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Collider	  design	  
•  Plasma	  accelerator	  technique	  finds	  its	  applica8on	  to	  e+e-‐	  colliders	  in	  the	  

TeV	  energy	  range	  	  
•  Two	  compe8ng	  proposals:	  	  electron	  beam-‐based	  from	  SLAC/UCLA/USC	  

and	  laser-‐based	  from	  LBNL	  
•  Figure	  of	  merit	  	  

–  Luminosity	  
	  
	  
	  
	  

N/σxσy	  	  is	  limited	  by	  the	  disrup8on	  and	  beamstrahlung	  
	  
Wall-‐plug	  effciency	  Pbeam/Ptotal	  is	  one	  of	  biggest	  concern.	  

	  
–  CoM	  energy	  
Head-‐on	  collision:	  	  Ecom=2Eb	  (for	  e+	  e-‐	  collider)	  
Head-‐on	  collision:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (for	  e-‐	  p+	  collider)	  
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Luminosity Limitations for Colliders Based on Plasma Acceleration, Valeri Lebedev & Sergei Nagaitsev, April 30, 2013  2

Objective 
� An active discussion on the R&D for plasma accelerators in 

application to e+e- colliders in the TeV energy range 

x Two competing proposals:  

o beam-based from SLAC/UCLA  

o and laser-based from LBNL 

� Figure of merit 

i Luminosity 

 

i N /VxVy is limited by disruption and beamstrahlung  

i Energy efficiency (Pbeam /Ptotal) is the primary issue  

 

� Our main goal is to discuss the collider applications of plasma-

based technology.   

i We have found the plasma acceleration to be an interesting 

research topic. The technology may have many applications!  

2

4 4
beam

x y b x y

PfN N
L

ESV V S V V
  

Ecom = 2 EeEp



Collider	  design	  

•  The	  TDR	  of	  the	  ILC	  and	  the	  CDR	  of	  CLIC	  have	  been	  finished,	  from	  
which	  a	  conven8onal	  accelerator	  can	  bring	  an	  e+e-‐	  collider	  up	  to	  
3	  TeV	  with	  luminosity	  of	  1034	  cm-‐2s-‐1.	  

•  To	  compete	  with	  ILC	  or	  CLIC	  designs,	  a	  plasma-‐based	  concept	  
needs	  to	  achieve	  a	  luminosity	  of	  ~1034	  cm-‐2s-‐1	  at	  ~	  TeV	  com	  
energy.	  	  

•  A	  plasma-‐based	  collider	  is	  being	  offered	  to	  the	  HEP	  community	  
as	  a	  cost-‐saving	  proposal	  (or	  as	  an	  aCer-‐burner).	  	  

•  The	  proponents	  argue	  that	  plasma-‐based	  colliders	  could	  cost	  
less	  because	  they	  could	  be	  made	  shorter	  (in	  overall	  length)	  and	  
with	  fewer	  components;	  
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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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Proton-‐driven	  plasma	  wakefield	  accelera8on	  
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p+	  e-‐	  

600	  GeV	  e-‐	  beam	  

≤1%	  ΔE/E	  
in	  ~500	  plasma	  

Drive	  beam:	  p+	  
E=1	  TeV,	  Np=1011	  
σr=0.43	  mm,	  σθ=0.03	  mrad,	  	  
σz=100	  μm,	  ΔE/E=10	  %	  

Witness	  beam:	  e-‐	  
E0=10	  GeV,	  Ne=1.5x1010	  

Plasma:	  Li+	  
np=6x1014cm-‐3	  

External	  magne8c	  field:	  
Field	  gradient:	  1000	  T/m	  
Magnet	  length:	  0.7	  m	  04/06/2013	   1st	  EAAC2013	  Workshop,	  Elba,	  Italy	   8	  



High	  energy	  protons	  as	  driver	  

•  Huge	  energy	  stored	  in	  current	  proton	  machines	  like	  Tevatron,	  
HERA,	  SPS	  and	  LHC,	  will	  be	  ideal	  as	  driver	  for	  the	  plasma	  
wakefield	  accelerator	  

