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AWAKE at CERN is Unique

Advanced WAKEfield Experiment

èAccelerator R&D experiment at CERN.

èUnique facility driving wakefields in plasma with a proton 
bunch.

è At CERN highly rela0vis0c protons with high energy (> kJ) available

èAcceleraDng externally injected electrons to GeV scale.

è AWAKE profits from rich experDse at CERN 
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AWAKE at CERN is Unique

SPS Driver (19 kJ): ~ 150 GeV in ~200 m, 109 e- 

2D numerical simulation results

P. Tuev, K. V. Lotov, PPFC 63, 125027 (2021)

LHC Driver (112 kJ): ~ 5 TeV in ~7 km, ~ 109 e-

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

~TeV in km ó ~GeV/m

Proton drivers: large energy content in proton bunches
èsingle stage acceleraDon to accelerate electrons to TeV level

Many opportuni,es for first par,cle physics applica,ons in the nearer future: search for dark photons with beam dump experiments

è AWAKE addresses technology development for parDcle physics applicaDon, i.e. core business of CERN
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Contribu5ng to CERN’s Diversity

1016 electrons on target with AWAKE-like beam (Factor 1000 more than NA64)
• 50 GeV e-beam: Extend sensi0vity 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 
par,cle physics applica,ons in the nearer future. 

Dark sectors with light, weakly-coupling par0cles 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 par0cles (e.g. e+/e-)
• Energy and flux is important, but relaxed parameters for emiXance
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AWAKE in the International Context

Co-chairs: BrigiMe Cros, Patric Muggli
Program commiMee: ICFA ANA Panel

Gather the community and concentrate on addressing 
the recent progress and necessary steps towards 
realising a linear collider for parScle physics based on 
novel-accelerator technology.
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AWAKE in the Interna5onal Context

Co-chairs: BrigiMe Cros, Patric Muggli
Program commiMee: ICFA ANA Panel

Gather the community and concentrate on addressing 
the recent progress and necessary steps towards 
realising a linear collider for parScle physics based on 
novel-accelerator technology.
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AWAKE in the Interna5onal Context
ESPP Expert Panel “High Gradient: Plasma and Laser 
Accelerators”
Follow-up Panel to European Strategy for Par0cle Physics
Panel proposes a plasma and laser accelerator R&D roadmap for the 
next ESPP Update

Panel members: 
Chair: Ralph Assmann (DESY/INFN)
Deputy Chair: Edda Gschwendtner (CERN)
Kevin Cassou (IN2P3/IJCLab), SebasSen Corde (IP Paris), Laura Corner (Liverpool), 
BrigiMe Cros (CNRS UPSay), Massimo Ferarrio (INFN), Simon Hooker (Oxford), 
Rasmus Ischebeck (PSI), Andrea LaSna (CERN), Olle Lundh (Lund), Patric Muggli 
(MPI Munich), Phi Nghiem (CEA/IRFU), Jens Osterhoff (DESY), Tor Raubenheimer 
(SLAC), Arnd Specka (IN2PR/LLR), Jorge Vieira (IST), Ma7hew Wing (UCL). 

Panel associated members: 
Cameron Geddes (LBNL), Mark Hogan (SLAC), Wei Lu (Tsinghua U.) , Pietro 
Musumeci (UCLA) 

Co-chairs: BrigiMe Cros, Patric Muggli
Program commiMee: ICFA ANA Panel

Gather the community and concentrate on addressing 
the recent progress and necessary steps towards 
realising a linear collider for parScle physics based on 
novel-accelerator technology.
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AWAKE as Part of the European Strategy Roadmap

è AWAKE is part of the 
roadmap of the European 
Strategy for Par8cle Physics 

R. PaMathil, 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
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AWAKE is an Interna5onal Collabora5on
èAWAKE is an international Collaboration, consisting of 22 institutes. 

In AWAKE many general issues are studied, which are relevant for concepts that are based on plasma wakefield accelera8on.

è Benefit from exper8se from collabora8ng ins8tutes. 
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Key Ingredients of AWAKE (Run 1 and Run 2a/b)

10

Laser, compressor in laser room

500mJ
120fs

750m proton beam line

400 GeV
3x1011 p
400ps

Laser line

Electron source
Diagnos<cs and booster 

structure

Transfer line

20 MeV
4x109 e
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Electron source system

Plasma source Rubidium vapor source
10 m long, 4 cm diameter
npe = 1014 – 1015 cm-3 
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Strong Commitment from Ins5tutes in AWAKE
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AWAKE Organiza5onal Structure

Spokesperson: Patric Muggli
Deputy: Matthew Wing
Collaboration Board Chair: Allen Caldwell 
Technical Coordinator: Edda Gschwendtner
CERN AWAKE Project Leader: Edda Gschwendtner
Physics and Experiment Coordinator: Patric Muggli
Simulation Coordinator: Alexander Pukhov
CNGS Dismantling Project Leader: Ans Pardons
Run Coordinator: Giovanni Zevi Della Porta

