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 Driving wakefields in plasma with a (SPS) proton (p+) bunch 

 Accelerating externally-injected electrons (e-) to GeV (SPS) to TeV (LHC) energy scale 

 Applications to particle physics experiments: 

 Beam dump – solid target experiments 

 e- / p+ collider (LHC) 

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

~TeV in km  ~GeV/m 

3 

A.  Caldwell, Eur Phys J C 76, 463 (2016) 
M. Wing, Phil Trans A Math Phys Eng Sci., 377(2151) (2019) 
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 Very successful Run 1 

 Clear plan/roadmap toward an accelerator for particle physics applications 

 Run 2 has started: 

 First 5 weeks of Run 2a (2021-22) showed e-seeded self-modulation (e-SSM) at low plasma 
density  

 Run 2b (2023-24), maintaining large accelerating gradient with plasma density step 

 Run 2c (2027-..), external injection of e-bunch, acceleration to multi GeVs, bunch quality 

 Run 2d, scalability of acceleration, development of scalable plasma source 

 Application to particle physics following Run 2 
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 2013: experiment approved 

 2016-18: Run 1, 7 PhDs, 1 Nature, 4 Phys. Rev. Lett. + … 

 Self-modulation 

 e- acceleration 

 2021-..: Run 2, e- bunch for applications at the multi-GeV level 

 2021-22: 2a, e--bunch seeding of self-modulation 

 2023-24: 2b, new plasma source with density step to maintain high amplitude of 
wakefields 

 2027-…: 2c, external e--bunch bunch injection and acceleration, multi-GeV 

 2019-…: 2d, development of scalable plasma source(s), scaling of energy gain 

5 
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 https://twiki.cern.ch/twiki/bin/view/AWAKE/AwakePublic 

6 
… + shorter author list publications 
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 Scaling: 

 SPS p+ bunch: 
σz=10cm 
σr=200µm = c/ωpe=> ne=7x1014cm-3 

                EWB=2.5GV/m   
σz>>c/ωpe 

⇒ Self-modulation process 
⇒ λpe=2πc/ωpe~1mm 

3 

 Plasma: initially (globally) neutral: ne=ni 

7 

(fpe~100GHz) 
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short, tight bunch 
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 Scaling: 

 SPS p+ bunch: 

3 

 Plasma: initially (globally) neutral: ne=ni 

(fpe~100GHz) 

σz>>c/ωpe 
⇒ Self-modulation process 
⇒ λpe=2π/ωpe~1mm 

σz=10cm 
σr=200µm = c/ωpe=> ne=7x1014cm-3 

                EWB=2.5GV/m   

 Why p+? 

 p+ bunches carry large amounts of energy per particle (400GeV SPS, 6.5TeV LHC) 
and per bunch (19, 120kJ) 

 Short e- bunches (PWFA), laser pulses (LWFA) <100J 

 p+ bunch drives wakefields over long plasma length 

 Acceleration in a single plasma, avoid staging to reach high e- energies (TeV) 

 ns-long p+ bunch needs self-modulation to drive GV/m accelerating (wake)fields 
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 Ini,al	
  small	
  transverse	
  wakefields	
  modulate	
  the	
  bunch	
  density	
  with period 
	
  	
  ~λpe<<σz,ξ	



 Associated	
  longitudinal	
  wakefields	
  reach	
  large	
  amplitude	
  through	
  resonant	
  excita,on	
  

z=5cm, e- 

Eaccel~4%EWB Eaccel~40%EWB 

Er-cBθ	
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Schroeder et al., PRL 107, 145002 (2011) 

J. Vieira, IST 

J. Vieira et al., Phys. Plasmas 19, 063105 (2012) 
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Kumar, Phys. Rev. Lett. 104, 255003 (2010) 

Transverse 
NOT longitudinal! 

8 
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AWAKE, Nature 561, 363 (2018) 
9 



 © P. Muggli P. Muggli, SPSC 10/12/2021 
/23 

Rb plasma, 10m 
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 Growth	
  of	
  wakefields	
  

10m Rb vapor source 
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nRb=2.1x1014cm-3 OTR 

t 

x 

OTR 

Rb vapor, 10m 
(1-10)x1014cm-3 

laser	
   SSM 

SPS	
  

Dump	
  

CTR	
  
Screen	
  1	
   Screen	
  2	
  

Streak camera Images 

RIF 

10 

RIF 

AWAKE, Phys. Rev. Lett. 122, 054802 (2019) M. Turner et al., Phys. Rev. Lett. 122, 054801 (2019) 
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  Injection at an angle (~1-3mrad) 
  Finite ∆E/E 
  Up to 2GeV energy gain (from ~19MeV) 
  Captured charge: ~pC 

