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Materials	  with	  higher	  damage	  threshold:	  
 Dielectrics	  (~GV/m)	  
 Plasmas	  (10-‐1000GV/m)	  

Systems	  powered/driven	  by:	  
 Laser	  pulse(s)*	  
 RelaDvisDc,	  charged	  parDcle	  bunch(es)	  

“Novel”	  

“High-‐gradient”	  	  

>1GeV/m	  (ICFA-‐ANA)	  

Average	  gradient	  over	  m–scale	  

	  GeV	  to	  TeV	  e-‐	  -‐	  e+	  (HEP)	  

*do	  not	  include	  laser	  vacuum/direct	  acceleraDon	  
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 X-‐ray	  for	  radiography	  (advanced:	  phase	  contrast,	  etc.)	  
 e-‐	  for	  medical	  applicaDons	  (10-‐300MeV)	  

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

 Powerful	  radiaDon	  source,	  THz	  to	  γ-‐rays	  
 X-‐ray	  FELs	  (pC	  in	  fs	  at	  10GeV)	  
 High-‐energy	  physics	  (HEP)	  

England,	  Rev.	  Mod.	  Phys.,	  86,	  1337,	  (2014)	  
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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	  repeDDon	  rate	  
nb:=	   	  #	  bunches	  per	  train	  
σ*

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

€ 

∝
N +N − f repnb
σx
* ε x( )σy

* ε y( )

€ 

∝
NPb

Eσx
* ε x( )σy

* ε y( )	  

 Large	  average	  acceleraDng	  gradient	  (>1GeV/m)	  

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

 Accelerator(s)	  a	  few	  100’s-‐1000’s	  m	  of	  meter	  long	  

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

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

ILC	  
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 Novel	  Accelerator	  Techniques	  ApplicaDons	  

 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	  (SiO2,	  Si,	  etc.)	  
 Structure	  =	  phase	  mask	  for	  velocity	  matching	  

Courtesy	  P.	  Hommelhoff	  

1ps,	  800nm	  	  

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

Si	  

 One	  side	  -‐>	  non	  relaDvisDc	  
 Two	  sides	  -‐>	  relaDvisDc	  
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Yoder,	  
Rosenzweig,	  
2005	  

Woodpile	  
Cowan,	  2008	  

Plenner,	  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	  (ponderomoDve)	  

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	  GraDng	  
Chang,	  Solgaard,	  2014	  

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

DiELECTRiC LASER ACCELERATOR (DLA)"

Courtesy	  P.	  Hommelhoff	  
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DLA RESULTS"

 Beam	  not	  bunches	  at	  λlaser	  scale	  -‐>	  broad	  spectrum	  …	  possible	  bunching:	  IFEL	  
 Inferred	  acceleraDng	  gradient	  in	  excess	  of	  300MV/m	  
 Need	  sub-‐(λlaser)3	  beams,	  naturally	  low	  eminance	  and	  charge	  
 Operate	  at	  very	  high	  rep-‐rate	  

300MeV/m	  
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DLA RESULTS"

RelaDvisDc	  
“Accelerator”	  

Non-‐relaDvisDc	  
“Injector”	  
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DLA RESULTS"

Peralta,	  AIP	  Proc.	  1507,	  169	  (2012)	  

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

RelaDvisDc	  
“Accelerator”	  

Non-‐relaDvisDc	  
“Injector”	  
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DLA RESULTS"

Courtesy	  of	  J.	  England	  
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A	  few	  general	  characterisDcs:	  

 Requires	  very	  short	  e-‐	  bunch(es)	  or	  train	  of	  bunches:	  λlaser=1-‐2-‐10µm	  scale	  
 Requires	  very	  low	  eminance	  for	  focusing	  to	  λlaser=1-‐2-‐10µm	  scale	  
 Very	  low	  charge	  per	  bunch	  
 PotenDally	  produces	  very	  low	  eminance	  beams	  

 Can	  operate	  at	  very	  high	  rep.	  rate	  (MHz	  to	  GHz,	  laser)	  
 Use	  efficient,	  well	  developed	  laser	  technology	  (diode	  pumped	  Thulium-‐doper	  fiber	  laser,	  or	  CO2)	  

 Injector	  (non-‐relaDvisDc)	  +	  Accelerator	  (relaDvisDc)	  
 Linear	  and	  symmetric	  for	  e-‐	  &	  e+	  
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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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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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DiELECTRiC WAKEFiELD ACCELERATOR (DWA)"

Vacuum	  

Dielectric	  

Cladding	  

Detailed	  fields;	  Jing,	  RAST	  09,	  2016	  
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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:

 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).
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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	  
 EsDmated	  max.	  deceleraDng	  field:	  11GV/m	  
 EsDmated	  max.	  acceleraDng	  field:	  	  17GV/m	  

Onset	  

•  Peak decelerating field"
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• Transformer ratio (unshaped beam)"

DiELECTRiC WAKEFiELD ACCELERATOR (DWA)"

Vacuum	  

Dielectric	  

Cladding	  

Detailed	  fields;	  Jing,	  RAST	  09,	  2016	  
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9.4x109e	  

Gd=252±14MeV/m	  

6x109e-‐	  
Ga=320±17MeV/m	  

EextracDon=80%	  

TM01	  (422GHz)	  
TM02	  (1.27THz)	  

2a=300µm	  
2b=400µm	  
SiO2,	  ε=3-‐4?	  
Cu	  cladding	  

DWA RESULTS"
O’Shea	  et	  al.,	  Nat	  .	  Comm.	  7,	  12763	  (2016)	  	  

2x1010e-‐	  
∆E=220±3MeV	  in	  15	  cm	  
-‐>	  G=1.347±0.020GeV/m	  

 GV/m	  demonstrated	  
 Energy	  gain	  by	  W	  bunch!	  
 Lack	  of	  proper	  beams	  

Drive	  Bunch	  

Witness	  
Bunch	  

MulDmode	  excitaDon	  
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AcceleraDon	  in	  slab	  symmetric	  DWA	  
•  Structure:	  

–  SiO2,	  planar	  geometry,	  beam	  gap	  240µm	  

•  BNL	  ATF	  
–  Flat	  beam	  

–  Long	  bunch	  structure	  with	  two	  peaks	  

•  AcceleraDon	  of	  trailing	  peak	  	  

•  Robust	  start-‐to-‐end	  simulaDons	  for	  benchmarking	  
 e-beam a

b

L

Courtesy	  G.	  Andonian	  

DWA RESULTS"

Slab	  geometry	  allows	  for:	  
 Reduced	  transverse	  wakefields	  

	  W’per~k3	  -‐>	  0	  when	  σ//>>a	  
 More	  charge	  per	  bunch	  
 DemonstraDon	  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	  

 Appropriate	  for	  “flat”	  collider	  beams?	  	  

