIC and outline the major R&D challenges. In a pulsed mode, 
the PWFA scheme could be used to upgrade a facility initially built with ILC technology 
up to the multi-TeV energy range. 
"
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The concept for a PWFA-based Linear Collider is shown schematically in Figure 1 and 
the key parameters are provided in Table 1. It assumes similar processes for electron and 
positron acceleration although they could possibly be very different. Our approach uses 
established concepts for the particle and drive beam generation and focusing systems.  
However, this imposes important constraints on the plasma acceleration systems such as 
the need for high beam power and efficiency that are necessary for a realistic high energy 
linear collider design; many of these constraints are summarized in Ref. [v].  The current 
concept constitutes the basis for designing and understanding the proposed plasma 
wakefield research program at FACET while acknowledging that the detailed concepts 
for a PWFA-LC will continue to evolve with further study and simulation [vi]. 
"

F igure 1: Layout of a 1 T eV PW F A L inear Collider
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Table 1: Main parameters at various beam collision energies 
 

E at IP, CM GeV 250 500 1000 3000 6000 10000
N, experimental bunch 1.0E+10 1E+10 1.0E+10 1.0E+10 1.0E+10 1.0E+10
Main beam bunches / train 1 1 1 1 1 1
Main beam bunch spacing, nsec 3.33E+04 5.00E+04 6.67E+04 1.00E+05 1.43E+05 2.00E+05
Repetition rate, Hz 30000 20000 15000 10000 7000 5000
n exp.bunch/sec, Hz 30000 20000 15000 10000 7000 5000
Avg current in exp beam uA 48.06 32.04 24.03 16.02 11.21 8.01
peak current in exp beam A 4.81E-05 3.20E-05 2.40E-05 1.60E-05 1.12E-05 8.01E-06
Power in exp. beam W 6.0E+06 8.0E+06 1.2E+07 2.4E+07 3.4E+07 4.0E+07
Effective accelerating gradient MV/m 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00
Overall length of each linac m 125 250 500 1500 3000 5000
BDS (both sides) km 2.00 2.50 3.50 5.00 6.50 8.00
Overall facility length km 2.25 3.00 4.50 8.00 12.50 18.00

IP Parameters
Exp. bunch gamepsX, m 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
Exp. bunch gamepsY, m 3.50E-08 3.50E-08 3.50E-08 3.50E-08 3.50E-08 3.50E-08
beta-x, m 1.10E-02 1.10E-02 1.10E-02 1.10E-02 1.10E-02 1.10E-02
beta-y, m 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04
sigx, m 6.71E-07 4.74E-07 3.35E-07 1.94E-07 1.37E-07 1.06E-07
sigy, m 3.78E-09 2.67E-09 1.89E-09 1.09E-09 7.72E-10 5.98E-10
sigz, m 2.00E-05 2.00E-05 2.00E-05 2.00E-05 2.00E-05 2.00E-05
Y 8.44E-02 2.39E-01 6.75E-01 3.51E+00 9.93E+00 2.14E+01
Dx 1.03E-02 1.03E-02 1.03E-02 1.03E-02 1.03E-02 1.03E-02
Dy 1.83E+00 1.83E+00 1.83E+00 1.83E+00 1.83E+00 1.83E+00
Uave 0.17 0.48 1.35 7.00 19.79 42.59
delta_B % 2.75 6.66 12.76 23.10 27.67 29.88
P_Beamstrahlung [W] W 1.7E+05 5.3E+05 1.5E+06 5.6E+06 9.3E+06 1.2E+07
ngamma 0.57 0.73 0.88 1.05 1.11 1.14
Hdx 1.00 1.00 1.00 1.00 1.00 1.00
Hdy 4.62 4.62 4.62 4.62 4.62 4.62
Hd 1.7 1.7 1.7 1.7 1.7 1.7
Geometric Lum (cm-2 s-1) 9.41E+33 1.25E+34 1.88E+34 3.76E+34 5.27E+34 6.27E+34
Total Luminosity (cm-2 s-1) 1.57E+34 2.09E+34 3.14E+34 6.27E+34 8.78E+34 1.05E+35
Integrated Lum. (fb-1 per 1E7s) 157 209 314 627 878 1045
Lum1% 9.41E+33 1.15E+34 1.57E+34 2.51E+34 3.07E+34 3.14E+34