Work Packages: 
Vapour Source, Scalable Plasma 
Source, Laser, Beam Lines, LLRF, 
Beam Instrumentation, 
Simulations, Experiment, Analysis 

22 Collaboration Institutes

Collabora0on Board (CB)

Management Board (MB)
Physics and Experiment 

Board (PEB)Technical Board (TB)

CERN AWAKE 
Steering Board

àATSMB
SPSC

31 CERN Work Packages (several WPs are coordinated in the different CPs)

Coordination Packages:
CP1: SPS Beam, RF Timing, Synchronization
CP2: Proton and Electron Beam Lines
CP3: Electron Source System
CP4: Infrastructure, Integration and Installation
CP5: Laser Beam System
CP6: Plasma Wakefield Experiment
CP7: Beam Instrumentation
CP8: Scalable Plasma Cell R&D

CERN AWAKE Project

CNGS
Dismantling

Project

Publica@on and Speakers CommiBee
> 100 papers

AWAKE MoU: between CERN and Ins0tutes à in-kind contribu0ons
Addendum to MoU for any new ins0tute, PJAS, new work program
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AWAKE has a Well-Defined Program

AWAKE Run 1 (2016 - 2018): Proof-of-Concept: 
ü Demonstrated seeded self-modulaAon of the proton bunch and drive strong wakefields
ü Accelerate externally injected electrons to 2 GeV

AWAKE Run 2 (2021 – 2033): Towards an Accelerator:
èAccelerate an electron beam to high energies (gradient of 0.5-1GV/m)
èwhile controlling the electron beam quality (~10 mm-mrad emi@ance, 10% energy spread)
èdemonstrate scalable plasma source technology.

Once AWAKE Run 2 is demonstrated: First applicaAon of the AWAKE-like technology.
 è develop physics case for par0cle physics experiments

e- accelera(on to several GeV,
beam quality control, scalabilityRUN 2

p+ self-modula(on 2 GeV e- accelera(on

RUN 1

Run 2
Prepara+on

CNGS 
dismantling

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

Run 1 Preparation Run 1 Run 2a Run 2cRun 2b Run 2c 
installa+on

2031 2032 2033

Run 2d

èFirst 
applica0onsLS2 LS3 LS4
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Run 1a: Demonstrated phase stable and reproducible 
self-modulation of the p+ bunches (2016-2017) 

AWAKE 
collabora,on

AWAKE Collabora,on,  Phys. Rev. Le9. 122, 054802 (2019).
M. Turner et al. (AWAKE Collabora,on), ‘Phys. Rev. Le9. 122, 054801 (2019).
M. Turner, P. Muggli et al. (AWAKE Collabora,on), Phys. Rev. Accel. Beams 23, 081302 (2020).
F. Braunmueller, T. Nechaeva et al. (AWAKE Collabora,on), Phys. Rev. Le9. July 30 (2020).
A.A. Gorn, M. Turner et al. (AWAKE Collabora,on), Plasma Phys. Control Fusion, Vol. 62, Nr 12 (2020).
F. Batsch, P. Muggli et al. (AWAKE Collabora,on), Phys. Rev. Le9. 126, 164802  (2021).

AWAKE Highlights

à Marlene Turner received two PhD 
awards (2019): Victor Hess Prize, 
John Dawson Thesis Prize.

è To date AWAKE has achieved all milestones!  
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
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Run 1a: Demonstrated phase stable and reproducible 
self-modulation of the p+ bunches (2016-2017) 

AWAKE 
collabora,on

AWAKE Collabora,on,  Phys. Rev. Le9. 122, 054802 (2019).
M. Turner et al. (AWAKE Collabora,on), ‘Phys. Rev. Le9. 122, 054801 (2019).
M. Turner, P. Muggli et al. (AWAKE Collabora,on), Phys. Rev. Accel. Beams 23, 081302 (2020).
F. Braunmueller, T. Nechaeva et al. (AWAKE Collabora,on), Phys. Rev. Le9. July 30 (2020).
A.A. Gorn, M. Turner et al. (AWAKE Collabora,on), Plasma Phys. Control Fusion, Vol. 62, Nr 12 (2020).
F. Batsch, P. Muggli et al. (AWAKE Collabora,on), Phys. Rev. Le9. 126, 164802  (2021).

AWAKE Highlights

à Marlene Turner received two PhD 
awards (2019): Victor Hess Prize, 
John Dawson Thesis Prize.

à Spencer Gessner received the Simon 
Van der Meer Early Career Award in 
Novel Accelerators (2019). 

Run 1b: Demonstrated acceleraSon from 18 MeV to 2 
GeV with up to 20% charge capture (2017-2018) LETTER RESEARCH

and the 1.5-mm resolution of the optical system lead to an energy 
uncertainty of approximately 2%. The overall uncertainty, however, is  
dominated by the emittance of the accelerated electrons, and can be larger 
than 10%. The use of the focusing quadrupoles limits this uncertainty  
to approximately 5% for electrons near to the focused energy.

