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8.6 km, 5.3 mi!

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

CERN LHC!

BNL RHIC!

SLAC SLC!

R=621 m!

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

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

LCLS 
FACET 

Could plasmas be used to accelerate particles  
at high-gradient (>100MeV/m)  
and reduce the size and cost  

of a future collider or of a x-ray FEL?   

e-/e+ 0-50GeV in 3km SLC!
e-/e+ 0-20GeV in 2km FACET!
e-      0-14GeV in 1km LCLS!
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PROTON-DRIVEN PWFA 
Caldwell, Nat. Phys. 5, 363, (2009) 
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! Operate at lower ne (6x1014cm-3), larger ($pe)3, easier life … 

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

! Gradient ~1 GV/m over 100’s m 
! Single stage, no gradient dilution 
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! Existing  p+ bunches carry 10’s-100’s kJ (>>e- bunches) 

ne =6x1014cm-3 

Blue. PRL 90, 214801 (2003) 
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Grows along the bunch & along the plasma Pukhov et al., PRL 107, 145003 (2011) 
Schroeder et al., PRL 107, 145002 (2011) 

J. Vieira, IST 

J. Vieira et al., Phys. Plasmas 19, 063105 (2012) 
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SELF-MODULATiON INSTABiLiTY* (SMI) 

*Kumar, PRL 104, 255003 (2010)  
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Radial! 
NOT longitudinal! 

SELF-MODULATiON INSTABiLiTY (SMI) 
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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 

!z (cm) 20 12 12 

&N (mm-mrad) 2.4 3.6 3.6 

!r* ("m) 400 200 200 

'* (m) 1.6 5 5 

! SPS beam: high energy, small !r*, long '* 

experimental area 

ne~7x1014cm-3 for kp!r#1 
$pe~1.3mm<<!z

 

fpe~240GHz 
Lp~10m~2'* 

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

Plasma: 



 © P. Muggli P. Muggli, IPAC’15 05/04/2015 

   Plasma, Rb vapor 
                   10m, 1014-1015 cm-3 

Final 
Focus 

p+ from SPS 
Laser dump 
Diagnostics 

OTR/CTR 
Diagnostics 

Ionizing 
Laser 
Pulse 

p+ dump 

EOS 
Diagnostic 

SMI Acceleration 

Laser 

AWAKE EXPERiMENT @ CERN 

“Sharp” (<<$pe) start of the beam/plasma 
interaction for SMI seeding 
AWAKE: will seed with ionization front! 

First experiments: 2016 
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! Short laser pulse creates the plasma and seeds the SMI 
! !z~12cm >> $pe~1.2mm (ne~7x1014cm-3) => Self-modulation Instability (SMI)* 
! !z laser~30"m(100fs)<<$pe => good seed 

*Kumar, Phys. Rev. Lett. 104, 255003 (2010)  

AWAKE EXPERiMENT @ CERN 
First experiments: 2016 
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AWAKE EXPERiMENT @ CERN 
First experiments: 2016 

J. T. Moody 
 WEPWA047 
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AWAKE EXPERiMENT @ CERN 
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Fig. 3: Maximum amplitude of the excited wakefield (a) and location of accelerating buckets (grey) (b)

versus traveled distance.

5% of injected particles are trapped and accelerated to form the electron bunch of the energy 2.05 GeV,144

energy spread 3%, and normalized emittance 170 mm mrad. Bunch parameters are reasonably sensitive145

to parameters of electron injection [17]. Injection at angle or energy which are ±30% of the optimum146

values results in roughly twofold reduction of the bunch charge. The good “window” in the other two147

parameters is ∼ 0.5 m for the injection point along the plasma and ∼ 2 cm for the injection delay with148

respect to the ionizing laser pulse.149

4 Plasma Sources150

The plasma for the AWAKE experiment must have a number of characteristics:151

– length L ≈ 10 m,152

– radius Rp larger than approximately three p+
bunch rms radii or ≈ 1 mm,153

– density ne within the 1014 − 1015
cm

−3
range,154

– density uniformity δne/ne on the order of 0.2% or better,155

– allow for seeding of the self-modulation instability (SMI).156

It must also be easily ionized and reproducible. In the AWAKE context, we are currently exploring three157

options for the plasma (see below). However, the source for the first experiments will be a rubidium158

vapor source ionized by a short and intense laser pulse. The general laser and plasma parameters for the159

source are listed in Table 2. This source does not scale well to much longer lengths. Therefore we are160

investigating discharge plasma sources and a helicon source for plasma lengths longer than ten meters.161

6

! The wakefields grow … 

Simulation by K. Lotov 

First experiments: 2016 
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! The long (!z~12cm ) p+ bunch self-
modulates with period $pe~1.2mm 
(ne~7x1014cm-3) 

AWAKE EXPERiMENT @ CERN 
First experiments: 2016 
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! The SM p+ bunch resonantly drives wakefields 

