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Plasma Wakefield Acceleration
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Example: Single ionized rubidium plasma

PLASMA is the 4th state of matter

Quasi-neutrality: the overall charge of a 
plasma is about zero.

Collective effects: Charged particles must be 
close enough together 
that each particle influences many nearby 
charged particles.

Electrostatic interactions dominate over 
collisions or ordinary gas kinetics.
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Plasma WAKEFIELDS are the fields created 
by collective motion of plasma particles 
are called.

ACCELERATION of charged particles 
when they experience an electric field. 
Strength of the acceleration: 
‘Accelerating gradient’ : ~MV/m

e-

e- acceleration



Very successfully used in all accelerators (hospitals, scientific labs,…) in the last 100 years. 

LHC cavity
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(invention of Gustav Ising 1924 and Rolf Wideroe 1927)

Conventional Acceleration Technology

E. Gschwendtner, CERN

Typical gradients:
LHC: 5 MV/m
ILC: 35 MV/m
CLIC: 100 MV/m
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Accelerating Gradient

E. Gschwendtner, CERN

Accelerating fields are limited to <100 MV/m
In metallic structures, a too high field level leads to 
break down of surfaces, creating electric discharge.
Fields  cannot be sustained; structures might be 
damaged.

Conventional RF Cavities

Plasma is already ionized or “broken-down” and can
sustain electric fields up to three orders of magnitude 
higher gradients 
à order of 100 GV/m.
à ~1000 factor stronger acceleration!

Plasma Acceleration



Circular Accelerators
To discover new physics: accelerate particles to even higher energies
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Conventional RF cavities ok for circular colliders: 
👍 beam passes accelerating section several times.  

👎 Limitations of electron-positron circular colliders:
• Circular machines are limited by synchrotron radiation in the case of electron-

positron colliders. 
• These machines are unfeasible for collision energies beyond ~350 GeV in case of 

FCCee. 

E. Gschwendtner, CERN

Beschleunigungs-
sektion

Energieverlust 
durch Strahlung

Dipole 
Magneten

Restliche 
Komponenten

Dipole 
magnets Synchrotron 

radiation

Accelerating 
section
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à 48 km

Linear Colliders

CLIC, electron-positron collider with 3 TeV energy

👍 Favorable for acceleration of low mass particles to high energies. 

👎 Limitations to linear colliders:
• Linear machines accelerate particles in a single pass. The amount of 

acceleration achieved in a given distance is the accelerating gradient. 
This number is limited to 100 MV/m for conventional copper cavities. 

E. Gschwendtner, CERN

Particle energy = accelerating gradient*distance
e.g. accelerate electrons to 1 TeV  (1012 eV):
100 MeV/m  x 10000 m or
100 GeV/m  x 10 m

Beschleunigungssektion

Schematische Skizze

Accelerating 
cavities

Stanford Linear Collider
50 GeV à  3.2 km



Plasma Wakefield Acceleration
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100 MV/m è 100 GV/m

MC
10 TeV

E. Gschwendtner, CERN 7

The high gradient of plasma wakefield acceleration 
makes this technology very interesting for reducing 
the size (and cost) for future linear colliders.



How to Create a Plasma Wakefield? 

Energy source: the drive beam

E. Gschwendtner, CERN 8

Charged particle bunches or laser bunches
à carry almost purely transverse electric fields.

drive-
beam

Idea: 
Using plasma to convert the transverse electric field of a drive bunch into a longitudinal 
electric field in the plasma. 
The more energy is available, the longer (distance-wise) these  plasma wakefields can be 
driven.
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How to Create a Plasma Wakefield?
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Our Tool:

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

e

e

e

e
e

e

e

e

e

e

Single ionized rubidium plasma

E. Gschwendtner, CERN

What we want: 
Longitudinal electric field to 
accelerate charged particles.

e-

e- acceleration

Charged particle bunches 
carry almost purely transverse 
Electric Fields.

drive-
beam

Energy source:



How to Create a Plasma Wakefield?
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surfer

boat

lake

Analogy:
lake à plasma

Boat à particle beam 
(drive beam)

Surfer à accelerated 
particle beam (witness 
beam)

E. Gschwendtner, CERN

drive-
beam
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Example: Single ionized rubidium plasma

e-

e- acceleration



Principle of Plasma Wakefield Acceleration
Boat:
• Laser drive beam
• Charged particle drive beam
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• Plasma wave/wake excited by relativistic 
particle bunch