•  Energies	  in	  today‘s	  proton	  synchrotrons	  
•  SPS (450 GeV, 1.3e11 p/bunch)                 ~ 10 kJ 
•  Tevatron/HERA (1 TeV, 1e11 p/bunch)     ~ 16 kJ 
•  LHC (1 TeV, 1.15e11 p/bunch)                    ~ 20 kJ  
•  LHC (7 TeV, 1.15e11 p/bunch)                    ~ 140 kJ  
•  SLAC (50 GeV, 2e10 e-/bunch)                   ~ 0.1 kJ 
•  ILC (250 GeV, 2e10 e-/bunch)                     ~ 0.8 kJ 

•  How	  to	  couple	  the	  energies	  of	  drivers	  to	  the	  plasmas	  and	  to	  the	  
witness	  beams	  efficiently	  (e.g.	  a	  few	  percent	  efficiency)?	  

•  One	  stage	  accelera8on	  from	  PDPWA	  can	  bring	  par8cles	  to	  the	  
energy	  fron8er,	  therefore	  the	  collider	  based	  on	  this	  scheme	  
eliminate	  the	  problems	  due	  to	  alignment	  and	  synchroniza8on	  of	  
mul8-‐stages.	  
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PWFA	  and	  PDPWA	  
Pros.	  of	  PWFA	  
Plasma	  electrons	  are	  expelled	  by	  space	  charge	  of	  e-‐	  beam,	  a	  nice	  bubble	  will	  

be	  formed	  ideally	  for	  beam	  accelera8on	  and	  focusing.	  
The	  short	  electron	  beam	  is	  rela8vely	  easy	  to	  get	  (bunch	  compression).	  
Wakefield	  phase	  slippage	  is	  not	  a	  problem	  (due	  to	  small	  gamma	  factor).	  
	  
Cons.	  of	  PWFA	  
	  One	  stage	  energy	  gain	  is	  limited	  by	  transformer	  ra8o,	  therefore	  maximum	  

electron	  energy	  is	  about	  50	  GeV	  using	  SLAC	  beam.	  
subject	  to	  the	  head	  erosion,	  not	  a	  very	  long	  plasma.	  
	  
Pros.	  of	  PDPWA	  
Very	  high	  energy	  proton	  beam	  are	  available	  today,	  the	  energy	  stored	  at	  SPS,	  

Tevatron,	  HERA,	  LHC	  
One	  stage	  accelera8on	  make	  the	  HEP	  collider	  design	  easier.	  
	  
Cons.	  of	  PDPWA	  
Flow-‐in	  regime	  responds	  a	  rela8vely	  low	  field	  vs.	  blow-‐out	  regime.	  
Long	  proton	  bunches	  (~	  tens	  cen8meters),	  bunch	  compression	  is	  	  
Difficult.	  Wave	  phase	  slippage	  for	  heavy	  mass	  proton	  beam	  
(small	  γ	  factor),	  especially	  for	  a	  very	  long	  plasma	  channel.	  

blow-‐out	  

flow-‐in	  

linear	  response	  

nonlinear	  response	  

(p+)	  

beam	  
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Collider	  design	  based	  on	  PDPWA	  
•  Based	  on	  recently	  published	  European	  Strategy	  on	  Par8cle	  
Physics,	  linear	  collider	  is	  s8ll	  placed	  at	  a	  high	  priority	  place.	  
And	  the	  LHeC	  is	  not	  in	  the	  list	  at	  all.	  Therefore,	  a	  collider	  
design	  (e.g.	  electron-‐proton	  collider)	  based	  on	  CERN	  
exis8ng	  infrastructure	  looks	  promising!	  

