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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 radio frequency (RF) technology to accelerate particles!

LCLS 
FACET 
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CERN LHC!

BNL RHIC!

SLAC SLC!

R=621 m!

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

LCLS 
FACET 

Hadron accelerators 
limited by magnetic field 

B0~8T for LHC (7TeV, r~4.3km) 

B0~20T for FCC (100TeV, r~16km) 
! 

rLarmor =
"mc
qB0

= raccelerator

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

Can we make them smaller (and cheaper) and with a higher energy?!
All use radio frequency (RF) technology to accelerate particles!
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e-/e+ 0-50GeV in 3km SLC!
e-/e+ 0-20GeV in 2km FACET!
e-      0-14GeV in 1km LCLS!

LCLS 
FACET 

BNL RHIC!
R=621 m!

50.1km for 3TeV CM 

SLC 

Particlesʼ energy determined by particle physics need (HEP, FEL, …)!
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e-/e+ 0-50GeV in 3km SLC!
e-/e+ 0-20GeV in 2km FACET!
e-      0-14GeV in 1km LCLS!

LCLS 
FACET 

BNL RHIC!
R=621 m!

50.1km for 3TeV CM 

SLC 

G=17MeV/m 

G=60-100MeV/m 

Accelerator length ~ !Particles’ final energy 
Accelerating gradient  

Particlesʼ energy determined by particle physics need (HEP, FEL, …)!
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50.1km for 3TeV CM 
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G=17MeV/m 

G=60-100MeV/m 

Accelerator length ~ !Particles’ final energy 
Accelerating gradient  

Particlesʼ energy determined by particle physics need (HEP, FEL, …)!

60 x E 
6   x G 
16 x L 
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! Gradient/field limit in (warm) RF structures: <200MV/m 
! RF break down (plasma!!) and pulsed heating fatigue 
! Accelerating field on axis, damage on the surface 
! Material limit, metals in the GHz freq. range (Cu, Mo, etc.) 
! Does not (seem to) increase with increasing frequency 

TM010 mode 

Pritzkau, PRSTAB 5, 112002 (2002)  
Pulsed heating fatigue 

Braun, PRL 90, 224801 (2003) 

RF break down 
S

ur
fa

ce
 F

ie
ld

 (M
V

/m
) 

Frequency (GHz) 

Wavelength (mm) 

G
ra

di
en

t (
G

eV
/m

) 



 © P. Muggli P. Muggli, U. Uppsala 10/06/2019 

! Gradient/field limit in (warm) RF structures: <200MV/m 
! RF break down (plasma!!) and pulsed heating fatigue 
! Accelerating field on axis, damage on the surface 
! Material limit, metals in the GHz freq. range (Cu, Mo, etc.) 
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TM010 mode 

Pritzkau, PRSTAB 5, 112002 (2002)  
Pulsed heating fatigue 

RF-accelerators: 
Accelerating field limited 

to <100MVm 
by metal damage: 
-RF-breakdown 
-pulsed heating 
Practical limit … Braun, PRL 90, 224801 (2003) 
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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 radio frequency (RF) technology to accelerate particles!

LCLS 
FACET 

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

Search for a new technology 
to accelerate particles  

at high-gradient (>1GeV/m)  
and reduce the size and cost  

of future linear e-/e+, !!, or ep colliders  
or x-ray free electron lasers (FELs)   
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! Relativistic Electron, Electrostatic Plasma Wave (Ez//k, B=0):!
ne 

z 
ni Wikipedia Plasma: (from Greek !"#$µ%, "anything formed”1) is one of 

the four fundamental states of matter, the others being solid, liquid, and 
gas. A plasma has properties unlike those of the other states. 

Plasma: “Gas” of charged (ionized) particles (e-, ions) that exhibits a 
collective behavior (screening, waves, etc.) 

1  a) the body, as fashioned by the Creator 
 b) of a story which is fictitious but possible 
 c) pretence 

Initially neutral: ne=ni Acceleration of relativistic particles: 
! Wave 
!                          Energy transfer 
!                            Stay in phase 
" Relativistic, electro-static, plasma wave, wake 
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! Relativistic Electron, Electrostatic Plasma Wave (Ez//k, B=0):!

Ez!

!pe!
c!

ne 
z 

ni 
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! Relativistic Electron, Electrostatic Plasma Wave (Ez//k, B=0):!
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Cold Plasma 

“Wavebreaking” Field  
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EWB = mec" pe /e
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LARGE!
Collective response!!

Ez!

!pe!
c!

ne 
z 

ni 
c 

Cold Plasma 

“Wavebreaking” Field  

! 

EWB = mec" pe /e

: 1014-1015 cm-3, EWB~GV/m 
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" Intense laser pulse!
" Dense particle bunch!

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

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

! Plasma wave or wake can be driven by:!

! Relativistic Electron, Electrostatic Plasma Wave (Ez//k, B=0):!

  

! 

! 
" #
! 
E = $

% 0

! Wave, wake phase velocity = driver velocity (~c when relativistic)!

LARGE!
Collective response!!
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Plasma 
Frequency 

Cold Plasma 

“Wavebreaking” Field  
! 

kpeEz =
" pe

c
Ez =

nee
# 0

! 

EWB = mec" pe /e

! No fabrication, no damage!
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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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!  Introduction to plasma wakefield accelerator (PWFA) 

!  AWAKE experiment 

!  SSM experimental results 
!  Demonstration 
!  Physics 

!  e- acceleration 

!  Seeded Self-Modulation (SSM) 

!  Future and Summary 
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Accelerating! Decelerating (Ez)!

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

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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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 "*=#2/$~cm, m)!

Acceleration physics identical PWFA, LWFA!
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Accelerating! Decelerating (Ez)!
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Focusing (Er)!
Defocusing!

Very large 
energy gain 
possible with 

short, 
 high-energy 
relativistic 
bunches! 
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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!

! 

B"
r

=
1
2
nee
# 0c

! 

kpe =" pe /c# ne
1/ 2
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Focusing (Er)!
Defocusing!

Relativistic 
e- bunch 

E0! 2E0!

Blumenfeld, Nature 445, 741 (2007) 

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

Experiment 

ne=2.3x1017cm-3 

#z~20&m 

ne=2.3x1017cm-3 

#z=20&m 
#r=10&m 
N=2x1010 
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e- bunch 

E0! 2E0!

Blumenfeld, Nature 445, 741 (2007) 

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

Experiment 

ne=2.3x1017cm-3 

#z~20&m 

SLAC 
FACET 

Litos, 
Nature 

515(6),92 
(2014) 

“quantity” 
Simulation 

~E0 

'E<<E 

E200 

'E/E~%&
'~30% 

“quality” 
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PROTON-DRIVEN PWFA 
Caldwell, Nat. Phys. 5, 363, (2009) 
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cH5(5( &cH5(55&

S(H589 &S(H58;9&

S?H5;9&

! 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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PROTON-DRIVEN PWFA 
Caldwell, Nat. Phys. 5, 363, (2009) 
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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) ~6-12cm long 
! EWB~)pe~ne

1/2 and #z~(pe~ne
-1/2 => EWB~1/#z (pe<<#z,* 
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!  Introduction to plasma wakefield accelerator (PWFA) 

!  AWAKE experiment 

!  SSM experimental results 
!  Demonstration 
!  Physics 

!  e- acceleration 

!  Seeded Self-Modulation (SSM) 

!  Future and Summary 
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Eaccel~4%EWB 

Er-cB%&

J. Vieira, IST 

J. Vieira et al., Phys. Plasmas 19, 063105 (2012) 
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SEEDED SELF-MODULATiON (SSM)!
Kumar, Phys. Rev. Lett. 104, 255003 (2010) 

! Seeding = Control 
! Wakefields start @ seed 
! Wz ~ Wperp 

! 

