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8.6 km, 5.3 mi!

e-/e+ 0-50GeV in 3km SLC!
e-/e+ 0-20GeV in 2km FACET!
e-      0-14GeV in 1km LCLS!

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 
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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 linear e-/e+ 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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!  Introduction to Plasma Wakefield Accelerator (PWFA) 

!  Linear PWFA – SMI seeding at BNL-ATF 

!  SMI experiments at SLAC E209 with e-/e+ 

!  SMI PWFA experiments at CERN with p+: AWAKE 

!  Introduction to the self-modulation instability (SMI) 

!  Summary 
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! Plasmas wave or wake can be driven by:!

! Relativistic Electron Electrostatic Plasma Wave (Electrostatic, Ez//k):!
ne 

z 
ni 

" Intense laser pulses (LWFA)!
" Dense particle bunch (PWFA)!
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" Intense laser pulses (LWFA)!
" Dense particle bunch (PWFA)!

! Plasmas can sustain very large (collective) Ez-field, acceleration!

! Plasma is already (partially) ionized, difficult to “break-down”!

! Plasmas wave or wake can be driven by:!

! Relativistic Electron Electrostatic Plasma Wave (Electrostatic, Ez//k):!

Cold Plasma “Wavebreaking” Field  

  

! 
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! Wave, wake phase velocity = driver velocity (~c when relativistic)!
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*Pioneered by J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979) 

• Plasma Wakefield  Accelerator (PWFA) 
 A high energy particle bunch (e-, e+, ...) 

evolves into 

"z!!pe/4"
P. Chen et al., Phys. Rev. Lett. 54, 693 (1985) 
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Accelerating! Decelerating (Ez)!
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Focusing (Er)!
Defocusing!

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!

Particle bunches have long “Rayleigh length”!
(beta function !*="*2/#~cm, m)!

Acceleration physics identical PWFA, LWFA!
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Focusing (Er)!
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possible with 

short, 
 high-energy 
relativistic 
bunches! 



 © P. Muggli P. Muggli, U Mich 03/18/2014 

���������������������������� ��������������������������������

����� �����������������
���

��� ����������
�

�����������
������

������������������ ��
�
���� �����

�
�

������
� �� ��������� ��

���� � ��� � � ��� �
�

� �� � �� � �

��������
�

�
��� Relativistic 

e- bunch 

� � � � � � � � � � �� � � � � � � � � � � � � � �
� � � � � � � � � � � � � � �
� � � � � � � � � � � � � � ��

� � �

�
���� ����

Accelerating! Decelerating (Ez)!

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

Focusing (Er)!
Defocusing!

! 

Eacc "110(MV /m)
N 2#1010

$ z / 0.6mm( )2
" N/"z

2!

@ kpe"z!#2 (with kpe"r <<1) "

! Linear theory !
(nb<<ne) scaling:!

! Focusing strength:!

! N=2x1010: "z=600 µm, ne=2x1014 cm-3, Eacc~100 MV/m,  B$/r=6 kT/m!
!        "z=  20 µm, ne=2x1017 cm-3, Eacc~   10 GV/m, B$/r=6 MT/m!

! Frequency: 100GHz to >1THz, “structure” size 1mm to 100µm!

(nb>ne)!

! Conventional accelerators: MHz-GHz,  Eacc<150 MV/m, B$/r<2 kT/m!

Neutral!
Plasma!
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Muggli, Phys. Rev. Lett. 93, 014802 (2004) 
Hogan, Phys. Rev. Lett. 95, 054802 (2005) 
Muggli, Hogan, Comptes Rendus Physique, 10
(2-3), 116 (2009) 
Muggli, New J. Phys. 12, 045022 (2010) 

E0! 2E0!

Blumenfeld, Nature 445, 741 (2007) 

42 => 84GeV in 85cm! 50GeV/m 

ne=2.3x1017cm-3 

"z~20!m 
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Figure 8. (a) Most probable energy of witness bunch particles as a function of

propagation distance in plasma. (b) Energy spectrum of the drive and witness

bunch after 85 cm of plasma.

drive bunch particles lose a significant fraction of their energy and actually begin to slow down,

the position of the peak decelerating field rapidly moves back (in the speed of light frame). At

the same time its magnitude drops. However, the position of the peak accelerating field (the

spike in figure 7(c)), and more importantly the plateau in the acceleration field where most of

the witness bunch particles reside, does not change in this frame, and the witness bunch moves

with the wakefield without dephasing.