• Plasma e- are expelled by space charge force

• Plasma e- rush back on axis

• Ultra-relativistic driver – ultra-relativistic wake  
à no dephasing

• Acceleration physics identical for LWFA, PWFA

plasma wavelength λpe = mm-scale

E. Gschwendtner, CERN



Where to Place the Witness Beam (Surfer)?
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Accelerating for e-

Decelerating for e-

Focusing for e-

Defocusing for e-

E. Gschwendtner, CERN

e-

Longitudinal and transverse wakefields are π/2 
out of phase
è Only ¼ of the electron oscillation length is 
focusing and accelerating for charged particles! 
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Plasma Wakefield, Density Scaling

E. Gschwendtner, CERN

The plasma oscillation leads to a longitudinal accelerating field. The maximum accelerating field (wave-breaking field) is:

à EWB = npe√96 V
m 

Example: npe = 7x1014 cm-3 (AWAKE)  è EWB = 2.5 GV/m   
Example: npe = 7x1017 cm-3  è EWB = 80 GV/m

Charged particle bunch traveling inside a plasma perturbs the plasma electron distribution 

à oscillation with 𝜔!" =
#!""#

$"%$
c
ωpe 

2πλpe=

Example: npe = 7x1014 cm-3 (AWAKE). è   λpe  = 1.2 mm à Produce cavities with mm size!

à Plasma electron wavelength decreases with increasing plasma density 

à Maximum accelerating gradient increases with increasing plasma density 



Seminal Paper 1979, T. Tajima, J. Dawson
Use a plasma to convert the transverse space charge force of a beam driver into a 
longitudinal electrical field in the plasma

15E. Gschwendtner, CERN



Many, Many Plasma Wakefield Experiments…! 
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Now first Proton Driven Plasma Wakefield Experiment

E. Gschwendtner, CERN
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Some Highlights

Transfer efficiency 42+/-4% with 0.2% energy spread,
Up to 70% when allowing energy spread increase

Energy-spread preservation and high efficiency in a 
plasma-wake-field accelerator
C.A. Lindstrøm et al., Phys.Rev.Lett. 126, 014801 (2021)

>210pC	

)
)

~75pC	of	
>210pC	

Electron	spectra,	up	to	6-	8	GeV	Petawatt laser guiding and electron beam 
acceleration to 8 GeV in a laser-heated 
capillary discharge waveguide
 

A.J.Gonsalves et al., Phys.Rev.Lett. 122, 084801 
(2019)

20 cm-scale plasma

Energy doubling of 42 GeV electrons in a 
metre-scale plasma wakefield accelerator

I. Blumenfeld et al, Nature 455, p 741 (2007)

à gradient of 52 GV/m 

FACET, SLAC, USA:
Premier R&D facility for 
electron-driven plasma 
wakefield acceleration: Only 
facility capable of e+ acceleration

BELLA, Berkeley Lab, USA: 
Laser-driven plasma wakefield acceleration 
facility

FLASHForward, DESY, Germany: 
Electron-driven plasma wakefield acceleration facility

E. Gschwendtner, CERN



Plasma Wakefield Accelerators – Electron/Laser Drivers

• Electron/laser driven PWA: need several stages, and challenging wrt to relative timing, tolerances, matching, etc…
• effective gradient reduced because of long sections between accelerating elements….

18

Witness beam

Drive beam: electron/laser

Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell

Drive beams (Boat):
Lasers: ~40 J/pulse
Electron drive beam: 30 J/bunch

Witness beams (Surfers):
Electrons: 1010 particles @ 1 TeV  ~few kJ

To reach TeV scale: 

E. Gschwendtner, CERN



Plasma Wakefield Accelerators – Proton Drivers
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Witness beam

Drive beam: protons

Plasma cell

• Proton drivers: large energy content in proton bunches à allows to consider single stage acceleration:
• A single SPS/LHC bunch could produce an ILC bunch in a single PDWA stage.