W"Focusing  

! 

"r #

! 

nb "#r
$2( ) %

! 

W" nb( ) #
Feedback 

! Long, thin bunch in a dense plasma: 
#z>>c/)pe, #r~c/)pe, c/)pe~ne

-1/2 

Growth mechanism: 
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! K.2dB:&AWB::&3=B.A>*=A*&1B;*Y*:<A&W@<-:B3*&30*&,-./0&<*.A23Z&1230 period 
&&7(pe<<#z,*&
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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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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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!  Introduction to plasma wakefield accelerator (PWFA) 

!  AWAKE experiment 

!  SSM experimental results 
!  Demonstration 
!  Physics 

!  e- acceleration 

!  Seeded Self-Modulation (SSM) 

!  Future and Summary 
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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 

experimental area 

CERN’s Accelerator Complex  

PROTON BEAMS @ CERN!

! SPS beam: high energy, small #r*, long "* 
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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 

experimental area 

c/)pe(#r #  ne   ~7x1014cm-3 
& &    (pe~1.3mm<<#z

 

      fpe ~240GHz 
      Lp  ~10m~2"* 
     EWB~2.5GV/m 

CERN’s Accelerator Complex  

! SPS beam: high energy, small #r*, long "* 
! #r~c/)pe, #z>>c/)pe 
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AWAKE EXPERiMENT 

AWAKE, Nature 561, 363 (2018) 
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AWAKE EXPERiMENT 
First experiments: 2016-7 
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! 1014)ne)10x1014cm-3 
! 'ne/ne<0.2% 
! Few cm ne ramp 

RUBiDiUM VAPOR SOURCE 

! Rb vapor expands into vacuum and 
sticks to cold walls: short ramp 

! Scale length ~ diameter aperture: 1cm 

ne 

z 

~10m 

few 
cm 

few 
cm 

R. Kersevan (CERN)  
G. Plyushchev (CERN/MPP/EPFL) 

F. Batsch (MPP) 
E. Oz (MPP) 

! Impose very uniform T: +nRb/nRb=+T/T<0.2% 
! 160)T)220°C for 1014)nRb)1015cm-3 
! Control nRb gradient with Rb source T 

! nRb measured at both end with <0.3% accuracy using white light interferometry  

Source requirements: 
Laser 

Field-ionization 

ne=nRb 
Same for nRb 
rp>1mm 
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Rb VAPOR SOURCE (heat exchanger) 
Installed in AWAKE! Development of the ends 

!"#$%&'(#)(*+,'-
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Rb VAPOR SOURCE (heat exchanger) 

! The longest compact accelerator in the world! 

Back side, from the wall at CERN 

10m! 
Straight! 

@ Grant 

equivalent to providing uniform plasma density. The density
uniformity of such a closed system can be estimated as follows:
the density fluctuations can be related to temperature fluctuations
for an ideal gas with the ideal gas equation:

p¼ nkT

where p is pressure, n is density and k¼ 1:38" 10#23

m2 kg s#2 K#1 is the Boltzmann constant. At constant pressure,
density and temperature fluctuations are related by

Δn
n

¼
ΔT
T

:

The fluctuations result from two sources: the externally imposed
and internal fluctuations. The internal fluctuations are estimated
from the average value of temperature fluctuations for an ideal gas
[3] at temperature T which is given by

〈ðΔTÞ2〉¼
kT2

cV

where cV is the heat capacity at constant volume. This can be put
in a useful form to calculate the temperature uniformity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈ðΔTÞ2〉

T2

s

¼

ffiffiffiffiffi
k
cV

s

50:002:

Therefore the externally imposed fluctuations dominate and hence
a density uniformity of Δn=nr0:002 can be achieved with a
temperature uniformity of ΔT=Tr0:002.

2. Description of Rb vapor source

Rubidium is chosen because of its low ionization potential
(URb ¼ 4:177 eV), and relatively low temperature requirement to
obtain the desired vapor density when compared to other alkali
metals. Rubidium has a melting temperature of 38.89 1C, conse-
quently it is in solid form at room temperature. The temperature
range in order to reach the required densities is & 150–200 1C.
This is determined by the vapor pressure curve of Rb [4] (see
Fig. 1). Independently heated liquid reservoirs provide the desired
Rb vapor density inside the 10 m-long 2 cm radius pipe. A sketch
of the vapor plasma source is given in Fig. 2(a). Proton, electron
and laser beams enter and exit the source through fast valves.
Valved Rb sources with temperature regulation of 70.03 K will be

purchased from MBE-Komponenten incorporated [5] Fig. 2(b).
They contain only a few grams of Rb. An advantage of having
two independent heating systems for the reservoirs and the pipe is
that by keeping the temperature of the pipe a few degrees above
that of the reservoirs prevents condensation of Rb in a cold spot
inside the pipe, all the condensation occurs in the reservoir.

Rubidium is known to form dimers and clusters at these
densities [6]. However, the number of dimers or clusters is
expected to be small when compared to the number of single
atoms. In addition, a fraction of non-atomic species will not effect
the plasma density uniformity unless they are themselves non-
uniformly distributed in this constant temperature environment.
Several methods are described in literature to get rid of these
dimers [7], such as by super heating the vapor or by using a diode
laser tuned across Rb2 D2 resonance line. It is also possible that
after the passage of the beams the clusterization may be enhanced
by plasma electrons seeding [8]. Since the reservoir and the source
can be independently heated and isolated it is possible to get rid of
non-atomic species by dumping the vapor onto a cold plate at
room temperature and completely refill the source from the
reservoirs between events.

Vapor density can be determined by using the vapor pressure
curves [4,9,10] or using the hook method. In this method the
source is placed in one arm of a Mach–Zehnder white light
interferometer, and interference patterns that resembles hooks
resulting from the ground state absorption lines of the vapor
element [11,12] are measured.

Uniformity of 0.2% means the temperature should not change
more than 0.85 K at 423 K (i.e. 150 1C) and 0.95 K at 473 K (i.e.
200 1C). Therefore for the required temperature range the source
needs to remain at T & 70:4 K. In the literature it is reported that
to set the temperature standard in the temperature range 50–
350 1C, stirred liquid baths containing a synthetic or mineral oil
[13] are used. For example a small 50 cm deep liquid bath can
provide a uniform temperature with ΔTo1 mK i.e. ΔT=Tr2"
10#6 at T¼473 K, 1000 times better than the requirement for the
plasma source.