•  Either	  an	  e-‐/e+	  	  collider	  or	  an	  e-‐/p+	  collider	  could	  be	  
designed	  based	  on	  exis8ng	  CERN	  infrastructure;	  

•  The	  key	  issues	  in	  collider	  design	  (e.g.	  efficiency,	  CoM	  
energy,	  luminosity,	  dephasing,	  efficiency,	  positron	  
accelera8on,	  etc.).	  
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Mul8-‐TeV	  lepton	  collider	  at	  LHC	  

(K.	  Lotov)	  
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energy frontier in a single stage of acceleration. The 
latest simulation shows that a positron beam can also be 
accelerated in the wakefield from a modulated proton 
bunch [6]. We can therefore conceive of a TeV e+-e- 
collider design based on this self-modulation scheme. 
Simulation indicates that in this case the excited 
wakefield always shows a decay pattern. This is mainly 
due to the phase shift between the beam slices and the 
phase of the produced wakefield. To overcome the field 
decay, a plasma density step-up procedure is introduced 
to compensate the phase change and eventually a stable 
and nearly constant field is achieved. Recent study shows 
that in this case the acceleration process is almost linear 
[3]. If we could make a 2 km plasma (take into account 
the LHC radius of 4.3 km and the focusing the beam 
before the plasma and the beam deliveries and IPs may 
also need some space), we may achieve the 1 TeV 
electron and positron beams from the LHC beams. 
Figure 1 shows a schematic layout of a 2 TeV centre-of-
mass energy e+-e- collider located at the LHC accelerator 
complex (the plasma accelerators is marked in red).  

 
Figure 1: Schematic layout of a multi-TeV electron-
positron linear collider based on a modulated proton-
driven plasma wakefield acceleration. 

In this scheme, the plasma channel for electron and 
positron is 2 km, respectively.  Before entering the 
plasma cell, a focusing channel is designed to focus the 
proton beam so as to match the plasma focusing force. 
Then the proton bunch shoots into the plasma and excites 
the wakefields. We expect that after a few metres 
propagation in the plasma and together with a plasma 
density step-ups, a full modulation is finally set up and a 
constant wakefield is excited. An externally injected 
electrons and positrons will be injected into the plasma 
with a right phase (e.g. by tuning the position and angle 
of the injected beams, etc.) and sample the wakefield and 
are accelerated. After the 2 km plasma, a 1 TeV electron 
beam and positron beam will be produced (we assume 
that the average accelerating field in the plasma is 0.5 
GeV/m, which is quite modest according to simulation 
results given in [3]). A 2 km beam delivery system for 
both electrons and positrons will transport and focus the 
electrons and positrons to the interaction points (IP) for 
collisions. After interactions with the plasmas, the proton 
bunches will be extracted and dumped. These spent 
protons may also be recycled by some cutting edge 
technologies for reuse or used to trigger the nuclear 
power plants. 

AN ELECTRON PROTON COLLIDER 
It has long been known that lepton-hadron collisions 

have been playing an important role in exploration of 
deep insides of matter. For example, the quark-parton 
model originated from investigation of electron-nucleon 
scattering. To build a collider based on a moduated 
proton driven plasma wakefield acceleration, we could 
also think about an electron-hadron collider based at the 
CERN accelerator complex. The advantage of this design 
is based on the fact that the plasma-based option may be 
more compact and cheaper since it does not need to build 
a new electron accelerator. 

In one of our designs, the SPS beam is used as the 
drive beam for plasma wakefield excitation. The reason 
for that is due to the long LHC beam ramping time (20 
minutes). During the LHC beam energy ramping up from 
450 GeV to 7 TeV, the SPS can prepare the drive beams 
(ramping time of LHC preinjectors is about 20 seconds) 
for the plasma and then excite the wakefield and 
accelerate the electron beam. When the accelerated 
electron beam is ready, it can be delivered to the 
collision points in the LHC tunnel for electron-proton 
collision. PIC simulation shows that working in the self-
modulation regime, the wakefield amplitude of 1 GeV/m 
can be achieved by using the SPS beam at an optimum 
condition (both the beam and plasma parameters are 
optimized) [7]. Firstly the SPS beam needs to be guided 
to the plasma cell. Prior to the plasma cell, a focusing 
channel is designed to match the beam with the plasma 
beta function. A 170 m long plasma cell is used to 
accelerate the electron beam energy to 100 GeV. The 
energetic electrons are then extracted to collide with the 
circulating 7 TeV proton beam. 
    The centre-of-mass energy in this case is given by 
 TeV67.12   peEEs  