Owing to the difficulty of propagating an electron beam of well-
known intensity to the spectrometer at AWAKE, the charge response 
of the scintillator is calculated using data acquired at CERN’s Linear 
Electron Accelerator for Research (CLEAR) facility. This calibration 
is performed by placing the scintillator and vacuum window next to 
a beam charge monitor on the CLEAR beam line and measuring the 
scintillator signal. The response of the scintillator is found to depend 
linearly on charge over the range 1–50 pC. The response is also found to 
be independent of position and of energies in the range 100–180 MeV, 
to within the measurement uncertainty. This charge response is then 
recalculated for the optical system of the spectrometer at AWAKE by 
imaging a well-known light source at both locations. A response of 
(6.9 ± 2.1) × 106 CCD counts per incident picocoulomb of charge, given 
the acquisition settings used at AWAKE, is determined. The large 1σ 
uncertainty is due to different triggering conditions at CLEAR and 
AWAKE and systematic uncertainties in the calibration results.

Reliable acceleration of electrons relies on reproducible self-modulation  
of the proton beam. As well as the observation of the transverse  
expansion of the proton bunch, the optical and coherent transition radi-
ation diagnostics showed clear microbunching of the beam. The proton 
microbunches were observed to be separated by the plasma wavelength 
(inferred from the measured rubidium vapour density, see Methods) for 
all parameter ranges investigated; they were also reproducible and stable 
in phase relative to the seeding. The detailed study of the self-modulation  
process will be the subject of separate AWAKE publications.

The data presented here were collected in May 2018. In Fig. 2a we 
show an image of the scintillator from an electron acceleration event 
at a plasma density of 1.8 × 1014 cm−3, with a measured density differ-
ence of +5.3% ± 0.3% over 10 m in the direction of propagation of the 

proton bunch. This image has been background-subtracted and cor-
rected for vignetting and electron-angle effects (Methods). The quadru-
poles of the spectrometer were focusing at an energy of approximately 
700 MeV during this event, creating a substantial reduction in the ver-
tical spread of the beam. In Fig. 2b we show a projection obtained by 
integrating over a central region of the scintillator. A 1σ uncertainty 
band, which comes from the background subtraction, is shown around 
zero. The peak in this figure has a high signal-to-noise ratio, which 
provides clear evidence of accelerated electrons. In both the image and 
the projection, the charge density is calculated using the central value 
of 6.9 × 106 CCD counts per picocoulomb. The asymmetric shape of 
the peak is due to the nonlinear position–energy relationship induced 
in the electron bunch by the magnetic field; when re-binned in energy, 
the signal peak is approximately Gaussian. Accounting for the sys-
tematic uncertainties described earlier, the observed peak has a mean 
of 800 ± 40 MeV, a FWHM of 137.3 ± 13.7 MeV and a total charge 
of 0.249 ± 0.074 pC. The amount of charge captured is expected to 
increase considerably17 as the emittance of the injected electron bunch 
is reduced and its geometric overlap with the wakefield is improved.

The stability and reliability of the electron acceleration is evidenced 
by Fig. 3, which shows projections from many consecutive electron- 
injection events. Each row in this plot is the background-subtracted 
projection from a single event, with the colour representing the signal 
intensity. The events correspond to a 2-h running period during which 
the quadrupoles were varied to focus over a range of approximately 
460–620 MeV. Other parameters, such as the proton-bunch population, 
were not deliberately changed but vary naturally on a shot-to-shot basis. 
Despite the quadrupole scan and the natural fluctuations in the beam 
parameters, the plot still shows consistent and reproducible acceleration 
of electron bunches to approximately 600 MeV. The plasma density for 
these events is 1.8 × 1014 cm−3, with no density gradient. This lack of 
gradient is the cause of the difference in energy between the event in 
Fig. 2 and the events in Fig. 3.

The energy gain achievable by introducing a more optimal gradient 
is demonstrated in Fig. 4, which shows the peak energy achieved at 
different plasma densities with and without a gradient. The density gra-
dients chosen are those that are observed to maximize the peak energy 
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Fig. 2 | Signal of accelerated electrons. a, An image of the scintillator 
(with horizontal distance x and vertical distance y) with background 
subtraction and geometric corrections applied is shown, with an electron 
signal clearly visible. The intensity of the image is given in charge Q 
per unit area (d2Q/dxdy), calculated using the central value from the 
calibration of the scintillator. b, A projection of the image in a is obtained 
by integrating vertically over the charge observed in the central region 
of the image. A 1σ uncertainty band from the background subtraction 
is shown in orange around zero. Both the image (a) and the projection 
(b) are binned in space, as shown on the top axis, but the central value 
from the position–energy conversion is indicated at various points on the 
bottom axis. The electron signal is clearly visible above the noise, with a 
peak intensity at an energy of E ≈ 800 MeV.
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Fig. 3 | Background-subtracted projections of consecutive electron-
injection events. Each projection (event) is a vertical integration over  
the central region of a background-subtracted spectrometer camera  
image. Brighter colours indicate regions of high charge density  
dQ/dx, corresponding to accelerated electrons. The quadrupoles of the 
spectrometer were varied to focus at energies of 460–620 MeV over the 
duration of the dataset. No other parameters were varied deliberately. The 
consistent peak around energy E ≈ 600 MeV demonstrates the stability and 
reliability of the electron acceleration.
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AWAKE Collabora,on, Nature 561, 363 (2018)