Tremaine	  
PRE	  56	  7210	  (1997)	  
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Transformer Ratio:"

€ 

R = E+ E− Energy Gain:"

€ 

≤ RE0
E0: incoming energy"

Ramped Bunch Train*"

Q=15"
45"

75"

E-"

E+"
Bunch Train"

Resonant excitation of wakefields "

Kallos, PACʼ07 Proceedings" *Tsakanov, NIMA, 1999"

Q=30 pC/bunch, ∆z=250 µm=λp" ∆z=375 µm=1.5λp"

σr=125 µm, ne=1.8x1016 cm-3, λp=250 µm"

Large transformer ratio and energy gain (>2) "

MULTIBUNCH	  PWFA	  

Single, symmetric bunch transformer ratio: R≤2 "

Energy conservation: QW∆EW≤QD∆ED"
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DWA RESULTS: R"

W	  

D1+W	  

D1+D2+W	  

1λRF=10.5λDWA	  

Wd1=Wd1+d2=1.6MV/m	  

R1=W+
d1/W-‐

d1~1.8	  
R2=W+

d1+d2/W-‐
d1+d2~3	  

fTM01=13.625	  GHz	  
Qd1=8nC,	  Qd2=20nC,	  Qw=1nC	  
σd1=1.5mm,	  σd2=2mm	  

SimulaDon	  TM01,02,03	  	  

R2/R11.6	  

 R=2.3	  >	  2!	  
 Ramped	  bunch	  train	  increases	  R	  by	  1.3	  
 DemonstraDon	  of	  energy	  gain!	  
 Other	  shapes:	  door	  step,	  double	  triangle,	  etc.	  

2a=5mm	  
2b=6.35mm	  
Al2O3,	  ε=16	  
Cu	  tube	  

Jing	  et	  al.,	  PRL	  98,	  144801	  (2007)	  

 S-‐Band	  gun	  produces	  2D+1W	  bunches	  in	  three	  buckets	  
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DWA RESULTS: R"
 S-‐Band	  gun	  produces	  2D+1W	  bunches	  in	  three	  buckets	  
 fDWA=13.625GHz	  =>	  λDWA=22mm:	  σz=2mm	  -‐>	  4.5mm	  

W	  delay	  scan	  

 σz=2mm	  -‐>	  4.5mm	  -‐>	  less	  TM02(39.4GHz)	  
 Q1:Q2=2.	  7	  (3.0)	  -‐>	  R1=1.97	  (2.0),	  R2=3.4	  (4.0),	  R2/R1=1.73	  (2.0)	  
 Bener	  matched	  parameters	  -‐>	  bener	  results	  
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A	  few	  general	  characterisDcs:	  

 Driven	  by	  short	  e-‐	  bunch(es)	  
 GV/m	  possible	  
 Short	  bunches	  for	  GV/m:	  (<100µm)	  
 Linear	  and	  symmetric	  for	  e-‐	  &	  e+	  

 Accommodate/prefer	  flat	  beams	  in	  planar	  structure	  
 Can	  use	  diamond:	  low	  SEY,	  excellent	  thermal	  conducDvity,	  etc.	  
 Operate	  in	  the	  10’s	  to	  100’s	  GHz	  range	  
 MulD-‐mode?	  

 Extended	  structure	  without	  focusing?	  (ultra-‐low	  eminance)	  
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 Novel	  Accelerator	  Techniques	  “Goals”	  

 Summary	  

 	  	  

 	  	  

 	  	  

 	  	  

 Intense	  laser	  pulse	  to	  drive	  wakefields	  in	  plasma	  
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 Relativistic Electron, Electrostatic Plasma Wave (Ez//k, B=0):"

Cold	  Plasma	  “Wavebreaking”	  Field	  	  
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 Intense laser pulse (LWFA)"
 Dense particle bunch (PWFA)	


 Relativistic Electron, Electrostatic Plasma Wave (Ez//k, B=0):"

Cold	  Plasma	  “Wavebreaking”	  Field	  	  
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 Plasmas can sustain very large (collective) Ez-field, acceleration"

 Plasma is already (partially) ionized, difficult to “break-down”"

 Plasmas wave or wake can be driven by:"

 Wave, wake phase velocity = driver velocity (~c when relativistic, ω2=ω2
pe)"

 No structure to build …."
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 Intense laser pulse (LWFA)"
 Dense particle bunch (PWFA)	
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 Relativistic Electron, Electrostatic Plasma Wave (Ez//k, B=0):"

Cold	  Plasma	  “Wavebreaking”	  Field	  	  
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 Plasmas can sustain very large (collective) Ez-field, acceleration"

 Plasma is already (partially) ionized, difficult to “break-down”"

 Plasmas wave or wake can be driven by:"

 Wave, wake phase velocity = driver velocity (~c when relativistic, ω2=ω2
pe)"

 No structure to build …."
Single	  mode	  
system!	  
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*Pioneered	  by	  J.M.	  Dawson,	  Phys.	  Rev.	  Len.	  43,	  267	  (1979)	  

•	  Plasma	  Wakefield	  	  Accelerator	  (PWFA)	  
	  A	  high	  energy	  parDcle	  bunch	  (e-‐,	  e+,	  ...)	  

evolves	  into	  

σz≈λpe/4	

P.	  Chen	  et	  al.,	  Phys.	  Rev.	  Len.	  54,	  693	  (1985)	  
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*Pioneered	  by	  J.M.	  Dawson,	  Phys.	  Rev.	  Len.	  43,	  267	  (1979)	  

•	  Plasma	  Wakefield	  	  Accelerator	  (PWFA)	  
	  A	  high	  energy	  parDcle	  bunch	  (e-‐,	  e+,	  ...)	  

evolves	  into	  

σz≈λpe/4	

P.	  Chen	  et	  al.,	  Phys.	  Rev.	  Len.	  54,	  693	  (1985)	  

U.	  Oxford	  

Blumenfeld	  
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Gas	  Jet	  Plasma	  (short,	  injector)	   Capillary	  Discharge	  Plasma	  (long,	  accelerator)	  

LASER WAKEFiELD ACCELERATOR (LWFA)"

 Most	  acDve	  field	  
 Availability	  of	  TW	  Ti:Sapphire	  laser	  systems	  
 Few	  TW	  for	  10-‐100MeV	  e-‐	  in	  a	  few	  mm	  
 AcceleraDon,	  guiding	  
 Self-‐trapping	  
 InjecDon	  (plasma	  “gun”)	  
 DiagnosDcs	  
 RadiaDon	  source	  
 …	  

Leemans,	  Physics	  Today	  2009	  
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 Wakefields	  driven	  by	  ponderomoDve	  force	  of	  an	  intense	  laser	  beam	  
a0=vosc/c=8.5x10-‐10	  λ0[µm]	  I01/2[Wcm-‐2]	  a0=vosc/c=eE0/mcω0

2~1	  

20J,	  1ps,	  20TW,	  1.053µm	  
20µm	  dia,	  I0=6x1018W/cm-‐2,	  a0=2	  

ne=1.4x1019cm-‐3,	  λpe=9µm	  

 Forward	  Raman	  scanering	  (self-‐modulaDon)	  
 Wave	  breaking	  injecDon	  
 Nonlinear	  plasma	  wave	  
 AcceleraDon	  beyond	  linear	  dephasing	  limit	  