where Ee and Ep are the energy of electrons and protons 
respectively. The centre of mass energy in this design is 
about a factor of 1.2 higher than the current LHeC design 
(electron beam energy of 60 GeV in the LHeC design 
[8]) and a factor of 5.5 higher than the late HERA [9]. 
    The luminosity of a linac-ring type e-p collider for 
round and transversely matched beam is given by [10] 
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where Pe is electron beam power, Ee is electron beam 
energy, Np is the number of particles in proton bunch, 
N
pH  is the normalized emittance of proton beam, pJ is 

the Lorentz factor and *
pE  is beta function of proton 

beam at interaction point. The electron beam power is 
given by 

repbeee fnENP   
where Ne  is the number of particles in electron bunch, nb 
is the number of bunches in linac pulse and frep is the 
repetition rate of the linac. Using the LHC beam 
parameters, for example, Np=1.15×1011, Ȗp=7460, 



Luminosity	  

IP	  beam	  sizes:	  60	  nm	  (horizontal)	  and	  0.7	  nm	  (ver8cal)	  	  

L=	  5×1032	  cm-‐2s-‐1	  	  

04/06/2013	  

Note	  that	  the	  luminosity	  of	  SLC	  and	  LEP	  was	  	  
6×1030	  cm-‐2s-‐1	  and	  1×1032	  cm-‐2s-‐1,	  respec8vely.	  	  
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Luminosity	  

•  We	  should	  keep	  in	  mind	  that	  the	  LHC	  injector	  ramping	  8me	  is	  
about	  20	  s,	  and	  the	  LHC	  ramping	  8me	  is	  about	  20	  minutes,	  
therefore	  if	  we	  use	  LHC	  as	  drive	  beam	  for	  plasma-‐based	  collider	  
design,	  the	  repe88on	  rate	  is	  too	  low	  to	  get	  a	  high	  luminosity	  
(repe88on	  rate:	  2880/1200	  ~	  2).	  

•  To	  increase	  the	  repe88on	  rate,	  we	  may	  consider	  to	  do	  recycle	  or	  
do	  energy	  recovery	  for	  the	  spend	  proton	  beam	  as	  Yakimenko	  
and	  Katsouleas	  suggested	  at	  LPAW09	  mee8ng.	  	  

•  Or	  we	  may	  seek	  to	  get	  a	  fast	  ramping	  machine.	  



High	  repe88on	  rate	  collider	  

V.	  Yakimenko,	  BNL,	  T.	  Katsouleas,	  Duke,	  LAPW09	  

Concept	  for	  high	  repe88on	  rate	  of	  proton	  driven	  
plasma	  wakefield	  accelera8on	  

3	  ring	  +	  injectors	  +	  recovery	  
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2	  km	  plasma	  cell	  (take	  into	  account	  the	  LHC	  radius	  of	  4.3	  km	  and	  the	  focusing	  the	  
beam	  before	  the	  plasma	  and	  the	  beam	  deliveries	  and	  IPs	  may	  also	  need	  some	  space),	  
we	  may	  achieve	  the	  1	  TeV	  electron	  and	  positron	  beams	  from	  the	  LHC	  beams.	  Figure	  
above	  shows	  a	  schema8c	  layout	  of	  a	  2	  TeV	  centre-‐of-‐mass	  energy	  e+-‐e-‐	  collider	  
located	  at	  the	  LHC	  accelerator	  complex	  (the	  plasma	  accelerators	  is	  marked	  in	  red).	  	  

Centre-‐of-‐mass	  energy	  

!

Ecom=	  2	  TeV	  e+	  e-‐	  collider	  !	  	  