è To date AWAKE has achieved all milestones!  
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

à James Chappell received the 
Culhalm Thesis Prize (2022). 
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Run 1a: Demonstrated phase stable and reproducible 
self-modulaSon of the p+ bunches (2016-2017) 

AWAKE 
collabora,on

AWAKE Collabora,on,  Phys. Rev. Le9. 122, 054802 (2019).
M. Turner et al. (AWAKE Collabora,on), ‘Phys. Rev. Le9. 122, 054801 (2019).
M. Turner, P. Muggli et al. (AWAKE Collabora,on), Phys. Rev. Accel. Beams 23, 081302 (2020).
F. Braunmueller, T. Nechaeva et al. (AWAKE Collabora,on), Phys. Rev. Le9. July 30 (2020).
A.A. Gorn, M. Turner et al. (AWAKE Collabora,on), Plasma Phys. Control Fusion, Vol. 62, Nr 12 (2020).
F. Batsch, P. Muggli et al. (AWAKE Collabora,on), Phys. Rev. Le9. 126, 164802  (2021).

AWAKE Highlights

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  à
larger growth 

à
microbunchtrain starts earlier

à
widening of the microbunches

*All	images	are	sums	of	O(10)	events

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

This 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) 

Run 2a: Demonstrated electron seeding of 
proton bunch self-modulaSon (2021-2022)

à Livio Verra received the 
EPS Plasma Physics  
Division PhD Award 2023.

à Marlene Turner received two PhD 
awards (2019): Victor Hess Prize, 
John Dawson Thesis Prize.

à Spencer Gessner received the Simon 
Van der Meer Early Career Award in 
Novel Accelerators (2019). 

Run 1b: Demonstrated acceleraSon from 18 MeV to 2 
GeV with up to 20% charge capture (2017-2018) LETTER RESEARCH

and the 1.5-mm resolution of the optical system lead to an energy 
uncertainty of approximately 2%. The overall uncertainty, however, is  
dominated by the emittance of the accelerated electrons, and can be larger 
than 10%. The use of the focusing quadrupoles limits this uncertainty  
to approximately 5% for electrons near to the focused energy.

Owing to the difficulty of propagating an electron beam of well-
known intensity to the spectrometer at AWAKE, the charge response 
of the scintillator is calculated using data acquired at CERN’s Linear 
Electron Accelerator for Research (CLEAR) facility. This calibration 
is performed by placing the scintillator and vacuum window next to 
a beam charge monitor on the CLEAR beam line and measuring the 
scintillator signal. The response of the scintillator is found to depend 
linearly on charge over the range 1–50 pC. The response is also found to 
be independent of position and of energies in the range 100–180 MeV, 
to within the measurement uncertainty. This charge response is then 
recalculated for the optical system of the spectrometer at AWAKE by 
imaging a well-known light source at both locations. A response of 
(6.9 ± 2.1) × 106 CCD counts per incident picocoulomb of charge, given 
the acquisition settings used at AWAKE, is determined. The large 1σ 
uncertainty is due to different triggering conditions at CLEAR and 
AWAKE and systematic uncertainties in the calibration results.

Reliable acceleration of electrons relies on reproducible self-modulation  
of the proton beam. As well as the observation of the transverse  
expansion of the proton bunch, the optical and coherent transition radi-
ation diagnostics showed clear microbunching of the beam. The proton 
microbunches were observed to be separated by the plasma wavelength 
(inferred from the measured rubidium vapour density, see Methods) for 
all parameter ranges investigated; they were also reproducible and stable 
in phase relative to the seeding. The detailed study of the self-modulation  
process will be the subject of separate AWAKE publications.