Gordon	  et	  al.,	  PRL	  80,	  2133	  (1998)	  

S.	  P.	  D.	  MANGLES	  et	  al.	  (IC)	  
C.	  G.	  R.	  GEDDES	  et	  al.	  (LBNL)	  
J.	  FAURE	  et	  al.	  (LOA)	  
Nature	  431,	  2004	  

 “”MonoenergeDc””	  bunches	  (self-‐trapped)	  
 Short	  laser	  pulse	  (a0>1)	  
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LWFA RESULTS"

Eav=4.2	  GeV,	  ∆E/ERMS=6%	  
Q=6	  pC	  	  
Θrms=0.3	  mrad	  	  
Lp=9cm,	  ne≈7×1017cm-‐3	  
Capillary	  discharge	  
Plaser≈0.3PW	  
W=16J,	  σr≈52µm,	  τ≈42fs	  

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

 Needed:	  controlled	  external	  injecDon	  
 100TW	  laser	  pulse	  with	  joules	  (i.e.,	  not	  too	  short)	  
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LWFA RESULTS"

L2	  before	  L1	  L1	  before	  L2	  

Gas	  jet:	  
ne=5x1018cm-‐3	  
99%He+1%N2	  
L=700µm	  

Plasma	  Lens:	  
500µm	  dia,	  L=15mm	  

Accelerator:	  
250µm	  dia,	  L=33mm	  

 Staged	  acceleraDon	  (low	  energy)	  
 Use	  of	  plasma	  opDc	  and	  plasma	  mirror	  

Steinke	  et	  al.,	  Nature	  530(11),	  190,	  2016	  

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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LWFA iNJECTORS (some)"

 Wave	  breaking:	  drive	  the	  wave	  very	  non	  linear	  (Dawson,	  PRL,1956)	  

 IonizaDon	  trapping	  (Oz,	  PRL	  98,	  084801	  (2007))	  

 Three-‐	  two	  laser	  beams	  
	  (Umstadter	  PRL	  76,	  2073	  (1996),	  Esarey,	  PRL	  79,	  2682	  (1997)	  

 Density	  step	  (Suk	  PRL	  86,	  1011)	  	  

 Density	  down-‐ramp	  

 Shock	  in	  a	  gas	  jet	  (Schmid	  PRST-‐AB	  13,	  091301	  (2010)	  

 External	  injecDon	  

Physics	  of	  laser-‐driven	  plasma-‐based	  electron	  accelerators,	  E.	  Esarey	  et	  al.,	  Rev.	  Mod.	  Phys.	  81,	  1229	  (2009)	  
Overview	  of	  plasma-‐based	  accelerator	  concepts,	  E.	  Esarey	  et	  al.,	  IEEE	  TPS,	  24(2),	  252	  (1996)	  

n1>	  n2	  

f1≠f2	  

1)	  

2)	  

3)	  

4-‐5)	  

5-‐6)	  
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LWFA LASER DEVELOPMENT"

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

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

 The	  InternaDonal	  Coherent	  AmplificaDon	  Network	  (ICAN)	  
•  “The	  network	  is	  looking	  into	  exisDng	  fiber	  laser	  technology,	  which	  we	  believe	  has	  fantasDc	  
potenDal	  for	  accelerators”	  

•  “CERN's	  contribuDon	  to	  the	  ICAN	  project	  is	  part	  of	  a	  wider	  strategy	  to	  encourage	  the	  
development	  of	  laser	  acceleraDon	  technologies.	  By	  supporDng	  ICAN	  and	  similar	  research	  
projects,	  CERN	  will	  be	  contribuDng	  to	  the	  R&D	  of	  potenDally	  ground-‐breaking	  accelerator	  
technologies.”	  

 The	  future	  is	  fiber	  lasers?	  
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A	  few	  general	  characterisDcs:	  

 High	  laser	  intensity:	  I0>1018Wcm-‐2,	  P>40TW	  
 Short	  laser	  pulse(?):	  40fs	  <λpe	  
 High	  plasma	  density:	  ne>1018cm-‐3?	  
 λ0~1µm:	  ZR=πw0

2/λ0=314µm	  for	  w0=10µm	  
 Tight	  focus:	  <λpe	  
 Provide	  ionizaDon	  

 vφ~vg,	  laser<c:	  dephasing	  …	  
 Does	  not	  trap	  plasma	  e-‐	  for	  ne<1018cm-‐3	  (wave	  too	  fast,	  field	  too	  low)	  

 Need	  external	  guiding	  for	  large	  energy	  gain:	  self-‐guiding,	  radial	  density	  depleDon	  (capillary),	  etc.	  
 External	  injecDon	  in	  low	  density	  plasma	  (ne~1017cm-‐3	  )	  in	  glass	  capillary	  (Wojda,	  PRE	  80,	  066403	  2009)	  

 Energy	  loss	  to	  wakefields	  leads	  to	  spectral	  modificaDons	  and	  evoluDon	  

 Matched	  laser/plasma:	  high	  energy,	  long	  pulse	  (ps)	  laser	  pulse	  
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 Novel	  Accelerator	  Techniques	  “Goals”	  

 Summary	  

 	  	  

 	  	  

 	  	  

 	  	  

 Dense,	  relaDvisDc	  parDcle	  bunch	  to	  drive	  
wakefields	  in	  a	  plasma	  	  
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Plasma wave/wake excited by a relativistic particle bunch"
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Particle bunches have long “Rayleigh length”"
(beta function β*=σ*2/ε~cm, m)"

Acceleration physics identical PWFA, LWFA"
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€ 

Eacc ≅110(MV /m)
N 2×1010

σ z / 0.6mm( )2
≈ N/σz

2	


@ kpeσz≈√2 (with kpeσr <<1) 	


 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"

(nb>ne)"

 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	  
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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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Very	  large	  
energy	  gain	  
possible	  with	  

short,	  
	  high-‐energy	  
relaDvisDc	  
bunches!	  
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 Drive/witness bunch experiment"
 Low wakefield amplitudes (low ne, long bunches, …)"
 Ideal experiment …."

D 

W 

Rosenzweig, PRL 61, 98 (1988) 
τ~38ps 

= 
2π/ωpe 

~MV/m 

P. Chen et al., Phys. Rev. Lett. 54, 693 (1985) 
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PLASMA WAKEFIELD FIELDS (E-162, e-) 

Plasma:	

ne 	
0-2×1014 cm-3	

L 	
1.4 m, laser ionized	


2-D PIC Simulation OSIRIS	

ne=1.5×1014 cm-3	


Experiment:  nb>ne => non linear, blow-out regime	


e-- beam:	

E 	
28.5 GeV	

N 	
2×1010 e-	

σz 	
0.63 mm (2.1 ps)	

σx=σy 	
70 µm	

 nb 	
4×1014 cm-3	

εxN 	
5×10-5 m-rad	

εyN 	
0.5×10-5 m-rad	


Front	


Blow-Out. Focusing	


Energy	

Gain	


Energy	

Loss	


• Uniform focusing field (r,z) 	

• Large decelerating/accelerating fields 	


Typical parameters:	


Blumenfeld 
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• CHERENKOV (aerogel)	


- Spatial resolution ≈100 µm 	

- Energy resolution ≈30 MeV	

- Time resolution: ≈1 ps	


EXPERIMENTAL SET UP	


10 20 30 40 50 60 70 80 90 100

20

40

60

80

100

120

140

y,E	


x	


E-162:	


e-, e+	


N=2×1010!
σz=0.7 mm!
E=28.5 GeV!