Phase	  slippage	  
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•  When	  electron	  gains	  energy	  from	  the	  wakefield,	  it	  can	  reach	  the	  rela8vis8c	  
energy	  regime	  very	  quickly.	  

•  Gamma	  factor	  for	  a	  1	  TeV	  proton	  is	  smaller	  than	  that	  of	  1	  GeV	  electron,	  
therefore	  when	  the	  proton	  drive	  beam	  loses	  its	  energy,	  its	  velocity	  may	  be	  
smaller	  than	  the	  velocity	  of	  electron.	  	  

•  For	  the	  collider	  design	  based	  on	  proton-‐driven	  plasma	  wakefield	  accelera8on,	  
the	  phase	  slippage	  may	  become	  significant	  for	  a	  very	  long	  accelera8on	  channel.	  

•  The	  rela8ve	  path	  difference	  due	  to	  the	  velocity	  difference	  is	  given	  by	  

•  The	  phase	  slippage	  can	  be	  wri@en	  as	  
	  

	  	  
here	  

ΔL = 1
c
| vi

0

L

∫ (s)− ve(s) | ds

δ = kp
ΔL
L
≈

1
eEacc /mecω p

γe −γe0( ) 1−
γ i −γ i0( )

γ i
2 −1− γ i0

2 −1( )
$

%

&
&
&

'

(

)
)
)

kp =ω p / c ω p = (npe
2 /ε0me )

1/2



04/06/2013	   1st	  EAAC2013	  Workshop,	  Elba,	  Italy	   18	  € 

δ =
πL
λp

1
γ1iγ1 f

−
1

γ2iγ2 f

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ ≈

πL
λp

MP
2c 4

Edriver,iEdriver, f

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

L ≤ 1
2
Edriver,iEdriver, f

MP
2c 4

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ λp ≈ 300 m for Edriver,i =1TeV,Edriver, f = 0.5TeV,λ =1mm

Few	  hundred	  meters	  possible	  but	  depends	  on	  plasma	  wavelength	  

1.0
*  pE m, 5.3 N

pH ȝm and assuming the electron 

beam parameters as follows: Ne=1.15×10
10

 (10% of the 

drive beam charge), Ee=100 GeV, nb = 288 and frep § 15,   

the calculated luminosity of the electron proton collider 

is about 1× 10
30

cm
-2

s
-1

 for this design. However, if one 

can increase the electron bunch intensity and the 

repetition rate, it may be possible to get a higher 

luminosity electron proton collider.  

PHASE SLIPPAGE 
    When electron gains energy from the wakefield, it can 

reach the relativistic energy regime very quickly. As we 

know, the relativistic gamma factor for a 1 TeV proton is 

smaller than that for an electron with energy of only 1 

GeV. Therefore when the proton drive beam loses its 

energy, its velocity may be smaller than the velocity of 

electron. For the collider design based on proton-driven 

plasma wakefield acceleration, the phase slippage may 

become significant when a very long acceleration 

channel is used.  

    The relative path difference due to the velocity 

difference is given by 

dssvsv
c

L e

L

i |)()(|
1

0
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where c is the speed of light, L is the length of 

acceleration channel. The subscripts i and e denote the 

driving proton and witness electron bunch respectively.  

    Using the phase slippage formula given in [11], we 

have 
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where 
00

,,, iiee JJJJ  denote the gamma factors for the 

final electron beam, initial electron beam, final proton 

beam and initial proton beam, respectively. ck pp /Z  

is the plasma wave number, 
2/1

0

2
)/( epp men HZ   is the 

plasma electron frequency, np, e, c, İ0, me are the plasma 

density, the electron charge, speed of light, permittivity 

of free space and the speed of light, respectively. Eacc is 

the acceleration field for the electron beam. To avoid 

phase slippage over acceleration length L, G  must be 

less than ʌ, otherwise the electrons will overrun the 

protons. For the LHC beam driven plasma wakefield 

acceleration, the calculation shows that the phase 

slippage length (or maximum acceleration length) is 

about 2.1 km (assuming the plasma density of 10
15

 cm
-3

 

and final proton beam energy is around 0.5 TeV). 