The data presented here were collected in May 2018. In Fig. 2a we 
show an image of the scintillator from an electron acceleration event 
at a plasma density of 1.8 × 1014 cm−3, with a measured density differ-
ence of +5.3% ± 0.3% over 10 m in the direction of propagation of the 

proton bunch. This image has been background-subtracted and cor-
rected for vignetting and electron-angle effects (Methods). The quadru-
poles of the spectrometer were focusing at an energy of approximately 
700 MeV during this event, creating a substantial reduction in the ver-
tical spread of the beam. In Fig. 2b we show a projection obtained by 
integrating over a central region of the scintillator. A 1σ uncertainty 
band, which comes from the background subtraction, is shown around 
zero. The peak in this figure has a high signal-to-noise ratio, which 
provides clear evidence of accelerated electrons. In both the image and 
the projection, the charge density is calculated using the central value 
of 6.9 × 106 CCD counts per picocoulomb. The asymmetric shape of 
the peak is due to the nonlinear position–energy relationship induced 
in the electron bunch by the magnetic field; when re-binned in energy, 
the signal peak is approximately Gaussian. Accounting for the sys-
tematic uncertainties described earlier, the observed peak has a mean 
of 800 ± 40 MeV, a FWHM of 137.3 ± 13.7 MeV and a total charge 
of 0.249 ± 0.074 pC. The amount of charge captured is expected to 
increase considerably17 as the emittance of the injected electron bunch 
is reduced and its geometric overlap with the wakefield is improved.

The stability and reliability of the electron acceleration is evidenced 
by Fig. 3, which shows projections from many consecutive electron- 
injection events. Each row in this plot is the background-subtracted 
projection from a single event, with the colour representing the signal 
intensity. The events correspond to a 2-h running period during which 
the quadrupoles were varied to focus over a range of approximately 
460–620 MeV. Other parameters, such as the proton-bunch population, 
were not deliberately changed but vary naturally on a shot-to-shot basis. 
Despite the quadrupole scan and the natural fluctuations in the beam 
parameters, the plot still shows consistent and reproducible acceleration 
of electron bunches to approximately 600 MeV. The plasma density for 
these events is 1.8 × 1014 cm−3, with no density gradient. This lack of 
gradient is the cause of the difference in energy between the event in 
Fig. 2 and the events in Fig. 3.

The energy gain achievable by introducing a more optimal gradient 
is demonstrated in Fig. 4, which shows the peak energy achieved at 
different plasma densities with and without a gradient. The density gra-
dients chosen are those that are observed to maximize the peak energy 
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Fig. 2 | Signal of accelerated electrons. a, An image of the scintillator 
(with horizontal distance x and vertical distance y) with background 
subtraction and geometric corrections applied is shown, with an electron 
signal clearly visible. The intensity of the image is given in charge Q 
per unit area (d2Q/dxdy), calculated using the central value from the 
calibration of the scintillator. b, A projection of the image in a is obtained 
by integrating vertically over the charge observed in the central region 
of the image. A 1σ uncertainty band from the background subtraction 
is shown in orange around zero. Both the image (a) and the projection 
(b) are binned in space, as shown on the top axis, but the central value 
from the position–energy conversion is indicated at various points on the 
bottom axis. The electron signal is clearly visible above the noise, with a 
peak intensity at an energy of E ≈ 800 MeV.
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Fig. 3 | Background-subtracted projections of consecutive electron-
injection events. Each projection (event) is a vertical integration over  
the central region of a background-subtracted spectrometer camera  
image. Brighter colours indicate regions of high charge density  
dQ/dx, corresponding to accelerated electrons. The quadrupoles of the 
spectrometer were varied to focus at energies of 460–620 MeV over the 
duration of the dataset. No other parameters were varied deliberately. The 
consistent peak around energy E ≈ 600 MeV demonstrates the stability and 
reliability of the electron acceleration.
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© 2018 Springer Nature Limited. All rights reserved.

AWAKE Collabora,on, Nature 561, 363 (2018)

à Marlene Turner received the Simon 
Van der Meer Early Career Award in 
Novel Accelerators (2023). 

è To date AWAKE has achieved all milestones!  
Run 2
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à James Chappell received the 
Culhalm Thesis Prize (2022). 
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AWAKE’s Strong Scien1fic and Educa1onal Output

> 70 papers related to AWAKE 

> 90 Conference proceedings and papers
CERN Teacher Program

AWAKE courses and seminars

USPAS, JUAS, CAS

22 AWAKE CollaboraJon papers in high-level journals

> 28 PhD students

> 11 Master students

> 20 Post-docs

Outreach: Newspapers, TEDX, …

Edda Gschwendtner, CERN 17
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AWAKE Reviews and Recommenda5ons I
Since 2013, every year in autumn, the AWAKE physics program is reviewed by the SPS CommiCee, SPSC. Every year very posi,ve feedback 
and recommenda,ons:  “… The SPSC congratulates the AWAKE CollaboraBon for their scienBfic achievements and rich harvest of publicaBons… The SPS is 
pleased to see that the preparaBons towards the beam tests have progressed as planned… The SPSC considers the Run programme interesBng and recommends 
the requested beam Bme…”
  

March 2013: submiCed Design Report
August 2013: Approval of AWAKE à Record approval Kme! 

Edda Gschwendtner, CERN 18
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AWAKE Reviews and Recommenda5ons I
Since 2013, every year in autumn, the AWAKE physics program is reviewed by the SPS CommiCee, SPSC. Every year very posi,ve feedback 
and recommenda,ons:  “… The SPSC congratulates the AWAKE CollaboraBon for their scienBfic achievements and rich harvest of publicaBons… The SPS is 
pleased to see that the preparaBons towards the beam tests have progressed as planned… The SPSC considers the Run programme interesBng and recommends 
the requested beam Bme…”
  

March 2013: submitted Design Report
August 2013: Approval of AWAKE à Record approval time! 

