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AWAKE at CERN
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AWAKE Run 2 (2021 – ~2029) Goals:
• Accelerate an electron beam to high energies (gradient of 0.5-1GV/m)
• while controlling the electron beam quality (1-10 mm-mrad emittance, 10% energy spread)
• demonstrate scalable plasma source technology.

Once AWAKE Run 2 demonstrated: First application of the AWAKE-like technology.
è develop physics case for particle physics experiments

E. Gschwendtner, CERN

èAWAKE is an international Collaboration, consisting of 23 institutes.

èDeveloped 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. 



AWAKE in the Global ESPP

E. Gschwendtner, CERN 3
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Milestones for AWAKE Run 2
• Run 2a (2021-2022): demonstrate the seeding of the self-modulation of the entire proton bunch with an electron bunch
• Run 2b (2023-2024): maintain large wakefield amplitudes over long plasma distances by introducing a step in the plasma 

density à on-going
• CERN Long Shutdown LS3 (2025-2027): CNGS dismantling, installation of Run 2c
• Run 2c (2028-2029): demonstrate electron acceleration and emittance control of externally injected electrons. 
• Run 2d (2021- ): development of scalable plasma sources to 100s meters length with sub-% level plasma density uniformity. 
è Propose first applications for particle physics experiments with 50-200 GeV electron bunches!

AWAKE Run 2 Scientific Roadmap – Milestones
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2021 2022 2024 2025 2026 2027 2030 2031
CERN Long Shutdown 3

Run 2a e-seeding

Run 2b  plasma density step

Installation AWAKE area extension, installation

Run 2c

Run 2d scalable plasma e- accel.  

scalable plasma source development
design, prototyping of S/X-band electron source, beam line, laser system

HEP 
Application

2028 20292023

discharge 
source

e- acceleration, 
emittance control

Results AWAKE Run 2a (2021-22)

E. Gschwendtner, CERN
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 SM and hosing induced by e- bunch wakefields → 

 Reproducible outcome from event to event 

(time-resolved images – averages of ~10 events)
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 SM and hosing induced by e- bunch wakefields → 

 Reproducible outcome from event to event 

(time-resolved images – averages of ~10 events)

 Hosing – centroid position oscillation coupled to 

wakefields → 

 Grows along the bunch and along the plasma
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oscillation of the proton bunch centroid position

T. Nechaeva, MPP et al. (AWAKE Collaboration), https://arxiv.org/abs/2309.03785

è Hosing instability

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

G.	Zevi	Della	Porta,	for	the	AW
AKE	Collaboration	

Run	2a	perform
ance	and	prelim

inary	results

Second	run	(August	23,	3	w
eeks)

•
Study	self-m

odulation	dependence	on:	
•
electron	bunch	charge,	i.e.	seed	w

akefield	am
plitude	

•
proton	bunch	charge,	i.e.	self-m

odulation	grow
th	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 AW

AKE collaboration
34

The m
icrobunch

train carry inform
ation about 

the w
hole history of the propagation in plasm

a

Variation of the proton bunch charge density

electron bunch charge Q = 220 pC
n

pe = 1⋅10
14 cm

-3

Larger proton bunch charge density  à
larger grow

th 
à

m
icrobunch

train starts earlier
à

w
idening of the m

icrobunches

*All	im
ages	are	sum

s	of	O
(10)	events

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

6

Run 2a):  Dem
onstrate Electron Seeding of Self-M

odulation in First Plasm
a Cell

laser

gas
plasm

a

proton beam
self-m

odulated 
proton beam

laser

gas
plasm

a

proton beam

proton beam
electronslaser

gas
plasm

a

self-m
odulated proton beam

electronslaser

gas
plasm

a

AW
AKE Run 1:

AW
AKE Run 2: 

W
hy electron seeding: 

Run 1: Front-part of proton beam
 is not self-m

odulated 
Run 2: Æ

This can cause issues w
hen the proton beam

 enters into the second 
plasm

a source 
For Run 2:need fully self-m

odulated proton bunch

Prelim
inary	[L.	Verra]

AWAKE Run 2: the entire proton bunch to be modulated before the 2nd cell 
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Run 2a):  Demonstrate Electron Seeding of Self-Modulation in First Plasma Cell
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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

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

è Electron seeding
è Demonstrate electron seeding of self-modulation 
in first plasma cell with phase reproducibility.