3.6. Efficiency

Figure 8(a) shows energy gain (defined as the most probable energy of the witness bunch

particles) as a function of propagation distance for the simulations of figure 7. The energy gain

is almost linear up to a distance of ≈ 65 cm. At a distance of 80 cm, the initially 25 GeV witness

bunch has doubled in energy with an ≈3% energy spread, as seen in figure 8(b). While the

witness bunch is monoenergetic, much of the drive bunch has lost nearly all its energy. We have

estimated various efficiencies in the simulations. The energy transfer efficiency from the wake

to the witness bunch is almost 56%. The efficiency from the drive to the witness bunch is greater

than 30%.

The overall drive to witness bunch transfer energy efficiency can be improved by using

bunches with longitudinal current profiles tailored such that all longitudinal slices of the

drive bunch lose energy at the same rate (except for the very first and the last ones). This is

accomplished by ramping up the current along the bunch. The optimum longitudinal current

shape is trapezoidal [33] with a long rise time and a sharp fall time. In that case, the peak

decelerating wakefield remains constant along the drive bunch, while the peak accelerating field

left behind the bunch keeps increasing with the bunch length. The transformer ratio then scales

as π times the number of plasma wavelengths covered by the bunch, and can be much larger than

two. More sophisticated bunch profiles can lead to even larger enhancements of R. After first

New Journal of Physics 12 (2010) 055030 (http://www.njp.org/)

SLAC 
FACET 

Hogan, 
NJP 12, 

055030 (2010) E0! 2E0!

Blumenfeld, Nature 445, 741 (2007) 

“quantity” “quality” 

42 => 84GeV in 85cm! 50GeV/m 

Experiment 

Simulation 

~E0 

"E<<E 

E200 

ne=2.3x1017cm-3 

"z~20!m 
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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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! Idea developed “thanks” to the non-availability of short p+ bunches 

! Very similar to Raman self-modulation of long laser pulses 
(LWFA of the 20th century)  

SELF-MODULATiON INSTABiLiTY (SMI) 
! CERN p+ bunches (PS, SPS, LHC) ~12cm long 

! EWB~(pe~ne
1/2 and "z~'pe~ne

-1/2 => EWB~1/"z 
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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) 

z=0, e- 
80

60

40

20

0

n b [n
0
]

0.00

-0.05

-0.10

-0.15

-0.20
0.0 0.2 0.4 0.6 0.8 1.0 1.2

z [mm]

r [
m

]

1.8

-1.8

0.0

E 
   

  [
G

V/
m

]
ac

ce
l

0.0 0.2 0.4 0.6 0.8 1.0 1.2
z [mm]

! 

kp"# $ 45

F 

D 

D 

A 

18

-18

0

E 
   

  [
G

V/
m

]
ac

ce
l

0.0 0.2 0.4 0.6 0.8 1.0 1.2
z [mm]

80

60

40

20

0

n b [n
0
]

0.00

-0.05

-0.10

-0.15

-0.20
0.0 0.2 0.4 0.6 0.8 1.0 1.2

z [mm]

r [
m

]

SELF-MODULATiON INSTABiLiTY (SMI) 



 © P. Muggli P. Muggli, U Mich 03/18/2014 

z=0, e- 
80

60

40

20

0

n b [n
0
]

0.00

-0.05

-0.10

-0.15

-0.20
0.0 0.2 0.4 0.6 0.8 1.0 1.2

z [mm]

r [
m

]

1.8

-1.8

0.0

E 
   

  [
G

V/
m

]
ac

ce
l

0.0 0.2 0.4 0.6 0.8 1.0 1.2
z [mm]

! 

kp"# $ 45

F 

D 

D 

A 

FB//*:7LeFR\& FB//*:7L(eFR\&
18

-18

0

E 
   

  [
G

V/
m

]
ac

ce
l

0.0 0.2 0.4 0.6 0.8 1.0 1.2
z [mm]

80

60

40

20

0

n b [n
0
]

0.00

-0.05

-0.10

-0.15

-0.20
0.0 0.2 0.4 0.6 0.8 1.0 1.2

z [mm]

r [
m

]E
  

  
[G

V
/m

]
ac

ce
l

0 10
Distance (z) [cm]

20

0.5
Exponential Growth 

Saturation 

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

Radial! 
NOT longitudinal! 