2015: Cost and Schedule Review:
All milestones achieved. Set-up CollaboraKon with CLIC à use e-gun
à Full support to do enKre Run 1 before LS2

Edda Gschwendtner, CERN 19
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AWAKE Reviews and Recommenda5ons I
Since 2013, every year in autumn, the AWAKE physics program is reviewed by the SPS CommiCee, SPSC. Every year very posi,ve feedback 
and recommenda,ons:  “… The SPSC congratulates the AWAKE CollaboraBon for their scienBfic achievements and rich harvest of publicaBons… The SPS is 
pleased to see that the preparaBons towards the beam tests have progressed as planned… The SPSC considers the Run programme interesBng and recommends 
the requested beam Bme…”
  

March 2013: submiCed Design Report
August 2013: Approval of AWAKE à Record approval Kme! 

2015: Cost and Schedule Review:
All milestones achieved. Set-up CollaboraKon with CLIC à use e-gun
à Full support to do enKre Run 1 before LS2

2017: Cost and Schedule Review:
Physics milestone of proton bunch self-modulation achieved as planned!
à Launch of dedicated Scalable Plasma Source R&D at CERN

Edda Gschwendtner, CERN 20
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AWAKE Reviews and Recommenda5ons I
Since 2013, every year in autumn, the AWAKE physics program is reviewed by the SPS CommiCee, SPSC. Every year very posi,ve feedback 
and recommenda,ons:  “… The SPSC congratulates the AWAKE CollaboraBon for their scienBfic achievements and rich harvest of publicaBons… The SPS is 
pleased to see that the preparaBons towards the beam tests have progressed as planned… The SPSC considers the Run programme interesBng and recommends 
the requested beam Bme…”
  

March 2013: submiCed Design Report
August 2013: Approval of AWAKE à Record approval Kme! 

2015: Cost and Schedule Review:
All milestones achieved. Set-up CollaboraKon with CLIC à use e-gun
à Full support to do enKre Run 1 before LS2

2017: Cost and Schedule Review:
Physics milestone of proton bunch self-modulaKon achieved as planned!
à Launch of dedicated Scalable Plasma Source R&D at CERN

AWAKE Run 1 met all milestones and was on schedule and budget. 
2019: ‘White Paper for Run 2’ to CERN management (no Cost and Schedule Review!):
à AWAKE Run 2 and part of the Run 2 budget was included in the MTP until 2030.
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AWAKE Reviews and Recommenda5ons II
SPSC in October 2020 and January 2021: Presented the enKre AWAKE Run 2 Physics Program: 

“The Commi*ee recognises the high importance of the accelerator R&D to prove the scalability of the AWAKE technique as detailed in the addendum (SPSC-SR-285) to the Design Report, 
submiGed by the AWAKE CollaboraHon. The SPSC considers the demonstraHon of stabilisaHon of high gradients over long distances to be of high scienHfic merit and recommends approval of the 
AWAKE Run-2 programme towards this important step. The CommiGee considers one of the cost drivers of the proposed R&D programme, the clearing of the former CNGS area to be 
fundamental to reach the scienEfic goal of demonstraEng the scalability of the technique.”
  

Edda Gschwendtner, CERN 22
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AWAKE Reviews and Recommenda5ons II

2021: Cost and Schedule Review for Run 2:
• Additional budget (15 MCHF + 12MCHF) requested to complete Run 2 is properly estimated and detailed. 
• Strong commitment from the collaborating institutes. 
• A detailed breakdown of the CERN staff resources necessary for Run 2 is available, with some missing staff 

identified. 
è Some of this already addressed: e.g. hiring of a plasma physicist. 

• The outline planning for the CNGS dismantling is well integrated into the overall planning of AWAKE Run 2.
è Budget of 12 MCHF has been fully approved. 

SPSC in October 2020 and January 2021: Presented the enKre AWAKE Run 2 Physics Program: 
“The Commi*ee recognises the high importance of the accelerator R&D to prove the scalability of the AWAKE technique as detailed in the addendum (SPSC-SR-285) to the Design Report, 
submiGed by the AWAKE CollaboraHon. The SPSC considers the demonstraHon of stabilisaHon of high gradients over long distances to be of high scienHfic merit and recommends approval of the 
AWAKE Run-2 programme towards this important step. The CommiGee considers one of the cost drivers of the proposed R&D programme, the clearing of the former CNGS area to be 
fundamental to reach the scienEfic goal of demonstraEng the scalability of the technique.”
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AWAKE Reviews and Recommenda5ons II

2021: Cost and Schedule Review for Run 2:
• AddiKonal budget (15 MCHF + 12MCHF) requested to complete Run 2 is properly esKmated and detailed. 
• Strong commitment from the collaboraKng insKtutes. 
• A detailed breakdown of the CERN staff resources necessary for Run 2 is available, with some missing staff 

iden,fied. 
è Some of this already addressed: e.g. hiring of a plasma physicist. 