è SMI development

L. Verra, S. Wyler  et al. (AWAKE Collaboration), Physics of Plasma 30, 083104 (2023) 

Wide p bunch, later time range.



AWAKE Run 2b (2023/24)
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è Demonstrate stabilisation of micro-bunches with a density step in the plasma

E. Gschwendtner, CERN

à In constant-density plasma, wakefield amplitude decreases after saturation.
à In a plasma with density step during SM growth: wakefield amplitude maintains 

larger after saturation.

The AWAKE Run 2 programme
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• Two options for scalable 
plasma sources: 
- Helicon plasma 
- Discharge plasma

• Run 2a) [2021–22]: Demonstrate electron seeding of self-modulation. Done ! 
• Run 2b) [2023–24]: Demonstrate stabilisation of micro-bunches with a density step. 

Ongoing ! 
• Run 2c) [2024–]: Demonstrate electron acceleration and emittance preservation. Full 

data taking 2028 onwards. 
• Run 2d) [2024–]: Demonstrate scalable plasma sources.

Then possibility of particle physics 
experiments.

No density step 1.5% density step

Promising preliminary results

New Rb vapour source with plasma density

A. Clairembaud, CERN

E. Gschwendtner, K. Lotov, P. Muggli, M.. Wing et al. (AWAKE Collaboration), Symmetry 2022,14,1680. 

è See E. G., Tue Plenary Talk



Preparing for AWAKE Run 2c, 2d à CNGS Dismantling

7E. Gschwendtner, CERN

Area content (~600m3):
• ~500 large shielding blocks (0,05-0,6 mSv/h)
• A few high dose-rate elements (2-20mSv/h)
• 70-meter-long aluminum He-tank
• Various supports, ducts… 

CNGS Dismantling: Q2024 – mid 2026)



AWAKE Run 2c – Accelerating Electrons
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è External injection of witness electron
Control electron beam quality (emittance control at 10 mm mrad level) 
Electron parameters must be suitable to reach full blow-out regime 
(ensure linear focusing), load the wakefields (à small ∂E/E), Match to 
focusing force of the plasma ion column

è Studies/Prototyping ongoing to be ready for  installation 
in 2026/27 to be ready for proton run in 2028

Beam Line Design

V. Bencini, R. Ramjiawan, F. Velotti, CERN, Oxford

Simulations

J. Farmer, MPP

Prototype in CTF2
Beam commissioning has started!

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

S. Doebert, CERN

Beam Instrumentation

BPMs 10 µm resolution

Alternative e-source studies 
based on LWFA

CEA, CNRS, Thales, MPP, CERN

è See S. Marini, Mon Poster



AWAKE Run 2d: Towards first Particle Physics Experiments
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Scalable plasma source

Particle 
physics 

experiment

è R&D of scalable plasma source

Laboratory developments of scalable 50-100m long plasma sources.

10m Discharge Plasma Source, 
Tested in the AWAKE experiment in May 2023!

Photo © Julien Ordan 
/ CERN

1 m helicon plasma cell from IPP-Greifswald @ CERN

1m Helicon Plasma Source

CERN, SPC-EPFL, IPP Greifswald, U. Wisconsin



Electron Beam Parameters for Applications
Latest Results show that we can increase the energy up to 200 GeV, 109 electrons, ~1% energy resolution 
after ~300 m. 
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Figure 7. The estimated maximum witness energyWmax(z) for the
considered variants.