Ionizing!
Laser Pulse!
(193 nm)! Li Plasma!

ne≈2×1014 cm-3!
L≈1.4 m!

Cherenkov!
Radiator!

Streak Camera!
(1ps resolution)	


Bending Magnets	

X-Ray!

Diagnostic!

Optical Transition!
Radiators! Dump!

∫Cdt	


Quadrupoles	


Imaging Spectrometer!
25 m	


IP0:	
 IP2:	


x 
z 

y 

• Plasma: 
  Laser-ionized lithium vapor 

Patric Muggli, HEEAUP05, 06/08/05 
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SLICE ANALYSIS RESULTS"
SINGLE EVENT	


ne=0.7×1014 cm-3 	


Front	


E	


τ	


ne=1.8×1014 cm-3	


Front	


E	


τ	


• Use low ne events as “plasma off”"
• Select events by ne, and by position on the streak camera slit	


≈3σz	


≈500 MeV	


∆E
≈-

17
0 

M
eV
	


Muggli et al., PRL  93, 014802 (2004) 
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e- ACCELERATION 
PRE-IONIZED, LONG BUNCH 

Time resolution needed, but shows the physics 

Energy gain smaller than, hidden by, incoming energy spread 
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Peak energy gain: 279 MeV, L=1.4 m, ≈200 MeV/m 

Muggli et al., PRL  93, 014802 (2004) 

σz≈730 µm 
N=1.2×1010 e+ 

kpσz≈√2 

Patric Muggli, HEEAUP05, 06/08/05 
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ENERGY LOSS/GAIN e+
	


Excellent agreement! 

Plasma Off	


Front	
 Back	


ne=1.8×1014cm-3	


Loss	
 Gain	


Front	
 Back	


ne=1.8×1014cm-3	


Experiment 2-D Simulation σz≈730 µm 
N=1.2×1010 e+ 

• Loss ≈ 70 MeV 

• Gain ≈ 75 MeV 

• Loss ≈ 45 MeV/m × 1.4 m=63 MeV	


• Gain ≈ 60 MeV/m × 1.4 m=84 MeV	


Blue et al., PRL 90, 214801, (2003) 

(over 1.4 m) 

B.E Blue, UCLA 

Patric Muggli, HEEAUP05, 06/08/05 
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PROPAGATION OF e- 
OTR Images ≈1m downstream from plasma	
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!
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)
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$0=1.16 m
%0=-0.5

Plasma 
= 

Ideal Thick Lens 

K≥1/β0 

0
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07250cwMatchedBetatron.graph

Plasma OFF
Plasma ON
Envelope Equation Fit

! x (µ
m

)

Plasma Density ("1014 cm-3)

!=30 µm
#N=44"10-5 m-rad
$=0.11 m
%=0

K≤1/β0 

ne, matched =1.6-2.5×1014 cm-3 

K≈1/ β0 	


Clayton, PRL 88, 154801 (2002) Muggli, PRL  93, 014802 (2004) 

Focusing of the beam well described by a simple model (nb>ne):	


No emittance growth observed as ne is increased 

Stable propagation over L=1.4 m up to as ne =1.8×1014cm-3 

Channeling of the beam over 1.4 m or >12β0
 	


=> Matched Propagation over long distance! 
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FOCUSING OF e-/e+ 
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• Ideal Plasma Lens in 
Blow-Out Regime	


• Plasma Lens with 
Aberrations	


• OTR images ≈1m from plasma exit (εx≠εy) 

Qualitative differences 	

Muggli et al., Phys. Rev. Lett. 101, 055001 (2008). 
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• Cherenkov (aerogel)	

- Spatial resolution ≈100 µm 	


- Energy resolution ≈30 MeV	


EXPERIMENTAL SET UP (GENERIC)	


e-	


N=1.8×1010!
σz=20-12µm!
E=28.5 GeV!

Optical Transition!
Radiators (OTR)!

IP0:	
 Li Plasma !
ne≈0-3x1017 cm-3!

L≈10-20 cm!

Plasma light!

X-Ray!
Diagnostic,!

e-/e+!
Production!

Cherenkov!
Radiator! Dump!

∫Cdt	


Imaging!
Spectrometer	


IP2:	


x 
z 

y 

Energy!
Spectrum!

25m!

Coherent!
Transition!

Radiation and!
Interferometer!

• X-ray	

  Chicane	


- Energy 	

 resolution ≈60 MeV	


E	


Cherenkov!
Gas Cell 

y,E	


x	


Compare events with similar 
incoming longitudinal 

characteristics  

 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"

kpeσz~√2 <-> σz/ne
1/2~cst  
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ENERGY GAIN VS. BUNCH LENGTH	


Energy gain increases bunch peak current or σz
-1 

Energy gain reaches 13? GeV with Lp=31 cm! 

Muggli et al., New Journal of Physics 12 (2010) 045022 

kpeσz~√2 
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ENERGY GAIN VS. PLASMA LENGTH	


Largest gain with ne=2.6×1017cm-3 (• Lp, for σz≈20 µm) 
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Muggli et al., New Journal of Physics 12 (2010) 045022 
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ENERGY GAIN VS. PLASMA LENGTH	


Energy gain increases with plasma length (Lp) 

E0=28.5 GeV, ne=2.7×1017cm-3 

Energy gain reaches 13.6 GeV with Lp=31 cm! 

Muggli et al., New Journal of Physics 12 (2010) 045022 
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ENERGY GAIN VS. PLASMA LENGTH	


Energy gain increases with plasma length (Lp) 

E0=28.5 GeV, N=1.8×1010 e-, ne=2.7×1017cm-3 

3-D Simulations using QuickPIC 

W≈53 GV/m 

Gradient ≈53 GV/m 

Muggli et al., New Journal of Physics 12 (2010) 045022 
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e- ACCELERATION	


• Scaling with bunch length and plasma length	


• Gain≈280 MeV, Lp=1.4m 
Gradient≈200 MV/m 

Muggli, PRL  93, 014802 (2004) 
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Hogan, PRL  95, 054802 (2005) 

• Gain≈14 GeV, Lp=32cm 
Muggli, New J. Phys. 12, 045022 (2010) 

ne=1.8×1014 cm-3, σz≈700 µm	
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E0" 2E0"

Blumenfeld, Nature 445, 741 (2007) 

“quanDty”	  

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/)
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 ne=8x1016cm-‐3,	  Lp=1.35m	  
 N=1.4x1010e+,	  σr=70µm,	  σz=30-‐50µm,	  