E. Gschwendtner, CERN

Drive beams (Boat):
Lasers: ~40 J/pulse
Electron drive beam: 30 J/bunch
Proton drive beam: SPS 19kJ/pulse, LHC 300kJ/bunch

Witness beams (Surfers):
Electrons: 1010 particles @ 1 TeV  ~few kJ

To reach TeV scale: 

With existing proton beams the energy frontier with electrons can be reached!
• SPS p+ (450 GeV): accelerate to 200 GeV electrons. 
• LHC p+ can yield to 3 TeV electrons

A. Caldwell et al., Nature Phys. 5, 363–367 (2009)

Witness bunch 
energy along 
plasma.

1 TeV proton driver



The AWAKE Experiment

20E. Gschwendtner, CERN



AWAKE is an International Collaboration
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E. Gschwendtner, CERN



AWAKE’s Strong Scientific and Educational Output

> 70 papers related to AWAKE 
> 90 Conference proceedings and papers

CERN Teacher Program

AWAKE courses and seminars

USPAS, JUAS, CAS

22 AWAKE Collaboration papers in high-level journals

> 28 PhD students
> 11 Master students
> 20 Post-docs

Outreach: Newspapers, TEDX, …

Edda Gschwendtner, CERN 22

è 4 doctoral thesis prizes, 2 early career awards! 



AWAKE at CERN

Advanced WAKEfield Experiment

èAccelerator R&D experiment at CERN.

èUnique facility driving wakefields in plasma 
with a proton bunch.

è At CERN highly relativistic protons with high energy (> 
kJ) available

èAccelerating externally injected electrons to 
GeV scale.

23



Proton Bunch as a Drive Beam
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In order to create high wakefield amplitudes, the drive bunch 
length must be in the order of the plasma wavelength.

E. Gschwendtner, CERN

CERN SPS proton bunch: very long! (sz = 6 - 10 cm) à much 
longer than plasma wavelength (l = 1mm)
à Would create only small wakefield amplitudes



Self-Modulation of the Proton Bunch

25E. Gschwendtner, CERN

Density modulation on-axis à micro-bunches. 
• Micro-bunches separated by λpe. 
• Resonant wakefield excitation

• Large wakefield amplitudes

Initial transverse wakefields

Periodic focusing/defocusing fields

Radial bunch and plasma density 
modulation

Stronger wakefields

Full modulation

Self-Modulation Instability: 

è Immediate use of SPS proton bunch for driving strong wakefields! 

p+ bunch



AWAKE at CERN
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AWAKE experiment

beam 
dump

~1100m

SPS

LHC

protons

~1000m

Control 
room

~50m

AWAKE

AWAKE installed in CERN underground area
E. Gschwendtner, CERN



AWAKE has a Well-Defined Program

e- acceleration to several GeV,
beam quality control, scalability

RUN 2 (2021-2032)

p+ self-modulation 2 GeV e- acceleration

RUN 1 (2016-2018)

èFirst applications >2033

Edda Gschwendtner, CERN 27

Run 2
Preparation

CNGS 
dismantling

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Run 1 Prepara@on Run 1 Run 2a Run 2cRun 2b Run 2c 
installation

2031 2032 2033

Run 2d

LS2 LS3 LS4



AWAKE is Part of the European Strategy Roadmap

è AWAKE is part of the 
roadmap of the European 
Strategy for Particle Physics 

R. Pattathil, presented at EAAC 2023 

è AWAKE allows to bridge the gap between the PWFA development in general and a e+/e- collider. 

e-p collider

28Edda Gschwendtner, CERN



AWAKE Program
p+ self-modulation 2 GeV e- acceleration

RUN 1 (2016-2018)

Edda Gschwendtner, CERN 29

Run 2
Preparation

CNGS 
dismantling

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Run 1 Prepara@on Run 1 Run 2a Run 2cRun 2b Run 2c 
installation

2031 2032 2033

Run 2d

LS2 LS3 LS4



AWAKE Experiment and Run 1 Results
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Ti: Sapphire Laser

Ti:Sapphire
500mJ
120 fs

E. Gschwendtner, CERN

400 GeV
3x1011 p
400ps

750m proton beam line

10m Plasma source in AWAKE tunnel

Rubidium vapour
Density: 1014 – 1015 cm-3 
Density uniformity < 0.2%



AWAKE Experiment and Run 1 Results
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Ti: Sapphire Laser

