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AWAKE: 
A Proton-Driven 

Plasma Wakefield 
Experiment  

at CERN 
presented by:!

Patric Muggli!
Max Planck Institute for Physics, Munich!

muggli@mpp.mpg.de!

for the AWAKE collaboration!
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Proton-driven!
Plasma Wakefield Acceleration!

Collaboration:!
Accelerating e- on the wake of a p+ bunch!
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 Brief intro to PWFA 

 Why p+-bunch-driven PWFA? 

 AWAKE with SMI of SPS p+-bunches  

 Self-modulation instability (SMI) of long particle bunches in dense 
plasmas 

 Description of the experiment 

 Summary 

 Short p+-bunch-driven PWFA  
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Plasma e- rush back on axis 	

 	

    =>  acceleration, GV/m"

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

Plasma wave/wake excited by a relativistic particle bunch"

Ultra-relativistic driver "=> ultra-relativistic wake"
" " "=> no dephasing (…)"

Particle bunches have long “Rayleigh lengths”"
(beta function β*=σ2/ε~cm, m)"

Acceleration physics identical PWFA, LWFA"
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Very large 
energy gain 

possible with 
high-energy 
relativistic 
bunches! 
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€ 

Eacc ≅110(MV /m)
N 2×1010

σ z / 0.6mm( )2
≈ N/σz

2	



@ kpeσz≈√2 (with kpeσr <<1) 	



€ 

Bθ

r
=
1
2
nee
ε0c

= 3kT /m× ne (10
14 cm−3 )

Linear theory "
(nb<<ne) scaling:"

Focusing strength:"

Scaling favor: "-High charge: Eacc~N"
" "-Short bunch: Eacc~1/σz

2"

" "-High plasma density: ne~1/σz
1/2"

for high gradient  "

(nb>ne)"

Neutral	


Plasma	
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Ultra-relativistic driver "=> ultra-relativistic wake"
" " "=> no dephasing (…)"

Plasma wave/wake excited by a relativistic particle bunch"

Plasma e- expelled by space charge forces  =>  deceleration +  focusing"

Plasma e- rush back on axis 	

 	

      =>  acceleration"

Particle bunches have long “Rayleigh lengths” => large energy gain"
(beta function β*=σ2/ε~cm, m)"

Acceleration physics identical PWFA, LWFA"
E0" 2E0"

Blumenfeld, Nature 445, 2007 

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

Experiment 
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 Brief intro to PWFA 

 Why p+-bunch-driven PWFA? 

 AWAKE with SMI of SPS p+-bunches  

 Self-modulation instability (SMI) of long particle bunches in dense 
plasmas 

 Description of the experiment 

 Summary 

 Short p+-bunch-driven PWFA  
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 Because we can! 

 They carry large amounts of energy (kJ) 

 Sustain large average gradient (GeV/m) over long distances 
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 SLAC, 20GeV bunch with 2x1010e-           ~60J 

+
+
+
+
+
+
+
+
+
+
 +
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

---------------

----
----------

-
------------
-------

---------------- --
-
---------

------- - -- ---------- - --- - -- --

- -- - --

-----
-

-
--- proton 

bunch 

+ + + + + + + + + ++ + + + + + + + + + + + + +
+ + + + + + + + + + + + + +
+ + + + + + + + + + + + + +-

- - -

-
-- --

p+-Driver	



+ + + + + + + + + + + + + +

+ + + + + + + + + + + + +

e--Witness	



 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) 
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 large average gradient: ne~1014-1015cm-3, ~1GeV/m over 100’s m 

 large accelerating structure: ~λpe
3~ne

-3/2~mm3, easier injection 

Pancake-like bunch: σx,y>σz 

 large matched radius: 
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 Less betatron radiation: 
            
          and: 
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2ne

2r2 ∝ ne
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 SLAC, 20GeV bunch with 2x1010e-           ~60J 
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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) 

Interesting 
PWFA 
drivers at 
CERN 
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 Brief intro to PWFA 

 Why p+-bunch-driven PWFA? 

 AWAKE with SMI of SPS p+-bunches  

 Self-modulation instability (SMI) of long particle bunches in dense 
plasmas 

 Description of the experiment 

 Summary 

 Short p+-bunch-driven PWFA  
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PROTON-DRIVEN PWFA 

 Use “pancake” p+ bunch (σr>σz) to drive wakefields (cylinder for e- driver) 

Caldwell, Nat. Phys. 5, 363, (2009) 

 Loaded gradient ~1.5GV/m 

p+ e- 

Unloaded      Loaded 

Pancake-like bunch: σx,y>σz 
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PROTON-DRIVEN PWFA 

∆E/E~1% 

p+ e- 

Unloaded      Loaded 

~0.6TeV 

~500m 

p+ dephasing 

 Use “pancake” p+ bunch (σr>σz) to drive wakefields (cylinder for e- driver) 

 ILC-like e- bunch from a single p+-driven PWFA 
 Loaded gradient ~1.5GV/m 

Caldwell, Nat. Phys. 5, 363, (2009) 
Pancake-like bunch: σx,y>σz 
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 Use “pancake” p+ bunch to drive wakefields (cylinder for e- driver) 

 ILC-like e- bunch from a single p+-driven PWFA 
 Loaded gradient ~1.5GV/m, efficiency ~ 10% (recycling?) 

