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• Motivation : particle physics; large accelerators
• General concept : proton-driven plasma wakefield acceleration
• AWAKE experiment at CERN
• Outlook

See, AWAKE Design Report, CERN-SPSC-2013-013, http://cds.cern.ch/record/1537318/files/SPSC-TDR-003.pdf

http://cds.cern.ch/record/1537318/files/SPSC-TDR-003.pdf
http://cds.cern.ch/record/1537318/files/SPSC-TDR-003.pdf
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• The use of (large) accelerators has been central to advances in 
particle physics.
• Culmination in 27-km long LHC (pp); a future e+e– collider is 
planned to be 30–50-km long.  
• Such projects are (very) expensive; can we reduce costs ?  are 
there new technologies which can be used or developed ?
• Accelerating gradients achieved in the wakefield of a plasma 
look promising, but :

- we need high-energy beams (~ TeV);
- high repetition rate and high number of particles per bunch;
- large-scale accelerator complex.

• Ultimate goal : can we have a multi-TeV lepton collider of a few 
km in length ?
• A challenge for accelerator, plasma and particle physics.



Big questions in particle physics
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The Standard Model is amazingly successful, but some things remain unexplained :
• what are the consequences of the “Higgs” particle discovery ?
• why is there so much matter (vs anti-matter) ?
• why is there so little matter (5% of Universe) ?
• can we unify the forces ?

A TeV-scale e+e–  linear collider is many 
people’s choice for a next large-scale 
facility.
• An e+e– linear collider which can span to 
multi-TeV is clearly preferable.
• Precision environment of a lepton collider 
essential.
• Will strongly constrain alternative theories 
or phenomena proposed or yet to be 
discovered.
• May also discover new resonances 
otherwise unseen in a large-background 
environment.



Collider history
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Collider parameters e− beam
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ILC LHeC

Energy (GeV) 125 60

Bunch population 2 × 1010 2 × 109

Number of bunches 1312 –

Bunch separation (ns) 554 25 or 50

Collision rate (Hz) 5 –

Energy spread 0.19% 0.03%

Horizontal emittance 10 µm 50 µm

Vertical emittance 35 nm 50 µm

Beam size 729 × 7.7 nm2 7 × 7 µm2

Luminosity ×1034 cm−2s−1 0.75 0.1 (~1)

ILC TDR, June 2013
LHeC CDR, June 2012



Proton-driven plasma 
wakefield acceleration
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Neutral plasma
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Plasma wakefield acceleration explained

Thanks to J. Holloway (UCL)



Plasma considerations
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Based on linear fluid dynamics : Relevant physical quantities :
• Oscillation frequency, ωp

• Plasma wavelength, λp

• Accelerating gradient, E
where :
• np is the plasma density
• e is the electron charge
• ε0 is the permittivity of free space
• me is the mass of electron
• N is the number of drive-beam particles
• σz is the drive-beam length

High gradients with :
• Short drive beams (and short plasma wavelength)
• Pulses with large number of particles (and high plasma density)

Original idea: laser wakefield acceleration (T. Tajima & J.W. Dawson, Phys. Rev. Lett. 43 (1979) 267)

Can also use particle beams (P. Chen et al., Phys. Rev. Lett. 54 (1985) 693)

ωp =

√
np e2

ε0 me
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Plasma wakefield experiments
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• Pioneering work using a LASER to 
induce wakefields up to 100 GV/m.
• Experiments at SLAC§ have used a 
particle (electron) beam :

• Initial energy Ee = 42 GeV
• Gradients up to ~ 52 GV/m
• Energy doubled over ~ 1 m
• Next stage, FACET project 

        (http://facet.slac.stanford.edu)
• Have proton beams of much higher 
energy : 

• HERA (DESY) : 1 TeV
• Tevatron (FNAL) : 1 TeV
• CERN : 24 / 450 GeV and 3.5 (7) TeV

§ I. Blumenfeld et al., Nature 445 (2007) 741.

http://facet.slac.stanford.edu
http://facet.slac.stanford.edu


Why protons ?
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Lasers do not have enough energy :
• Can not propagate long distances in plasma
• Can not accelerate electrons to high energy
• For high energy, need multiple stages.

Electrons limited by transformer ratio (Ewitness/Edrive) < 2 : 
• So many stages needed to accelerate to the TeV scale using known electron beams

Proton beams at TeV scale are around today : what about using protons ?