"
The overall layout of a 1 TeV PWFA based Linear Collider shown in Figure 1 has a 
length of 4.5 km dominated by the final focus and beam delivery. The primary elements 
are two linacs with a length of 500 m each for 500 GeV acceleration with an effective 
field of 1 GV/m and a final focus and beam delivery system of 1.75km per side. The 
linacs are installed in a single tunnel without any active components except for the drive 
bunch distribution kickers.  Each linac is made of 20 Two-Beam modules, 25 m long, 
which contain: 
 One main line equipped with one high-gradient high-efficiency plasma cell and an 

interspace between plasma cells including matching optics, injection & extraction 
systems and beam instrumentation, 

 A drive line including beam transfer optics and delay chicanes 
 Transfer lines from drive line to main line  
 Drive beam extraction from main line to a dump  

The main beam and drive beam complex are located in a central position close to the 
detector with transport lines taking the beams to the beginning of the linacs. A more 
detailed description of the individual components is given below. 
 

PWFA-BASED COLLIDER CONCEPT!
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Table 1: Main parameters at various beam collision energies 
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Main beam bunches / train 1 1 1 1 1 1
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IP Parameters
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sigx, m 6.71E-07 4.74E-07 3.35E-07 1.94E-07 1.37E-07 1.06E-07
sigy, m 3.78E-09 2.67E-09 1.89E-09 1.09E-09 7.72E-10 5.98E-10
sigz, m 2.00E-05 2.00E-05 2.00E-05 2.00E-05 2.00E-05 2.00E-05
Y 8.44E-02 2.39E-01 6.75E-01 3.51E+00 9.93E+00 2.14E+01
Dx 1.03E-02 1.03E-02 1.03E-02 1.03E-02 1.03E-02 1.03E-02
Dy 1.83E+00 1.83E+00 1.83E+00 1.83E+00 1.83E+00 1.83E+00
Uave 0.17 0.48 1.35 7.00 19.79 42.59
delta_B % 2.75 6.66 12.76 23.10 27.67 29.88
P_Beamstrahlung [W] W 1.7E+05 5.3E+05 1.5E+06 5.6E+06 9.3E+06 1.2E+07
ngamma 0.57 0.73 0.88 1.05 1.11 1.14
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The overall layout of a 1 TeV PWFA based Linear Collider shown in Figure 1 has a 
length of 4.5 km dominated by the final focus and beam delivery. The primary elements 
are two linacs with a length of 500 m each for 500 GeV acceleration with an effective 
field of 1 GV/m and a final focus and beam delivery system of 1.75km per side. The 
linacs are installed in a single tunnel without any active components except for the drive 
bunch distribution kickers.  Each linac is made of 20 Two-Beam modules, 25 m long, 
which contain: 
 One main line equipped with one high-gradient high-efficiency plasma cell and an 

interspace between plasma cells including matching optics, injection & extraction 
systems and beam instrumentation, 

 A drive line including beam transfer optics and delay chicanes 
 Transfer lines from drive line to main line  
 Drive beam extraction from main line to a dump  

The main beam and drive beam complex are located in a central position close to the 
detector with transport lines taking the beams to the beginning of the linacs. A more 
detailed description of the individual components is given below. 
 

PWFA-BASED COLLIDER CONCEPT!

 Various	  energy	  scenarios	  
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Table 1: Main parameters at various beam collision energies 
 

E at IP, CM GeV 250 500 1000 3000 6000 10000
N, experimental bunch 1.0E+10 1E+10 1.0E+10 1.0E+10 1.0E+10 1.0E+10
Main beam bunches / train 1 1 1 1 1 1
Main beam bunch spacing, nsec 3.33E+04 5.00E+04 6.67E+04 1.00E+05 1.43E+05 2.00E+05
Repetition rate, Hz 30000 20000 15000 10000 7000 5000
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sigy, m 3.78E-09 2.67E-09 1.89E-09 1.09E-09 7.72E-10 5.98E-10
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ngamma 0.57 0.73 0.88 1.05 1.11 1.14
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The overall layout of a 1 TeV PWFA based Linear Collider shown in Figure 1 has a 
length of 4.5 km dominated by the final focus and beam delivery. The primary elements 
are two linacs with a length of 500 m each for 500 GeV acceleration with an effective 
field of 1 GV/m and a final focus and beam delivery system of 1.75km per side. The 
linacs are installed in a single tunnel without any active components except for the drive 
bunch distribution kickers.  Each linac is made of 20 Two-Beam modules, 25 m long, 
which contain: 
 One main line equipped with one high-gradient high-efficiency plasma cell and an 