SELF-MODULATiON INSTABiLiTY (SMI) 
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SELF-MODULATiON INSTABiLiTY (SMI) 
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Patric Muggli | May 23rd 2012 | IPAC - New Orleans Louisiana, USA

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 (for AWAKE only!): 
! OSIRIS: R. A. Fonseca et al., Lect. Notes Comput. Sci. 2331, 342 (2002) 
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!  Introduction to Plasma Wakefield Accelerator (PWFA) 

!  Linear PWFA – SMI seeding at BNL-ATF 

!  SMI experiments at SLAC E209 with e-/e+ 

!  SMI PWFA experiments at CERN with p+: AWAKE 

!  Introduction to the self-modulation instability (SMI) 

!  Summary 
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Deceleration 

Acceleration 

! 

Q=50pC, m=Lbeam/ #pe=2 

Energy Gain/Loss: 

! 

"E =
1
4
#
"E0

m

Ez =
1
4
#

"E0

m# eLplasma! 

m = Lbeam "pe =1,2,..

Ez must decreases from  
~6 to ~1.2MV/m to 
preserve visibility! 
Choose Q=50pC 

ENERGY SELF-MODULATiON 

Front Back 

Energy "E0 High Low 

Periodic Ez

! !2V2:B=&3@&EF"&*.*=CZ&V@<-:Bd@.&U&>*:@/23Z&,-./02.C&

!  Q.<2=*/3&*>2<*./*&DRUUHFaJ&@?&<=2>2.C&@?&1B;*Y*:<A&

&that can seed the SMI: RM*=MHDF=6/\$J)W//&

m Ez, opt 
(MV/m) 

Ez, lin, OSIRIS 
(MV/m) 

ne~m2 
(cm-3) 

1 5.2 3.7 1.2x1015 

2 3.0 3.2 4.8x1015 

3 2.0 2.6 1.1x1016 

4 1.5 2.1 1.9x1016 

5 1.2 1.8 3.0x1016 

! 

Ez r = 0( ) =
"mQ
# 0Lb

2$ r
2 e"r

2 / 2$ r
2

K0 2%m /Lb( )rdr
0

&

'

Work by Y. Fang, USC 
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!

!"#

!"$

!"%

!"&

'

! !"# !"$ !"% !"& '

ATF Beam Line 2 

! Use masking method to produce “square” bunch for SMI seeding 

EXPERiMENTAL SETUP 

Muggli, PRL. 101, 054801 (2008) 
PRST-AB 13, 052803 (2010) 

e- beam 

Plasma 

Dipole 
Quadrupole 

Energy Slit 

Quadruple 

Dipole 

Dipole 

Energy 
Spectrometer 

RF Gun Linac 

! Need cut/step<<'pe: <0.3'pe in exp. => Ez0>0.9Ez0 sharp 

Seeding 

Work by Y. Fang, USC 
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ATF Beam Line 2 

! Use masking method to produce “square” bunch for SMI seeding 

EXPERiMENTAL SETUP 

Muggli, PRL. 101, 054801 (2008) 
PRST-AB 13, 052803 (2010) 

e- beam 

Plasma 

Dipole 
Quadrupole 

Energy Slit 

Quadruple 

Dipole 

Dipole 

Energy 
Spectrometer 

Linac 

! Need cut/step<<'pe: <0.3'pe in exp. => Ez0>0.9Ez0 sharp 

Laser Parameters

Ionizing Laser Parameters

Parameter Value
Bunch Energy E0 ∼ 60 MeV
Bunch Charge Q 50pC − 1nC
Bunch Focused Size σr0 ∼ 100µm
Square Bunch Length Lbunch ∼ 960 µm
Normalized Emittance �N ∼ 3 mm−mrad
Plasma Density ne ∼ 1014 − 1018 cm−3

Plasma Length Lplasma ∼ 2 cm
Capillary Radius 500 µm

In addition, the laser must allow for:

• energy stability at the < 5% level,

• second beam extraction at the oscillator or regenerative amplifier level
for RF photo-injector gun,

• mode-locking to external RF signal (klystron) with ∼ 100fs synchro-
nization,

• on-call triggering within a few milliseconds for ∼ 100ps synchronization
with long p+ bunch,

• output telescope for adjustment of long ZR,

• full remote operation,

• reliable and stable operation for ∼ 6+ hours at a time,

• low maintenance.