PROTON-DRIVEN PWFA 

∆E/E~1% 

p+ e- 

Unloaded      Loaded 

~0.6TeV 

~500m 

p+ dephasing 

Caldwell, Nat. Phys. 5, 363, (2009) 
Pancake-like bunch: σx,y>σz 
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 Why p+-bunch-driven PWFA? 
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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 
 ne~1014cm-3, EWB~1GeV, λpe~mm 



P.
 M

ug
gl

i, 
06

/0
4/

20
13

, E
A

A
C

 2
10

3 

 © P. Muggli 

SELF-MODULATION INSTABILITY (SMI) 

z=5cm, e- 

Eaccel~4%EWB Eaccel~40%EWB 

Er-cBθ	
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 Ini$al	
  small	
  transverse	
  wakefields	
  modulate	
  the	
  bunch	
  density	
  

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

 Accelera$on	
  of	
  an	
  injected	
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 Drive particles (e-, p+) sit in opposite wakefield phases 

Beam Plasma 

Injection of e- witness bunch 
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Fig. 1: Example of a self-modulated proton bunch resonantly driving plasma wakefields sustained by the
plasma density perturbation. The plasma electron density is shown increasing from white to blue and the
proton density increasing from yellow to dark red.

wakefields driven by the long bunch modulate its radius with wavelength ∼ λpe. This generates a micro-
bunch pattern as seen in Fig.1. This periodic bunch density modulation then resonantly drives wakefields
to larger amplitudes, thereby providing the feedback mechanism for the SMI to develop. The SMI is a
convective instability that grows both along the bunch and along the plasma.

If the drive bunch propagates in a uniform density plasma, then the instability destroys the micro-
bunches soon after the maximum field is reached [14]. The reason lies in the slow motion of the defocus-
ing field regions with respect to the bunch. This effect causes a strong decrease in the peak accelerating
field, as seen in Fig. 2(a).
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Fig. 2: (a) Maximum amplitude of the accelerating field Ez excited along the bunch plotted as a function
of position along the plasma. (b) Positions along the bunch (z − ct) where the wakefields are both
accelerating and focusing for witness electrons are shown in grey as a function of propagation along the
plasma. This position varies over the first 4 m of propagation and remains at the same z − ct position
after that.

As the SMI grows, the interplay between bunch radius and wakefield amplitude leads to an ef-
fective wakefield phase velocity slower than that of the drive bunch [15, 16] as seen in Fig. 2(b). The
figure shows the location of the accelerating and focusing fields along the bunch (z − ct) as a function
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Plasma Beam 

e- p+ 

Muggli, Proc. IPAC 2012 Muggli, Proc. IPAC 2013 

 p+ in much narrower, less uniform regions of the wakefields than e- 

COMPARISON e-/p+ 
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 Brief intro to PWFA 

 Why p+-bunch-driven PWFA? 

 AWAKE with SMI of SPS p+-bunches  

 Self modulation instability (SMI) of long particle bunches in dense 
plasmas 

 Description of the experiment 

 Summary 

 Short p+-bunch-driven PWFA  
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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) 

PROTON-DRIVEN PWFA SIMULATIONS 

 Challenging simulations: σz, Lplasma>>c/ωpe 
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PROTON BEAMS @ CERN 

Parameter PS SPS SPS Opt 

E0 (GeV) 24 450 450 

Np (1010) 13 10.5 30 

∆E/E0 (%) 0.05 0.03 0.03 

σz (cm) 20 12 12 

εN (mm-mrad) 2.4 3.6 3.6 

σr* (µm) 400 200 200 

β* (m) 1.6 5 5 

CERN Industrial Beam Complex 

 SPS beam: high energy, low σr*, long β* 
CNGS experimental area 

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

ne~7x1014cm-3 (kpσr≈1) 
λpe~1.3mm<<σz

 

fpe~240GHz 
Lp~5-10m 
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p+-DRIVEN PWFA @ CERN 

 SMI of long (~12cm), 450GeV SPS bunch @ λpe≈1-3mm 

 Drives large amplitude (0.1-1GV/m) accelerating fields 

 Ez (acceleration) sampled by injecting (~10MeV) e- bunch 

Position [cm] 
0 10.6 31.8 21.2 

0 

1 

2 

3 

R
ad

iu
s 

[m
m

] 

Position [cm] 
0 10.6 31.8 21.2 

-980 
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980 

E
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ce
l [

M
V

/m
] 0 
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2 
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R
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m

] 
Inject e- 

1σz p+ 

500MV/m 

ne=1014 cm-3, Np+=1011 
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 Growth of instability => p+ density modulation => large Ez 
 Injected e- gain ~1-2GeV in 10m plasma 
 Injected of short e- bunch could produce small ∆E/E 

Maximum electron energy is higher than 1 GeV!

Maximum accelerating gradients!

Saturation of 
the instability!

Test electron beam spectra using 3x1011 p+!

GeV-class 
electrons @ 
10 meters!

‣  Maximum fields achieved at 5 m of 
propagation!

‣  GeV/m wakefields can be excited!

‣  Wake phase velocity on the order of 
driver velocity (large dephasing lengths)!

‣  Acceleration of external electrons to high 
energies!