• The outline planning for the CNGS dismantling is well integrated into the overall planning of AWAKE Run 2.
è Budget of 12 MCHF has been fully approved. 

SPSC in October 2020 and January 2021: Presented the enKre AWAKE Run 2 Physics Program: 
“The Commi*ee recognises the high importance of the accelerator R&D to prove the scalability of the AWAKE technique as detailed in the addendum (SPSC-SR-285) to the Design Report, 
submiGed by the AWAKE CollaboraHon. The SPSC considers the demonstraHon of stabilisaHon of high gradients over long distances to be of high scienHfic merit and recommends approval of the 
AWAKE Run-2 programme towards this important step. The CommiGee considers one of the cost drivers of the proposed R&D programme, the clearing of the former CNGS area to be 
fundamental to reach the scienEfic goal of demonstraEng the scalability of the technique.”
  

Today: AWAKE budget (2012-2030) (material and post-docs):
CERN: 56 MCHF approved, 15 MCHF missing
Ins,tutes: 21 MCHF approved, new calls in the next years

Edda Gschwendtner, CERN 24
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AWAKE Reviews and Recommenda5ons II

2021: Cost and Schedule Review for Run 2:
• AddiKonal budget (15 MCHF + 12MCHF) requested to complete Run 2 is properly esKmated and detailed. 
• Strong commitment from the collaboraKng insKtutes. 
• A detailed breakdown of the CERN staff resources necessary for Run 2 is available, with some missing staff 

iden,fied. 
è Some of this already addressed: e.g. hiring of a plasma physicist. 

• The outline planning for the CNGS dismantling is well integrated into the overall planning of AWAKE Run 2.
è Budget of 12 MCHF has been fully approved. 

2024: Today: External Review: 
The evaluaJon made by this review of the technical and 
scienJfic case will feed into the CERN budget decision.  

SPSC in October 2020 and January 2021: Presented the enKre AWAKE Run 2 Physics Program: 
“The Commi*ee recognises the high importance of the accelerator R&D to prove the scalability of the AWAKE technique as detailed in the addendum (SPSC-SR-285) to the Design Report, 
submiGed by the AWAKE CollaboraHon. The SPSC considers the demonstraHon of stabilisaHon of high gradients over long distances to be of high scienHfic merit and recommends approval of the 
AWAKE Run-2 programme towards this important step. The CommiGee considers one of the cost drivers of the proposed R&D programme, the clearing of the former CNGS area to be 
fundamental to reach the scienEfic goal of demonstraEng the scalability of the technique.”
  

Today: AWAKE budget (2012-2030) (material and post-docs):
CERN: 56 MCHF approved, 15 MCHF missing
Ins,tutes: 21 MCHF approved, new calls in the next years

Edda Gschwendtner, CERN 25
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AWAKE Run 2

Edda Gschwendtner, CERN 26

OpKmize self-modulaKon of 
the proton bunch

OpKmize acceleraKon of electrons in 
p-driven plasma wakefield
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Expected parameters: 
• Normalized emittance: (2-30) mm mrad
• Qe = 100 pC
• dE/E: 5-8 %
• Energy gain: E ~ 4-10 GeV in 10 m

Accelerate an electron beam to high energies, while controlling the 
electron beam quality and  demonstrate scalable plasma source 
technology.



AWAKE Run 2 Well-Defined Scien3fic Roadmap – Milestones

now
üRun 2a (2021-2022): CONTROL: demonstrate the seeding of the self-modula1on of the en1re 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
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AWAKE Run 2 Well-Defined Scientific Roadmap – Milestones

now

today

üRun 2a (2021-2022): CONTROL: demonstrate the seeding of the self-modula1on of the en1re 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, installa@on of Run 2c

èRun 2c (2028-2031): QUALITY: demonstrate electron accelera1on and emi9ance control of externally injected electrons. 

èRun 2d (2032- LS4): SCALABILITY: development of scalable plasma sources with sub-% level plasma density uniformity. 
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Run1, 
Run 2a/b

CNGS area – to be dismantled
Plasma Source

Electron Source

Spectrometer

Proton bunch

AWAKE Run 2 – Integra5on
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Run1, 
Run 2a/b

CNGS area – to be dismantled
Plasma Source

Electron Source

Spectrometer

Proton bunch

AWAKE Run 2 – Integra5on

40m

Run 2c/d

2 Plasma Sources

2 Electron Sources Klystrons

Spectrometer Laser beam  
compressor 1

Laser beam  
compressor 2

2 WDL Chiller Units UV laser 
room

Proton bunch
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Preparing for AWAKE Run 2c/d during LS3

31Edda Gschwendtner, CERN

CNGS area content (~600m3):
• ~500 large shielding blocks (0,05-0,6 mSv/h)
• A few high dose-rate elements (50mSv/h)
• 70-meter-long aluminum He-tank
• Various supports, ducts… 

AWAKE program: start Run 2c in 2028 right aWer LS3
à CNGS dismantling: end 2024 – mid 2026
à Run 2c installaKon: mid 2026– mid 2028

à Leverage CERN resources outside LS3 for CNGS dismantling
à Ensure resources during LS3 for installation



Beam Line Design
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AWAKE Run 2c – Ongoing Studies
AcceleraJon and emiaance control of externally injected electrons. 