PDPWA concept*
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• Electrons ‘sucked in’ by proton bunch.
• Continue across axis creating a depletion region.
• Transverse electric fields focus witness bunch.
• Maximum accelerating gradient of 3 GV/m.

unloaded

loaded

proton bunch

witness bunch

* A. Caldwell et al., Nature Physics 5 (2009) 363.



PDPWA concept
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Ee = 0.6 TeV from Ep = 1 TeV in 500 m

Proton beam impacting on a plasma to accelerate and electron witness beam



PDPWA concept
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• Needs significant bunch compression < 100 µm (or new proton source).
• Challenges include :  sufficient luminosities for an e+e− machine, repetition rate, 
focusing, accelerating positrons, etc..



The AWAKE 
experiment at CERN
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• Microbunches are spaced 
at the plasma wavelength 
and act constructively to 
generate a strong plasma 
wake.
• Seeding the modulation is 
critical.  Use laser pulse (or 
short electron beam).

Long proton beam Neutral plasma
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Neutral plasma

Self-modulated driver beam
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+ ---

Long beam : self-modulation

Thanks to J. Holloway (UCL)



Self-modulation of the proton beam
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Table 1: Baseline parameters of the AWAKE experiment.

Parameter & notation Value
Plasma density, ne 7× 1014 cm−3

Plasma ion-to-electron mass ratio (rubidium), Mi 157 000
Proton bunch population, Nb 3× 1011

Proton bunch length, σz 12 cm
Proton bunch radius, σr 0.02 cm
Proton energy, Wb 400 GeV
Proton bunch relative energy spread, δWb/Wb 0.35%
Proton bunch normalized emittance, εbn 3.5 mm mrad
Electron bunch population, Ne 1.25× 109

Electron bunch length, σze 0.25 cm
Electron bunch radius at injection point, σre 0.02 cm
Electron energy, We 16 MeV
Electron bunch normalized emittance, εen 2 mm mrad
Injection angle for electron beam, φ 9 mrad
Injection delay relative to the laser pulse, ξ0 13.6 cm
Intersection of beam trajectories, z0 3.9 m
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Fig. 7: Energy spectrum of electrons side-injected near z ∼ 4 m with 16 MeV energy and accelerated
until z = 10 m. The spectrum is narrow (∼ 3% width) and centered around 2 GeV.

gradients.
Once trapped by the plasma wave, the electron bunch is very sensitive to the wakefield phase in

which it resides. The wakefield phase is determined by the plasma density that must be constant with
an accuracy ∝ λpe/4σz or ∼ 0.2% for our baseline parameters [24]. To provide this accuracy, instant
ionization of a thermal equilibrium gas was chosen as the baseline design of the plasma cell.

The final electron bunch parameters are not very sensitive to the injection parameters (see the
Technical Note [23] for more details). Injection at angles or energies which are ±30% of the optimum
values results in roughly twofold reduction of the bunch charge. The good “window” in the other two
parameters is ∼ ±0.25 m for the injection point along the plasma and ∼ ±1 cm for the injection delay
with respect to the ionizing laser pulse.

13

CERN SPS proton beam

K.V. Lotov Phys. Plasmas 18 (2011) 024501



Injection of witness electrons
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Fig. 7: Energy spectrum of electrons side-injected near z ∼ 4 m with 16 MeV energy and accelerated
until z = 10 m. The spectrum is narrow (∼ 3% width) and centered around 2 GeV.

gradients.
Once trapped by the plasma wave, the electron bunch is very sensitive to the wakefield phase in

which it resides. The wakefield phase is determined by the plasma density that must be constant with
an accuracy ∝ λpe/4σz or ∼ 0.2% for our baseline parameters [24]. To provide this accuracy, instant
ionization of a thermal equilibrium gas was chosen as the baseline design of the plasma cell.

The final electron bunch parameters are not very sensitive to the injection parameters (see the
Technical Note [23] for more details). Injection at angles or energies which are ±30% of the optimum
values results in roughly twofold reduction of the bunch charge. The good “window” in the other two
parameters is ∼ ±0.25 m for the injection point along the plasma and ∼ ±1 cm for the injection delay
with respect to the ionizing laser pulse.

13

K.V. Lotov, J. 
Plasma Phys. 
78 (2012) 455



CNGS facility at CERN
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AWAKE experiment 



CNGS beamline
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Relatively small modifications needed
• Rearrange some magnets
• More space for experiment
• Ease merging of laser and proton beam

Some civil engineering needed ...