E0=(18.84±0.05)MeV 
Q=(656±14)pC 

E=(800±40)MeV 
∆EFWHM=(137±14)
MeV 
Q=(0.25±0.7)pC 

ne=1.8x1014cm-3 

∆ne/10m=5.3% 
N=(2.5-3)x1011 

σr=200µm 
σr=(6-8)cm 

14 

AWAKE, Nature 561, 363 (2018) 
11 
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F. Batsch et al., Phys. Rev. Lett. 126, 164802 (2021) 

Relativistic Ionization Front 
(RIF) 

Seeding 
SMI - Instability 

 Transition from SMI to SSM 

 SSM, RIF seeding: ΔΦ/2π≤8% 
 Essential for deterministic external injection of a e- bunch in the accelerating and focusing phase of the wakefields 

SSM - Control 

RIF 

12 

SMI –SSM transition: 
 tRIF~2σp+ 
 2.8MV/m ≤ Ez,seed ≤4MV/m  @ ne=1014cm-3 te-, inj te-, inj 

µ-bunches 
@ fixed times 

µ-bunches 
@ varying times 
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 Run 2: 
 e-bunch quality 
 High energy 

 Two plasma 
 Self-modulator 
 Accelerator 

 Run 1: 
 Phase-reproducible, seeded, self-modulation 
 Acceleration 

 Single plasma 
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hν	

e- p+ 

e- Linac 

SPS 

SM’or Acc’or 

Spectrometer Laser 

Dump 

e- Linac 

Self-Modulator, Run 2a,b: 
 e- bunch seeding 
 Plasma density step 

Accelerator: 
 Blow-out 
 Beam loading 
 Beam matching 

e- external injection, Runs 2 c,d: 
 On-axis injection 
 Bunch quality 
 Plasma source for >>GeV scale 

V. K. Berglyd Olsen, PR- AB 21, 011301 (2018) 
13 

 Bunch 
   quality 
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 No seed, preformed plasma => SMI (phase not reproducible) 
 e-bunch seed (eSSM) => reproducible phase => entire bunch self-modulated 

Run 2 issue: two plasmas 
1st plasma: RIF SSM, self-modulator 2nd plasma : preformed plasma, accelerator 

Run 1: single, laser-ionized plasma, relativistic ionization 
Relativistic ionization front seeding (RIF), SSM Instability, SMI 

Interference: 
front SSM – back SMI? 

Run 2 solution: e-bunch seeding 

1st plasma: e-bunch SSM, self-modulator 2nd plasma: preformed plasma, accelerator 

 Whole bunch self-modulated  No SMI 

14 
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NO 
Seeding 

e-bunch 
Seeding 

Preliminary! 

L. Verra 

SMI 

eSSM 

Reproducible 
Phase 

 No seed, preformed plasma => SMI (phase not reproducible) 
 e-bunch seed, => reproducible phase => eSSM => entire bunch self-modulated 
 RMS phase variation ~8% of 2π, similar to RIF-SSM, measurement dominated 

Individual 
Events 

Sum of 
Events No seed – pre-formed plasma 

e-bunch seed 

15 
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p+ 

e- 
p+  and e- aligned,  
Pure eSSM 

Seed HI along the slit  

e- 
Seed eSSM along the slit 
HI ⟂ to the slit 

Seed HI along the slit  
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  Hosing Instability seeded by 
misaligning e- bunch (eSSM) 

  eSSM in one plane 
  eHI in the other Preliminary! 

T. Nechaeva 
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  Hosing Instability seeded by 
misaligning e- bunch (eSSM) 

  eSSM in one plane 
  eHI in the other Preliminary! 

T. Nechaeva 

 Hosing Instability  

 May compete with self-modulation 

 May grow over very long distance in plasma 

 Important to study! 
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hν	

e- p+ 

e- Linac 

SPS 

SM’or Acc’or 

Spectrometer Laser 

Dump 

e- Linac 

Self-Modulator, Run 2a,b: 
 e- bunch seeding 
 Plasma density step 

Accelerator: 
 Blow-out 
 Beam loading 
 Beam matching 
 Plasma source for >>GeV scale 

e- external injection, Runs 2 c,d: 
 On-axis injection 

V. K. Berglyd Olsen, PR- AB 21, 011301 (2018) 17 
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  Plasma density step for wakefields to maintain large amplitude after saturation of SM 