P. Muggli 2013/04/23 1

Work by Y. Fang, USC 

RF Gun 
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ATF Beam Line 2 

EXPERiMENTAL SETUP 

Muggli, PRL. 101, 054801 (2008) 
PRST-AB 13, 052803 (2010) 

e- beam 

Plasma 

Dipole 
Quadrupole 

Energy Slit 

Quadruple 

Dipole 

Dipole 

Energy 
Spectrometer 

Linac 

Laser Parameters

Ionizing Laser Parameters

Parameter Value
Bunch Energy E0 ∼ 60 MeV
Bunch Charge Q 50pC − 1nC
Bunch Focused Size σr0 ∼ 100µm
Square Bunch Length Lbunch ∼ 960 µm
Normalized Emittance �N ∼ 3 mm−mrad
Plasma Density ne ∼ 1014 − 1018 cm−3

Plasma Length Lplasma ∼ 2 cm
Capillary Radius 500 µm

In addition, the laser must allow for:

• energy stability at the < 5% level,

• second beam extraction at the oscillator or regenerative amplifier level
for RF photo-injector gun,

• mode-locking to external RF signal (klystron) with ∼ 100fs synchro-
nization,

• on-call triggering within a few milliseconds for ∼ 100ps synchronization
with long p+ bunch,

• output telescope for adjustment of long ZR,

• full remote operation,

• reliable and stable operation for ∼ 6+ hours at a time,

• low maintenance.

P. Muggli 2013/04/23 1
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FIGURE 2. (a) Time evolution of the plasma light at wavelengths between 633 and 682 nm recorded with a PMT for successive

discharges. The hydrogen Hα atomic line is visible. (b) The photodiode signal (not dispersed in wavelength), the wavelength

index links the traces to those of part (a) recorded as a function of time for the corresponding discharges. In this case the average

amplitude is 0.683 arb. units and its standard deviation is 0.029 arb. units, indicating the reproducibility of the discharge. The

hydrogen backing pressure is 105 Torr and the discharge voltage is 15 kV . The discharge current is about 700 A and the discharge

current half-cycle duration is about 300 ns.
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FIGURE 3. (a) Hydrogen Hα atomic line evolution as a function of the time in the discharge obtained from the curves of Fig. 2.

(b) time evolution of the plasma density obtained from the fitting of a lorentzian profile to the Hα lines of part (a) for the middle and

the end (1/8
th

of its end) of the capillary. An electron temperature of 1 eV is assumed for the α1/2 parameter [12]. The two densities

are essentially equal. Also shown by the straight line, the exponential fit to the calculated density after the discharge current has

stopped, i.e., approximately 300 ns after the beginning of the discharge. The two corresponding time constants for the exponential

decay of the plasma density in time are 489 and 478 ns, respectively.

CONCLUSION

We have developed a method to produce electron bunch trains for the study of the resonant excitation of plasma

wakefields. The beam correlated energy spread is such that the accelerated witness bunch enters the plasma with

an energy larger than that of the drive bunches. The capillary discharge plasma has a density sufficient to reach the

resonance. The density is longitudinally uniform over more than three quarters of the 2 cm-long capillary. PWFA

498

Downloaded 21 Sep 2011 to 130.199.3.165. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions

Kimura, AAC’06 Proceedings Muggli, AAC’10 Proceedings 

Work by Y. Fang, USC 

RF Gun 

! ne # discharge – beam delay  
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Experiment, increase ne (Lp=2cm) 

no plasma Lbeam/#pe$1 Lbeam/#pe$1 

Lbeam/#pe$2 Lbeam/#pe$3 Lbeam/#pe$4 

Simulations (z=2cm) 
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OBSERVATiON OF (ENERGY) 
SELF-MODULATiON 

Fang et al., PRL 112, 045001 (2014). 
! Simulations/experiments very similar 
! Visibility in experiment confirms Ez  variation with ne 
! First observation of SMI seed: Ez instead of Er-cB$%
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! ATF “square” e- bunch, Q=50pC, "E0=0.5MeV in 960!m, in 2m plasma, variable ne 
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!  Introduction to Plasma Wakefield Accelerator (PWFA) 