interspace between plasma cells including matching optics, injection & extraction 
systems and beam instrumentation, 

 A drive line including beam transfer optics and delay chicanes 
 Transfer lines from drive line to main line  
 Drive beam extraction from main line to a dump  

The main beam and drive beam complex are located in a central position close to the 
detector with transport lines taking the beams to the beginning of the linacs. A more 
detailed description of the individual components is given below. 
 

PWFA-BASED COLLIDER CONCEPT!

 Various	  energy	  scenarios	  
 CW	  beam	  rate	  for	  plasma	  “recovery”,	  use	  SC	  RF	  for	  drive	  beam	  linac	  
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Table 1: Main parameters at various beam collision energies 
 

E at IP, CM GeV 250 500 1000 3000 6000 10000
N, experimental bunch 1.0E+10 1E+10 1.0E+10 1.0E+10 1.0E+10 1.0E+10
Main beam bunches / train 1 1 1 1 1 1
Main beam bunch spacing, nsec 3.33E+04 5.00E+04 6.67E+04 1.00E+05 1.43E+05 2.00E+05
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Avg current in exp beam uA 48.06 32.04 24.03 16.02 11.21 8.01
peak current in exp beam A 4.81E-05 3.20E-05 2.40E-05 1.60E-05 1.12E-05 8.01E-06
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P_Beamstrahlung [W] W 1.7E+05 5.3E+05 1.5E+06 5.6E+06 9.3E+06 1.2E+07
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The overall layout of a 1 TeV PWFA based Linear Collider shown in Figure 1 has a 
length of 4.5 km dominated by the final focus and beam delivery. The primary elements 
are two linacs with a length of 500 m each for 500 GeV acceleration with an effective 
field of 1 GV/m and a final focus and beam delivery system of 1.75km per side. The 
linacs are installed in a single tunnel without any active components except for the drive 
bunch distribution kickers.  Each linac is made of 20 Two-Beam modules, 25 m long, 
which contain: 
 One main line equipped with one high-gradient high-efficiency plasma cell and an 

interspace between plasma cells including matching optics, injection & extraction 
systems and beam instrumentation, 

 A drive line including beam transfer optics and delay chicanes 
 Transfer lines from drive line to main line  
 Drive beam extraction from main line to a dump  

The main beam and drive beam complex are located in a central position close to the 
detector with transport lines taking the beams to the beginning of the linacs. A more 
detailed description of the individual components is given below. 
 

PWFA-BASED COLLIDER CONCEPT!

 Various	  energy	  scenarios	  

 Reasonable	  beam	  current	  and	  power	  

 CW	  beam	  rate	  for	  plasma	  “recovery”,	  use	  SC	  RF	  for	  drive	  beam	  linac	  
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Table 1: Main parameters at various beam collision energies 
 

E at IP, CM GeV 250 500 1000 3000 6000 10000
N, experimental bunch 1.0E+10 1E+10 1.0E+10 1.0E+10 1.0E+10 1.0E+10
Main beam bunches / train 1 1 1 1 1 1
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The overall layout of a 1 TeV PWFA based Linear Collider shown in Figure 1 has a 
length of 4.5 km dominated by the final focus and beam delivery. The primary elements 
are two linacs with a length of 500 m each for 500 GeV acceleration with an effective 
field of 1 GV/m and a final focus and beam delivery system of 1.75km per side. The 
linacs are installed in a single tunnel without any active components except for the drive 
bunch distribution kickers.  Each linac is made of 20 Two-Beam modules, 25 m long, 
which contain: 
 One main line equipped with one high-gradient high-efficiency plasma cell and an 

interspace between plasma cells including matching optics, injection & extraction 
systems and beam instrumentation, 

 A drive line including beam transfer optics and delay chicanes 
 Transfer lines from drive line to main line  
 Drive beam extraction from main line to a dump  

The main beam and drive beam complex are located in a central position close to the 
detector with transport lines taking the beams to the beginning of the linacs. A more 
detailed description of the individual components is given below. 
 