Therefore for the above e+-e-
 collider design, 2 km long 

acceleration channel meets the phase slippage 

requirement. For the SPS beam driven plasma wakfield 

acceleration, we consider two cases, one is to accelerate 

the electron beam up to 500 GeV and the other to 100 

GeV. The phase slippage for the above two cases are 

shown in Fig. 2.  For a 500 GeV electron acceleration 

case, the final energy of proton beam should be larger 

than 330 GeV so as to satisfy the phase slippage 

requirement. If we use the average accelerating 

(decelerating) field of ~ 1 GeV/m (the plasma density is 

10
15

 cm
-3

), the maximum dephasing length is about 170 

m. This provides the basic parameter to design such an 

acceleration stage. For a 100 GeV electron beam 

production, the phase slippage is always in the safe 

region. Therefore for a SPS drive beam, producing a 100 

GeV beam seems reasonable.  
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Figure 2: Phase slippage for an SPS proton beam as a 

function of the final iJ  of the proton drive beam for a 

single stage 500 GeV and 100 GeV electron beam 

production, respectively. 

CONCLUSION 
    Simulation shows that a modulated proton bunch can 

be used to drive a large amplitude plasma wakefield and 

accelerate the electron beam to high energy. We 

therefore conceive of an e+-e-
 collider and an e-p collider 

design based on this scheme.  Using the LHC beam as 

the drive beam, it is possible to reach a 2 TeV centre-of-

mass electron positron collider. For an e-p collider 

design, the SPS beam can be used as the drive beam to 

accelerate an electron beam up to 100 GeV. The centre-

of-mass energy in this case is larger than that of the 

current LHeC design. Phase slippage between the proton 

beam and electron (positron) beam may become a 

limiting factor for the future high energy linear collider 

design based on the modulated proton-driven plasma 

wakefield acceleration scheme. 
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Phase	  slippage	  for	  an	  SPS	  
proton	  beam	  as	  a	  func8on	  of	  
gamma_i,	  the	  final	  	  of	  the	  
proton	  drive	  beam	  for	  a	  single	  
stage	  500	  GeV	  and	  100	  GeV	  
electron	  beam	  produc8on,	  
respec8vely	  	  

Phase	  slippage	  

For	  1	  TeV	  LHC	  like	  beam,	  



Positron	  accelera8on	  

•  The	  HEP	  community	  is	  asking	  for	  an	  electron-‐positron	  collider,	  
or	  gamma-‐gamma	  collider,	  NOT	  an	  electron-‐electron	  collider.	  
Therefore,	  it	  is	  important	  for	  a	  plasma-‐based	  concept	  to	  work	  
equally	  well	  for	  both	  electrons	  and	  positrons.	  	  

•  In	  principle,	  positrons	  can	  be	  accelerated	  in	  the	  wakefield	  driven	  
by	  the	  modulated	  proton	  bunch	  as	  well,	  the	  only	  difference	  is	  
the	  accelera8ng	  phase	  is	  about	  180°	  reverse.	  

•  The	  previous	  simula8on	  results	  from	  our	  collaborators	  
demonstrated	  it;	  

•  The	  full	  simula8on	  for	  positron	  accelera8on	  based	  on	  AWAKE	  
parameters	  are	  underway.	  
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Electron-‐hadron	  collider	  

•  Lepton-‐hadron	  collisions	  have	  been	  playing	  an	  
important	  role	  in	  explora8on	  of	  deep	  insides	  of	  ma@er.	  
For	  example,	  the	  quark-‐parton	  model	  originated	  from	  
inves8ga8on	  of	  electron-‐nucleon	  sca@ering.	  	  

•  To	  build	  a	  collider	  based	  on	  a	  moduated	  proton	  driven	  
plasma	  wakefield	  accelera8on,	  we	  could	  also	  think	  
about	  an	  electron-‐hadron	  collider	  based	  at	  the	  CERN	  
accelerator	  complex.	  