A custom built circulating oil bath is developed to reach the
temperature uniformity (see Fig. 3). A simple calculation for the
temperature change of hot oil flowing through an insulated pipe
over 10 meters demonstrates the feasibility of such a system: Steady
state solution energy balance leads to a simple equation [14]

ΔT ¼ ðT0#TrÞ
z
λT

where z is the position along the pipe, ΔT ¼ TðzÞ#T0, T0 is the
temperature of the oil at the entrance of the pipe and Tr is the
surrounding ambient temperature. The constant is λT ¼ cpω=U2πro,
where cp is the heat capacity per unit mass of the oil, ω¼ ρvπr2o the
mass flow rate, ρ the oil density, ro the pipe radius, v the oil flow

Fig. 1. Rubidium vapor density (blue line) and vapor pressure (green dashed line)
as a function of temperature. Region between 1"1014 cm#3 and 1"1015 cm#3,
and the corresponding temperature show the parameter range of interest for the
PDPWFA. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

Fig. 2. (a) Sketch of the plasma source. Two independently heated sections consist
of a 10 m long Rb vapor section with fast valves for proton, electron and laser beam
access and valved Rb liquid reservoirs. (b) Photo of the valved Rb liquid reservoir by
MBE Komponenten incorporated.
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a b s t r a c t

We describe a novel plasma source developed at the Max Planck Institute for Physics that will be used for
a proton driven plasma wakefield accelerator experiment at CERN. Rubidium vapor is confined in a
10 meter -long, 4 cm diameter, oil-heated stainless steel pipe. A laser pulse tunnel ionizes the vapor
forming a 10-meter long, ! 1 mm radius plasma with a range of densities around ! 1015 cm"3. Access to
the source is provided using custom manufactured fast valves. The source is designed to produce a
plasma with a density uniformity of at least ! 0:2% during the beam–plasma interaction.
& 2013 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Plasma-based advanced acceleration is a topic of much con-
temporary interest. Accelerating fields orders of magnitude higher
than in conventional radio-frequency-based accelerators can be
produced with plasma-based accelerators. For the plasma wake-
field accelerator scheme where a charged particle bunch creates
the wakefield, the accelerating field is related to the inverse of the
bunch length of the drive bunch sz (with the condition that the
plasma wavelength is equal to 2πsz); therefore, shorter bunches
are needed to reach higher accelerating fields. Recently the
AWAKE collaboration proposed a Proton Driven Plasma Wakefield
Accelerator (PDPWFA) experiment in order to take advantage of
the energy of a single CERN SPS bunch (! 7 kJ). With this scheme
it could be possible to accelerate an electron bunch in a single
plasma stage for a future linear e" =eþ collider. Since short
(! 100 μm) proton bunches are not yet available, the proposed
experiment relies on the self-modulation-instability [1] to reso-
nantly drive GV scale accelerating fields. In the experiment a
12 cm sz, 400 GeV CERN SPS proton bunch enters a !10 meter-
long, ! 1 mm radius ! 1015 cm"3 density plasma. The transverse
self-modulation-instability causes the proton bunch to self mod-
ulate and transforms it effectively into a train of micro-bunches.
The train resonantly drives large accelerating fields (!GV). In this
wake a ! 20 MeV co-propagating electron bunch is injected and
accelerated. Accelerating an electron bunch in such a wake brings
a strict requirement on the plasma density uniformity. It can be
estimated as follows: After the electron bunch is injected the
maximum phase shift allowed so that it remains in the

accelerating and focusing phase of the wake is λpe=8 [2] where
λpe is the plasma wavelength, which is inversely proportional to
the square root of plasma density, λpep1=

ffiffiffiffiffi
ne

p
. Therefore the

following relation can be written between the change in plasma
wavelength and the density

dλpe
λpe

¼ "
dne

2ne
:

If the injected bunch is located N plasma wavelengths behind the
point where the wakefield starts, then the total allowed phase
shift at the injection point is

Nλpe
Δnmax

2ne
¼
λpe
8

where Δnmax is the maximum allowed perturbation for a given
plasma source. Hence, for a CERN proton bunch with sr ¼ 0:2 mm,
sz ¼ 12 cm, and optimum plasma density (corresponding to
λpe=2π %sr) of 7&1014 cm"3 (sz % 100λpe), choosing N¼100 the
point where the accelerating field reaches its maximum along the
bunch, the requirement on plasma density uniformity becomes

Δnmax

ne
r0:0025:

For 1&1015 cm"3 the requirement is Δnmax=ne≲0:002, therefore
our design criteria for the cell is chosen to be 0.2%.

This strict requirement can be satisfied by a fully ionized Rb
vapor confined in a closed long tube at a constant temperature, T.
The low ionization potential of Rb, 4.18 eV, makes it possible to
fully field-ionize Rb vapor with a relatively low laser intensity. A
more detailed description of ionization is given later in the text.
Since the vapor is fully ionized (first electron), the density and the
uniformity of the plasma are the same as those of the neutral
vapor. Therefore, in this case, providing uniform vapor density is
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equivalent to providing uniform plasma density. The density
uniformity of such a closed system can be estimated as follows:
the density fluctuations can be related to temperature fluctuations
for an ideal gas with the ideal gas equation:

p¼ nkT

where p is pressure, n is density and k¼ 1:38" 10#23

m2 kg s#2 K#1 is the Boltzmann constant. At constant pressure,
density and temperature fluctuations are related by

Δn
n

¼
ΔT
T

:

The fluctuations result from two sources: the externally imposed
and internal fluctuations. The internal fluctuations are estimated
from the average value of temperature fluctuations for an ideal gas
[3] at temperature T which is given by

〈ðΔTÞ2〉¼
kT2

cV

where cV is the heat capacity at constant volume. This can be put
in a useful form to calculate the temperature uniformity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈ðΔTÞ2〉

T2

s

¼

ffiffiffiffiffi
k
cV

s

50:002:

Therefore the externally imposed fluctuations dominate and hence
a density uniformity of Δn=nr0:002 can be achieved with a
temperature uniformity of ΔT=Tr0:002.

2. Description of Rb vapor source

Rubidium is chosen because of its low ionization potential
(URb ¼ 4:177 eV), and relatively low temperature requirement to
obtain the desired vapor density when compared to other alkali
metals. Rubidium has a melting temperature of 38.89 1C, conse-
quently it is in solid form at room temperature. The temperature
range in order to reach the required densities is & 150–200 1C.
This is determined by the vapor pressure curve of Rb [4] (see
Fig. 1). Independently heated liquid reservoirs provide the desired
Rb vapor density inside the 10 m-long 2 cm radius pipe. A sketch
of the vapor plasma source is given in Fig. 2(a). Proton, electron
and laser beams enter and exit the source through fast valves.
Valved Rb sources with temperature regulation of 70.03 K will be

purchased from MBE-Komponenten incorporated [5] Fig. 2(b).
They contain only a few grams of Rb. An advantage of having
two independent heating systems for the reservoirs and the pipe is
that by keeping the temperature of the pipe a few degrees above
that of the reservoirs prevents condensation of Rb in a cold spot
inside the pipe, all the condensation occurs in the reservoir.

Rubidium is known to form dimers and clusters at these
densities [6]. However, the number of dimers or clusters is
expected to be small when compared to the number of single
atoms. In addition, a fraction of non-atomic species will not effect
the plasma density uniformity unless they are themselves non-
uniformly distributed in this constant temperature environment.
Several methods are described in literature to get rid of these
dimers [7], such as by super heating the vapor or by using a diode
laser tuned across Rb2 D2 resonance line. It is also possible that
after the passage of the beams the clusterization may be enhanced
by plasma electrons seeding [8]. Since the reservoir and the source
can be independently heated and isolated it is possible to get rid of
non-atomic species by dumping the vapor onto a cold plate at
room temperature and completely refill the source from the
reservoirs between events.

Vapor density can be determined by using the vapor pressure
curves [4,9,10] or using the hook method. In this method the
source is placed in one arm of a Mach–Zehnder white light
interferometer, and interference patterns that resembles hooks
resulting from the ground state absorption lines of the vapor
element [11,12] are measured.

Uniformity of 0.2% means the temperature should not change
more than 0.85 K at 423 K (i.e. 150 1C) and 0.95 K at 473 K (i.e.
200 1C). Therefore for the required temperature range the source
needs to remain at T & 70:4 K. In the literature it is reported that
to set the temperature standard in the temperature range 50–
350 1C, stirred liquid baths containing a synthetic or mineral oil
[13] are used. For example a small 50 cm deep liquid bath can
provide a uniform temperature with ΔTo1 mK i.e. ΔT=Tr2"
10#6 at T¼473 K, 1000 times better than the requirement for the
plasma source.