E0=20.35GeV,	  nb=(0.2-‐1)x1016cm-‐3,	  
 Peak	  in	  energy	  spectrum	  
 Plasma	  e-‐	  arrange	  themselves	  for	  focusing	  and	  self-‐

loading	  

SimulaDons	  
Experiment	  

Corde	  et	  al.,	  Nature	  524,	  442	  (2015)	  
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Trojan	  Horse	  InjecDon	  

 e-‐	  born	  in	  large	  Ez	  field	  (GV/m)	  
 Born	  from	  low	  laser	  intensity	  (~1014Wcm-‐2)	  
 Ultra-‐low	  (nm-‐rad)	  eminance	  (at	  low	  charge?)	  
 PotenDal	  game	  changer:	  no	  need	  for	  damping	  ring	  …	  
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 e-‐	  born	  in	  large	  Ez	  field	  (10’s	  GV/m)	  
 Ultra-‐low	  (nm-‐rad)	  eminance	  (at	  low	  charge?)	  
 CorrelaDon	  charge/eminance?	  
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 e-‐	  born	  in	  large	  Ez	  field	  (GV/m)	  
 Ultra-‐low	  (nm-‐rad)	  eminance	  (at	  low	  charge?)	  



	  ©	  P.	  Muggli	   P.	  Muggli,	  CLIC	  	  24/03/2017	  

A	  few	  general	  characterisDcs:	  

 RelaDvisDc	  bunch	  γ0>1	  
 Short	  bunch:	  <1mm	  <	  λpe	  
 Dense	  bunch	  nb>ne>1016cm-‐3	  

 Tight	  focus:	  <λpe	  
 Does	  not	  provide	  ionizaDon,	  in	  general	  
 NegaDvely	  charged	  bunches	  …	  

 vφ=vbunch=(1-‐1/γ0
2)1/2c~c:	  no	  dephasing	  …	  

 Plasma	  provides	  focusing,	  no	  external	  guiding	  necessary(?)	  
 Large	  β-‐funcDon	  
 Large	  energy	  loss	  possible	  with	  linle	  drive	  bunch	  evoluDon	  (e.g.:	  e-‐,	  γ0=40’000-‐>1’000)	  

Long	  accelerator	  (m)	  
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 SLAC,	  20GeV	  bunch	  with	  2x1010e-‐	  	  	  	   	  	  	  	  	  	   	  	  	  	  	  	  ~60J	  

 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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 SLAC,	  20GeV	  bunch	  with	  2x1010e-‐	  	  	  	   	  	  	  	  	  	   	  	  	  	  	  	  ~60J	  
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 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	  diluDon	  

p+	  e-‐	  

Single	  
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~300m	  
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PROTON	  BEAMS	  @	  CERN	  

Parameter	   PS	   SPS	   SPS	  Opt	  

E0	  (GeV)	   24	   400	   400	  

Np	  (1010)	   13	   10.5	   30	  

∆E/E0	  (%)	   0.05	   0.03	   0.03	  

σz	  (cm)	   20	   12	   12	  

εN	  (mm-‐mrad)	   2.4	   3.6	   3.6	  

σr*	  (µm)	   400	   200	   200	  

β*	  (m)	   1.6	   5	   5	  

 SPS	  beam:	  high	  energy,	  small	  σr*,	  long	  β*	  

experimental	  area	  

CERN’s	  Accelerator	  Complex	  	  

σz=12cm!!	  
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PROTON	  BEAMS	  @	  CERN	  

Parameter	   PS	   SPS	   SPS	  Opt	  

E0	  (GeV)	   24	   400	   400	  

Np	  (1010)	   13	   10.5	   30	  

∆E/E0	  (%)	   0.05	   0.03	   0.03	  

σz	  (cm)	   20	   12	   12	  

εN	  (mm-‐mrad)	   2.4	   3.6	   3.6	  

σr*	  (µm)	   400	   200	   200	  

β*	  (m)	   1.6	   5	   5	  

 SPS	  beam:	  high	  energy,	  small	  σr*,	  long	  β*	  

experimental	  area	  

ne~7x1014cm-‐3	  for	  kpσr≈1	  
λpe~1.3mm<<σz

	  

fpe~240GHz	  
Lp~10m~2β*	  

CERN’s	  Accelerator	  Complex	  	  

Scaling	  

λpe=2πc/ωpe=2πc/(nee2/ε0me)1/2	


σz=12cm~λpe 	  → ne~8x1010cm-‐3 	   	   	  	  

	
 	
→EWB=mcωpe/e=2πmc2/eλpe	  ~27MV/m	  
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PROTON	  BEAMS	  @	  CERN	  

Parameter	   PS	   SPS	   SPS	  Opt	  

E0	  (GeV)	   24	   400	   400	  

Np	  (1010)	   13	   10.5	   30	  

∆E/E0	  (%)	   0.05	   0.03	   0.03	  

σz	  (cm)	   20	   12	   12	  

εN	  (mm-‐mrad)	   2.4	   3.6	   3.6	  

σr*	  (µm)	   400	   200	   200	  

β*	  (m)	   1.6	   5	   5	  

 SPS	  beam:	  high	  energy,	  small	  σr*,	  long	  β*	  

experimental	  area	  

ne~7x1014cm-‐3	  for	  kpσr≈1	  
λpe~1.3mm<<σz

	  

fpe~240GHz	  
Lp~10m~2β*	  

CERN’s	  Accelerator	  Complex	  	  

Scaling	  

λpe=2πc/ωpe=2πc/(nee2/ε0me)1/2	


σz=12cm~λpe 	  → ne~8x1010cm-‐3 	   	   	  	  

	
 	
→EWB=mcωpe/e=2πmc2/eλpe	  ~27MV/m	  

	   	  →Use	  self-‐modulaDon	  instability	  (SMI)	  
	   	  →σz~12cm	  train	  with	  period	  ~1.2mm	  
	
 	
→ne~7x1014cm-‐3,	  (kpeσr~1),	  Lp=10m	  
	   	  →EWB~1GV/m,	  fpe~237GHz	  
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 SPS	  beam:	  high	  energy,	  small	  σr*,	  long	  β*	  
 IniDal	  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	  CollaboraDon,	  Plasma	  Phys.	  Control.	  Fusion	  56	  084013	  (2014)	  

p+-DRiVEN PWFA"
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 SPS	  beam:	  high	  energy,	  small	  σr*,	  long	  β*	  
 IniDal	  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-‐modulaDon:	  σz~100λpe	  

GeV	  energy	  gain	  
by	  externally	  injected	  e-‐	  

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

p+-DRiVEN PWFA"

2016-‐17	  

2018	  
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AWAKE	  PRELiMiNARY	  RESULTS	  

	  	  	  Rubidium	  Plasma 
	  	  	  	  	  	  	  	  	  	           10m,	  1014-‐1015 cm-3 

Final	  
Focus	  

p+	  from	  SPS	  

Laser	  
Dump	  

OTR/CTR,	  2-‐screen	  
DiagnosDcs	  

Ionizing	  
Laser	  
Pulse	  

p+	  dump	  

SMI	   AcceleraDon	  

Laser	  

2016-‐17:	  self-‐modulaDon	  instability	  (SMI)	  studies	  
Three	  observables	  
 Defocused	  p+	  
 p+	  bunch	  modulaDon	  at	  λpe	  
 Emission	  of	  coherent	  transiDon	  radiaDon	  at	  λpe	  