PWFA-BASED COLLIDER CONCEPT!

 Various	  energy	  scenarios	  

 Average	  gradient	  ~1GeV/m	  (~8GeV/m	  peak),	  reasonable	  linac	  lengths	  

 Reasonable	  beam	  current	  and	  power	  

 CW	  beam	  rate	  for	  plasma	  “recovery”,	  use	  SC	  RF	  for	  drive	  beam	  linac	  
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Table 1: Main parameters at various beam collision energies 
 

E at IP, CM GeV 250 500 1000 3000 6000 10000
N, experimental bunch 1.0E+10 1E+10 1.0E+10 1.0E+10 1.0E+10 1.0E+10
Main beam bunches / train 1 1 1 1 1 1
Main beam bunch spacing, nsec 3.33E+04 5.00E+04 6.67E+04 1.00E+05 1.43E+05 2.00E+05
Repetition rate, Hz 30000 20000 15000 10000 7000 5000
n exp.bunch/sec, Hz 30000 20000 15000 10000 7000 5000
Avg current in exp beam uA 48.06 32.04 24.03 16.02 11.21 8.01
peak current in exp beam A 4.81E-05 3.20E-05 2.40E-05 1.60E-05 1.12E-05 8.01E-06
Power in exp. beam W 6.0E+06 8.0E+06 1.2E+07 2.4E+07 3.4E+07 4.0E+07
Effective accelerating gradient MV/m 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00
Overall length of each linac m 125 250 500 1500 3000 5000
BDS (both sides) km 2.00 2.50 3.50 5.00 6.50 8.00
Overall facility length km 2.25 3.00 4.50 8.00 12.50 18.00

IP Parameters
Exp. bunch gamepsX, m 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
Exp. bunch gamepsY, m 3.50E-08 3.50E-08 3.50E-08 3.50E-08 3.50E-08 3.50E-08
beta-x, m 1.10E-02 1.10E-02 1.10E-02 1.10E-02 1.10E-02 1.10E-02
beta-y, m 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04
sigx, m 6.71E-07 4.74E-07 3.35E-07 1.94E-07 1.37E-07 1.06E-07
sigy, m 3.78E-09 2.67E-09 1.89E-09 1.09E-09 7.72E-10 5.98E-10
sigz, m 2.00E-05 2.00E-05 2.00E-05 2.00E-05 2.00E-05 2.00E-05
Y 8.44E-02 2.39E-01 6.75E-01 3.51E+00 9.93E+00 2.14E+01
Dx 1.03E-02 1.03E-02 1.03E-02 1.03E-02 1.03E-02 1.03E-02
Dy 1.83E+00 1.83E+00 1.83E+00 1.83E+00 1.83E+00 1.83E+00
Uave 0.17 0.48 1.35 7.00 19.79 42.59
delta_B % 2.75 6.66 12.76 23.10 27.67 29.88
P_Beamstrahlung [W] W 1.7E+05 5.3E+05 1.5E+06 5.6E+06 9.3E+06 1.2E+07
ngamma 0.57 0.73 0.88 1.05 1.11 1.14
Hdx 1.00 1.00 1.00 1.00 1.00 1.00
Hdy 4.62 4.62 4.62 4.62 4.62 4.62
Hd 1.7 1.7 1.7 1.7 1.7 1.7
Geometric Lum (cm-2 s-1) 9.41E+33 1.25E+34 1.88E+34 3.76E+34 5.27E+34 6.27E+34
Total Luminosity (cm-2 s-1) 1.57E+34 2.09E+34 3.14E+34 6.27E+34 8.78E+34 1.05E+35
Integrated Lum. (fb-1 per 1E7s) 157 209 314 627 878 1045
Lum1% 9.41E+33 1.15E+34 1.57E+34 2.51E+34 3.07E+34 3.14E+34

