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Plasma wave/wake excited by a relativistic particle bunch!

Plasma e- expelled by space charge force  =>  deceleration + focusing (MT/m)!

Plasma e- rush back on axis 	
 	
    =>  acceleration, GV/m!

Ultra-relativistic driver !=> ultra-relativistic wake!
! ! !=> no dephasing!

Plasma is already (at least) partially ionized => sustains large E-fields!

Can be driven by particle bunch (PWFA) or laser pulse (LWFA)!

Chen, Phys. Rev. Lett. 54, 693 (1985) 
Rosenzweig, Phys. Rev. Lett. 61, 98 (1988) 
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 SLAC,	  42GeV	  bunch	  with	  2x1010e-‐	  	  	  	   	  	  	  	  	  ~126J	  

 SLAC-‐like	  driver	  for	  staging	  (FACET=	  1	  stage,	  collider	  10+	  stages)	  

 ILC,	  	  0.5TeV	  bunch	  with	  2x1010e-‐ 	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  ~1.6kJ	  
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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)	  

 SLAC,	  42GeV	  bunch	  with	  2x1010e-‐	  	  	  	   	  	  	  	  	  ~126J	  
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 Drive (e-, p+) and witness (e-, e+) must fit within the structure 

€ 

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:!

€ 

kpe =ω pe /c∝ ne
1/ 2

 AWAKE:   σz=6-12cm => Eacc~MV/m 

 Instead:    kpeσr=1 => σr=200µm => ne=7x1014cm-3, but  kpeσz>>1  

 Need self-modulation to create kpeσz~1 to reach ~1GV/m   
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 Iniaal	  small	  transverse	  wakefields	  modulate	  the	  bunch	  density	  with period 
	  	  ~λpe<<σz,ξ	


 Associated	  longitudinal	  wakefields	  reach	  large	  amplitude	  
	  through	  resonant	  excitaaon	  

z=5cm, e- 
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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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z=0, e- 
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z=5cm, e- J. Vieira, IST 

Radial! 
NOT longitudinal! 

SEEDED SELF-MODULATiON (SSM) 
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AWAKE RUN 1 GOALS 
 Get approved at CERN! 

 Demonstrate self-modulation of the long p+ bunch in a dense plasma 

 Demonstrate acceleration of  externally injected e- 

2013 

2017 

2018 
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AWAKE RUN 1: SSM DiAGNOSTiCS 
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 OTR+ streak camera for time-resolved p+ bunch images 

!"
#$

%&
&'
(##
)*

)
+,
-#.
,/

0
#1
23
14
35
16
4#

#7#!"#$%&&'(#

8$9#:9);0<8=9.>#<=/#?#8=/,)+#.)$,/)#

!#<@ABC(D#(@EF@D(EG#
#HD(@&'F#IJFKL#

!#/BM(B'#NOM%'BPO@#
#H'(@FBK#IJFK#BKKBGL#

r,
m

m

1

0

2
L=4 m

r,
m

m

1

0

2
L=0 m (a)

(b)

(c)

z, cm

r,
m

m

-10.5-10.6-10.7
0.0

1.0

z, cm 0-10-30 -20

0OE#NOM%'BEFM#

Q%''G#DF'RANOM%'BEFM-#S!TSU?#VW#(@XFYPO@#

"UF#

"UFV6"5NN##
# ZUD##
ROK#@FV2C616ZYNA4#

8(N%'BPO@#JG#+"#[OEOS#

≤1ps resolution 
Streak Camera 

 Screens in imaging stations 

 CTR frequency analysis diagnostic 
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AWAKE RUN 1: SSM DiAGNOSTiCS 

nRb=2.1x1014cm-3 

t 

x 

OTR 

Rb vapor, 10m 
1-10x1014cm-3 

laser	  
SSM 

SPS	  

Dump	  

Marker Laser Pulse (MLP) 
Synchronized w Ionizing MLP 
Delayed wrt Ionizing MLP 

CTR	  
Screen	  1	   Screen	  2	  

OTR 

 Micro-bunches present over long time scale ~2σzt from seed 
 “Stitching” demonstrates reproducibility of the µ-bunch process against bunch 

parameters variations (N=2x1011±5%, σzt=220±10ps, σr) 
 Phase stability essential for e- external injection 

200ps 

“Ionizing” 
Laser 
Pulse 

Marker 
Laser 
Pulse 

Marker 
Laser 
Pulse 

Marker 
Laser 
Pulse 

Marker 
Laser 
Pulse 

50ps 50ps 50ps 50ps 

∼σz/c~200ps 

31 Bunches!!! 

Defocused p+ 

Front 

P. Muggli 
F. Batsch 

Diagnostics were appropriate for SSM measurements 
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AWAKE: e- INJECTiON 

G. Plyushchev 

p+, e- 

 Vapor source has “density ramp” at 
ends 

 nRb ramp => ne ramp 
 Wakefields focusing for drive bunch 

charge sign, i.e., defocusing for e- 



 © P. Muggli P. Muggli, 1st AWAKE Instr. Meet. 09/27/2018 

AWAKE: e- INJECTiON 

 Wakefields slower than drive bunch 
when SSM grows ... 

 Must inject at z>0 
 Run 1: side injection 
 Run 2: inject z>5m(?) 