2018:	  acceleraDon	  of	  16MeV	  e-‐	  

 Energy	  gain	  ~1GeV	  
 Few	  %	  ∆E/E	  	  

CERN’s	  Accelerator	  Complex	  	  

 SPS	  bunch:	  400GeV,	  3x1011p+,	  
 10m,	  laser	  ionized	  Rb	  plasma	  1-‐10x1014cm-‐3	  	  

J.	  Vieira,	  IST	  
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Rb	  VAPOR/PLASMA	  SOURCE	  
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Rb VAPOR SOURCE (heat exchanger) 
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equivalent to providing uniform plasma density. The density
uniformity of such a closed system can be estimated as follows:
the density fluctuations can be related to temperature fluctuations
for an ideal gas with the ideal gas equation:

p¼ nkT

where p is pressure, n is density and k¼ 1:38" 10#23

m2 kg s#2 K#1 is the Boltzmann constant. At constant pressure,
density and temperature fluctuations are related by

Δn
n

¼
ΔT
T

:

The fluctuations result from two sources: the externally imposed
and internal fluctuations. The internal fluctuations are estimated
from the average value of temperature fluctuations for an ideal gas
[3] at temperature T which is given by

〈ðΔTÞ2〉¼
kT2

cV

where cV is the heat capacity at constant volume. This can be put
in a useful form to calculate the temperature uniformity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈ðΔTÞ2〉

T2

s

¼

ffiffiffiffiffi
k
cV

s

50:002:

Therefore the externally imposed fluctuations dominate and hence
a density uniformity of Δn=nr0:002 can be achieved with a
temperature uniformity of ΔT=Tr0:002.

2. Description of Rb vapor source

Rubidium is chosen because of its low ionization potential
(URb ¼ 4:177 eV), and relatively low temperature requirement to
obtain the desired vapor density when compared to other alkali
metals. Rubidium has a melting temperature of 38.89 1C, conse-
quently it is in solid form at room temperature. The temperature
range in order to reach the required densities is & 150–200 1C.
This is determined by the vapor pressure curve of Rb [4] (see
Fig. 1). Independently heated liquid reservoirs provide the desired
Rb vapor density inside the 10 m-long 2 cm radius pipe. A sketch
of the vapor plasma source is given in Fig. 2(a). Proton, electron
and laser beams enter and exit the source through fast valves.
Valved Rb sources with temperature regulation of 70.03 K will be

purchased from MBE-Komponenten incorporated [5] Fig. 2(b).
They contain only a few grams of Rb. An advantage of having
two independent heating systems for the reservoirs and the pipe is
that by keeping the temperature of the pipe a few degrees above
that of the reservoirs prevents condensation of Rb in a cold spot
inside the pipe, all the condensation occurs in the reservoir.

Rubidium is known to form dimers and clusters at these
densities [6]. However, the number of dimers or clusters is
expected to be small when compared to the number of single
atoms. In addition, a fraction of non-atomic species will not effect
the plasma density uniformity unless they are themselves non-
uniformly distributed in this constant temperature environment.
Several methods are described in literature to get rid of these
dimers [7], such as by super heating the vapor or by using a diode
laser tuned across Rb2 D2 resonance line. It is also possible that
after the passage of the beams the clusterization may be enhanced
by plasma electrons seeding [8]. Since the reservoir and the source
can be independently heated and isolated it is possible to get rid of
non-atomic species by dumping the vapor onto a cold plate at
room temperature and completely refill the source from the
reservoirs between events.

Vapor density can be determined by using the vapor pressure
curves [4,9,10] or using the hook method. In this method the
source is placed in one arm of a Mach–Zehnder white light
interferometer, and interference patterns that resembles hooks
resulting from the ground state absorption lines of the vapor
element [11,12] are measured.

Uniformity of 0.2% means the temperature should not change
more than 0.85 K at 423 K (i.e. 150 1C) and 0.95 K at 473 K (i.e.
200 1C). Therefore for the required temperature range the source
needs to remain at T & 70:4 K. In the literature it is reported that
to set the temperature standard in the temperature range 50–
350 1C, stirred liquid baths containing a synthetic or mineral oil
[13] are used. For example a small 50 cm deep liquid bath can
provide a uniform temperature with ΔTo1 mK i.e. ΔT=Tr2"
10#6 at T¼473 K, 1000 times better than the requirement for the
plasma source.

A custom built circulating oil bath is developed to reach the
temperature uniformity (see Fig. 3). A simple calculation for the
temperature change of hot oil flowing through an insulated pipe
over 10 meters demonstrates the feasibility of such a system: Steady
state solution energy balance leads to a simple equation [14]

ΔT ¼ ðT0#TrÞ
z
λT

where z is the position along the pipe, ΔT ¼ TðzÞ#T0, T0 is the
temperature of the oil at the entrance of the pipe and Tr is the
surrounding ambient temperature. The constant is λT ¼ cpω=U2πro,
where cp is the heat capacity per unit mass of the oil, ω¼ ρvπr2o the
mass flow rate, ρ the oil density, ro the pipe radius, v the oil flow

Fig. 1. Rubidium vapor density (blue line) and vapor pressure (green dashed line)
as a function of temperature. Region between 1"1014 cm#3 and 1"1015 cm#3,
and the corresponding temperature show the parameter range of interest for the
PDPWFA. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

Fig. 2. (a) Sketch of the plasma source. Two independently heated sections consist
of a 10 m long Rb vapor section with fast valves for proton, electron and laser beam
access and valved Rb liquid reservoirs. (b) Photo of the valved Rb liquid reservoir by
MBE Komponenten incorporated.
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a b s t r a c t

We describe a novel plasma source developed at the Max Planck Institute for Physics that will be used for
a proton driven plasma wakefield accelerator experiment at CERN. Rubidium vapor is confined in a
10 meter -long, 4 cm diameter, oil-heated stainless steel pipe. A laser pulse tunnel ionizes the vapor
forming a 10-meter long, ! 1 mm radius plasma with a range of densities around ! 1015 cm"3. Access to
the source is provided using custom manufactured fast valves. The source is designed to produce a
plasma with a density uniformity of at least ! 0:2% during the beam–plasma interaction.
& 2013 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Plasma-based advanced acceleration is a topic of much con-
temporary interest. Accelerating fields orders of magnitude higher
than in conventional radio-frequency-based accelerators can be
produced with plasma-based accelerators. For the plasma wake-
field accelerator scheme where a charged particle bunch creates
the wakefield, the accelerating field is related to the inverse of the
bunch length of the drive bunch sz (with the condition that the
plasma wavelength is equal to 2πsz); therefore, shorter bunches
are needed to reach higher accelerating fields. Recently the
AWAKE collaboration proposed a Proton Driven Plasma Wakefield
Accelerator (PDPWFA) experiment in order to take advantage of
the energy of a single CERN SPS bunch (! 7 kJ). With this scheme
it could be possible to accelerate an electron bunch in a single
plasma stage for a future linear e" =eþ collider. Since short
(! 100 μm) proton bunches are not yet available, the proposed
experiment relies on the self-modulation-instability [1] to reso-
nantly drive GV scale accelerating fields. In the experiment a
12 cm sz, 400 GeV CERN SPS proton bunch enters a !10 meter-
long, ! 1 mm radius ! 1015 cm"3 density plasma. The transverse
self-modulation-instability causes the proton bunch to self mod-
ulate and transforms it effectively into a train of micro-bunches.
The train resonantly drives large accelerating fields (!GV). In this
wake a ! 20 MeV co-propagating electron bunch is injected and
accelerated. Accelerating an electron bunch in such a wake brings
a strict requirement on the plasma density uniformity. It can be
estimated as follows: After the electron bunch is injected the
maximum phase shift allowed so that it remains in the