"
The overall layout of a 1 TeV PWFA based Linear Collider shown in Figure 1 has a 
length of 4.5 km dominated by the final focus and beam delivery. The primary elements 
are two linacs with a length of 500 m each for 500 GeV acceleration with an effective 
field of 1 GV/m and a final focus and beam delivery system of 1.75km per side. The 
linacs are installed in a single tunnel without any active components except for the drive 
bunch distribution kickers.  Each linac is made of 20 Two-Beam modules, 25 m long, 
which contain: 
 One main line equipped with one high-gradient high-efficiency plasma cell and an 

interspace between plasma cells including matching optics, injection & extraction 
systems and beam instrumentation, 

 A drive line including beam transfer optics and delay chicanes 
 Transfer lines from drive line to main line  
 Drive beam extraction from main line to a dump  

The main beam and drive beam complex are located in a central position close to the 
detector with transport lines taking the beams to the beginning of the linacs. A more 
detailed description of the individual components is given below. 
 

PWFA-BASED COLLIDER CONCEPT!

 Various	  energy	  scenarios	  

 Average	  gradient	  ~1GeV/m	  (~8GeV/m	  peak),	  reasonable	  linac	  lengths	  

 Reasonable	  beam	  current	  and	  power	  

 Reasonable	  luminosiQes	  

 CW	  beam	  rate	  for	  plasma	  “recovery”,	  use	  SC	  RF	  for	  drive	  beam	  linac	  
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 SLAC,	  20GeV	  bunch	  with	  2x1010e-‐	  	  	  	   	  	  	  	  	  	   	  	  	  	  	  	  ~60J	  
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p+-Driver	
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e--Witness	


 SLAC-‐like	  driver	  for	  staging	  (FACET=	  1	  stage,	  collider	  10+	  stages)	  

 SPS,	  400GeV	  bunch	  with	  1011p+ 	  	  	  	   	  	  	   	  	  	  	  	  ~6.4kJ	  
	  LHC,	  	  	  	  	  7TeV	  	  bunch	  with	  1011p+	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  ~112kJ	  

 A	  single	  SPS	  or	  LHC	  bunch	  could	  produce	  an	  ILC	  bunch	  in	  
	   	  a	  single	  PWFA	  stage!	  

 Large	  average	  gradient!	  (≥1GeV/m,	  100’s	  m)	  

 ILC,	  	  0.5TeV	  bunch	  with	  2x1010e-‐ 	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  ~1.6kJ	  

Caldwell,	  Nat.	  Phys.	  5,	  363,	  (2009)	  

 Wakefields	  driven	  by	  e+	  bunch:	  Blue,	  PRL	  90,	  214801	  (2003)	  
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p+-DRiVEN PWFA!
Caldwell,	  Nat.	  Phys.	  5,	  363,	  (2009)	  

e-‐: 	   	  p+:	  
E0=10GeV	  	  E0=1TeV	  

	   	  σz=100µm	  
N=1010 	  N=1011	  

W0=16J 	  W0=16kJ	  
Wf=1kJ	  

 Operate	  at	  lower	  ne	  (6x1014cm-‐3),	  larger	  (λpe)3,	  easier	  life	  …	  

 Accelerate	  an	  e-‐	  bunch	  on	  the	  wakefields	  of	  a	  p+	  bunch	  

 Gradient	  ~1	  GV/m	  over	  100’s	  m	  (average!!!)	  
 Single	  stage,	  no	  gradient	  diluQon	  

p+	  e-‐	  

Single	  
Stage	  

~0.5TeV	  

~300m	  

∆E/E~1%	  
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 SPS	  beam:	  high	  energy,	  small	  σr*,	  long	  β*	  
 IniQal	  goal:	  ~GeV	  gain	  by	  externally	  injected	  e-‐,in	  
5-‐10m	  of	  plasma	  in	  self-‐modulated	  p+	  driven	  PWFA	  