‣  High energies can be achieved (once the 
instability saturates lengths)!

@ 5 meters!

 SMI of long (~12cm), 450GeV SPS bunch @ λpe 

Lsat~5-6m 

Test e- 

p+-DRIVEN PWFA @ 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 

γmin~ 40  <<    γp+~ 460 

This is order of magnitude 
below that of the beam 

(b) 

Z, m 

(vph – c )/c,  x10-4   

ξ/2π 
0 

5 
10 

0 

-1 

-2 

-3 

-4 

200 
100 

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 

vφ~vb~c 

Front 
Of the cut 
p+ bunch 
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Phase velocity of the wake 

pukhov@tp1.uni-duesseldorf.de 

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

γmin~ 40  <<    γp+~ 460 

This is order of magnitude 
below that of the beam 

(b) 

Z, m 

(vph – c )/c,  x10-4   

ξ/2π 
0 

5 
10 

0 

-1 

-2 

-3 

-4 

200 
100 

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 

vφ~vb~c 

Front 
Of the cut 
p+ bunch Acceleration 

Injection Point 
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Simulation by A. Pukhov 

2 K. V. Lotov

0.2

0.3

0.4

200 300 400 500 600 700 800

0.1

0.5

0.0

(MeV)

(%
/M

eV
)

On

S

Figure 1. (Colour online) Spectra of test electrons after 4 m
of proton-driven wakefield acceleration for side injection and
on-axis injection.

The geometry of the problem is shown in Fig. 2.
Electrons initially form a stream of velocity V directed
to axis. We use the co-moving coordinate ξ = z − Vwt
and do not Lorentz transform the fields into the moving
frame. In new coordinates, electrons move backward and
radially with velocity components,

vξ = V cos α − Vw, vr = −V sin α ≈ −αc. (2.1)

As far as the side injection is usually aimed at further
acceleration of electrons, we assume Vw > V and vξ < 0.

Electron energies discussed in the context of side
injection mostly fall in the range 3–15 MeV (Luttikhof
et al. 2007, 2009; Pukhov et al. 2011), and usually the
condition α ! Γ−1 is fulfilled, where Γ = (1−V 2/c2)−1/2.
As we show below, for the optimum angle the stronger
condition αΓ!1 must be fulfilled, and we use this to
neglect the angular dependence of longitudinal velocity:

vξ ≈ c

(
1 − 1

2Γ 2

)(
1 − α2

2

)
− c

(
1 − 1

2Γ 2
w

)

≈ c

(
1

2Γ 2
w

− 1

2Γ 2

)
≈ V − Vw. (2.2)

The force exerted on an axially moving relativistic
electron is the gradient of the wakefield potential energy
Φ. Side-injected electrons either fall into the potential
well of the wakefield, or are reflected radially by a
potential hump. The initial energy Wr of electron trans-
verse motion is determined by the radial momentum
pr ≈ αΓmc, where m is the electron mass,

Wr =
p2
r

2Γm
≈ α2Γ

2
mc2. (2.3)

V

r

z

v
v

v r

e e

r

)b()a(
Figure 2. The geometry of the problem in (a) laboratory coordinates, and (b) co-moving coordinates.

For small α, this energy contains the product of two
small parameters (α and αΓ ) and is much smaller than
height of any potential hump in the wakefield structures
of interest. Consequently, the choice of whether electron
enters the wakefield or is reflected radially is made at
large radii. Once an electron is trapped by the potential
well, its radial velocity quickly increases, and the electron
approaches the axis with a little change in ξ-coordinate.
Thus, we are interested in potential behavior at large
radii where important characteristics of trapping are
determined.

For the particle driver of charge density ρ(r, ξ) =
ρbf(r)g(ξ) and the linearly responding plasma, the wake-
field potential energy (Chen 1987) is

Φ(r, ξ) = −4πρbe

k2
p

R(r)Z(ξ), (2.4)

where

R(r) = k2
p

∫ r

0
f(r′)I0(kpr

′)K0(kpr) r
′ dr′

+ k2
p

∫ ∞

r

f(r′)I0(kpr)K0(kpr
′) r′ dr′, (2.5)

Z(ξ) = kp

∫ ∞

ξ

g(ξ′) sin[kp(ξ
′ − ξ)] dξ′, (2.6)

kp =
ωp

c
, ωp =

√
4πn0e2

m
,

n0 is the plasma density, e > 0 is the elementary charge,
and I0 and K0 are zeroth order modified Bessel functions.
At large radii and behind the driver, formulae (2.4)–(2.6)
take the universal form,

Φ(r, ξ) = Φ0 cos(kpξ + φ0)K0(kpr) (2.7)

with the amplitude Φ0 and phase φ0 determined by the
individual driver shape. Setting φ0 = 0 by the choice of
origin and using the asymptotic form of Bessel function
K0, we simplify the potential energy to

Φ(r, ξ) ≈ Φ0 cos(kpξ)

√
π

2

e−kpr

√
kpr

. (2.8)

Separation of incident electrons into trapped and re-
flected fractions occurs at some radius r0"k−1

p , which we
define later. Denote Φ1 = Φ(r0, 0). Then in the vicinity
of r0, we can write

Φ(r, ξ) ≈ Φ1 cos(kpξ) e−kp(r−r0). (2.9)

Lotov, J. Plasma Phys. (2012) 

 Single, long plasma 

 Generates narrow final energy spectrum 

Optimum angle for side injection 3

(b)
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−6

−4

−2

0

2

4

0−5−10−15−20

x

−6

−4

−2

0

2

4

0−5−10−15−20

ΦΦ
ξξ ξ

Figure 3. (Colour online) Family of electron trajectories for (a) ṽ = −0.7, and (b) ṽ = −1. Lower graphs show the location of
potential wells and humps.
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Figure 4. (Colour online) (a) Area of possible electron trapping on the plane (ξ̃t, ṽ), and (b) total penetration efficiency ηt as the
function of the initial velocity ṽ. The lower graph shows the location of potential wells and humps.