Much smaller job than was needed in 
the West area



Layout of AWAKE experiment
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Proton beam line 

2m 

2m 

10m 

Lasers 

Plasma cell 
(10m long) 

Electron spectrometer 

Electron gun 

Klystron system 

CNGS target area 

Access gallery 

Experimental  
Diagnostics 

Laser & proton beam 
junction 

Items in dark blue: ventilation ducts 
Items in light blue: AWAKE electronic racks 
Items in cyan: existing CNGS equipment (cable trays, pipes,…) 

Laser power  
supplies 

Electron beam line 



Plasma requirements
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.

Three technologies being considered, with a Rubidium vapour cell as default



Rubidium plasma source
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• Synthetic oil surrounding Rb for temperature stability and hence density uniformity
• Vacuum tube surrounding oil suppressing heat loss
• Rubidium vapour sources available commercially; development of fast valves started in 
collaboration with industry
• Need 1 −  2 TW laser with 30 − 100 fs pulse



Discharge and helicon cells
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• High-voltage 
discharge in argon-
filled dielectric tube.
• Plasma cells of up to 
3 m developed 

• Both of these technologies have the 
potential to be used over long distances

• Cells using helicon waves using RF 
power antenna systems
• Need to demonstrate such low densities
• 1 m prototype under test



Measurement of self-modulation
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• Initially commission proton beam and plasma cell

• Measure self-modulation of proton bunch
• OTR to demonstrate increase in transverse bunch 
size
• Resolve radius modulation along bunch with streak 
camera
• Coherent transition radiation at modulation 
frequency



Transverse CTR
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A. Pukhov, T. Tueckmantel, Phys. Rev. STAB 15 (2012) 111301

New idea, needs to be looked at experimentally

Distinguish SMI from hosing instability



Electron source
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Side injection can utilise long bunches

For electron bunch acceleration, would 
like :
• High charge
• Short lengths
• Variation of energy

Ideally design electron source for 
specific needs of AWAKE

Electron and proton bunches merged with 
dipoles around plasma cell



Electron spectrometer
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Spectrometer Layout (Isometric View)!

07/03/13! Simon Jolly,"UCL,"AWAKE Collaboration Meeting! 3!

Camera!

Scintillator Screen!
CERN 1"m 
dipole!

Plasma cell!

Protons!

Electrons + 
Protons!



Electron energy spectrum
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AWAKE Collaboration and practicalities
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Collaboration of accelerator, plasma and particle physicists and engineers formed.

AWAKE Design Report

A Proton-Driven Plasma Wakefield Acceleration
Experiment at CERN

AWAKE Collaboration

Abstract
The AWAKE Collaboration has been formed in order to demonstrate proton-
driven plasma wakefield acceleration for the first time. This technology could
lead to future colliders of high energy but of a much reduced length compared
to proposed linear accelerators. The SPS proton beam in the CNGS facility
will be injected into a 10 m plasma cell where the long proton bunches will be
modulated into significantly shorter micro-bunches. These micro-bunches will
then initiate a strong wakefield in the plasma with peak fields above 1 GV/m
that will be harnessed to accelerate a bunch of electrons from about 20 MeV
to the GeV scale within a few meters. The experimental program is based on
detailed numerical simulations of beam and plasma interactions. The main
accelerator components, the experimental area and infrastructure required as
well as the plasma cell and the diagnostic equipment are discussed in detail.
First protons to the experiment are expected at the end of 2015 and this will be
followed by an initial 3–4 year experimental program; the timeline, structural
aspects and needed resources of the experiment are also detailed. The exper-
iment will inform future larger-scale tests of proton-driven plasma wakefield
acceleration and applications to high energy colliders.

1

meetings has been increasing steadily, with 50 participants taking part in the most recent collaboration
meeting at CERN.

Table 8: The management and task group structure of the AWAKE Collaboration, as of March 2013. The
definition of the acronyms for the different institutes is given in the text.

Management Positions Person Institute
Spokesperson Allen Caldwell MPP
Deputy spokesperson Matthew Wing UCL
Beam lines, experimental areas and infrastructure Edda Gschwendtner CERN
Experimental aspects Patric Muggli MPP
Theory & simulations Konstantin Lotov BINP
Task Groups Person Institute

1 Metal vapor plasma cell Erdem Öz MPP
2 Helicon plasma cell Olaf Grulke IPP
3 Pulsed discharge plasma cell Nelson Lopes IC/IST
4 Proton and electron beam lines Chiara Bracco CERN
5 Experimental area Edda Gschwendtner CERN
6 Radiation protection Helmut Vincke CERN
7 Electron source Tim Noakes ASTeC/CI
8 Electron spectrometer Simon Jolly UCL
9 Optical sampling diagnostics Patric Muggli MPP
10 Simulations Konstantin Lotov BINP

9.2 Collaborating Institutes
We divide below the institutes into those who have shown long-term interest and are committed to the
project and those that are interested in participating but still need to fully commit to the AWAKE project.
The participation of some of the institutes will depend on the success of funding applications. The
collaboration will however be strong enough to carry out the basic program independently of pending
funding approvals.