•  The	  advantage	  of	  this	  design	  is	  based	  on	  the	  fact	  that	  
the	  plasma-‐based	  op8on	  may	  be	  more	  compact	  and	  
cheaper	  since	  it	  does	  not	  need	  to	  build	  a	  new	  electron	  
accelerator.	  	  
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•  The	  SPS	  drive	  beam	  needs	  to	  be	  guided	  to	  the	  
plasma	  cell.	  

•  A	  170	  m	  long	  plasma	  cell	  is	  used	  to	  accelerate	  the	  
electron	  beam	  energy	  to	  100	  GeV.	  

•  The	  electrons	  are	  then	  extracted	  to	  collide	  with	  
the	  circula8ng	  7	  TeV	  proton	  beam.	  

•  The	  centre-‐of-‐mass	  energy	  in	  this	  case	  is	  about	  
1.67	  TeV	  

•  Ini8al	  es8mate	  shows	  that	  the	  luminosity	  is	  
about	  1030	  cm-‐2	  s-‐1.	  
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Electron-‐hadron	  collider	  

G.	  Xia	  et	  al.,	  IPAC12	  
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Classicaliza3on	  in	  electroweak	  processes;	  QCD	  and	  beyond	  Standard	  Model	  physics;	  
Lorentz	  invariance	  and	  streaking	  the	  vacuum;	  Study	  of	  source	  of	  high	  energy	  cosmic	  rays;	  
Many	  others…	  

Particle Physics at High Energies but Low Luminosities
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1 Introduction
The main focus of the particle physics community, when considering future accelerators, has been on
high luminosity colliders since s-channel cross sections scale as 1/s, with s the square of the center-of-
mass energy. This focus has led to ILC, CLIC or Muon Collider parameter sets requiring luminosities in
excess of 1034 cm�2 s�1 for center-of-mass energies beyond 1 TeV. This requirement on the luminosity
then leads to very demanding requirements on parameters such as beam sizes at the interaction point,
repetition rate, etc., and huge power requirements. The former will be difficult to achieve technologically,
while the latter will be very hard to justify in an age of diminishing energy resources and increasing
energy costs.

The size of the linear accelerators (ILC and CLIC) are primarily determined by the accelerating
gradient, and it is not possible to build compact TeV-scale electron-positron colliders based on known
RF technology. Novel acceleration schemes, such as plasma-wakefield acceleration, are currently under
study and could provide the basis for a compact high energy linear collider. While very high acceleration
gradients have been demonstrated, generating high luminosities with such accelerators will be extremely
challenging and will likely require a technology revolution. For a muon collider, the requirement of high
luminosity puts very demanding constraints on the power needed for the proton driver used to produce
the muons and the phase space cooling scheme for the muon beam. These tough requirements lead to
parameter sets which, while progress has certainly happened, still cannot be met today and remain a
major challenge. A reduced luminosity requirement would make a plasma-wakefield based accelerator
or a muon collider much more attractive. It is therefore important to discuss the physics opportunities at
a high energy but much reduced luminosity collider, since such colliders could become available in the
future at acceptable cost.

In this note, we briefly review the ongoing research in plasma wakefield acceleration and the
outlook for the next decade and beyond. We then discuss some research directions which would be
allowed by having high energy, low luminosity, colliders. The list we discuss is surely incomplete, and
some of the ideas, while exciting, are quite speculative. The intent here is to point out that there are
interesting physics topics for a high energy, low luminosity accelerator and to initiate a more thorough
discussion of the scientific interest in such an option for the future of accelerator based particle physics.

2 Plasma Wakefield Acceleration
It is possible today to amplify and compress laser pulses to extremely high peak power, and this has al-
lowed the realization of plasma wakefield acceleration (PWA), first proposed in 1979 [1]. In addition to
allowing more compact high energy particle colliders, a suite of exciting fundamental physics measure-
ments based on single laser shots become conceivable. Examples of the latter are to use the laser field to
probe light-mass couplings such as in Heisenberg-Euler QED. A wide variety of experimental programs
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