Equations of electron motion in the potential (2.9) are

dpr
dt

= −∂Φ

∂r
= kpΦ1 cos(kpξ) e−kp(r−r0), (2.10)

dr

dt
=

pr
Γm

,
dξ

dt
= vξ . (2.11)

Here we neglect the change of total electron energy,
since it happens on much longer time scales. Equations
(2.10)–(2.11) can be combined into one:

d2r

dt2
=

kpΦ1

Γm
cos[kp(vξt + ξ0)] e

−kp(r−r0). (2.12)

Introducing dimensionless variables,

t̃= −kpvξt, ξ̃0 = kpξ0, ξ̃ = ξ̃0 − t̃,

x̃= kp(r − r0) − ln

(
Φ1

Γmv2
ξ

)
, (2.13)

we rewrite (2.12) in the universal form:

d2x̃

d̃t2
= cos(̃t − ξ̃0) e

−x̃. (2.14)

This equation must be solved with initial conditions
corresponding to electron arrival from large x̃ with

negative dimensionless velocity,

ṽ =
dx̃

d̃t
= − vr

vξ
=

αc

V − Vw
. (2.15)

3. Penetration of electrons into the wakefield
Equation (2.14) can be easily solved numerically for any
values of initial velocity ṽ and phase ξ̃0. For low initial
velocities, all electrons are reflected by the outer region
of the wakefield (Fig. 3(a)). For larger ṽ, there are two
types of electron trajectories (Fig. 3(b)). Depending on
the phase, electrons either penetrate the wakefield, or are
reflected. The electrons that entered into the wakefield
are quickly accelerated radially and stick to some phase
ξ̃t. This is exactly the phase of the wakefield into which
the injection of electrons occurs.

General picture of electron penetration is shown in
Fig. 4(a). Electrons cannot enter the wakefield at phases
and initial velocities marked by the white color. The
darker the color, the greater the flux density Ft of
entered electrons, i.e. the number of electrons trapped
in the unit interval of ξ̃t divided by the number of
incoming electrons passing through the unit interval of ξ̃
at large radii. The total penetration efficiency ηt (into all

€ 

αopt ~
vφ − ve−

c
~ 1
2γ e−

2 ~ mrad for Ee-=5-20MeV 

Trapped 
Accelerated 

 Trapping efficiency <60%, test particles 

 Inject in saturated SMI, vφ=vb≈c  

 Low energy test e- injected sideways are trapped and bunched 
 in a few wake buckets 

vφ~vb~c 

9 
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 SM Instability, grows from noise, “random” 
 Instabilities can be seeded by a larger-than-noise signal  

significantly larger than the noise field of the proton bunch and that the saturation of the self-
modulation is reached before the proton bunch diffracts away due to its transverse emittance.

We have derived expressions for the noise fields present in long bunches traversing a plasma.
Evaluating these for the parameters of the proton bunches at the CERN SPS accelerator, we find
that the fields are at the 10 kV=m scale. This scale is far below the noise fields typically realized
in particle-in-cell codes used to simulate the process. We have described a procedure for
introducing the correct noise levels in the simulations, and we have shown that even a 10 MeV
electron bunch of 1 ps duration and maximum current of 100 A is sufficient to seed the
axisymmetric mode of the self-modulation.
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FIG. 7. (a) Growth of the accelerating field with propagation distance in plasmas. The broken line
corresponds to an unseeded SPS proton bunch; the solid line shows the self-modulation growth when a
10 MeVelectron beam has been used as a precursor. (b) 2D on-axis cut of the wakefield in the unseeded
simulation behind the driver at the distance z ¼ 9 m. The field is asymmetric due to the competition
between hosing and self-modulation. (c) 2D on-axis cut of the wakefield in the seeded simulation behind
the driver at the distance z ¼ 4 m. The wake is symmetric.
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significantly larger than the noise field of the proton bunch and that the saturation of the self-
modulation is reached before the proton bunch diffracts away due to its transverse emittance.