Ti:Sapphire
500mJ
120 fs

10m Plasma source in AWAKE tunnel

Rubidium vapour
Density: 1014 – 1015 cm-3 
Density uniformity < 0.2%

E. Gschwendtner, CERN

400 GeV
3x1011 p
400ps

750m proton beam line



AWAKE Experiment and Run 1 Results
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AWAKE Collaboration,  Phys. Rev. Lett. 122, 054802 (2019).
M. Turner et al. (AWAKE Collaboration), Phys. Rev. Lett. 122, 054801 (2019).
M. Turner, P. Muggli et al. (AWAKE Collaboration), Phys. Rev. Accel. Beams 23, 081302 (2020)
F. Braunmueller, T. Nechaeva et al. (AWAKE Collaboration), Phys. Rev. Lett. July 30 (2020).
A.A. Gorn, M. Turner et al. (AWAKE Collaboration), Plasma Phys. Control Fusion, Vol. 62, Nr 12 (2020).
F. Batsch, P. Muggli et al. (AWAKE Collaboration), accepted in Phys. Rev. Lett. (2021)

#1: Demonstration of Seeded Self-Modulation of the Proton bunch

E. Gschwendtner, CERN



AWAKE Experiment and Run 1 Results
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Laser line

Electron source
Diagnostics and 

booster structure

Transfer line

20 MeV electron line

Diagnostics

E. Gschwendtner, CERN



Run 1 Results: Electron Acceleration

No 
accelerated 
electrons

Accelerated 
electrons

Convert pixel-size and 
dipole setting to energy

• Acceleration up to 2 GeV has been achieved. 

• Charge capture up to 20%. 

E. Adli et al. (AWAKE Collaboration), Nature 561, 363–367 (2018) 

E. Gschwendtner, CERN

#2: Demonstration of Electron Acceleration in Plasma Wakefield 



AWAKE Run 2 

èAWAKE has developed a clear scientific roadmap towards first 
particle physics applications within the next decade ! 

èIn AWAKE many general issues are studied, which are relevant for 
concepts that are based on plasma wakefield acceleration. 

36

Paradigm change: 
è Move from ‘acceleration R&D’ to an ‘accelerator’

E. Gschwendtner, CERN



AWAKE Program

e- acceleration to several GeV,
beam quality control, scalability

RUN 2 (2021-2032)

Edda Gschwendtner, CERN 37

Run 2
Preparation

CNGS 
dismantling

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Run 1 Prepara@on Run 1 Run 2a Run 2cRun 2b Run 2c 
installation

2031 2032 2033

Run 2d

LS2 LS3 LS4



Run 2a Results – Seeding the Self-Modulation

E. Gschwendtner, CERN 38

è Proton-bunch self-modulation process must be reproducible, reliable and stable. 

6

Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell

laser

gasplasma

proton beamself-modulated 
proton beam

laser

gasplasma

proton beam

proton beam electrons

laser

gasplasma

self-modulated proton beam
electrons

laser

gasplasma

AWAKE Run 1:

AWAKE Run 2: 

Why electron seeding: 

Run 1: Front-part of proton beam is not self-modulated 
Run 2: Æ This can cause issues when the proton beam enters into the second 
plasma source 
For Run 2:need fully self-modulated proton bunch

with density nRb adjustable in the ð0.5–10Þ × 1014 cm−3

range and with uniform temperature and thus density
distributions (ΔnRb=nRb ¼ ΔT=T < 0.2% [23]). The vapor
density is measured to better than 0.5% [24] at both ends of
the source. A Ti:sapphire laser system provides a 120 fs,
≤ 450 mJ laser pulse that can serve two purposes. First,
when propagating along the vapor column it creates the
plasma at the RIF. The RIF transforms the Rb vapor into a
∼2 mm diameter plasma with density and uniformity equal
to those of the vapor [14]. Therefore, hereafter we quote the
corresponding plasma density instead of the measured Rb
vapor density ðne0 ¼ nRbÞ. Second, when propagating
within the proton bunch, the RIF triggers the sudden
(≪ 1=ωpe) onset of beam plasma interaction that can seed
the SM process. Seeding can occur because this onset
corresponds to the driving of initial plasma wakefields
starting at the RIF and with amplitudes depending on the
local bunch density [14,15].
The train of microbunches resulting from the SM process