!  Linear PWFA – SMI seeding at BNL-ATF 

!  SMI experiments at SLAC E209 with e-/e+ 

!  SMI PWFA experiments at CERN with p+: AWAKE 

!  Introduction to the self-modulation instability (SMI) 

!  Summary 
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SM-PWFA PARAMETERS 

! $F]c&#R#fF& ! !"#$&F'(^&
• p+-driven 

• SMI saturates in ~5m 

• Study SMI or p+-bunches 

• Remain in ~linear PWFA 
regime 

• ~GV/m over 10+ m 

• Externally inject e- 

• Accelerator experiments 

• e-/e+-driven 

• SMI saturates in ~5cm 

• Compare SMI of e-/e+ bunches 

• Reaches nonlinear PWFA 
regime 

• >10GV/m 

• Multi GeV energy gain (drive 
particles) in ~1m 

• SMI physics 

! F4M*=2V*.3B:&MB=BV*3*=A&<*3*=V2.*<&,Z&,*BV&MB=BV*3*=A&
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COMPARiSON +/- DRiVEN PWFA 

! Comparison positively/negatively charged bunches 

! Phase difference, as expected from simple physics 
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Vieira, Phys. Plasmas 19, 063105 (2012) 



 © P. Muggli P. Muggli, U Mich 03/18/2014 
! Less e+ remain to drive wakefields in the non-linear regime 
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! SMI of e- and e+ identical only in linear regime (Eacc<<EWB) 
! SMI leads to the resonant excitation of wakefields 

COMPARiSON e-/e+ 

J. Vieira, IST 

Vieira, Phys. Plasmas 19, 063105 (2012) 

"z=500!m 
ne=2.3x1017cm-3 

'pe=70!m 
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! Peak SMI wakefield (~35GV/m ) ~ single bunch peak field (~50GV/m) 
 EWB=46GV/m @ ne=2.3x1017cm-3 

! Large energy loss >10GeV (e- @1%/GeV level) 

! Energy gain >5GeV (e-, e+ @1%/GeV level) 

E0 
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+7 
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e- e+ 

z=1m, & cut 
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! No externally injected particles 

WAKEFiELDS & ENERGY CHANGE 
(by drive particles) 

Vieira, Phys. Plasmas 19, 063105 (2012) 
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 E209 @ SLAC 

! F.*=CZ&:@AAUCB2.&&,Z&<=2>*&,-./0&MB=d/:*A&
! E@=VBd@.&@?&3=B.A>*=A*&0B:@&D<*?@/-A*<&MB=d/:*AJ&

! ]B<2B:&A2a*&V@<-:Bd@.&D$G]&2.3*=?*=@V*3=ZJ&

Three observables: 

! gBC.*d/&AM*/3=@V*3*=&1230&75((g*+&=*A@:-d@.&

! G1@&hG]&AZA3*VA&75&B.<&7'V&<@1.A3=*BV&?=@V&30*&M:BAVB&

! $G]&2.3*=?*=@V*3=Z&75NXV&<@1.A3=*BV&?=@V&30*&M:BAVB&

Three well established diagnostics at FACET: 

The same as E200 and E201 
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BEAM & PLASMA PARAMETERS 

Plasma (E200): 
ne=8x1016cm-3 => 'pe=115!m 
Lp~1.3m 

e- beam: 
E=20.35GeV 
Ne-=1.9x1010 

"r~40!m 
*~1500!m FWHM 

L/'pe~14 
nb/ne~2% 

Transverse Deflecting Cavity Image 

L=1.514±0.014mm 
! Bunch longitudinal profile very consistent … 
! Lblue points=1.514±0.014mm 

Two sets of ten, aligned profiles …. 

! i2A/@>*=Z[&30*&,*BV&M=@Y:*&2A&?B=&?=@V&)B-AA2B.&

&D2N*N%&.@3&BA&2.&A2V-:Bd@.A%&A@&?B=J&
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 E209 @ SLAC 

! F.*=CZ&:@AAUCB2.&&,Z&<=2>*&,-./0&MB=d/:*A&
! E@=VBd@.&@?&3=B.A>*=A*&0B:@&D<*?@/-A*<&MB=d/:*AJ&

! ]B<2B:&A2a*&V@<-:Bd@.&D$G]&2.3*=?*=@V*3=ZJ&

Three observables: 

! gBC.*d/&AM*/3=@V*3*=&1230&75((g*+&=*A@:-d@.&

! G1@&hG]&AZA3*VA&75&B.<&7'V&<@1.A3=*BV&?=@V&30*&M:BAVB&

! $G]&2.3*=?*=@V*3=Z&75NXV&<@1.A3=*BV&?=@V&30*&M:BAVB&

Three well established diagnostics: 
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ENERGY CHANGE 

! >GeV/m wakefields driven by long (L/'pe~14) bunch in plasma 
! Spatial structure in the energy spectrum  # radial modulation? 