We have derived expressions for the noise fields present in long bunches traversing a plasma.
Evaluating these for the parameters of the proton bunches at the CERN SPS accelerator, we find
that the fields are at the 10 kV=m scale. This scale is far below the noise fields typically realized
in particle-in-cell codes used to simulate the process. We have described a procedure for
introducing the correct noise levels in the simulations, and we have shown that even a 10 MeV
electron bunch of 1 ps duration and maximum current of 100 A is sufficient to seed the
axisymmetric mode of the self-modulation.
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Creating plasma and cut proton bunch simultaneously 
Ionizing laser pulse 

Laser pulse on top of proton bunch 

Laser Long p+ bunch 

Ionization front 

PIC simulations are demanding 

‣ ω0/ωpe ~ 1000 - 4000 

‣  1000-4000x smaller ΔxII 

‣  1000-4000x more CPUh  

‣  ~10 million CPUhours using standard 
full-PIC for 5 m  

‣ Laser pulse creates ionization 
front  

‣ Ionization front acts as if long 
proton bunch is sharply cut 

‣ Laser pulse excites wakes to 
directly seed the instability  

D. Gordon et al, PRE, 64 046404 (2001). 

Equation for the laser envelope 
Ponderomotive guiding center 

Equation for laser pulse envelope: 

laser 
frequency 

laser 
envelope 

ξ=x-ct t=τ	



D. Gordon, et al., IEEE-TPS, 28 1135-1143 (2000). 
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Creating plasma and cut proton bunch simultaneously 
Ionizing laser pulse 

laser 
 seeding half-cut 

Laser 
position 

SPS Proton 
bunch zoom 

SPS proton 
bunch 

Hydrogen 
plasma (1014/cc) 

Eaccel 

a0 = 0.1 
w0 = 2 c/ωpe 

τl=6 c/ωpe 

Immobile ions are considered  
to avoid plasma ion motion 
J. Vieira et al, Phys. Rev. Lett. 109 145005 (2012) 
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SMI SEEDING IS NECESSARY	
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 Deterministic e- injection 
 Laser pulse determines phase of wakefields 

 Hosing mitigation 

SLAC  e- beam case, Vieira et  al., PoP  (2012) 

~100λpe 
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 Step in ne at %-level can maintain close to saturated gradient value  

MAINTAINING HIGH GRADIENT 

Caldwell, PoP 18, 103101 (2011) 

intensity will have a significant effect on the achievable
accelerating fields.

VI. EVOLUTION OF THE MICROBUNCHES

There are several effects limiting the distance over which
the strong fields act to increase the energy of accelerated par-
ticles. If the drive bunch propagates in a uniform density
plasma, then the instability destroys the microbunches soon
after the maximum field is reached. This effect is clearly seen
in Fig. 2 for all four variants. The reason lies in the slow
motion of the defocusing field regions with respect to the
bunch. This motion continues after the bunch formation is
completed and quickly destroys the microbunches.22 It is pos-
sible to avoid the destruction of the microbunch structure by a
proper step up in the plasma density (Fig. 3) which modifies
the instability growth in such a way that the field motion rela-
tive to the bunches stops at the optimal moment.22 The density
step cannot stop the development of the instability immedi-
ately. It quickly changes the excited field, but the radially
moving protons still have inertia. Thus, the density step modi-
fies the instability in such a way that the bunch evolves toward
the desired state and the evolution finishes at this state. The
values for the parameters dnp, l0, and lt maximizing the estab-
lished wakefield amplitude are listed in Table III.

The field evolution for the stepped plasma profile is
shown in Fig. 4 in comparison with the uniform plasma case.
The wakefield is preserved for a long distance but however,
has a lower amplitude than in the uniform case. The latter
follows from the fact that proton microbunches can create a
wakefield over a long distance only if they are located in
both the decelerating and the focusing phase of the wake-
field, which is only one quarter of the wakefield period. In
the uniform plasma, the maximum of the field occurs when
the microbunches fill the whole decelerating phase of the

wave, which is nearly one half of the period. Thus, the field
amplitude for the long-lived microbunch train should be
roughly half that of the peak field in the uniform plasma.
Simulations confirm this statement for all variants except
LHC bunch. For the latter, the field of the long-lived train is
substantially increased due to the plasma focusing of the
microbunches with respect to their initial size.

While most of microbunches in the long-lived train are
well focused by the plasma wave, the head of the first micro-
bunch is not and doubles in size transversely after a distance
!Lh. Once the first microbunch has diffracted away, the next
will start to diffract, and this process is expected to continue
until all microbunches are lost. The lower estimate for the
scale over which, in the absence of external focusing, the
whole bunch diffracts away, is

Ldiffr ¼ NmbLh;

where Nmb!rz,0/kp is the number of microbunches. Values
of Nmb and Ldiffr are given in Table III. However, simulations
reveal that the field excitation is preserved over a much lon-
ger length [Figs. 5(b) and 5(c)] suggesting that only a small
fraction of a microbunch becomes unavailable for the wake-
field excitation at each path segment of the length Lh.

The second possible limitation on the length of the strong
wakefield excitation comes from the energy change of protons
in the bunch. The simplest consideration of this effect,

FIG. 3. (Color online) Plasma density profile used in the simulation for the
creation of a long-lived train of microbunches.

TABLE III. Parameters describing the bunch interaction with the plasma in

the case of the stepped-up plasma density.