Figure 8. The maximum energy gain of test electrons and positrons
(thin lines), the average energy gain of 100 pC electron and positron
bunches (bold lines) and the energy gain estimate Wmax (dashed
line) for the variant ‘b+’.

constant. The reason is that the wakefield phase is not perfectly
stationary in the co-moving frame, and the fastest electrons
enter the defocusing phase and disappear. This problem can
be solved by slightly adjusting the plasma density along the
beam path to ensure a constant wave phase at the expected wit-
ness position. We did this manually for the density step corres-
ponding to the variant ‘b’ and obtained the variant ‘b+’ (dot-
ted line in figure 3), which provides an even greater energy
gain (figure 7). Small density variations, however, affect the
efficiency of wave drive by proton micro-bunches. The max-
imum field for the variant ‘b+’ is noticeably lower than that
for the variant ‘b’ (figure 3). Therefore, the density adjustment
can only correct small phase errors, but not the slowness of the
driver.

The effect of density variations on phase behavior becomes
stronger as the distance between the witness and the driver
increases. In our case, however, this solution does not work,
since the wakefield lifetime, depending on the regime, is lim-
ited either by the ion motion [22, 23] or by the appearance
of halo electrons [24] and does not exceed the driver duration
(figure 5(a)).

To confirm the possibility of high energy gains, we simulate
the acceleration of electron and positron beams in the excited
wakefields (figure 8).We consider both beams with a charge of
100 pC and low-charge (test) beams that do not load the wave.
The beams are injected (added to the simulation domain) after

Figure 9. (Top) The energy spectra of the 100 pC electron bunch at
different propagation distances; (bottom) the corresponding
longitudinal phase portraits of the bunch.

the proton beam has passed 10m and self-modulated, and the
field profile in the co-moving frame stabilized. The length and
precise position of the witness beams relative to the wave are
optimized to reduce the final energy spread while maintain-
ing a high acceleration rate and conserving the injected charge
(table 1). When simulating witness dynamics, we use adaptive
time steps, as in [18].

The maximum energy gain of the test beams is close to the
estimate, which justifies the use of our simplified approach
for parameter optimization. For the higher charges, the energy
gain is smaller, but still about 200 GeV. This value is three
times larger than the dephasing limit Wdeph for a proton beam
with the relativistic factor γ≈ 400 and velocity v≈ c(1−
1/(2γ2)), which is:

Wdeph =

ˆ
ecEzdt=

ˆ πk−1
p /2

0
ecEmax sin(kpξ)

dξ
c− v

= 2mc2 γ2Emax/E0 ≈ 65 GeV, (2)

for the variant ‘b+’. Note that this value is half the one-
dimensional dephasing limit [25], because electrons cannot
survive in the defocusing wave phase. For this reason, we
assume in equation (2) that the acceleration continues as long
as the particles pass a quarter of the wakefield period.

The acceleration is almost charge-symmetric. The lowest
RMS energy spread achieved for these Gaussian beams is
about 1% for electrons (figure 9) and 5% for positrons. This is
possible due to beam loading [26], which flattens the average
accelerating field.

The effective acceleration length in our case is about 250m.
It can be reduced by operating at higher plasma density, since
the accelerating field scales as

√
n0.

We did not analyze the emittance of the accelerated beams,
since this study requires a much finer grid and shorter time
steps [27]. In our simulations, the emittance increases due to
the numerical field noise, which leads to radial bunch expan-
sion and some unphysical growth of the slice energy spread.
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Search for Dark Photons using an AWAKE-Like Beam

Physics motivation 
• Dark sectors with light, weakly-coupling particles are a compelling possibility for new physics. 

• A light vector boson, the “dark photon”, Aʹ, results from a spontaneously broken new gauge symmetry, U(1)D. 

• The Aʹ kinetically mixes with the photon and couples primarily to the electromagnetic current with strength, εe. 

• Search for dark photons, Aʹ, up to GeV mass scale via their production in a light- shining-through-a-wall type 
experiment. 

• Use high energy electrons for beam-dump and/or fixed-target experiments. 