AWAKE EXPERiMENT @ CERN 
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Phase velocity of the wake 

pukhov@tp1.uni-duesseldorf.de 

The wake is slowed down. Its 
minimum gamma-factor is 

!min~ 40  <<    !p+~ 460 

This is order of magnitude 
below that of the beam 
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Pukhov et al., Phys Rev Lett (2011) 
Schroeder, Phys. Rev. Lett. (2011) HQ-VLPL3D simulation  
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28! CERN team already 
translated dreams into CAD 
and more 

! SMI experiments Q4 2016 … 
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! p+ bunches interesting because they carry large amounts of energy (10-100’s kJ) 

! 2016: study the physics of p+ bunch SMI (radial modulation, seeding, …) 

! 2017: probe the accelerating wakefields with externally injected e- 

! 2017+: study accelerator physics 

! Set-up a comprehensive and long term p+-driven plasma-based accelerator 
program at CERN 

! Develop long, scalable and uniform plasma cells 

! Develop schemes for the production of short p+ bunches 

! Explore applications for a p+-driven PWFA 

SUMMARY 
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Fig. 8: Conceptual layout of a 10 m helicon plasma cell consisting of identical helicon heating systems
each having a m = +1 helicon antenna, RF amplifier and impedance matching network.

under construction, which can also be used for profile shaping.256

The key objectives for the prototype experiment are:257

– achieve nominal AWAKE central plasma density ne ≥ 7× 1014 cm−3 in helicon discharges258

– demonstrate high axial plasma homogeneity in multi-antenna operation259

– validate power balance estimations, particularly radiated power vs. axial end losses to prove scal-260

ability of the concept261

This experiment is designed to form the core module for a large helicon plasma cell, depicted schemati-262

cally in Fig. 8, which follows a strictly modular concept. This applies to all individual parts of the cell as263

radio frequency (RF) systems, impedance matching devices, magnetic field systems, and vacuum tubes.264

All individual components are commercially available. The discharge volume is a Quartz glass tube265

immersed in a set of conventional water-cooled magnetic field coils providing a homogeneous magnetic266

field of B ≤ 200 mT. The impedance matching units and RF power amplifiers operating at 13.56 MHz267

are standard systems. For the nominal plasma density a total RF heating power of PRF ≈ 500 kW is268

required for an argon plasma 10 m in length and 1 cm in diameter. The power is coupled through in total269

≈ 40 m= +1 double helical helicon antennas to the plasma. Special attention will be paid to the full270

remote operation of the device to integrate the cell into the AWAKE setup.271

4.4 Plasma Density Measurements272

As mentioned above, a plasma density uniformity lower than 0.2% along the beam path is necessary for273

the resonant excitation of the wakefields and for the trapping of the externally injected, low energy elec-274

trons to be not only trapped but also accelerated. In all plasma sources the plasma density is evolving as a275

function of time over ∼ 100 µs. Fast and precise methods for single-shot plasma density measurements,276

with a time window of around 100 ns are therefore under study.277

One method is the cut-off measurement using terahertz time-domain spectroscopy [29]. Here the278

transmission cut-off frequency because of the plasma electron oscillation is measured. For the AWAKE279

experiment the plasma density should be tunable between (1014 − 1015) cm−3 resulting in plasma fre-280

quencies between ∼ 90 and 300 GHz, respectively. For a sensitivity of less than 1% in plasma density,281

the plasma frequency spectrum (and hence cut-off frequency) must be measured with a resolution of282

about 500 MHz for ne = 1014 cm−3.283

Alternatively, optical emission spectroscopy (OES) method is also proposed as a simple, non-284

invasive and inexpensive technique for measuring the density of the low-temperature plasmas [30]. From285

the emission spectrum of the atomic species excited through recombination and electron impact pro-286

cesses, one can extract electron temperature (Te) and electron density (ne). The plasma visible radiation287

is collected by multiple fibers at different locations along the plasma tube, and is sent to a spectrograph288

11

O. Grülke 

N. Lopes, 
IST, IC 
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New Features in v2.0

· Bessel Beams 

· Binary Collision Module
· Tunnel (ADK) and Impact Ionization

· Dynamic Load Balancing

· PML absorbing BC

· Optimized higher order splines
· Parallel I/O (HDF5)

· Boosted frame in 1/2/3D

osiris framework

· Massivelly Parallel, Fully Relativistic 
Particle-in-Cell (PIC) Code 

· Visualization and Data Analysis Infrastructure
· Developed by the osiris.consortium

!  UCLA + IST

Ricardo Fonseca: ricardo.fonseca@ist.utl.pt
Frank Tsung: tsung@physics.ucla.edu

http://cfp.ist.utl.pt/golp/epp/ 
http://exodus.physics.ucla.edu/

OSIRIS 2.0

! VLPL A: Pukhov, J. Plasma Phys. 61, 425 (1999) 
! LCODE: K. V. Lotov, Phys. Rev. ST Accel. Beams 6, 061301 (2003) 

SMI-PWFA SiMULATiONS 

Benchmarking with: 
! OSIRIS: R. A. Fonseca et al., Lect. Notes Comput. Sci. 2331, 342 (2002) 
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