A custom built circulating oil bath is developed to reach the
temperature uniformity (see Fig. 3). A simple calculation for the
temperature change of hot oil flowing through an insulated pipe
over 10 meters demonstrates the feasibility of such a system: Steady
state solution energy balance leads to a simple equation [14]

ΔT ¼ ðT0#TrÞ
z
λT

where z is the position along the pipe, ΔT ¼ TðzÞ#T0, T0 is the
temperature of the oil at the entrance of the pipe and Tr is the
surrounding ambient temperature. The constant is λT ¼ cpω=U2πro,
where cp is the heat capacity per unit mass of the oil, ω¼ ρvπr2o the
mass flow rate, ρ the oil density, ro the pipe radius, v the oil flow

Fig. 1. Rubidium vapor density (blue line) and vapor pressure (green dashed line)
as a function of temperature. Region between 1"1014 cm#3 and 1"1015 cm#3,
and the corresponding temperature show the parameter range of interest for the
PDPWFA. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

Fig. 2. (a) Sketch of the plasma source. Two independently heated sections consist
of a 10 m long Rb vapor section with fast valves for proton, electron and laser beam
access and valved Rb liquid reservoirs. (b) Photo of the valved Rb liquid reservoir by
MBE Komponenten incorporated.
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equivalent to providing uniform plasma density. The density
uniformity of such a closed system can be estimated as follows:
the density fluctuations can be related to temperature fluctuations
for an ideal gas with the ideal gas equation:

p¼ nkT

where p is pressure, n is density and k¼ 1:38" 10#23

m2 kg s#2 K#1 is the Boltzmann constant. At constant pressure,
density and temperature fluctuations are related by

Δn
n

¼
ΔT
T

:

The fluctuations result from two sources: the externally imposed
and internal fluctuations. The internal fluctuations are estimated
from the average value of temperature fluctuations for an ideal gas
[3] at temperature T which is given by

〈ðΔTÞ2〉¼
kT2

cV

where cV is the heat capacity at constant volume. This can be put
in a useful form to calculate the temperature uniformity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈ðΔTÞ2〉

T2

s

¼

ffiffiffiffiffi
k
cV

s

50:002:

Therefore the externally imposed fluctuations dominate and hence
a density uniformity of Δn=nr0:002 can be achieved with a
temperature uniformity of ΔT=Tr0:002.

2. Description of Rb vapor source

Rubidium is chosen because of its low ionization potential
(URb ¼ 4:177 eV), and relatively low temperature requirement to
obtain the desired vapor density when compared to other alkali
metals. Rubidium has a melting temperature of 38.89 1C, conse-
quently it is in solid form at room temperature. The temperature
range in order to reach the required densities is & 150–200 1C.
This is determined by the vapor pressure curve of Rb [4] (see
Fig. 1). Independently heated liquid reservoirs provide the desired
Rb vapor density inside the 10 m-long 2 cm radius pipe. A sketch
of the vapor plasma source is given in Fig. 2(a). Proton, electron
and laser beams enter and exit the source through fast valves.
Valved Rb sources with temperature regulation of 70.03 K will be

purchased from MBE-Komponenten incorporated [5] Fig. 2(b).
They contain only a few grams of Rb. An advantage of having
two independent heating systems for the reservoirs and the pipe is
that by keeping the temperature of the pipe a few degrees above
that of the reservoirs prevents condensation of Rb in a cold spot
inside the pipe, all the condensation occurs in the reservoir.

Rubidium is known to form dimers and clusters at these
densities [6]. However, the number of dimers or clusters is
expected to be small when compared to the number of single
atoms. In addition, a fraction of non-atomic species will not effect
the plasma density uniformity unless they are themselves non-
uniformly distributed in this constant temperature environment.
Several methods are described in literature to get rid of these
dimers [7], such as by super heating the vapor or by using a diode
laser tuned across Rb2 D2 resonance line. It is also possible that
after the passage of the beams the clusterization may be enhanced
by plasma electrons seeding [8]. Since the reservoir and the source
can be independently heated and isolated it is possible to get rid of
non-atomic species by dumping the vapor onto a cold plate at
room temperature and completely refill the source from the
reservoirs between events.

Vapor density can be determined by using the vapor pressure
curves [4,9,10] or using the hook method. In this method the
source is placed in one arm of a Mach–Zehnder white light
interferometer, and interference patterns that resembles hooks
resulting from the ground state absorption lines of the vapor
element [11,12] are measured.

Uniformity of 0.2% means the temperature should not change
more than 0.85 K at 423 K (i.e. 150 1C) and 0.95 K at 473 K (i.e.
200 1C). Therefore for the required temperature range the source
needs to remain at T & 70:4 K. In the literature it is reported that
to set the temperature standard in the temperature range 50–
350 1C, stirred liquid baths containing a synthetic or mineral oil
[13] are used. For example a small 50 cm deep liquid bath can
provide a uniform temperature with ΔTo1 mK i.e. ΔT=Tr2"
10#6 at T¼473 K, 1000 times better than the requirement for the
plasma source.

A custom built circulating oil bath is developed to reach the
temperature uniformity (see Fig. 3). A simple calculation for the
temperature change of hot oil flowing through an insulated pipe
over 10 meters demonstrates the feasibility of such a system: Steady
state solution energy balance leads to a simple equation [14]

ΔT ¼ ðT0#TrÞ
z
λT

where z is the position along the pipe, ΔT ¼ TðzÞ#T0, T0 is the
temperature of the oil at the entrance of the pipe and Tr is the
surrounding ambient temperature. The constant is λT ¼ cpω=U2πro,
where cp is the heat capacity per unit mass of the oil, ω¼ ρvπr2o the
mass flow rate, ρ the oil density, ro the pipe radius, v the oil flow

Fig. 1. Rubidium vapor density (blue line) and vapor pressure (green dashed line)
as a function of temperature. Region between 1"1014 cm#3 and 1"1015 cm#3,
and the corresponding temperature show the parameter range of interest for the
PDPWFA. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

Fig. 2. (a) Sketch of the plasma source. Two independently heated sections consist
of a 10 m long Rb vapor section with fast valves for proton, electron and laser beam
access and valved Rb liquid reservoirs. (b) Photo of the valved Rb liquid reservoir by
MBE Komponenten incorporated.
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a b s t r a c t

We describe a novel plasma source developed at the Max Planck Institute for Physics that will be used for
a proton driven plasma wakefield accelerator experiment at CERN. Rubidium vapor is confined in a
10 meter -long, 4 cm diameter, oil-heated stainless steel pipe. A laser pulse tunnel ionizes the vapor
forming a 10-meter long, ! 1 mm radius plasma with a range of densities around ! 1015 cm"3. Access to
the source is provided using custom manufactured fast valves. The source is designed to produce a
plasma with a density uniformity of at least ! 0:2% during the beam–plasma interaction.
& 2013 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Plasma-based advanced acceleration is a topic of much con-
temporary interest. Accelerating fields orders of magnitude higher
than in conventional radio-frequency-based accelerators can be
produced with plasma-based accelerators. For the plasma wake-
field accelerator scheme where a charged particle bunch creates
the wakefield, the accelerating field is related to the inverse of the
bunch length of the drive bunch sz (with the condition that the
plasma wavelength is equal to 2πsz); therefore, shorter bunches
are needed to reach higher accelerating fields. Recently the
AWAKE collaboration proposed a Proton Driven Plasma Wakefield
Accelerator (PDPWFA) experiment in order to take advantage of
the energy of a single CERN SPS bunch (! 7 kJ). With this scheme
it could be possible to accelerate an electron bunch in a single
plasma stage for a future linear e" =eþ collider. Since short
(! 100 μm) proton bunches are not yet available, the proposed
experiment relies on the self-modulation-instability [1] to reso-
nantly drive GV scale accelerating fields. In the experiment a
12 cm sz, 400 GeV CERN SPS proton bunch enters a !10 meter-
long, ! 1 mm radius ! 1015 cm"3 density plasma. The transverse
self-modulation-instability causes the proton bunch to self mod-
ulate and transforms it effectively into a train of micro-bunches.
The train resonantly drives large accelerating fields (!GV). In this
wake a ! 20 MeV co-propagating electron bunch is injected and
accelerated. Accelerating an electron bunch in such a wake brings
a strict requirement on the plasma density uniformity. It can be
estimated as follows: After the electron bunch is injected the
maximum phase shift allowed so that it remains in the

accelerating and focusing phase of the wake is λpe=8 [2] where
λpe is the plasma wavelength, which is inversely proportional to
the square root of plasma density, λpep1=

ffiffiffiffiffi
ne

p
. Therefore the

following relation can be written between the change in plasma
wavelength and the density

dλpe
λpe

¼ "
dne

2ne
:

If the injected bunch is located N plasma wavelengths behind the
point where the wakefield starts, then the total allowed phase
shift at the injection point is

Nλpe
Δnmax

2ne
¼
λpe
8

where Δnmax is the maximum allowed perturbation for a given
plasma source. Hence, for a CERN proton bunch with sr ¼ 0:2 mm,
sz ¼ 12 cm, and optimum plasma density (corresponding to
λpe=2π %sr) of 7&1014 cm"3 (sz % 100λpe), choosing N¼100 the
point where the accelerating field reaches its maximum along the
bunch, the requirement on plasma density uniformity becomes

Δnmax

ne
r0:0025:

For 1&1015 cm"3 the requirement is Δnmax=ne≲0:002, therefore
our design criteria for the cell is chosen to be 0.2%.

This strict requirement can be satisfied by a fully ionized Rb
vapor confined in a closed long tube at a constant temperature, T.
The low ionization potential of Rb, 4.18 eV, makes it possible to
fully field-ionize Rb vapor with a relatively low laser intensity. A
more detailed description of ionization is given later in the text.
Since the vapor is fully ionized (first electron), the density and the
uniformity of the plasma are the same as those of the neutral
vapor. Therefore, in this case, providing uniform vapor density is
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equivalent to providing uniform plasma density. The density
uniformity of such a closed system can be estimated as follows:
the density fluctuations can be related to temperature fluctuations
for an ideal gas with the ideal gas equation:

p¼ nkT

where p is pressure, n is density and k¼ 1:38" 10#23

m2 kg s#2 K#1 is the Boltzmann constant. At constant pressure,
density and temperature fluctuations are related by

Δn
n

¼
ΔT
T

:

The fluctuations result from two sources: the externally imposed
and internal fluctuations. The internal fluctuations are estimated
from the average value of temperature fluctuations for an ideal gas
[3] at temperature T which is given by

〈ðΔTÞ2〉¼
kT2

cV

where cV is the heat capacity at constant volume. This can be put
in a useful form to calculate the temperature uniformity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈ðΔTÞ2〉

T2

s

¼

ffiffiffiffiffi
k
cV

s

50:002:

Therefore the externally imposed fluctuations dominate and hence
a density uniformity of Δn=nr0:002 can be achieved with a
temperature uniformity of ΔT=Tr0:002.

2. Description of Rb vapor source

Rubidium is chosen because of its low ionization potential
(URb ¼ 4:177 eV), and relatively low temperature requirement to
obtain the desired vapor density when compared to other alkali
metals. Rubidium has a melting temperature of 38.89 1C, conse-
quently it is in solid form at room temperature. The temperature
range in order to reach the required densities is & 150–200 1C.
This is determined by the vapor pressure curve of Rb [4] (see
Fig. 1). Independently heated liquid reservoirs provide the desired
Rb vapor density inside the 10 m-long 2 cm radius pipe. A sketch
of the vapor plasma source is given in Fig. 2(a). Proton, electron
and laser beams enter and exit the source through fast valves.
Valved Rb sources with temperature regulation of 70.03 K will be

purchased from MBE-Komponenten incorporated [5] Fig. 2(b).
They contain only a few grams of Rb. An advantage of having
two independent heating systems for the reservoirs and the pipe is
that by keeping the temperature of the pipe a few degrees above
that of the reservoirs prevents condensation of Rb in a cold spot
inside the pipe, all the condensation occurs in the reservoir.

Rubidium is known to form dimers and clusters at these
densities [6]. However, the number of dimers or clusters is
expected to be small when compared to the number of single
atoms. In addition, a fraction of non-atomic species will not effect
the plasma density uniformity unless they are themselves non-
uniformly distributed in this constant temperature environment.
Several methods are described in literature to get rid of these
dimers [7], such as by super heating the vapor or by using a diode
laser tuned across Rb2 D2 resonance line. It is also possible that
after the passage of the beams the clusterization may be enhanced
by plasma electrons seeding [8]. Since the reservoir and the source
can be independently heated and isolated it is possible to get rid of
non-atomic species by dumping the vapor onto a cold plate at
room temperature and completely refill the source from the
reservoirs between events.

Vapor density can be determined by using the vapor pressure
curves [4,9,10] or using the hook method. In this method the
source is placed in one arm of a Mach–Zehnder white light
interferometer, and interference patterns that resembles hooks
resulting from the ground state absorption lines of the vapor
element [11,12] are measured.

Uniformity of 0.2% means the temperature should not change
more than 0.85 K at 423 K (i.e. 150 1C) and 0.95 K at 473 K (i.e.
200 1C). Therefore for the required temperature range the source
needs to remain at T & 70:4 K. In the literature it is reported that
to set the temperature standard in the temperature range 50–
350 1C, stirred liquid baths containing a synthetic or mineral oil
[13] are used. For example a small 50 cm deep liquid bath can
provide a uniform temperature with ΔTo1 mK i.e. ΔT=Tr2"
10#6 at T¼473 K, 1000 times better than the requirement for the
plasma source.

A custom built circulating oil bath is developed to reach the
temperature uniformity (see Fig. 3). A simple calculation for the
temperature change of hot oil flowing through an insulated pipe
over 10 meters demonstrates the feasibility of such a system: Steady
state solution energy balance leads to a simple equation [14]

ΔT ¼ ðT0#TrÞ
z
λT

where z is the position along the pipe, ΔT ¼ TðzÞ#T0, T0 is the
temperature of the oil at the entrance of the pipe and Tr is the
surrounding ambient temperature. The constant is λT ¼ cpω=U2πro,
where cp is the heat capacity per unit mass of the oil, ω¼ ρvπr2o the
mass flow rate, ρ the oil density, ro the pipe radius, v the oil flow

Fig. 1. Rubidium vapor density (blue line) and vapor pressure (green dashed line)
as a function of temperature. Region between 1"1014 cm#3 and 1"1015 cm#3,
and the corresponding temperature show the parameter range of interest for the
PDPWFA. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

Fig. 2. (a) Sketch of the plasma source. Two independently heated sections consist
of a 10 m long Rb vapor section with fast valves for proton, electron and laser beam
access and valved Rb liquid reservoirs. (b) Photo of the valved Rb liquid reservoir by
MBE Komponenten incorporated.