9.2.1 Institutes Committed to AWAKE
ASTeC, STFC Daresbury Laboratory, Warrington, UK
Budker Institute of Nuclear Physics (BINP), Novosibirk, Russia
CERN, Geneva, Switzerland
Cockroft Institute (CI), Daresbury, UK
Heinrich Heine University, Düsseldorf (D), Germany
Instituto Superior Técnico, Lisboa (IST), Portugal
Imperial College (IC), London, UK
Ludwig Maximilian University (LMU), Munich, Germany
Max Planck Institute for Physics (MPP), Munich, Germany
Max Planck Institute for Plasma Physics (IPP), Greifswald, Germany
Rutherford Appleton Laboratory (RAL), Chilton, UK
University College London (UCL), London, UK
University of Strathclyde (S), Glasgow, Scotland, UK

36
More institutes committing (DESY, ...).
Now a (fully) approved CERN project;  on 
their Medium-Term Plan and significant 
funding.

• Expect first protons to plasma cell end of 2016
• Expect electron injection end of 2017
• Periods of running for 3 − 4 years



Science programme
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1. Benchmark experiments – first experiment demonstrating proton-driven plasma 
wakefield acceleration
2. Detailed understanding of the self-modulation process
3. Demonstration of high-gradient accelerations of electrons
4. Develop long, scalable and uniform plasma cells; test in AWAKE experiment
5. Develop scheme for production and acceleration of short proton bunches



Outlook
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The future
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a luminosity of 1034 cm−2s−1. For two Gaussian beams of elec-175

trons and positrons, the luminosity is given by,176

L = f
N+N−

4πσ∗xσ∗y
, (2)

where f denotes the collision rate (frequency) of beam, N+ and177

N− the bunch population for electrons and positrons (N+ =178

N− = N if the bunch population for electrons and positrons179

are the same), σ∗x and σ∗y are the horizontal and vertical beam180

spot sizes at the interaction point (IP). The luminosity can be181

easily rewritten using the beam power, Pb:182

L = PbN
4πEbσ∗xσ∗y

. (3)