E. Gschwendtner, CERN 11

NA64@CERN are currently investigating the dark sector using high energy electrons. 
An AWAKE-like beam accelerates electrons directly and should have higher intensity than SPS secondary beam. 

Search for dark photons using an AWAKE-like beam

11

NA64@CERN are currently investigating the dark sector using high energy electrons. 

An AWAKE-like beam should have higher intensity than SPS secondary beam.
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Physics motivation 
• Dark sectors with light, weakly-coupling particles are a compelling possibility for new 

physics. 
• A light vector boson, the “dark photon”, A′, results from a spontaneously broken new 

gauge symmetry, U(1)D. 
• The A′ kinetically mixes with the photon and couples primarily to the electromagnetic 

current with strength, εe. 
• Search for dark photons, A′, up to GeV mass scale via their production in a light-

shining-through-a-wall type experiment. 
• Use high energy electrons for beam-dump and/or fixed-target experiments.



Limits on Dark Photons
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à Decay of dark photon into visible particles (e.g. e+/e-)
àEnergy and flux is important, relaxed parameters for emittance

Experimental conditions modeled on NA64 experiment. 

à Extension of kinematic coverage for 50 GeV 
electrons and even more for 1 TeV electrons 

• For 1010 − 1013 electrons on target with NA64. 
• For 1016 electrons on target with AWAKE-like beam. 
• Using an AWAKE-like beam would extend sensitivity further: 

• Around ε~ 10-3 − 10-5. 
• To high masses~0.1 GeV. 

• A 1 TeV beam goes to even higher masses:
• Similar ε values.
• Approaching 1 GeV.
• Beyond any other planned experiments. 



Electron-Proton and Electron-Ion Collisions
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PEPIC: use the SPS to drive electron bunches to 50 GeV and collide with protons from LHC with 7 TeV, √s=1.2TeV
Can exceed HERA energies (√s=300GeV); 

à Modest luminosity (expected to be lower ~1030 cm−2s−1 )à low-lumi alternative for LHeC. 

SPS, p 450 GeV

LHC, p 7 TeV

plasma accelerated 
electrons, 50-70 GeV

protons 7 TeV

plasma

Any such experiment would have a different focus to LHeC. 
Investigate physics of the strong force. 
Little sensitivity to Higgs physics.

Consider design further, e.g. increasing luminosity, understanding how to build a plasma accelerator, etc. Site at CERN with 
minimal new infrastructure ? 

è See J. Farmer, G. Zevi Della Porta, Mon Poster

Giovanni	Zevi	Della	Porta,	CERN AWAKE	highlights	and	plans

Step	2:	re-inject	electron	beam	for	e-p	(or	e-ion)	collisions

�19

LHeC-like	Collider

Focus	on	QCD:	
• Large	cross	sections	–	low	luminosity	

(HERA	level)	enough	

• Many	open	physics	questions	!	

• Consider	high	energy	ep	collider	with	Ee	

up	to	O(50	GeV),	colliding	with	LHC	

proton;	e.g.	Ee	=	10	GeV,	Ep	=	7	TeV,	√s	=	

530	GeV	already	exceeds	HERA	cm	

energy.

G.	Xia	et	al.,	Nucl.	Instrum.	Meth.	A	740	(2014)	173.

Create	~50	GeV	beam	within	50−100	m	

of	plasma	driven	by	SPS	protons	and	

have	an	LHeC-type	experiment.	

Clear	difference	is	that	luminosity	

currently	expected	to	be	

<	1030	cm-2	s-1.
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VHEeP		
(Very	High	Energy	electron-Proton	collider)

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

One	proton	beam	used	for	electron	acceleration	
to	then	collide	with	other	proton	beam	

Luminosity	~	1028	−	1029	cm-2	s-1	gives	~	1	pb−1	
per	year.	