M. Moreira 
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 K. V. Lotov, Journal of Plasma Physics 78(04), 455 (2012).  

AWAKE: e- INJECTiON 

 e- have to “cross” wakefields 
 Complicated trajectories 
 Low capture 
 Dependencies on angle and position 

 Run 1 choice: σz, e->λpe => no <1ps timing required 
 Run 2 must have σz, e-<<λpe => ~100fs timing required 
 Timing between seed laser pulse and RF-gun laser pulse 

or e- bunch 



 © P. Muggli P. Muggli, 1st AWAKE Instr. Meet. 09/27/2018 

AWAKE RUN 1: ACCLERATiON 

external e- injection 

Rb vapor, 10m 
1-10x1014cm-3 

laser	   RF-‐gun	   e-‐	  spectro	  SSM 

SPS	   OTR	   CTR	  
Screen	  1	   Screen	  2	  

Dump	  
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Rb vapor, 10m 
1-10x1014cm-3 

laser	   RF-‐gun	   e-‐	  spectro	  SSM 

SPS	   OTR	   CTR	  
Screen	  1	   Screen	  2	  

Dump	  

AWAKE RUN 1: ACCELERATiON DiAGNOSTiCS 

 All “tools” to send the beams 
 Diagnostics NOT SUITABLE to ensure crossing 
 MUST BE BETTER FOR RUN 2 

external e- injection 

M. Turner 

 Debriefing from Run 1 to improve for Run 2! 
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AWAKE RUN 1: ACCELERATiON DiAGNOSTiCS 

 e- spectrometer standard 
 Challenge: background from p+ secondaries 

F. Keeble 

e- 
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AWAKE RUN 2: GOAL 
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 Acceleration of an externally injected e- bunch with small final ε and ΔE/E @ GeV 

 Challenge: put the witness e- bunch in the right place 
 Preserve its quality (low emittance, narrow energy spread) 
 Scalability 
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AWAKE RUN 2: GOAL 

Typical parameters: 
σz=60µm 
σr=5.25µm 
(matched for εN=2mm-mrad, ne=7x1014cm-3, ~εN

1/4) 
Q=100pC 
Blow-out and beam loading 
~73% charge with ∆εN/εN<5%, ∆E/E~% 

 Challenging parameters to produce with low energy particles (σr,σz) 
 Challenging to measure (σr) 

“From acceleration to accelerator!” 
Goal of all advanced accelerator concepts 

 Acceleration of an externally injected e- bunch with small final ε and ΔE/E @ GeV 
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 Acceleration of an externally injected e- bunch with small final ε and ΔE/E @ GeV 
 Decouple SSM and acceleration 

e--injector 

p+ 
Injection 

Zone Accelerator SSM’or 

p+ SSM (bunch) e-/p+ Timing 
e-/wakefields Timing 

Energy 
Emittance 

e-/p+ alignment e- 
p+ 

Wakefields (plasma) 

 Plasma source(s) based on rubidium vapor and laser ionization!!!! 
 p+ bunch at (1/20)Hz at best … 

AWAKE RUN 2: GOAL 
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AWAKE RUN 2 DiAGNOSTiCS 

 p+ SSM: OTR and streak camera, needed on every event! 

 Wakefields (plasma): Schlieren, interferometry, photon acceleration, ??? 

 e-/p+ alignment: OTRs, screens, ??? 

 Energy: spectrometer 

 Timing 
 Timing e-/p+: online EOS (p+ halo?) 
 Timing e-/wakefields? 

 e-: standard beam line diagnostics, screen-based? 

 p+: standard beam line diagnostics 

 Emittance: single shot (β-tron, optical pepper pot, ???), separate e-/p+ 

 Laser-ionized, rubidium plasma imposes strong constraints (200°C, 
chemically reactive, metal deposition?, etc. 

 p+ bunch at (1/20)Hz at best … 
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SUMMARY 

 SSM and acceleration diagnostics were appropriate 

 Fell short on e- injection diagnostics 

 Need temporal alignment: fpe~100-300GHz, 1/32fpe~300-100fs 

 Need in-situ spatial alignment screens (few µm level)  

 AWAKE Run 1 was very successful: SSM & acceleration of e- to 2GeV 

 Need single shot measurement of accelerated e- bunch (1/20Hz!!!) 

 Would be nice to have wakefield diagnostics (challenging at low ne) all along … 

 Alignment diagnostics are challenging (temperature and rubidium) 

 Energy measurement is OK 

 Some Run I diagnostics directly transfer, but debriefing would be beneficial 

 SSM diagnostics are key to the experiment 

 Many issues “solved on the fly” 

 Bottom line: better diagnostics =  better experiment 

Excellent and new diagnostics are absolutely 
key for Run 2! 

 AWAKE Run 2 is about e- beam quality and needs (diagnostics): 
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SUMMARY 

http://www.mpp.mpg.de/~muggli 
muggli@mpp.mpg.de 
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1) Drive bunch loses energy 
driving the wakefields 

2) Energy is “stored” in the  
wakefields sustained by the 
oscillatory motion of the 
plasma e-, charge 
separation 

Replaces: 

Replaces: 

3) Witness bunch can 
extract energy from the 
wakefields 

 Is it a high gradient accelerator? 
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PROTON-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 
 Single stage, no gradient dilution 
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