From Eq.(2), one can conclude that for a fixed IP design, i.e.183

fixed beam energy and beam spot sizes at the IP, the luminos-184

ity is proportional to the average power of the beam and the185

number of particles per bunch. The average beam power for186

the current ILC of 500 GeV CoM is about 10 MW with a bunch187

population of 1010, a repetition rate of 10 kHz and with each188

bunch energy of ∼ kJ. In order to obtain the required luminos-189

ity of 1034 cm−2s−1 in a TeV collider based on plasma wakefield190

acceleration scheme, the average power of the drive beam needs191

to be larger than 10 MW since the coupling efficiency from the192

drive beam to witness beam is less than unity. The beam power193

of current high-energy proton machines, e.g., Tevatron or the194

LHC is much larger than this value. Table 1 gives the com-195

parison of beam specifications between the current proton ma-196

chines and the lepton machines. One can see clearly that the197

stored bunch energies for current hadron machines are about198

two to three orders of magnitude higher than that for the current199

most energetic electron machine FACET and the planned facil-200

ities such as ILC and CLIC. If the energy coupling efficiency201

is about percentage level from the drive beam (protons) to the202

witness beam (electrons) via plasma wakefields, one could ex-203

pect to achieve the beams specifications for an e+e− or an e − p204

collider.205

4. An electron-positron linear collider206

As we mentioned earlier, a modulated high-energy proton207

bunch can produce a high amplitude plasma wakefield and ac-208

celerate a trailing electron bunch to the energy frontier in a209

single stage of acceleration. Latest simulations show that a210

positron beam can also be accelerated in the wakefield from a211

modulated long proton bunch [16]. We can therefore conceive212

of a TeV e+e− collider design based on this self-modulation213

scheme. Simulation indicates that in this case the excited wake-214

field always shows a decay pattern. This is mainly due to the215

phase shift between the resulting bunch slices and the phase216

of the wakefields excited. To overcome the field decay, a217

plasma density step-up procedure is introduced to compensate218

the phase change and eventually a stable and nearly constant219

field is achieved. Recent study shows that in this case the accel-220

eration process is almost linear [13]. If we could make a 2 km221

plasma (take into account the LHC radius of 4.3 km and the222

focusing of the beam before the plasmas and the beam deliver-223

ies and IPs may need some space), we may be able to achieve224

1 TeV electron and positron beams from the LHC beams. Fig.1225

shows a schematic layout of a 2 TeV CoM energy e+e− collider226

located at the LHC tunnel, with the plasma accelerator cells227

marked in red.228

Figure 1: Schematic layout of a 2 TeV CoM electron-positron linear collider
based on a modulated proton-driven plasma wakefield acceleration.

In this design, the proton extraction beam lines, located at229

both ends of a straight tunnel within LHC are needed to ex-230

tract and guide the beam to the plasma cells. Before entering231

the plasma cells, the beam lines are designed to focus the pro-232

ton beams so as to match the plasma focusing force. After that233

the proton bunches shoot into preformed plasmas and excite the234

wakefields. We expect that after a few metres propagation in the235

plasma and together with a plasma density step-up, a full beam236

modulation is finally set up and constant wakefields are excited.237

Electrons and positrons will be injected into the plasma with a238

correct phase (e.g. via tuning the positions and angles of the239

injected beams, etc.) and sample the wakefields and acceler-240

ate. After 2 km in plasma, a 1 TeV electron beam and positron241

beam will be produced, here we assume that the average ac-242

celerating field in the plasma is ∼0.5 GeV/m, which is quite243

modest according to simulation results given in Ref. [13]. A 2244

km beam delivery system for both electrons and positrons will245

transport and focus the electrons and positrons to the IP, which246

is located in the middle of the tunnel, for collisions. After inter-247

actions with the plasmas, the proton bunches will be extracted248

and dumped. These spent protons may also be recycled by the249

cutting-edge technologies, e.g. FFAG-based energy recovery250

[17] for reuse as the driver beam or used to trigger the nuclear251

power plants [18].252

For this PDPWA-based e+e− collider design, half of the LHC253

bunches (1404 bunches) are used for driving electron accelera-254

tion and the other half for positron acceleration. Taking into ac-255

count the ramping time of the LHC is about 20 minutes and as-256

suming the loaded electron (and positron) have a bunch charge257

of 10% of the drive proton bunch, i.e. electron (and positron)258

bunch charge of Ne = 1.15 × 1010, and the beam spot sizes at259

IP are the same as that of the CLIC beam, as shown in Table 1,260

the resulting luminosity for such an e+e− linear collider is about261

3

A. Caldwell & K. Lotov, Phys. 
Plasmas 18 (2011) 103101

G. Xia et al. 
EAAC proc.

• Consider intermediate stage to 
possible “full” experiment.
• Consider compressing proton beam
—magnetic compression, cutting the 
beam into slices, etc..
• Ultimate goal of application to future 
collider.

Could be used for : 

• ep (60×7000 GeV) LHeC collider
• TeV-scale e+e− collider



Summary
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• Plasma wakefield acceleration could have a huge impact on 
many areas of science and industry using particle accelerators.
• Presented an idea to have a high energy lepton collider based 
on proton-driven plasma wakefield acceleration.
• The self-modulation instability allows immediate 
experimentation.
• Proof-of-principle AWAKE experiment at CERN.
• To realise a TeV-scale lepton collider a factor of ~ 10 shorter than 
current designs.

See, AWAKE Design Report, CERN-SPSC-2013-013, http://cds.cern.ch/record/1537318/files/SPSC-TDR-003.pdf

http://cds.cern.ch/record/1537318/files/SPSC-TDR-003.pdf
http://cds.cern.ch/record/1537318/files/SPSC-TDR-003.pdf
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Back-up
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Energy spread ~ 1%
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Conventional accelerators
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accelerating cavities 
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accelerating cavities Circular colliders :
• Many magnets, few cavities so 
strong field needed;
• High synchrotron radiation;
• High repetition rate leads to high 
luminosity.
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beam delivery 
source

damping ring
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beam delivery

Linear colliders :
• Few magnets, many cavities so efficient RF power production needed;
• Single pass so need small cross section for high luminosity and very high beam quality;
• The higher the gradient, the shorter the linac.
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