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

à Strong synergy with CERN and the ins8tutes.
à CERN acquires addi8onal exper8se needed for other 

future electron facili8es/colliders. 

Prototype in CTF2

New electron-source: 
à S-band e-gun with X-band accelerator, Prototyping with CLIC/CLEAR

Beam Instrumenta,on

BPMs 10 µm resolu/on
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Beam Line Design
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AWAKE Run 2c – Ongoing Studies
Acceleration and emittance control of externally injected electrons. 

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

à Strong synergy with CERN and the ins8tutes.
à CERN acquires addi8onal exper8se needed for other 

future electron facili8es/colliders. 

Prototype in CTF2

New electron-source: 
à S-band e-gun with X-band accelerator, Prototyping with CLIC/CLEAR

è Challenges of external injec8on relevant for other PWFA

Injec8on area at conceptual design level.
Move from physics level to engineering level.

Beam Instrumenta,on

BPMs 10 µm resolu/on
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AWAKE Run 2d: Scalability – Towards First Par<cle Physics Experiments

34
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Scalable plasma source R&D program:
è Dedicated plasma source labs at CERN
è 5 collabora8ng ins8tutes
è Addressing challenges of density, uniformity, reproducibility, scalability. 

Photo © Julien Ordan 
/ CERN

1 m helicon plasma cell from IPP-Greifswald @ CERN

1m Helicon Plasma Source

10 m DPS in 101 lab, Ar 24 Pa, 500 A pulse

10m Discharge Plasma Source

Development and demonstraJon of scalable plasma sources

Photo © Julien Ordan 
/ CERN

1 m helicon plasma cell from IPP-Greifswald @ CERN

1m Helicon Plasma Source

10 m DPS in 101 lab, Ar 24 Pa, 500 A pulse

10m Discharge Plasma Source

è R&D of scalable long plasma sources added in ESPP as experimental demonstra8on R&D milestone
è Relevant for e+/e- collider designs based on PWFA

Scalable plasma source

Edda Gschwendtner, CERN



AWAKE Run 2d: Scalability – Towards First Par<cle Physics Experiments

35
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Baseline for Run 2c is Rb vapour.
    Internal review in 2025 whether scalable technology can already be used for Run 2c.

Ar Xe He

Successfully installed, commissioned and operated a 10m long discharge prototype plasma 
source during the May 2023 Run è profited from CERN’s accelerator technology expertise!

Unique opportunity in 2023:

Edda Gschwendtner, CERN
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Run 2 – Broader Impact
Examples of technological advancements

Edda Gschwendtner, CERN 36

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

Synergy with CERN and external ins,tutes:
• Low energy e-beam line perfect for tes,ng ML techniques
• Setup available in between runs used by users
Outcome:
• Development of beyond state-of-the art ML tools for accelerators
• 8 publica,ons + proceedings

Velotti, F. M., et al. Machine Learning: Science and Technology 4.2 (2023): 025016.
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Run 2 – Broader Impact

à External injec8on of witness electron relevant 
for any plasma-based collider concept
à Valida8on of simula8on tools

Simula,ons predict broad tolerances for SMI control via a density 
step and for emi]ance control in quasilinear wakefield. 

Simula0ons

Examples of technological advancements
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Machine Learning
à Running test-bed for opera8on efficiency studies 
and Machine Learning

Synergy with CERN and external ins,tutes:
• Low energy e-beam line perfect for tes,ng ML techniques
• Setup available in between runs used by users
Outcome:
• Development of beyond state-of-the art ML tools for accelerators
• 8 publica,ons + proceedings

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



Summary
• AWAKE is a unique proton-driven plasma wakefield accelera:on experiment at CERN

• Using protons from CERN’s SPS
• Complex experiment, which capitalizes on CERN’s accelerator technology exper>se
• AWAKE is an interna>onal collabora>on with strong contribu>ons from collabora>ng ins>tutes

• AWAKE is part of the European Strategy Roadmap 
• AWAKE developed a well-defined plan towards first applica>ons of par>cle physics experiments
• High visibility in the interna>onal context

• AWAKE has substan:al impact on plasma wakefield accelera:on community and 
strategy
• AWAKE Run 2 addresses key challenges of the community
• AWAKE met all milesetones to date
• High number of prizes, thesises and papers in high-impact journals
• The results of AWAKE are relevant for concepts based on plasma wakefield accelera>on
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