accelerating and focusing phase of the wake is λpe=8 [2] where
λpe is the plasma wavelength, which is inversely proportional to
the square root of plasma density, λpep1=

ffiffiffiffiffi
ne

p
. Therefore the

following relation can be written between the change in plasma
wavelength and the density

dλpe
λpe

¼ "
dne

2ne
:

If the injected bunch is located N plasma wavelengths behind the
point where the wakefield starts, then the total allowed phase
shift at the injection point is

Nλpe
Δnmax

2ne
¼
λpe
8

where Δnmax is the maximum allowed perturbation for a given
plasma source. Hence, for a CERN proton bunch with sr ¼ 0:2 mm,
sz ¼ 12 cm, and optimum plasma density (corresponding to
λpe=2π %sr) of 7&1014 cm"3 (sz % 100λpe), choosing N¼100 the
point where the accelerating field reaches its maximum along the
bunch, the requirement on plasma density uniformity becomes

Δnmax

ne
r0:0025:

For 1&1015 cm"3 the requirement is Δnmax=ne≲0:002, therefore
our design criteria for the cell is chosen to be 0.2%.

This strict requirement can be satisfied by a fully ionized Rb
vapor confined in a closed long tube at a constant temperature, T.
The low ionization potential of Rb, 4.18 eV, makes it possible to
fully field-ionize Rb vapor with a relatively low laser intensity. A
more detailed description of ionization is given later in the text.
Since the vapor is fully ionized (first electron), the density and the
uniformity of the plasma are the same as those of the neutral
vapor. Therefore, in this case, providing uniform vapor density is
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Plasma requirements: 
! Lp~10m, rp>1mm 
! Easy to produce, to (laser) ionize 
! Allow for SMI seeding 
! !n0/n0<0.2% (e- injection) 
! => Rubidium 
! Up=4.177eV 
! Ith=1.7x1012W/cm2~Up

4 

! T<230°C 

equivalent to providing uniform plasma density. The density
uniformity of such a closed system can be estimated as follows:
the density fluctuations can be related to temperature fluctuations
for an ideal gas with the ideal gas equation:

p¼ nkT

where p is pressure, n is density and k¼ 1:38" 10#23

m2 kg s#2 K#1 is the Boltzmann constant. At constant pressure,
density and temperature fluctuations are related by

Δn
n

¼
ΔT
T

:

The fluctuations result from two sources: the externally imposed
and internal fluctuations. The internal fluctuations are estimated
from the average value of temperature fluctuations for an ideal gas
[3] at temperature T which is given by

〈ðΔTÞ2〉¼
kT2

cV

where cV is the heat capacity at constant volume. This can be put
in a useful form to calculate the temperature uniformity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈ðΔTÞ2〉

T2

s

¼

ffiffiffiffiffi
k
cV

s

50:002:

Therefore the externally imposed fluctuations dominate and hence
a density uniformity of Δn=nr0:002 can be achieved with a
temperature uniformity of ΔT=Tr0:002.

2. Description of Rb vapor source

Rubidium is chosen because of its low ionization potential
(URb ¼ 4:177 eV), and relatively low temperature requirement to
obtain the desired vapor density when compared to other alkali
metals. Rubidium has a melting temperature of 38.89 1C, conse-
quently it is in solid form at room temperature. The temperature
range in order to reach the required densities is & 150–200 1C.
This is determined by the vapor pressure curve of Rb [4] (see
Fig. 1). Independently heated liquid reservoirs provide the desired
Rb vapor density inside the 10 m-long 2 cm radius pipe. A sketch
of the vapor plasma source is given in Fig. 2(a). Proton, electron
and laser beams enter and exit the source through fast valves.
Valved Rb sources with temperature regulation of 70.03 K will be

purchased from MBE-Komponenten incorporated [5] Fig. 2(b).
They contain only a few grams of Rb. An advantage of having
two independent heating systems for the reservoirs and the pipe is
that by keeping the temperature of the pipe a few degrees above
that of the reservoirs prevents condensation of Rb in a cold spot
inside the pipe, all the condensation occurs in the reservoir.

Rubidium is known to form dimers and clusters at these
densities [6]. However, the number of dimers or clusters is
expected to be small when compared to the number of single
atoms. In addition, a fraction of non-atomic species will not effect
the plasma density uniformity unless they are themselves non-
uniformly distributed in this constant temperature environment.
Several methods are described in literature to get rid of these
dimers [7], such as by super heating the vapor or by using a diode
laser tuned across Rb2 D2 resonance line. It is also possible that
after the passage of the beams the clusterization may be enhanced
by plasma electrons seeding [8]. Since the reservoir and the source
can be independently heated and isolated it is possible to get rid of
non-atomic species by dumping the vapor onto a cold plate at
room temperature and completely refill the source from the
reservoirs between events.

Vapor density can be determined by using the vapor pressure
curves [4,9,10] or using the hook method. In this method the
source is placed in one arm of a Mach–Zehnder white light
interferometer, and interference patterns that resembles hooks
resulting from the ground state absorption lines of the vapor
element [11,12] are measured.

Uniformity of 0.2% means the temperature should not change
more than 0.85 K at 423 K (i.e. 150 1C) and 0.95 K at 473 K (i.e.
200 1C). Therefore for the required temperature range the source
needs to remain at T & 70:4 K. In the literature it is reported that
to set the temperature standard in the temperature range 50–
350 1C, stirred liquid baths containing a synthetic or mineral oil
[13] are used. For example a small 50 cm deep liquid bath can
provide a uniform temperature with ΔTo1 mK i.e. ΔT=Tr2"
10#6 at T¼473 K, 1000 times better than the requirement for the
plasma source.