Plasma OFF 

Plasma OFF 

Plasma ON 

Plasma ON 

Plasma OFF Plasma ON 

Plasma OFF 

Plasma ON 

~2GeV/1.3m 
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 E209 @ SLAC 

! F.*=CZ&:@AAUCB2.&&,Z&<=2>*&,-./0&MB=d/:*A&
! E@=VBd@.&@?&3=B.A>*=A*&0B:@&D<*?@/-A*<&MB=d/:*AJ&

! ]B<2B:&A2a*&V@<-:Bd@.&D$G]&2.3*=?*=@V*3=ZJ&

Three observables: 

! gBC.*d/&AM*/3=@V*3*=&1230&75((g*+&=*A@:-d@.&

! G1@&hG]&AZA3*VA&75&B.<&7'V&<@1.A3=*BV&?=@V&30*&M:BAVB&

! $G]&2.3*=?*=@V*3=Z&75NXV&<@1.A3=*BV&?=@V&30*&M:BAVB&

Three well established diagnostics: 
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PROPAGATiON AFTER THE PLASMA 

J. Vieira, IST 

! Measure time integrated transverse beam image: core + halo 

OTR 

CTR foil 
Bunch 

Beam propagation in vacuum-after plasma Core 
Halo 

CCD 
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TRANSVERSE SiZE 

! Core of “focused” and halo of “defocused” e- 
Muggli, IPAC 2012 

Plasma OFF 

Plasma OFF 

Plasma ON 

Plasma ON 

z~1m 
z~2m 

Beam Line 
Aperture 

OT
R 
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CCD 
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 E209 @ SLAC 

! F.*=CZ&:@AAUCB2.&&,Z&<=2>*&,-./0&MB=d/:*A&
! E@=VBd@.&@?&3=B.A>*=A*&0B:@&D<*?@/-A*<&MB=d/:*AJ&

! ]B<2B:&A2a*&V@<-:Bd@.&D$G]&2.3*=?*=@V*3=Z%&$G]QJ&

Three observables: 

! gBC.*d/&AM*/3=@V*3*=&1230&75((g*+&=*A@:-d@.&

! G1@&hG]&AZA3*VA&75&B.<&7'V&<@1.A3=*BV&?=@V&30*&M:BAVB&

! $G]&2.3*=?*=@V*3=Z&75NXV&<@1.A3=*BV&?=@V&30*&M:BAVB&DF'(5J&

Three well established diagnostics: 
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SELF-MODULATiON SiGN 

! Short wavelength features  
! Peaks at ~'pe and ~'pe/2 in FT 
! Other peaks (170, 83!m)? 
! Peaks not in reference signal 

e-!
Detector!

PLD!

ne=8x1016cm-3 => 'pe=115!m 

OFF 

ON Fourier 
Transform 

Interference 

FT Reference 
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! Short wavelength features  
! Peaks at ~'pe and ~'pe/2 in FT 
! Other peaks (170, 83!m)? 
! Peaks not in reference signal 

e-!
Detector!

PLD!

ne=8x1016cm-3 => 'pe=0.115mm 

FT Reference 

Fourier 
Transform 

Interference 

OFF 

ON 

SELF-MODULATiON SiGN 
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!  Introduction to Plasma Wakefield Accelerator (PWFA) 

!  Linear PWFA – SMI seeding at BNL-ATF 

!  SMI experiments at SLAC E209 with e-/e+ 

!  SMI PWFA experiments at CERN with p+: AWAKE 

!  Introduction to the self-modulation instability (SMI) 

!  Summary 
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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 

! Initial goal: ~GeV gain by externally injected e-, in 5-10m of plasma 
in self-modulated p+ driven PWFA 

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

 

fpe~240GHz 
Lp~10m~2!* 
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AWAKE EXPERiMENT @ CERN 