Calwell, POP 18, 103101 (2011) 

 Predicted effect ∆nRb(/∆T), 
    molecular flow simulation 

G. Plyushchev , J. Phys. D: 51(2), 025203 (2017) 

~10cm 

∆T=10K@473K 
∆nRb=2% 

K. Lotov V. Minakov, private communication 

ne=7x1014 cm-3 

∆(δne/ne)0~4 @ 10m 

ne=cst 

ne step 

  Impose temperature step ∆T 
  Rb vapor density step: ∆nRb~∆T, 0-10% @500K 
  Laser ionization ∆ne=∆nRb~∆T 
  New vapor source and new diagnostic for wakefields 

Step 

No step 

17 
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  New vapor source: temperature step 
  Short electrical heaters + fluid heat exchanger 

  Impose temperature step ∆T 
  Test simulation predictions 
  Source for Run 2b = self-modulator source of Run 2c 

Plasma density 
perturbation diagnostics 
THz shadowgraphy 

Rb Rb 

p+ 

nRb 

Not to scale 

0-±10% 

50, 100, 150, …, 350cm 

T 

18 
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  New vapor source prototype: temperature step prototype (EHN1) 

∆L~25cm 
∆T~5°C 

∆L~80cm 

∆T~50°C 

M. Bergamaschi 
J. Pucek 

Position (mm) 

Te
m

pe
ra

tu
re

 (°
C

) 

Heater 1 Heater 2 Heater 3 Heater 4 Heater 5 

19 

  Impose temperature step 0≤∆T≤50K or 0-10%@500K 
  Step width ∆L increases with ∆T 
  Effect of step on wakefields weakly dependent on step width/shape 
  Design of the full vapor source started   
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  Wakefields ultimately dissipate in the plasma 
  Is Rb atomic light intensity proportional to the amplitude of the wakefields? 

  Wakefields sustained by plasma e- oscillations 
  Collisions with ions/neutral produce light Preliminary! 

Step 

No-step 

δn
e/n

e0
 ~

E
z 

z 

Run 2a: 
RIF scan 

Run 2b: 
Wakefields 
Diagnostic 

  Plasma light / wakefields’ amplitude correlation (seed wakefields, upstream) 
  Further measurements needed 

M. Bergamaschi, J. Pucek 

20 
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Run 2c preparation 
  Numerical simulations 

  Injection scheme 
  Tolerances to misalignment  
  Optimization 
  etc. 

  2nd injector development, X-band linac, 150MeV e-, CLEAR 
  Vapor source and injection region 
  Ionizing laser, optics, diagnostics, etc. 

Run 2d preparation 
  Plasma source development in CERN lab: helicon, discharge 

21 
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 Laser ionization does not scale to long plasma lengths (100m-1km) 
 Plasma source development laboratory at CERN 

 Helicon source: magnetized RF discharge 

 Pulsed discharge 

 Replace Rb accelerator plasma source by 
scalable source! 

 Unit cell (2 B-coils + RF antenna) that can be stacked… 

Buttenschön, PPFC 60(7), 075005 (2018) 

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

22 
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  Cost and Schedule review on Nov. 18, 2021 

Run 2a:  
  Request 15 weeks of p+ beam (2-week periods), clear goals: 

  eSSM at high plasma density (7x1014cm-3) 
  eSSM – SMI competition or interference 
  Hosing studies 
  SSM characterization 
  Cherenkov e-BPMs 
  SM in Rubidium plasma ionized non-resonantly 
  Plasma light as diagnostic for wakefields 

  Run 2b: new vapor/plasma source with density step installed during 2022-23 YETS 

  Possible experiments with discharge source with (4+6)m plasmas 

  Sustained simulation studies 
  Complement experimental results 
  Inform new experiments 
  Design future experiments 
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 Very successful Run 1 

 Clear plan/roadmap toward an accelerator for particle physics applications 

 Run 2 has started: 

 First 5 weeks of Run 2a (2021-22) showed e-seeded self-modulation (e-SSM) at low plasma 
density  

 Run 2b (2023-24), maintaining large accelerating gradient with plasma density step 

 Run 2c (2027-..), external injection of e-bunch, acceleration to multi GeVs, bunch quality 

 Run 2d, scalability of acceleration, development of scalable plasma source 

 Application to particle physics following Run 2 
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http://www.mpp.mpg.de/~muggli 
muggli@mpp.mpg.de 

Thank you! 

Thank you to my collaborators! 
… and to CERN … 