Electron	energy	from	wakefield	
acceleration	by	LHC	bunch

Choose	Ee	=	3	TeV	as	a	baseline	for	a	new	collider	
with	EP	=	7	TeV	yields	√s	=	9	TeV.	Can	vary.	
-	Centre-of-mass	energy	~30	higher	than	HERA.	
-	Reach	in	(high)	Q2	and	(low)	Bjorken	x	
extended	by	~1000	compared	to	HERA.	
-	Opens	new	physics	perspectives

A.	Caldwell,	K.	V.	Lotov,	Phys.	Plasmas	18,	
13101	(2011)
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beam dump, an external focusing around the plasma cell as proposed for the fixed target experiment is
mandatory, since otherwise the beam diameter would be too large. With such a system the separation of
the proton and electron beam downstream the plasma cell looks feasible and the electron beam could be
injected into the TI 2 beam line. This would allow use of the existing TI 2 beam line for transporting the

Figure 5: Schematic layout of the AWAKE++ PEPIC facility (not to scale).

70 GeV electron beam to the LHC and physics experiment. This would be a great advantage with respect
to a dedicated electron transfer line to the LHC, as it minimizes costs and integration issues.

This study is limited up to the transport of the electron beam to the LHC. Injection into the LHC
and transport to the experiment has to be looked at in more detail in a future study. However, with the
proposed usage of TI 2 for the electron beam transport this should be much easier to achieve than with
a separate beam line. An unpolarized electron beam has been assumed for this study. For a polarized
electron beam the spin dynamics would need to be studied in detail, in particular inside the plasma cell.
If the electron spin with an arbitrary direction does not experience a rotation inside the plasma or exper-
iences a rotation in a deterministic way, a Wien filter installed directly after the gun could compensate
the spin rotation in the downstream elements.

In this study the bending angles for the high-energy electron beam have been chosen as low as
reasonably possible. The total energy loss is still low. However, the produced synchrotron radiation has
a high peak power above 1 GW, due to the ultra-short electron bunches and it might be worth investigating
if this synchrotron radiation can cause any damage on the accelerator equipment.

6.2 Integration and Civil Engineering Impact

Widening of the TI 2 tunnel and an additional cavern is required to house the electron source, the electron
beam line, the proton beam dump, diagnostics and infrastructure equipment. For the favoured setup with
a 130 m long plasma cell the enlarged tunnel needs to accommodate a proton bypass beam line for the
plasma cell requiring tunnel widening over a distance of approximately 500 m. Major civil engineering
work will be required to provide the necessary space to accommodate PEPIC, which would be located
on and adjacent to the existing alignment of TI 2: an injection tunnel built for the LHC. The geology
in this area consists of Moraines overlying Molasse. The works for PEPIC would be situated within the
Molasse. The Molasse is broadly considered good rock for tunnelling since it is relatively dry and stable
without being prohibitively hard. Detailed geological records exist following the design and construction
of TI 2. TI 2 is a horseshoe shaped tunnel and measures 3 m across and 2.5 m in height between tunnel
invert and crown as shown in Figure 6. The following civil engineering works are proposed:

– Widening of TI 2 from 2.22 m width at floor level to 5.2 m over a length of 494 m.
– Widening to 6.2 m over 11 m length to accommodate a beam dump and shielding arrangement.
– A 60 m long, 6 m wide cavern parallel to TI 2 to house a laser lab, klystrons and other electronic

equipment with two 4 m wide tunnels and up to three 500 mm diameter cores linking tunnels.

The civil engineering works should not pose feasibility issues since generally they will be implemented
by standard techniques in an area which is geologically well understood. Access will also need to be
considered further; at this stage, shaft PMI2 at Point 2 of LHC is considered likely to be the best access

9

PEPIC:	√s	=	1.3	TeV,	SPS-driven VHeP:	√s	=	9	TeV	(LHC-driven)
(Plasma	electron-proton/ion	collider) (Very	high	energy	eP	collider)

Beyond	CERN:	RHIC-EIC	proposal	for	18	GeV	electron	beam	[J.	Chappel	et	al,	PoS	DIS2019	(2019)	219]



Very High Energy Electron-Proton Collisions, VHEeP 
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Use the LHC to drive electron bunches to 3 TeV and collide with protons from LHC with 7 TeV
à Yields centre-of-mass energy of 9 TeV! 
à Reach in (high) Q2 and (low) Bjorken x etended by  ~1000 compared to HERA.  