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

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

First experiments: 2016 

! No seed no SMI (over 10m) 
E 1
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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<<'pe => good seed 

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

AWAKE EXPERiMENT @ CERN 
First experiments: 2016 
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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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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 

(b) 

Z, m 

(vph – c )/c,  x10-4   

"/2# 
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0 

Pukhov et al., Phys Rev Lett (2011) 
Schroeder, Phys. Rev. Lett. (2011) HQ-VLPL3D simulation  

! Phase velocity of wakefield <vp!c in the growth phase 

! External injection after saturation of SMI 

v$~vb~c 

Front 
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e- injection 

! Accelerate e- to multi-GeV 
energies with ~GeV/m gradient 
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+inj~1.5"zp~18cm 
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Injection experiments: 2017 
"ze->'pe 
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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

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

! probe the longitudinal (accelerating) wakefields with externally injected e- 

! study injection dynamics (side or on-axis injection) of e- 

! produce multi-GeV e- with ~GV/m gradient maintained over m-distances 

! develop long, scalable and uniform plasma cells 

! develop schemes for the production of short p+ bunches 

GOALS OF AWAKE EXPERiMENT 

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

! Explore applications for a p+-driven PWFA 

O. Grülke 

! Experiment approved Fall 2013 
 SMI experiments 2016 
 e- injection 2017 
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! Laser ionization of a Rb metal vapor, 
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BASE-LiNE EXPERiMENTAL SETUP 

! Injection of 10-20MeV test e- at plasma entrance ("ze->'pe) 

! 0.1-5GeV electron spectrometer 

! OTR + streak camera, electro-optic sampling for p+-bunch modulation diag. 
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Fig. 16: Integration of the AWAKE experimental components in the experimental area.
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! CERN team already translated our 
dreams into CAD drawings 

! Next step: make it real! 

AWAKE EXPERiMENT @ CERN 

   Plasma 
                   10m, 1014-1015 cm-3 

Final 
Focus 

p+ from SPS 

10-20MeV e- 

e- spectrometer 
0.1->2GeV 

Laser dump 
Diagnostics 

OTR/CTR 
Diagnostics 

Ionizing 
Laser 
Pulse 

p+ dump 

EOS 
Diagnostic 

SMI Acceleration 

Laser e- 
gun 

Today 



 © P. Muggli P. Muggli, U Mich 03/18/2014 

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
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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.
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!  Introduction to Plasma Wakefield Accelerator (PWFA) 

!  Linear PWFA – SMI seeding at BNL-ATF 

!  SMI experiments at SLAC E209 with e-/e+ 

!  SMI PWFA experiments at CERN with p+: AWAKE 

!  Introduction to the self-modulation instability (SMI) 

!  Summary 
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*Pioneered by J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979) 

• Plasma Wakefield  Accelerator (PWFA) 
 A high energy particle bunch (e-, e+, ...) 

• Laser Wakefield  Accelerator (LWFA) 
 A short laser pulse (photons) 

• Plasma Beat Wave  Accelerator (PBWA) 
 Two frequencies laser pulse, i.e., a train of pulses 

• Self-Modulated Laser Wakefield  Accelerator (SMLWFA) 
 Raman forward scattering instability 

   in a long laser pulse 

"z!!pe/4"

5 

• Self-Modulated 
 PWFA (SMPPWFA) evolves into 

evolves into 

P. Chen et al., Phys. Rev. Lett. 54, 693 (1985) 
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! Observe self-modulation instability (SMI) of long particle bunches in plasma 

SUMMARY 

! Other SMI experiments (DESY, CLARA-UK, INFN-Frascati, …) 

! Signs of SMI seeding in ATF experiments 

! p+ bunches: only drivers with enough energy for PWFA to the energy frontier  

! SLAC E209 SMI physics experiment with e-/e+ 
• Transverse modulation, large wakefields (~10GV/m), seeding (cut bunch), SMI/
hosing competition, e-/e+ differences 
• Signs of radial modulation, energy loss, halo formation in two-day experiment!!!  

• PWFA driven by p+ bunch 
• SMI of p+ bunch 
• Seeding (laser ionization) 
• ~GV/m over 10m 
• External injection of electrons 
• … 
• Beginning of a long term program at CERN for p+-driven PWFA   

!  SMI PWFA experiments at CERN with p+ (approved 2013, experiments 2016) 

! Simulations play a key role … 
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