Parameter PS SPS-LHC SPS-Totem LHC

dnp (%) 2.2 2.4 2 1.6

l0 (m) 1 2.5 1 3

lt (m) 3 1.5 3 1.5

Nmb 80 95 130 125

Ldiffr (m) 130 475 655 2500

Ez,max (MV=m) 13 100 100 900

Ldepl (km) 1.8 4.5 4.5 7.8

W0 0.00012 0.009 0.004 0.6

Ldec (m) 32 670 470 9500

Wdec (GeV) 0.4 60 40 7700

WE (GeV) 0.25 10 10 10

Ldeph (m) 1.4 250 120 30 000

Wdeph (GeV) 0.012 16 8 17 000

FIG. 4. (Color online) The maximum wakefield amplitude behind the bunch center versus the propagation distance for the stepped-up (thick lines) and uniform
(thin lines) plasmas.
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the strong fields act to increase the energy of accelerated par-
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plasma, then the instability destroys the microbunches soon
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in Fig. 2 for all four variants. The reason lies in the slow
motion of the defocusing field regions with respect to the
bunch. This motion continues after the bunch formation is
completed and quickly destroys the microbunches.22 It is pos-
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proper step up in the plasma density (Fig. 3) which modifies
the instability growth in such a way that the field motion rela-
tive to the bunches stops at the optimal moment.22 The density
step cannot stop the development of the instability immedi-
ately. It quickly changes the excited field, but the radially
moving protons still have inertia. Thus, the density step modi-
fies the instability in such a way that the bunch evolves toward
the desired state and the evolution finishes at this state. The
values for the parameters dnp, l0, and lt maximizing the estab-
lished wakefield amplitude are listed in Table III.

The field evolution for the stepped plasma profile is
shown in Fig. 4 in comparison with the uniform plasma case.
The wakefield is preserved for a long distance but however,
has a lower amplitude than in the uniform case. The latter
follows from the fact that proton microbunches can create a
wakefield over a long distance only if they are located in
both the decelerating and the focusing phase of the wake-
field, which is only one quarter of the wakefield period. In
the uniform plasma, the maximum of the field occurs when
the microbunches fill the whole decelerating phase of the

wave, which is nearly one half of the period. Thus, the field
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roughly half that of the peak field in the uniform plasma.
Simulations confirm this statement for all variants except
LHC bunch. For the latter, the field of the long-lived train is
substantially increased due to the plasma focusing of the
microbunches with respect to their initial size.

While most of microbunches in the long-lived train are
well focused by the plasma wave, the head of the first micro-
bunch is not and doubles in size transversely after a distance
!Lh. Once the first microbunch has diffracted away, the next
will start to diffract, and this process is expected to continue
until all microbunches are lost. The lower estimate for the
scale over which, in the absence of external focusing, the
whole bunch diffracts away, is
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where Nmb!rz,0/kp is the number of microbunches. Values
of Nmb and Ldiffr are given in Table III. However, simulations
reveal that the field excitation is preserved over a much lon-
ger length [Figs. 5(b) and 5(c)] suggesting that only a small
fraction of a microbunch becomes unavailable for the wake-
field excitation at each path segment of the length Lh.

The second possible limitation on the length of the strong
wakefield excitation comes from the energy change of protons
in the bunch. The simplest consideration of this effect,
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Phase velocity of the wake 
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minimum gamma-factor is 
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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 

HQ-VLPL3D simulation  
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! Growth of instability / p+ density modulation / Ez 

! Injected e- gain ~1-2GeV in 10m plasma 

! Injected of short e- bunch would produce narrow !E/E 

Maximum electron energy is higher than 1 GeV!

Maximum accelerating gradients!

Saturation of 
the instability!

Test electron beam spectra using 3x1011 p+!

GeV-class 
electrons @ 
10 meters!

‣  Maximum fields achieved at 5 m of 
propagation!

‣  GeV/m wakefields can be excited!

‣  Wake phase velocity on the order of 
driver velocity (large dephasing lengths)!

‣  Acceleration of external electrons to high 
energies!

‣  High energies can be achieved (once the 
instability saturates lengths)!

@ 5 meters!

! SMI of long (~12cm), 450GeV SPS bunch @ !pe 

Lsat~5-6m 

Test e- 

p+-DRIVEN PWFA @ CERN 

OSIRIS 
simulation  

 Gradient decrease, continuous evolution of beam and wakefields 

LCODE simulations  
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 Brief intro to PWFA 

 Why p+-bunch-driven PWFA? 

 AWAKE with SMI of SPS p+-bunches  

 Self modulation instability (SMI) of long particle bunches in dense 
plasmas 

 Description of the experiment 

 Summary 

 Short p+-bunch-driven PWFA  
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PROTON BEAMS @ CERN 

Parameter PS SPS SPS Opt 

E0 (GeV) 24 450 450 

Np (1010) 13 10.5 30 

∆E/E0 (%) 0.05 0.03 0.03 

σz (cm) 20 12 12 

εN (mm-mrad) 2.4 3.6 3.6 

σr* (µm) 400 200 200 

β* (m) 1.6 5 5 

CERN Industrial Beam Complex 

 SPS beam: higher energy, lower σr*, longer β* 
CNGS experimental area 

ne~7x1014cm-3 (kpσr≈1) 
λpe~1.3mm<<σz

 

fpe~240GHz 
Lp~5-10m 

 Initial goal: ~GeV gain by externally injected e-, in 5-10m of plasma 
in self-modulated p+ driven PWFA 
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e-  Laser ionization of a metal vapor (Rb), 
  7-10m plasma, ne=1014-1015cm-3 (E. Oz poster) 

BASE-LINE EXPERIMENTAL SETUP 

 Injection of 10-20MeV test e- at the 3-5m point (SMI saturated, vφ=vp+~c) 

 0.1-5GeV electron spectrometer 

 OTR + streak camera, electro-optic sampling for p+-bunch modulation diag. 
 Additional optical diagnostics 

   Plasma 
                     7-10m, 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 

 SMI-acceleration separated 

Laser e- 
gun 

(R. Tarkeshian, WG5 18:00) 
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CNGS EXPERIMENTAL AREA 

Edda Gschwendtner CERN Project Leader 
Chiara Bracco, Ans Pardons, … 

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 

Fig. 16: Integration of the AWAKE experimental components in the experimental area.