leaves the plasma after 10 m and passes through an
aluminum-coated screen where protons emit optical tran-
sition radiation (OTR), 3.5 m from the plasma exit. The
OTR has the same spatiotemporal structure as the modu-
lated proton bunch. A streak camera resolves the incoming
OTR light imaged onto its entrance slit in space and in time
with resolutions of 80 μm and ∼1 ps, respectively, over a
73 ps time window. Since the entrance slit is narrower than
the bunch radius at the screen location, images display the
bunch charge density and not its charge [25]. A transfer line
(dashed blue line in Fig. 1 [26]) guides a mirror bleed-
through of the laser pulse to the streak camera. This signal
(in red circle in inset 2 of Fig. 1) indicates on each image
the relative timing of the RIF within the proton bunch with
0.53 ps (rms) accuracy and 0.16 ps precision. It can be
delayed together with the camera trigger signal to appear on
the image at times later than that of the RIF, as seen every
50 ps at the bottom of Fig. 4(a). This signal is necessary to
refer images in time with respect to the RIFs and with
respect to each other’s timing, because the streak camera
triggering system has a time jitter of 4.8 ps (rms),
equivalent to approximately half a period of the wakefields.

In the following, we refer to this signal as the laser
reference signal (LRS).
Results.—We observe that when we use the RIF for

plasma creation only, placing it nano- to microseconds
ahead of the proton bunch, SM occurs [27]. In this case
SM can grow from noise present in the system. The
wakefield amplitude driven by shot noise in the proton
bunch distribution was estimated at the tens of kV=m level
[28]. The laser pulse drives wakefields at the <100 kV=m
level at the plasma densities of these experiments [29].
Figure 2(a) shows a composite image of the time structure
of the center part of the modulated proton bunch (compare
Fig. 1, inset 2) for ten events in the 73 ps window, placed
150 ps (0.6σt) ahead of the bunch peak. These events are
aligned in timewith respect to the LRS. The LRS alignment
procedure yields a ∼50-ps-long common window between
images. The LRS (not shown) is placed at t ¼ 0 ps on each
image. The RIF is 600 ps (2.4σt) ahead of the bunch peak
(i.e., 450 ps, 1.8σt between RIF and t ¼ 0 on the image).
Each image is normalized to its incoming bunch popula-
tion. The figure clearly shows that from event to event
microbunches appear at no particular times with respect to
the RIF. It also shows that the measured microbunch charge
density varies considerably. Variations in bunch density on
these images can be attributed to amplitude variations of
focusing and defocusing fields [25]. Variations in timing or
phase and amplitude of the modulation are expected for the
occurrence of a (nonseeded) instability such as SMI [11].
Figure 2(b) shows a similar plot to that of Fig. 2(a), but

with the RIF placed closer, 350 ps (1.4σt) ahead of the
bunch peak and thus with larger wakefield amplitude at the
RIF, with all other parameters unchanged. It is clear that in
this case the microbunches appear essentially at the same
time with respect to the RIF and with much more consistent
charge density than in the previous case. These data show
the behavior expected from a seeded process such as SSM.
From these two plots we conclude that in the first case the

1
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x 
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m
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FIG. 1. Schematic of the experimental setup showing the main
components used for measurements presented here. Inset 1: RIF
in the middle of the proton bunch (tRIF ¼ 0 ps). Inset 2: streak
camera image of a modulated proton bunch, laser reference signal
at t ¼ 0 ps (red circle).
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FIG. 2. Composite images of the center part of the streak
camera image (see Fig. 1, inset 2) for ten events with (a) RIF
600 ps (2.4σt) and (b) RIF 350 ps (1.4σt) ahead of the proton
bunch center. Front of the bunch on the right-hand side.
Events aligned with respect to LRS ([26], at t ¼ 0, not
visible). Both cases: LRS 150 ps (0.6σt) ahead of bunch
center, ne0 ¼ 0.94 × 1014 cm−3.

PHYSICAL REVIEW LETTERS 126, 164802 (2021)

164802-3

Unseeded: phase not 
reproducible

Seeded with laser ionization 
front

Seeding with the relativistic ionization front

F. Batsch, P. Muggli et al. (AWAKE Collaboration), Phys. Rev. Lett. 126, 164802  (2021).
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell

laser

gasplasma

proton beamself-modulated 
proton beam

laser

gasplasma

proton beam

proton beam electrons

laser

gasplasma

self-modulated proton beam
electrons

laser

gasplasma

AWAKE Run 1:

AWAKE Run 2: 

Why electron seeding: 