E. Öz, P. Muggli / Nuclear Instruments and Methods in Physics Research A 740 (2014) 197–202198

Rb Vapor Pressure Curve 

./-.(#(&0$1&#-
234+5#1$5-6$7%*(#-

+8-

/8-

'8-Measured 'T<0.5oC, 150-210oC 
'T/T~0.1% 

Source satisfies density uniformity requirements 

Measurement of nRb with <0.3% accuracy 

E. Oz et al., Nucl. Instr. Meth. Phys. Res. A 740(11), 197 (2014) 
G. Plyushchev et al., Journal of Physics D: Applied Physics, 51(2), 025203 (2017) 
F. Batsch et al., Nucl. Instr. and Meth. in Phys. Res. A, 909, 359 (2018) 
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LASER & PLASMA 

! Fiber/Ti-Sapphire laser: Emax=450mJ, ~120fs<<2!/)pe~ps 
! Rb: ,IP=4.177eV, Iapp~1.7x1012Wcm-2  
! r0~1mm, ZR~5m, Imax>10x1012Wcm-2>Iapp 
! Field ionization => ne=nRb, uniformity and ramps 
! Virtual plasma for alignment 

J. Moody, M. Huether, MPP, V. Fedosseev, F. Friebel, CERN 
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! Fiber/Ti-Sapphire laser: ~120fs, Emax=450mJ 
! Rb: ,IP=4.177eV, Iapp~1.7x1012Wcm-2,  
! r0~1mm, ZR~5m, Imax>10x1012Wcm-2 
! Field ionization => ne=nRb, uniformity and ramps 
! Virtual plasma for alignment 

J. Moody, M. Huether, MPP, V. Fedosseev, F. Friebel, CERN 

! Laser-ionization allows for seeding and pre-formed plasma 
! Laser pulse produces synchronized e- for injection/acceleration 

! Field-ionization (1st e-): ne=nRb 

Plasma 

Photo-Injector 
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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

Simulation by K. Lotov 
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1st goal of AWAKE (2016-17): 
demonstrate and study 

the seeded self-modulation (SSM) 
of a long p+ bunch in  a dense plasma 

#z>>(pe~ne
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AWAKE EXPERiMENT @ CERN 
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1st goal of AWAKE (2016-17): 
demonstrate and study 

the seeded self-modulation (SSM) 
of a long p+ bunch in  a dense plasma 

#z>>(pe~ne
-1/2 

Three observables 
! Defocused p+ 

! p+ bunch modulation at (pe (fpe) 
! Emission of coherent transition 
radiation at (pe (fpe) 

Three p+ bunch observables 
! Defocused p+ 

! p+ bunch modulation at (pe (fpe) 
! Emission of coherent transition 

radiation at (pe (fpe) 

AWAKE EXPERiMENT @ CERN 

SSM 
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!  Introduction to plasma wakefield accelerator (PWFA) 

!  AWAKE experiment 

!  SSM experimental results 
!  Demonstration 
!  Physics 

!  e- acceleration 

!  Seeded Self-Modulation (SSM) 

!  Future and Summary 
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TWO-SCREEN SSM!
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f-WP&

nRb=2.1x1014cm-3 

N=3x1011p+ 
Short, +60ps 

M. Turner, Phys. Rev. Lett. 122, 054801 (2019) 

Plasma Off 

Plasma ON 

M. Turner, CERN 

~2m ~10 m 
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nRb=2.1x1014cm-3 

N=3x1011p+ 
Short, +60ps 

M. Turner, Phys. Rev. Lett. 122, 054801 (2019) 

Angle 

TWO-SCREEN SSM!

L=10m 

L=1.5m 

L=10m 

L=1.5m 

Caldwell, NIMA 829, 3 (2016) 

ne=7x1014cm-3 
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nRb=2.1x1014cm-3 

N=3x1011p+ 
Short, +60ps 

M. Turner, Phys. Rev. Lett. 122, 054801 (2019) 

Seeding 

Angle 

TWO-SCREEN SSM!

L=10m 

L=1.5m 
Seed 

! Deflection angle larger than expected from seed fields 
! For #r~c/)pe, Wz~Wperp 

Caldwell, NIMA 829, 3 (2016) 

ne=7x1014cm-3 
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nRb=2.1x1014cm-3 
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! Deflection angle larger than expected from seed fields 
! For #r~c/)pe, Wz~Wperp

! Wakefields grew along the bunch 
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nRb=2.1x1014cm-3 

N=3x1011p+ 
Short, +60ps 

! Wakefields grow … along the bunch and along the plasma 

4.5x 

>> 

M. Turner, Phys. Rev. Lett. 122, 054801 (2019) 
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Angle 

TWO-SCREEN SSM!

L=10m 

L=1.5m 
Seed 

! Deflection angle larger than expected from seed fields 
! For #r~c/)pe, Wz~Wperp 

! Wakefields grew along the bunch 

! “Radius” of deflected p+ increases along the bunch 
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! Timing at the ps scale 
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! Timing at the ps scale 
! Effect starts at laser pulse timing - SM seeding 
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! Timing at the ps scale 
! Effect starts at laser pulse timing - SM seeding 
! Density modulation at the ps-scale visible 
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nRb=2.1x1014cm-3 OTR 

Streak camera Images 
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Single event: pixel-ated image from streak camera 
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nRb=2.1x1014cm-3 OTR 

Streak camera Images 
10 events 

10 consecutive events aligned to marker laser pulse 
Bunches add => modulation fixed wrt ionizing laser pulse 
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nRb=2.1x1014cm-3 

! Micro-bunches present over long time scale ~2#zt from seed 
! “Stitching” demonstrates reproducibility of the &-bunch process against bunch 

parameters variations (N=2x1011±5%, #zt=220±10ps, #r) 
! Phase stability essential for e- external injection 
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nRb=2.1x1014cm-3 OTR 

Streak camera Images 
Laser Off/no plasma (5 sets, 2 events, saturated) 

! Micro-bunches present over long time scale ~2#zt from seed 
! “Stitching” demonstrates reproducibility of the &-bunch process against bunch 

parameters variations (N=2x1011±5%, #zt=220±10ps, #r) 
! Phase stability essential for e- external injection 
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nRb=2.1x1014cm-3 

! Micro-bunches present over long time scale ~#z/c from seed point 
! “Stitching” demonstrates reproducibility of the &-bunch process against bunch 

parameters variations (N=2.5x1011±10%, #zt=220±10ps, #r) 
! Phase stability essential for e- external injection: SSM not SMI!!! 
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CTR 

! fmod~nRb - ne=nRb ionization and fmod~fpe
 

! CTR signal detected at harmonics (not calibrated) 
! Modulation is nonlinear 

K. Rieger 
M. Martyanov, 
F. Braunmueller, MPP 
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! Self-modulation (SMI, SSM) cylindrically symmetric (2D) 

! Hosing instability within frequency )pe 
! Observed only with low ne0 

condition can be fulfilled when the SMI seed is larger than
for HI; i.e., the initial focusing force that seeds hosing
(hW⊥;HIi) needs to be smaller than that seeding self-
modulation (hW⊥;SMIi). This is the same as having the
seed for xw being smaller than the seed for δnp=n0. Among
several SMI seeding mechanisms [21–23] we consider
seeding by bunches with short rise times [24] for which
hW⊥;SMIi ∝ k2βkprb0. Beam tilts that seed hosing lead to
hW⊥;HIi ¼ k2βkpσzδHI. Hence hW⊥;SMIi=hW⊥;HIi ≳ 1 holds
as long as δHI ≲ rb=σz (xc0 ¼ δHIξ), consistent with
Ref. [23]. Stable propagation then occurs for all beamlets
whose centroid initially resides within the bunch radius, at
the bunch front.
A set of 3D PIC simulations was performed with the