Energy dependence of hadronic cross-sections not understood and 
needs new experimental results. 

à Extends into regions of ultra-high energy cosmic rays 
(20PeV photons on fixed target level)!

Fixed target variants with these electron beams
Physics beyond Standard Model: e.g. search of new particles with both lepton and quark quantum numbers

à Luminosity is relatively modest ~1028 – 1029 cm-2 s-1 , i.e. 1pb-1/yr.
à However, physics case for very high energy. 
à à explore unchartered regions of QCD. 

Plasma wakefield accelerator
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• Emphasis on using current infrastructure, i.e. 
LHC beam with minimum modifications. 

• Overall layout works in powerpoint. 

• Need high gradient magnets to bend protons 
into the LHC ring. 

• One proton beam used for electron 
acceleration to then collider with other proton 
beam. 

• High energies achievable and can vary 
electron beam energy. 

• What about luminosity ?

For few × 107 s, have 1 pb−1 / year of 
running. 

Other schemes to increase this value ?

• Assume  
• ~3000 bunches every 30 mins ⇒ f ~ 2 Hz. 
• Np ~ 4 × 1011, Ne ~ 1 × 1011 
• σ ~ 4 µm 

 Physics case for very high energy, but 
moderate (10−100 pb−1) luminosities.

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



Summary
• AWAKE developed a clear scientific roadmap towards first particle physics applications within 

the next decade. 

• AWAKE Run2 addresses the requirements needed for particle physics experiments 
• Aim to sustain peak fields of up to 0.5 – 1GV/m.
• Control emittance during acceleration at 10 μm level.
• Develop scalable plasma technology. 
èProgramme has already started and all set milestones have been achieved so far. 

• Goal is to provide beams suitable for particle physics in 20 – 200 GeV range or even TeV scale 
• Beam-dump or fixed-target experiments to search for dark photons or do deep inelastic scattering. 
• Investigation of strong field QED in electron–laser collisions. 
• High-energy frontier electron–proton or electron–ion collider. 

E. Gschwendtner, CERN 15



AWAKE Talks and Posters in EAAC2023
Talks:

• M. Turner, Mon, 18/9, 17.45, WG1: Experimental Observation of Beam-Plasma Resonance Detuning due to Motion of Ions

• E.G., Thu 29/9, 9:00 Plenary talk: 2023 AWAKE Run Results
• L. Verra, Wed, 20/9, 17:25, WG1: Laboratory Astrophysics and Plasma Wakefield Acceleration: Experimental Study of Magnetic 

Field Generation by Current Filamentation Instability of a Relativistic Proton Bunch in Plasma 
• A. Sublet, Wed, 20/9, 17:45, WG8: First test of a 10 m discharge plasma source with a proton beam in the AWAKE experiment

• E.G., Thu, 21/9, 17:25, WG10: AWAKE and future colliders

Posters:

• C. Amoedo: Mon 18/9, Poster: Proton Beam Self-Modulation Instability in a DC Discharge Plasma Source at AWAKE 

• J. Farmer, Mon 18/9, Poster: Wakefield regeneration in a plasma accelerator 
• N. Torrado, Mon 18/9, Poster: Double pulse generator for AWAKE scalable discharge plasma source 
• S. Marini, Mon 18/9, Poster: Integrated beam physics for the laser wakefield accelerator project EARLI

• G. Zevi Della Porta, Tue 19/9, Poster: A tale of three beams: towards stable and reproducible operation of the AWAKE facility
• N. Z. Van Gils, Tue 19/9, Poster: External Electron Injection for the AWAKE Run 2b Experiment

EAAC2023, Elba, 17-23 Sept 2023E. Gschwendtner, CERN 16