Run 1: Front-part of proton beam is not self-modulated 
Run 2: Æ This can cause issues when the proton beam enters into the second 
plasma source 
For Run 2:need fully self-modulated proton bunch

Seeding with the electron bunch

No e- bunch à SMI with e- bunch à seeded SM

G.	Zevi	Della	Porta,	for	the	AWAKE	Collaboration	
Run	2a	performance	and	preliminary	results

Second	run	(August	23,	3	weeks)

•Study	self-modulation	dependence	on:	
•electron	bunch	charge,	i.e.	seed	wakefield	amplitude	
•proton	bunch	charge,	i.e.	self-modulation	growth	rate	

9

1.5⋅10 11ppb
2.0⋅10 11ppb

2.5⋅10 11ppb
3.0⋅10 11ppb

1.0⋅10 11ppb

21.09.2021
L. Verra, for the AWAKE collaboration

34

The microbunchtrain carry information about 
the whole history of the propagation in plasma

Variation of the proton bunch charge density

electron bunch charge Q = 220 pC
npe = 1⋅10 14 cm -3

Larger proton bunch charge density  àlarger growth 
àmicrobunchtrain starts earlier
àwidening of the microbunches

*All	images	are	sums	of	O(10)	events

Proton	bunch,	210	ps	scale	(plasma	and	electron	seed).	Different	proton	bunch	charges

6

Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell

laser gas
plasma

proton beam
self-modulated 
proton beam

laser gas
plasma

proton beam

proton beam
electronslaser gas
plasma

self-modulated proton beam
electronslaser gas
plasma

AWAKE Run 1:

AWAKE Run 2: 

Why electron seeding: 

Run 1: Front-part of proton beam is not self-modulated 
Run 2: ÆThis can cause issues when the proton beam enters into the second 
plasma source 
For Run 2:need fully self-modulated proton bunch

Preliminary	[L.	Verra]

L. Verra et al. (AWAKE Collaboration), Phys. Rev. Lett. 129, 024802 (2022) 



AWAKE Program

e- acceleration to several GeV,
beam quality control, scalability

RUN 2 (2021-2032)

Edda Gschwendtner, CERN 39

Run 2
Preparation

CNGS 
dismantling

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Run 1 Prepara@on Run 1 Run 2a Run 2cRun 2b Run 2c 
installation

2031 2032 2033

Run 2d

LS2 LS3 LS4



Run 2b Results – Stabilizing Large Wakefield Amplitudes

E. Gschwendtner, CERN 40

Introducing a density step in the plasma cell
è stabilization of the micro-bunches
è Increased wakefield amplitudes after 

SSM saturation

New Rubidium vapour source with density step installed in 2023

• Length: ~ 10 m, independent electrical heater of 50 cm from 0.25 to 4.75 m, 
Step height up to ±10%

• 10 diagnostic viewport è to measure light emitted by wakefields dissipating 
after the passage of the proton bunch 

K. V. Lotov, Physics of Plasmas 22, 103110 (2015)
K. V. Lotov and P. V. Tuev 2021 PPFC 63 125027 



Run 2b Results – Stabilizing Large Wakefield Amplitudes

E. Gschwendtner, CERN 41

Physics program: study the effect of the plasma density and test whether wakefields maintain a larger amplitude

Proton Bunch Time-Resolved Images

è plasma density step clearly influences 
seeded self-modulation: Longer bunch 
train with more charge 

beginning

Plasma Light  

è plasma density step clearly influences 
plasma light from dissipating wakefields

No step

1.5% 
density 
step at 
1.75m

middle end

Electron Acceleration

npe ~ 6.2x1014 cm-3, 2.3% step at 1.75 m

no 
step

step

F. Pannell, UCL, 
AWAKE Collaboration

External injection downstream of 
the density step

è Plasma density step clearly influences 
energy of the accelerated electrons: 
electron energy much higher

è Complete the measurements during 2024 run!



AWAKE Program

e- acceleration to several GeV,
beam quality control, scalability

RUN 2 (2021-2032)
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Run 2
Preparation

CNGS 
dismantling

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Run 1 Prepara@on Run 1 Run 2a Run 2cRun 2b Run 2c 
installation

2031 2032 2033

Run 2d

LS2 LS3 LS4

üRun 2a (2021-2022): CONTROL: demonstrate the seeding of the self-modulation of the entire proton bunch with an electron bunch

èRun 2b (2023-2024): STABILIZATION: maintain large wakefield amplitudes over long plasma distances by introducing a step in the plasma density

è (2025-2027): CNGS dismantling, CERN Long Shutdown LS3, installation of Run 2c

èRun 2c (2028-2031): QUALITY: demonstrate electron acceleration and emittance control of externally injected electrons. 