numerical code OSIRIS [14]. See the Supplemental
Material [25] for the simulation parameters. Figure 2(a)
illustrates the transition between the linear stage of hosing
to a nonlinear coupling between the SMI and the HI. In this
case, even with a very small seed for the HI
(kpδHI ¼ 0.001) and essentially no SMI seeding, the HI
strongly breaks up the bunch density after a short propa-
gation distance (kβz ¼ 3.5) and before the SMI can grow.
Figure 2(b) shows results from the half bunch. Even with an
initial HI seed 10 times larger than in the case of Fig. 2(a)
(kpδHI ¼ 0.01), the bunch is free of the HI. The beam
becomes fully self-modulated and then stably propagates
over a longer distance into the plasma (kβz ¼ 6.2). In this
case, existing hosing theory for flat bunches significantly
overestimates jxcj [26].
Figures 3(a)–3(b) show that hosing suppression also

occurs for flattop bunches with different initial tilts and
with nb=n0 ¼ 0.01 so long as the wake is still in the linear
regime after saturation. Figure 3(a) shows results from a
simulation in which the tilt was small enough so that
centroid variation across the entire beam was less than the
initial spot size, i.e., where xc0 ¼ δHIσz ¼ 0.6rb < rb. In
this case all the self-modulated beamlets propagate stably.
The y direction focusing force (Wy ¼ Ey − Bz) increases
along the bunch, resulting in betatron frequency detuning
among self-modulated beamlets, which leads to HI

suppression and which is consistent with Eqs. (3) and
(4). The simulation results from Fig. 1(b) correspond to on-
axis lineouts from Fig. 3(a). In Fig. 3(b), results for a beam
with a larger tilt are shown. In this case xc0 ¼ δHIσz ¼
3rb > rb and only beamlets satisfying ξ≲ rb=δHI
(xc0 < rb) propagate stably (i.e., those with kpξ≳ 30), in
agreement with analytical scalings. Also in agreement with
theory, additional simulations (not shown) also confirm
these conclusions for positron bunches.
Figures 3(c)–3(d) illustrate the breakup of the same

bunches as used in Figs. 3(a)–3(b), but with nb=n0 ¼ 0.5
such that the wakefields driven by the SMI eventually reach
the nonlinear blowout regime. As the bunch self-modulates,
the amplitude of the plasma focusing force becomes
constant throughout the entire bunch train and the ampli-
tude is the same for each bunch [solid and dashed lines in
Fig. 3(c)]. As discussed earlier this prevents the suppres-
sion of the HI and the beam is seen to eventually break apart
due to resonant HI growth [Fig. 3(d)]. Other wakefield
saturation mechanisms (e.g., due to fine scale mixing of
electron trajectories [27]) could also lead to HI growth.
In conclusion, we have shown that the hosing instability

of long particle beams can be suppressed and stabilized if the
beam first becomes fully self-modulated and the resulting
wake and density perturbations remain in the linear regime.
This requires that the seed for the SMI is larger than for the
HI. Fully self-consistent PIC simulations show that for long
particle beams with sharp rise times the beam can propagate
for long distances exciting a wakefield that could be used to
accelerate externally injected particles. This suppression
mechanism is analogous to Balakin-Novokharsky-Smirnov
damping in conventional linear accelerators. These results
should also apply to a train of laser pulses [28] and this will
be addressed in future work.

This work was supported by FCT (Portugal), Grant
No. EXPL/FIS-PLA/0834/1012, by the European Research
Council (ERC-2010-AdG Grant No. 267841), and by DOE

(a) (b)

FIG. 2 (color online). OSIRIS simulation results: Bunch density
isosurfaces (color-yellow and green; black and white-lighter and
darker gray). Projections show electron bunch (color-blue, black
andwhite-darkergray) andplasmadensity (lightergray). (a)Bunch
with smooth temporal profile. (b) Bunch with sharp-rise long-fall
current profile for SMI seeding. The dashed lines show HI
theoretical predictions for non-self-modulated bunches.
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(d)

FIG. 3 (color online). OSIRIS simulation results of the propa-
gation of the long electron bunch (color-blue red, black and
white-darker gray) in a plasma (lighter gray) in the linear [(a) and
(b)] and nonlinear [(c) and (d)] wakefield regime. The shape of
the initial bunch profile is shown by the short dashed lines. The
initial bunch radius rb0 is also indicated. Plasma focusing force
Ey − Bz (solid lines) and envelope of Ey − Bz (long dashed lines)
are also illustrated.
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condition can be fulfilled when the SMI seed is larger than
for HI; i.e., the initial focusing force that seeds hosing
(hW⊥;HIi) needs to be smaller than that seeding self-
modulation (hW⊥;SMIi). This is the same as having the
seed for xw being smaller than the seed for δnp=n0. Among
several SMI seeding mechanisms [21–23] we consider
seeding by bunches with short rise times [24] for which
hW⊥;SMIi ∝ k2βkprb0. Beam tilts that seed hosing lead to
hW⊥;HIi ¼ k2βkpσzδHI. Hence hW⊥;SMIi=hW⊥;HIi ≳ 1 holds
as long as δHI ≲ rb=σz (xc0 ¼ δHIξ), consistent with
Ref. [23]. Stable propagation then occurs for all beamlets
whose centroid initially resides within the bunch radius, at
the bunch front.
A set of 3D PIC simulations was performed with the

numerical code OSIRIS [14]. See the Supplemental
Material [25] for the simulation parameters. Figure 2(a)
illustrates the transition between the linear stage of hosing
to a nonlinear coupling between the SMI and the HI. In this
case, even with a very small seed for the HI
(kpδHI ¼ 0.001) and essentially no SMI seeding, the HI
strongly breaks up the bunch density after a short propa-
gation distance (kβz ¼ 3.5) and before the SMI can grow.
Figure 2(b) shows results from the half bunch. Even with an
initial HI seed 10 times larger than in the case of Fig. 2(a)
(kpδHI ¼ 0.01), the bunch is free of the HI. The beam
becomes fully self-modulated and then stably propagates
over a longer distance into the plasma (kβz ¼ 6.2). In this
case, existing hosing theory for flat bunches significantly
overestimates jxcj [26].
Figures 3(a)–3(b) show that hosing suppression also

occurs for flattop bunches with different initial tilts and
with nb=n0 ¼ 0.01 so long as the wake is still in the linear
regime after saturation. Figure 3(a) shows results from a
simulation in which the tilt was small enough so that
centroid variation across the entire beam was less than the
initial spot size, i.e., where xc0 ¼ δHIσz ¼ 0.6rb < rb. In
this case all the self-modulated beamlets propagate stably.
The y direction focusing force (Wy ¼ Ey − Bz) increases
along the bunch, resulting in betatron frequency detuning
among self-modulated beamlets, which leads to HI

suppression and which is consistent with Eqs. (3) and
(4). The simulation results from Fig. 1(b) correspond to on-
axis lineouts from Fig. 3(a). In Fig. 3(b), results for a beam
with a larger tilt are shown. In this case xc0 ¼ δHIσz ¼
3rb > rb and only beamlets satisfying ξ≲ rb=δHI
(xc0 < rb) propagate stably (i.e., those with kpξ≳ 30), in
agreement with analytical scalings. Also in agreement with
theory, additional simulations (not shown) also confirm
these conclusions for positron bunches.
Figures 3(c)–3(d) illustrate the breakup of the same

bunches as used in Figs. 3(a)–3(b), but with nb=n0 ¼ 0.5
such that the wakefields driven by the SMI eventually reach
the nonlinear blowout regime. As the bunch self-modulates,
the amplitude of the plasma focusing force becomes
constant throughout the entire bunch train and the ampli-
tude is the same for each bunch [solid and dashed lines in
Fig. 3(c)]. As discussed earlier this prevents the suppres-
sion of the HI and the beam is seen to eventually break apart
due to resonant HI growth [Fig. 3(d)]. Other wakefield
saturation mechanisms (e.g., due to fine scale mixing of
electron trajectories [27]) could also lead to HI growth.
In conclusion, we have shown that the hosing instability

of long particle beams can be suppressed and stabilized if the
beam first becomes fully self-modulated and the resulting
wake and density perturbations remain in the linear regime.
This requires that the seed for the SMI is larger than for the
HI. Fully self-consistent PIC simulations show that for long
particle beams with sharp rise times the beam can propagate
for long distances exciting a wakefield that could be used to
accelerate externally injected particles. This suppression
mechanism is analogous to Balakin-Novokharsky-Smirnov
damping in conventional linear accelerators. These results
should also apply to a train of laser pulses [28] and this will
be addressed in future work.