CERN’s	  Accelerator	  Complex	  	  

Experimental	  
area	  

 Setup	  a	  comprehensive	  PWFA	  program	  at	  CERN	  

AWAKE	  CollaboraQon,	  Plasma	  Phys.	  Control.	  Fusion	  56	  084013	  (2014)	  

p+-DRiVEN PWFA!
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 SPS	  beam:	  high	  energy,	  small	  σr*,	  long	  β*	  
 IniQal	  goal:	  ~GeV	  gain	  by	  externally	  injected	  e-‐,in	  
5-‐10m	  of	  plasma	  in	  self-‐modulated	  p+	  driven	  PWFA	  

CERN’s	  Accelerator	  Complex	  	  

Experimental	  
area	  

 Setup	  a	  comprehensive	  PWFA	  program	  at	  CERN	  

3x1011,	  400GeV	  SPS	  p+	  

10m	  plasma,	  ne=1-‐10x1014cm-‐3	  

p+	  bunch	  self-‐modulaQon:	  σz~100λpe	  

GeV	  energy	  gain	  
by	  externally	  injected	  e-‐	  

AWAKE	  CollaboraQon,	  Plasma	  Phys.	  Control.	  Fusion	  56	  084013	  (2014)	  

p+-DRiVEN PWFA!

2016	  

2017	  
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L = f
Ne · Np

4πσx · σy

≈ 5 · 1028cm−2s−1

simulaQon	  of	  exisQng	  LHC	  
bunch	  in	  plasma	  with	  trailing	  
electrons	  …	  

A.	  Caldwell,	  K.	  V.	  Lotov,	  Phys.	  Plasmas	  18,	  
13101	  (2011)	  

45	  

p+-DRIVEN PWFA FOR e-/p+ COLLIDER!

Plasma	  



	  ©	  P.	  Muggli	   P.	  Muggli,	  EPS-‐HEP	  07/25/2015	  

 Novel	  Accelerator	  Techniques	  “Goals”	  

 Summary	  

 	  	  

 	  	  

 	  	  

 	  	  



	  ©	  P.	  Muggli	   P.	  Muggli,	  EPS-‐HEP	  07/25/2015	  

 Very	  large	  energy	  gains	  achieved	  (>4GeV	  in	  ~10cm	  LWFA,	  >40GeV	  in	  85cm	  PWFA)	  

SUMMARY!

 Witness	  bunch	  acceleraQon,	  transfer	  efficiency	  (30%	  bunch	  to	  bunch)	  demonstrated	  (PWFA)	  

 Very	  large	  gradients	  reached	  (>100GV/m)	  

 Next	  milestones:	  high	  quality	  acceleraQon	  (∆E/E,	  ε	  small),	  staging/long	  accelerator	  

• Complex	  experiments	  for	  small	  groups	  

 No	  physics	  roadblocks/show	  stoppers	  

 Concepts	  for	  “collider-‐like”	  accelerators	  exist	  for	  1GeV/m	  (average	  gradient,	  all)	  

 Number	  of	  possible	  novel	  techniques:	  dielectrics/plasmas,	  laser/parQcle	  beams	  

 All	  have	  demonstrated	  acceleraQng	  gradients	  large	  than	  700MeV/m!!!	  Novel!!!	  
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SUMMARY!

 “Large	  scale”	  experiments:	  FACET,	  DESY	  Flash	  Forward,	  INFN	  SPARC_LAB,	  CERN	  
AWAKE,	  BELLA,	  CILEX,	  ELI,	  etc.	  

 Efficiency,	  reproducibility,	  stability,	  reliability,	  etc.	  

 Number	  of	  technical	  challenges	  towards	  collider	  beams:	  a	  priori	  solvable	  	  

 Strengthen	  collaboraQon	  between	  lab/university	  groups	  

• “The	  next	  collider	  will	  not	  be	  built	  by	  faculQes	  at	  universiQes”	  

 Field	  mature	  for	  accelerator	  laboratories	  to	  adopt	  a	  concept	  and	  take	  it	  to	  the	  limit	  …	  	  
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hlp://www.mpp.mpg.de/~muggli	  
muggli@mpp.mpg.de	  

Thank	  you	  to	  P.	  Hommelhoff,	  J.	  England,	  M.	  Hogan,	  G.	  Andonian,	  A.	  Caldwell	  for	  material	  