AWAKE Run 2c – Start after LS3 
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1st plasma source: 
self-modulator of the proton 

bunch

2nd plasma source: 
accelerator of electrons in p-driven 

plasma wakefield

New e-source system

èAccelerate an electron beam to high energies (gradient of 0.5-1GV/m)
èwhile controlling the electron beam quality (~10 mm-mrad emittance, 10% energy spread)

New electron beam: 150 MeV, 200 fs, 100 pC, σ = 5.75 µm
Blow-out regime 
Beam loading: reach small ∂E/E 
Match electron beam transverse properties to the plasma



AWAKE Run 2c – Ongoing Studies
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Run 2c electron source prototype

S-band e-gun (INFN) with 
X-band accelerator (CLIC/CLEAR)

Protoype in CTF2
Quadrupole
Dipole

Octopule
BPM

Corrector
BTV

Sextupole

150 MeV beamline

Beam Instrumenta,on

BPMs 10 µm resolu/on

Beam instrumentation

è Studies, design and prototyping already advancing well for several experimental elements of Run 2c



Run 2
Preparation

CNGS 
dismantling

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Run 1 Prepara@on Run 1 Run 2a Run 2cRun 2b Run 2c 
installation

2031 2032 2033

Run 2d

LS2 LS3 LS4

Run 2 – Broader Impact

à External injection of witness electron relevant 
for any plasma-based collider concept
à Validation of simulation tools

Simulations predict broad tolerances for SMI control via a 
density step and for emittance control in quasilinear wakefield. 

Simulations

Examples of technological advancements

Edda Gschwendtner, CERN 45

Machine Learning
à Running test-bed for operation efficiency studies 
and Machine Learning

Synergy with CERN and external institutes:
• Low energy e-beam line perfect for testing ML techniques
• Setup available in between runs used by users
Outcome:
• Development of beyond state-of-the art ML tools for accelerators
• 8 publications + proceedings

Velotti, F. M., et al. Machine Learning: Science and Technology 4.2 (2023): 025016.



AWAKE Program

e- acceleration to several GeV,
beam quality control, scalability

RUN 2 (2021-2032)
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Run 2
Preparation

CNGS 
dismantling

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Run 1 Prepara@on Run 1 Run 2a Run 2cRun 2b Run 2c 
installation

2031 2032 2033

Run 2d

LS2 LS3 LS4

üRun 2a (2021-2022): CONTROL: demonstrate the seeding of the self-modulation of the entire proton bunch with an electron bunch

èRun 2b (2023-2024): STABILIZATION: maintain large wakefield amplitudes over long plasma distances by introducing a step in the plasma density

è (2025-2027): CNGS dismantling, CERN Long Shutdown LS3, installation of Run 2c

èRun 2c (2028-2031): QUALITY: demonstrate electron acceleration and emittance control of externally injected electrons. 

èRun 2d (2032- LS4): SCALABILITY: development of scalable plasma sources with sub-% level plasma density uniformity. 



AWAKE Run 2d: Demonstrate Scalable Plasma Sources
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Scalable plasma source

Experiment

E. Gschwendtner, CERN

Scalable plasma source R&D program:
è Dedicated plasma source labs at CERN
è 5 collaborating institutes
è Addressing challenges of density, uniformity, reproducibility, scalability

• Goal à density: 7x1014 cm-3 and longitudinal uniformity: 0.25%

10 m DPS run May 20231 m HPS in CERN lab

1m Helicon plasma source 10m Discharge plasma source



10 m Discharge Plasma Source in AWAKE
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Ar Xe He

Unique opportunity to test the discharge plasma source in May 2023 with protons in the AWAKE facility

Edda Gschwendtner, CERN

è Possible candidate for plasma source in Run 2c/d and particle physics applications

Successfully installed, commissioned and operated the 10m long discharge prototype plasma source
è Demonstrated self-modulation of the proton bunch
è Flexible operation allowed to study various physics effects. 