28

 SMI studies 

 Side injection of e- 

 Multi-GeV e- 

E. Oz, Poster 
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Fig. 8: a) Rubidium vapor density (blue line) and pressure (green line) as a function of temperature. b)
Schematic of the rubidium vapor source. The Rb vapor shown in green is produced by heating rubidium
to temperatures TR between 150 and 200 ◦C. The vapor fills a tube kept at slightly higher temperature
than the vapor source to avoid condensation. The tube is heated by a hot synthetic oil bath. In this
case the oil flowing from both ends to ensure best temperature uniformity has different temperatures (red
TH > TL orange) to operate with two different vapor densities n0H < n0L. The hot oil is insulated
using a surrounding vacuum tube (white color). The whole system is thermally insulated from room
temperature (blue color). The vapor is contained by two valves, one at each end of the vapor column.
The figure is not to scale, the hot region is ∼ 10 m long while the vapor tube radius is ∼ 2 cm.

with σ0 ∼ 1 mm the beam waist size) to minimize the energy required in the pulse. As a result the333

last laser turning mirror that makes the laser beam co-linear with the proton beam, and therefore also334

the plasma, is located approximately 25 m upstream from the plasma midpoint. The laser intensity and335

fluence are below the mirror damage threshold. The laser beam angle and position pointing are stabilized336

by a technique [30] successfully used at the DUKE OK 4 free electron laser. The laser pulse is deflected337

from the proton beam path after the vapor source by a metallic foil. This is necessary for the optical338

diagnostics placed downstream of the source.339

The laser pulse is short compared to the plasma period (30−100 fs� 4 ps) and travels co-linearly340

within the proton bunch (see Figs 6 and 5). The OBI process occurs on a much shorter time scale than341

the laser pulse length. With this method the very uniform plasma at the time of ionization is allowed342

to evolve by expansion, recombination, etc. only for the time interval between the laser pulse and the343

witness electron bunch. This is of the order of the proton bunch rms length, i.e. ∼ 400 ps. The plasma344

length can be varied by changing the location of the laser beam waist along the vapor source and by345

decreasing the laser energy. A laser system producing the 1 − 2 TW in 30 − 100 fs and operating at a346

10 Hz rate can be purchased as an off the shelf item. These systems have a few % energy stability and347

are extremely reliable, especially when the oscillator is fiber-based (100 fs option).348

Simulations indicate that the sharp, relativistic ionization front co-moving within the proton bunch349

is an effective way of seeding the SMI (see the Technical Note [31] for more details).350

The laser ionized Rb vapor source satisfies all the criteria for SMI and proton-driven PWFA exper-351

iments over the 10 m plasma length scale. Based on our current work we see no major issue in building352

and operating it. An ∼ 3 m long prototype is currently under design and construction and will be tested353

this year.354

The discharge and helicon plasma sources considered for later experiments over longer plasma355

lengths are described in the following sections. Note that a short 1 − 5 m modulation plasma source356

15

C. Bracco R. Tarkeshian, WG5, 18:00 

!
Fig. 14: Cut-away view of the RF photo-injector gun that will produce the electron bunch to be injected
in the plasma wakefields.

tion experiments and short bunches for on-axis injection. Note that the electron beam will be produced604

on the gun photo-cathode using a laser pulse derived from the low power level of the plasma source605

ionizing laser system. This will ensure that the electron bunch will be injected at a fixed distance (see606

Section 8.4.2) behind the laser pulse that seeds the self-modulation of the proton bunch. This distance607

(or phase) will be chosen to be the optimum for acceleration along the plasma. The expected electron608

bunch parameters are given in Table 3.609

8 The AWAKE Facility at CERN610

8.1 Introduction611

In the 2011 Letter of Intent [9], the CERN West Area was proposed for the AWAKE experimental facility.612

Meanwhile, the CERN Neutrino to Gran Sasso (CNGS) program has been completed, and it has been613

decided that the CNGS beam will not re-start in 2014 after the CERN Long Shutdown 1 [53]. Therefore,614

the CNGS facility has also been considered as location for the installation of the AWAKE experiment.615

8.1.1 CERN Site Selection616

A detailed comparison of the sites for the AWAKE facility has been performed, covering studies on617

the design of the primary beam lines, the experimental area, civil engineering, general services and618

infrastructures for the facility as well as radiation protection and general safety aspects.619

As a result of these design studies, the cost, manpower and schedule details of the two alternative620

sites have been worked out and are summarized in Table 4 (see the Technical Note [54] for more details).621

24

screen. However, shielding is required upstream of the dipole magnet to protect the scintillator screen
from radiation that is present downstream of the plasma exit and is significantly off-axis, otherwise there
is the danger of degrading the energy measurement resolution or damaging the screen. It should be pos-
sible to shield any particles that are not exactly collinear with the beam with extra shielding between the
plasma exit and the dipole. Neutral particles that are approximately collinear with the beam will also
miss the screen and therefore not interfere with the energy measurement of the witness beam. Particles
produced inside the dipole magnet — either bremsstrahlung photons or from residual gas interactions —
are of a concern and need to be investigated further.