This work was supported by FCT (Portugal), Grant
No. EXPL/FIS-PLA/0834/1012, by the European Research
Council (ERC-2010-AdG Grant No. 267841), and by DOE

(a) (b)

FIG. 2 (color online). OSIRIS simulation results: Bunch density
isosurfaces (color-yellow and green; black and white-lighter and
darker gray). Projections show electron bunch (color-blue, black
andwhite-darkergray) andplasmadensity (lightergray). (a)Bunch
with smooth temporal profile. (b) Bunch with sharp-rise long-fall
current profile for SMI seeding. The dashed lines show HI
theoretical predictions for non-self-modulated bunches.
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FIG. 3 (color online). OSIRIS simulation results of the propa-
gation of the long electron bunch (color-blue red, black and
white-darker gray) in a plasma (lighter gray) in the linear [(a) and
(b)] and nonlinear [(c) and (d)] wakefield regime. The shape of
the initial bunch profile is shown by the short dashed lines. The
initial bunch radius rb0 is also indicated. Plasma focusing force
Ey − Bz (solid lines) and envelope of Ey − Bz (long dashed lines)
are also illustrated.

PRL 112, 205001 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
23 MAY 2014

205001-4

J. Vieira et al., Phys. Rev. Lett. 112, 205001  (2014). 

0

200

400

600

800

1000

1200

1400

1600

co
un
ts

0

200

400

600

800

1000

1200

co
un
ts

HOSiNG INSTABiLiTY!

M. Huether 
Work in progress!! 

J. Vieira, Osiris 



 © P. Muggli P. Muggli, U. Uppsala 10/06/2019 

!  Introduction to plasma wakefield accelerator (PWFA) 

!  AWAKE experiment 

!  SSM experimental results 
!  Demonstration 
!  Physics 

!  e- acceleration 

!  Seeded Self-Modulation (SSM) 

!  Future and Summary 
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WAKEFiELDS SAMPLiNG / ACCELERATiON!
F. Keeble, UCL 

S. Doebert, C. Bracco, F. Velotti, CERN, K. Pepitone, CERN, 
G. Burt, CI 
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! SSM # transverse wakefields 
! Acceleration to sample longitudinal wakefields 
! “long” e- bunch: /z,e-~1/fpe => reduced timing requirements 
! Inject at all phases, wakefields capture a fraction … 

e- 
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! Side injection of “long” e- bunch 

WAKEFiELDS SAMPLiNG / ACCELERATiON 

Injection experiments: #ze->(pe 
external e- injection 
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Phase velocity of the wake 

pukhov@tp1.uni-duesseldorf.de 

The wake is slowed down. Its 
minimum gamma-factor is 
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! Phase velocity of wakefield <vp!c in the growth phase 

! External injection after saturation of SMI 
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Front 
Of the cut 
p+ bunch Acceleration 

Injection Point 
A. Pukhov 

Plasma Density Ramp 
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! Injection at an angle (~1-3mrad) 
! Finite 'E/E 

E0=(18.84±0.05)MeV 
Q=(656±14)pC 

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

ne=1.8x1014cm-3 

'ne/10m=5.3% 
N=(2.5-3)x1011 

#r=200&m 
#r=(6-8)cm 

AWAKE, Nature 561, 363 (2018) 

WAKEFiELDS SAMPLiNG / ACCELERATiON!
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AWAKE, Nature 561, 363 (2018) 

2nd goal of AWAKE (2018): 
Externally inject (~15MeV) electrons 

into the wakefields 
and 

reach ~GeV energy gain with finite 'E/E 

WAKEFiELDS SAMPLiNG / ACCELERATiON!
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!  Introduction to plasma wakefield accelerator (PWFA) 

!  AWAKE experiment 

!  SSM experimental results 
!  Demonstration 
!  Physics 

!  e- acceleration 

!  Seeded Self-Modulation (SSM) 

!  Future and Summary 



 © P. Muggli P. Muggli, U. Uppsala 10/06/2019 

EXPERiMENTAL SETUP RUN II!

!  Laser ionization of a metal vapor (Rb), 3-4m plasma for p+ SSM only, SEEDING NECESSARY! 

! ~10m discharge or helicon source for acceleration only (scales to 100’s m) 

! Inject short e- bunch (#z<<(pe), quality of the bunch: 'E/E, $ => beam loading and blow-out 

! Bunch rather than particle acceleration …. 

N. Lopes 

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
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! 2021-LS3, RUN II 
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! 2021-LS3, RUN II 

AWAKE Run 2: 
-demonstrate acceleration of an e- bunch 

(blow-out, beam loading, matching, /z,e-~1/fpe => 'E/E, $) 

-Scalability of plasma source and acceleration 

“From Acceleration to Accelerator” 

EXPERiMENTAL SETUP RUN II!
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L = f
Ne · Np

4πσx · σy

≈ 5 · 1028cm−2s−1
simulation of existing LHC 
bunch in plasma with trailing 
electrons … 

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

90 

p+-DRIVEN PWFA FOR e-/p+ COLLIDER!

Plasma 

A. Caldwell and M. Wing, Eur. Phys. J. C 76 (2016) 463. 

+ fixed target or beam dump experiments … 
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!  AWAKE aims at ~1GeV/m gradient using the seeded self-modulation (SSM) of a long 
p+ bunches in a plasma (#z>>(pe) => e- acceleration 

!   Application of p+-driven-PWFA: beam dump experiments, e-/p+ collisions, … 
E. Gschwendtner et al., Nucl. Instr. and Meth. in Phys. Res. A 829, 76 (2016) 
E. Öz et al., Nucl. Instr. and Meth. in Phys. Res. A 829, 321 (2016) 
E. Öz et al., Nucl. Instr. Meth. Phys. Res. A 740(11), 197 (2014) 
A. Caldwell and M. Wing, Eur. Phys. J. C 76 (2016) 463 
A. Caldwell et al., Nucl. Instrum. A 829 (2016) 3 
P. Muggli et al., Plasma Physics and Controlled Fusion, 60(1) 014046 (2017) 

!   Important/interesting SSM results: 
! SSM seeding 
! Modulation phase stability against p+ bunch variations:  

 key for e- injection and acceleration, NO instability 

SUMMARY!

!   Run II: (2021-): two plasmas, SSM, quality of the accelerated e- bunch: 'E/E, $, … 

!   Acceleration of externally injected e- possible 
!  18MeV => ~2GeV, 'E/E<<1 

!   Interesting beam-plasma interaction physics results 
!  SSM growth 
!  Observe and control SSM-SMI-HI, Hi @ )pe 
!  fSSM,SMI-HI=fRb=fpe 
!  Ionization front and e- bunch seeding 

Accelerator 
Physics 

Beam/Plasma 
Physics 

HEP? 



 © P. Muggli P. Muggli, U. Uppsala 10/06/2019 

http://www.mpp.mpg.de/~muggli 
muggli@mpp.mpg.de 