DPS Ion Motion Studies
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np = 3 x 1011 protons/bunch
npe = 4.8 x 1014 cm-3

DPS Current 
Filamentation Studies

Wide proton bunch optics:        ~3

High plasma density of npe, discharge = 9x1014 cm-3.

Clear evidence of filamentationà Important for PWFA 
design

If proton bunch is wider than plasma skin depth è CFI.

L. Verra et al. (AWAKE Collaboration), Phys. Rev. E 109, 055203, 2024.

Ions move due to the ponderomotive force of the radial wakefields
è Change in plasma wavelength and therefore resonance condition
è Appearance of beam tail when ion motion becomes significant 

and wakefield stopped growing

No plasma

Xenon (A=131)

Argon (A=40)

Helium (A=4)

M. Turner, CERN

Preliminary

Beam Tail



AWAKE Program

èFirst applications >2033
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Run 2
Preparation

CNGS 
dismantling

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Run 1 Prepara@on Run 1 Run 2a Run 2cRun 2b Run 2c 
installation

2031 2032 2033

Run 2d

LS2 LS3 LS4



First Applications with AWAKE-Like Technology

1016 electrons on target with AWAKE-like beam (Factor 1000 more than NA64)
• 50 GeV e-beam: Extend sensitivity further to ε~ 10-3 − 10-5 and to high masses~0.1 GeV. 
• 1 TeV e-beam: : Similar ε values, approaching 1 GeV, beyond any other planned experiments. 

è Within the context of the Physics Beyond Colliders Project (PBC), AWAKE performed preliminary studies on possible first 
particle physics applications in the nearer future. 

Dark sectors with light, weakly-coupling particles are a compelling possibility for new physics.
Search for dark photons using an AWAKE like electron beam:  
è Beam dump experiments 

• Decay of dark photons into visible particles (e.g. e+/e-)
• Energy and flux is important, but relaxed parameters for emittance

Edda Gschwendtner, CERN 51



Summary and Outlook
• Plasma wakefield acceleration is an exciting and growing field with many encouraging results and a huge 

potential.
• Acceleration with more than 50 GeV/m gradients have been achieved. 
• Current and planned facilities (Europe, America, Asia) explore different advanced and novel accelerator concepts and 

proof-of-principle experiments and address beam quality challenges.

• AWAKE is a unique proton-driven plasma wakefield acceleration experiment at CERN
• Proton-driven plasma wakefield acceleration interesting because of large energy content of driver. 
• Modulation process means existing proton machines can be used.
• AWAKE uses protons from CERN’s SPS.
• Complex experiment, which capitalizes on CERN’s accelerator technology expertise.
• AWAKE is an international collaboration with strong contributions from collaborating institutes.

• AWAKE developed a well-defined plan towards first applications of particle physics experiments
• AWAKE Run 2 is ongoing.
• AWAKE met all milestones to date.

52E. Gschwendtner, CERN



Back-Up
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1st plasma cell: 
self-modulator

2nd plasma cell: 
accelerator

AWAKE Run 2c - Preparation

54

fully self-modulated 
proton bunch

To house the full length of the Run 2 experiment, the AWAKE area 
must be extended into the former CNGS target area (radioactive!)

CNGS target when empty

Electron acceleration 
in plasma wakefield 
driven by protons

AWAKE Run 2c and Run 2d after LS3 (2027+) :
Optimize acceleration of electrons in p-driven plasma wakefield



Introduction – Beam Quality in PWA
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Different regimes: 

Linear regime: nbeam << npe 

Drive Bunch

Trailing
 Bunch

Blown Out Wake

Loaded Wake

Unloaded wake

Sufficient charge in the witness bunch to 
flatten the accelerating field
à  reduce energy spread

Beam loading

z = s -ct

Ez
Narrow sheaths of excess
plasma electrons

Accelerating
cavity

Typical bubble length scale: 
fraction of a mm

Ions only

Blow-out regime: nbeam >> npe 

- lower wakefields
- transverse forces not linear in r
+ Symmetric for positive and 

negative witness bunches
+ Well described by theory

+ Higher wakefields
+ transverse forces linear in r 

(emittance preservation)
+ High charge witness acceleration 

possible
- Requires more intense drivers
- Not ideal for positron acceleration

kpe σz ≈ √2
kpe σr ≤ 1

Accelerating field is maxi-
mised for a value of