3 Components
3.1 Dipole Magnet

Fig. 3: CERN MBPS dipole magnet.

The dipole magnet selected for the AWAKE spectrometer is a CERN MBPS bending magnet; this
is shown in Fig. 3. This is part of the MBP series of dipole magnets: complete specifications are given in
Appendix A. Two types of MBP magnet are available: the MBPL, with a 2 m-long yoke, and the MBPS
with a 1 m-long yoke: the shorter MBPS dipole has been selected for AWAKE.

The limiting factors on the AWAKE energy measurement are:

1. The width of the magnet bore.
2. The strength and uniformity of the magnetic field.
3. The step size and time stability of the magnetic field and power supply.

The width of the magnet and maximum magnetic field are fixed by the magnet design at 1.12 m
and 1.86 T respectively. This provides sufficient dynamic aperture for significant spatial separation of
GeV electron beams. For such a large magnet, the field uniformity and minimal incremental change of
the field strength are of greater concern and have not been verified. Excessive nonlinearities within the
magnetic field will distort the electron trajectories and blur the resolution of the energy measurement.
The minimum non-zero magnetic field, coupled with the field accuracy, determine the range of low-
energy measurement that is possible. If, as anticipated, the witness beam electrons are ejected at around
a GeV then the dipole magnet will be operating near to its maximum: however, measuring the energy
spectrum of low energy electrons, such as those in the 10 MeV range of the injector, will require much
lower fields. These may fall below the minimum resolution of the magnet and it may not be possible to
measure them with the same magnet. Other options — including the use of a smaller secondary dipole

4
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Final 
Focus 

p+ from SPS 

rf gun 
10-20MeV e- 

e- spectrometer 
10+GeV 

Laser 
OTR/CTR 
Diagnostics 

Ionizing 
Laser 
Pulse 

p+ dump 

EOS 
Diagnostic 

SMI 
Seeded 

Acceleration 
Discharge/Helicon 

Laser e- 
gun 

Plasma 
~1-4m 

Plasma 
~10+m 

OTR/CTR 
Diagnostics 

 Laser ionization of a metal vapor (Rb), 
    1-4m plasma for p+ self-modulation only, SEEDING NECESSARY! 

 ~10m discharge or helicon source for acceleration only 

 Tune plasma densities to maintain accelerating gradient 

p+-PWFA ACCELERATOR PHYSICS 

 Beam loading, optimal injection, etc. 
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 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 ~GeV/m gradient maintained over m-distances 

 develop long, scalable and uniform plasma cells 

 develop schemes for the production and acceleration of short p+ bunches 

GOALS OF                   EXPERIMENT 

 Comprehensive program in advanced plasma-based accelerators 

  “Feasibility Study of the AWAKE Facility at CERN”, E. Gschwendtner 
  “Primary Beam Lines for the AWAKE project at CERN”, C. Bracco 
  “a novel plasma source for beam driven wakefield acceleration”, E. Oz 
  “Electron injection into proton driven plasma wake-field for the AWAKE experiment at CERN”, A. Petrenko 
  “Proton bunch compression studies for the AWAKE experiment in the CERN SPS”, H. Timko 
  “THz diagnostics for the plasma density and charged particle self-modulation measurement in AWAKE 

experiments ”, R. Tarkeshian 
  “Challenges in Modeling Beam Driven Plasma Accelerators”, J. Vieira 
  “Collider design issues based on proton-driven plasma wakefield acceleration”, G. Xia 
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 Brief intro to PWFA 

 Why p+-bunch-driven PWFA? 

 AWAKE with SMI of SPS p+-bunches  

 Self modulation instability (SMI) of long particle bunches in dense 
plasmas 

 Description of the experiment 

 Summary 

 Short p+-bunch-driven PWFA  
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Proton-driven!
Plasma Wakefield Acceleration!

Collaboration:!
Accelerating e- on the wake of a p+ bunch!
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 High-energy (eV, J) p+ bunches interesting as PWFA drivers (for e- accel.) 

 New approach: few stages (1?), driver recycling, large average 
gradient (~1GV/m?), operate at low ne, relaxed parameters, …  

SUMMARY 

 Propose p-o-p experiments with long CERN-SPS bunches 

 Requires short p+ bunches, very long plasmas 

 Operate in self-modulated regime to accelerate e- to ~GeV in 5-10m 

 Experiments in 2015, forming collaboration, defining setup, … 

 CERN building a facility for p+-driven PWFA and more …  

 Very large energy gains possible in simulations 
 (Caldwell, Nat. Phys. 5, 363, (2009), Caldwell, Phys. Plasma, 2011) 

 Long term program towards single p+-bunch driver PWFA 
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Thank you! 

Thank you to the AWAKE Collaboration! 

 © P. Muggli 
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IF IT IS ON THE WEB … 
http://home.web.cern.ch/about/experiments/awake 