A custom built circulating oil bath is developed to reach the
temperature uniformity (see Fig. 3). A simple calculation for the
temperature change of hot oil flowing through an insulated pipe
over 10 meters demonstrates the feasibility of such a system: Steady
state solution energy balance leads to a simple equation [14]

ΔT ¼ ðT0#TrÞ
z
λT

where z is the position along the pipe, ΔT ¼ TðzÞ#T0, T0 is the
temperature of the oil at the entrance of the pipe and Tr is the
surrounding ambient temperature. The constant is λT ¼ cpω=U2πro,
where cp is the heat capacity per unit mass of the oil, ω¼ ρvπr2o the
mass flow rate, ρ the oil density, ro the pipe radius, v the oil flow

Fig. 1. Rubidium vapor density (blue line) and vapor pressure (green dashed line)
as a function of temperature. Region between 1"1014 cm#3 and 1"1015 cm#3,
and the corresponding temperature show the parameter range of interest for the
PDPWFA. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

Fig. 2. (a) Sketch of the plasma source. Two independently heated sections consist
of a 10 m long Rb vapor section with fast valves for proton, electron and laser beam
access and valved Rb liquid reservoirs. (b) Photo of the valved Rb liquid reservoir by
MBE Komponenten incorporated.
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R.	  Kersevan	  (CERN)	  	  
G.	  Plyushchev	  (CERN/MPP/EPFL)	  

 1x1014<ne<1x1015cm-‐3	  
 Very	  uniform	  density:	  ∆nRb,e/nRb,e<0.2%	  
 Sharp	  ramps:	  a	  few	  cm	  

 Heat	  exchanger	  +	  free	  expansion	  of	  Rb	  
 Laser	  field	  ionizaDon	  

E.	  Oz,	  F.	  Batsch	  (MPP)	  
WDL	  

 Meet	  density	  requirements	  
 Measure	  nRb	  with	  <0.5%	  accuracy	  

Rb	  D2	  and	  D1	  lines	  

Öz	  et	  al.,	  NIMA	  829,	  321	  (2016)	  

E.	  Oz	  	  &	  P.	  Muggli.,	  NMA	  740(11),	  197	  (2014).	  

J.	  Moody,	  M.	  Huether,	  MPP,	  V.	  Fedosseev,	  F.	  Friebel,	  CERN	  
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AWAKE	  PRELiMiNARY	  RESULTS	  

	  	  	  Rubidium	  Plasma 
	  	  	  	  	  	  	  	  	  	           10m,	  1014-‐1015 cm-3 
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L = f
Ne · Np

4πσx · σy

≈ 5 · 1028cm−2s−1

simulaDon	  of	  exisDng	  LHC	  
bunch	  in	  plasma	  with	  trailing	  
electrons	  …	  

A.	  Caldwell,	  K.	  V.	  Lotov,	  Phys.	  Plasmas	  18,	  
13101	  (2011)	  
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p+-DRIVEN PWFA FOR e-/p+ COLLIDER"

Plasma	  
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 Novel	  Accelerator	  Techniques	  “Goals”	  

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

SUMMARY"

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

 Very	  large	  gradients	  reached	  (>100GV/m)	  

 Next	  milestones:	  high	  quality	  acceleraDon	  (∆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/parDcle	  beams	  

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

 Staging	  in	  LWFA	  (low	  energy)	  
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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	  (last	  talk):	  a	  priori	  solvable	  	  

 Strengthen	  collaboraDon	  between	  lab/university	  groups	  
• “The	  next	  collider	  will	  not	  be	  built	  by	  faculDes	  at	  universiDes”,	  J.	  Someone,	  US	  DoE	  

 Field	  mature	  for	  accelerator	  laboratories	  to	  adopt	  a	  concept	  and	  take	  it	  to	  the	  limit	  …	  	  

Reviews	  of	  Accelerator	  Science	  and	  Technology	  Vol.	  09	  (2016)	  
Proceedings	  of	  the	  2014	  CAS-‐CERN	  Accelerator	  School:	  Plasma	  Wake	  AcceleraDon	  (2016)	  

 Need	  facility(ies)	  dedicated	  with	  opDmum	  parameters	  …	  witness	  bunch	  …	  

 Need	  to	  apply	  CLIC-‐like	  opDmizaDon	  process	  to	  each	  concept	  (this	  group?)	  

 Some	  e+-‐symmetric	  schemes	  (DLA,	  DWA),	  some	  applicaDons	  need	  not	  e+	  (e-‐/p+)	  
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hnp://www.mpp.mpg.de/~muggli	  
muggli@mpp.mpg.de	  

Thank	  you!*	  

*Luckily	  I	  did	  not	  present	  a	  significant	  number	  of	  other	  very	  interesDng	  topics	  …	  
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NOVEL ACCELERATOR TECHNiQUES"

 Very	  acDve	  field	  that	  has	  demonstrated	  large	  acceleraDng	  gradients:	  1-‐10GeV/m	  

 Very	  large	  energy	  gains	  (4-‐20GeV)	  in	  <1m	  in	  plasmas	  

 Straw	  man	  “designs”	  for	  HEP	  colliders	  exist:	  e-‐/e+	  and	  e-‐/p+	  colliders	  	  

 No	  physics	  showstoppers	  towards	  high	  energy,	  high	  luminosity	  accelerator	  

 Field	  mature	  for	  accelerator	  laboratory	  to	  take	  it	  to	  the	  limit	  

4.2GeV	  in	  10cm	  

17GV/m	  acceleraDng	  field	  
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Small	  N2,	  large	  frepnb	  =>	  fcont	  
Very	  small	  λ	  (~µm)	  
εx,y	  ?	  

Strongly	  depends	  on	  laser	  
rep	  rate	  
ILC-‐like	  

CLIC-‐like	  driver	  

No	  “structure”	  
Plasma	  
“prefers”	  
conDnuous	  rate	  

€ 

∝
N +N − f repnb
σx
* ε x( )σy

* ε y( )

€ 

∝
NPb

Eσx
* ε x( )σy

* ε y( )	  

“Linear”	  
systems	  
with	  
structure	  

No	  RF	  involved	  

10-‐100’s	  THz	  

10-‐100’s	  GHz	  

1-‐100	  THz	  

0.1-‐few	  THz	  
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*Pioneered	  by	  J.M.	  Dawson,	  Phys.	  Rev.	  Len.	  43,	  267	  (1979)	  

•	  Plasma	  Wakefield	  	  Accelerator	  (PWFA)	  
	  A	  high	  energy	  parDcle	  bunch	  (e-‐,	  e+,	  ...)	  

•	  Laser	  Wakefield	  	  Accelerator	  (LWFA)	  
	  A	  short	  laser	  pulse	  (photons)	  

•	  Plasma	  Beat	  Wave	  	  Accelerator	  (PBWA)	  
	  Two	  frequencies	  laser	  pulse,	  i.e.,	  a	  train	  of	  pulses	  

•	  Self-‐Modulated	  Laser	  Wakefield	  	  Accelerator	  (SMLWFA)	  
	  Raman	  forward	  scanering	  instability	  

	  	  	  in	  a	  long	  laser	  pulse	  

σz≈λpe/4	


5	  

•	  Self-‐Modulated	  
	  PWFA	  

(SMPPWFA)	   evolves	  into	  

evolves	  into	  

P.	  Chen	  et	  al.,	  Phys.	  Rev.	  Len.	  54,	  693	  (1985)	  
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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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