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Giant machines today
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Tevatron (6.3km)

SLC (3km) RHIC (3.8km)

HERA (6.3km)
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Biggest machine - LHC

• LHC: the world biggest accelerator, both in 

energy and size 

• Grand start-up and perfect function at 

injection energy in September 2008

• An electrical fault halted the machine

running

• First collisions in late 2009 (2.36 TeV)

• 7 TeV collisions in March 2010

• Higgs boson has been found in July 2012 !

• Nobel Prize in Physics in 2013

• Record beam energy 6.5 TeV in April 2015

• Shut down late 2018-2022

• Run 3, beam energy 6.8 TeV, May 2022

NanoAc25, University of Liverpool06/11/2025

LHC (27km)
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International Linear Collider - ILC
The next big thing. After LHC, a Linear Collider 

of over 30 km length, will be needed.

06/11/2025 NanoAc25, University of Liverpool
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What is next  ???   
Conventional accelerators have
reached the size and cost limit !

CEPC not funded in recent China's 
15th Five-Year Plan (2026-2030)

A sustainable, more efficient, cost
effective method for particle 
acceleration should be explored !

Tevatron, 6.3 km, ~120M$
LHC, 27 km, ~5B$
ILC, 30 km, ~7B$
CEPC, 100km, ~5.2B$
FCC, 100 km, ~23B$



Seminal work on laser wakefield accelerator
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Accelerating field in plasma is 3-4 orders of
magnitude higher than conventional accelerators!

Collective dynamics



Chirped-pulse amplification (CPA)
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2018 Nobel Prize in Physics !

G. Mourou

D. Strickland
D. Strickland and G. Mourou, Opt. Commun. 56, 219 (1985)



Ultrahigh Intensity Laser Facilities 
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Plasma Wakefield Acceleration-PWFA
• Owing to the limited research facilities, PWFAs trailed much behind LWFAs in their 

development

• PWFA drivers propagate through plasma at close to the speed of light, c, leading to a 
plasma wave phase velocity much higher than that in LWFA, where laser pulses propagate 
at their group velocity, vg, which is less than c. Limiting effect such as overtaking and 
dephasing of accelerated particles are mitigated. 

• In PWFAs, strong transverse focusing fields in the plasma prevent the driver beam 
expansion, allowing much longer acceleration lengths than that in LWFAs. Meters long 
plasma was demonstrated

• The increased wake phase velocity reduces unwanted self injection of plasma electrons 
into the wakefield, mitigating the dark current

• Beam drivers have much greater parameter stability than the high intensity laser drivers
• Particle beams for PWFAs can be generated with megawatt power with high efficiencies of 

~10%. In contrast, state of the art high intensity laser systems deliver output power of 
~100W with 0.1% level wall-plug efficiency

06/11/2025 10NanoAc25, University of Liverpool



Brief history

• Concept on laser plasma-based accelerator was proposed by Tajima & 
Dawson in 1979.

• P. Chen et al. proposed to use electron bunch to excite the plasma 
electron wave (1985) and this idea was confirmed by Rosenzweig et 
al.(1988) experimentally.

• The PWFA experiments conducted by UCLA/USC/SLAC collaboration 
achieved many highlights (FFTB/FACET at SLAC).

• Several other labs, such as ANL, BNL, DESY, INFN, CERN, Daresbury Lab 
joined in this exciting research field

06/11/2025 11NanoAc25, University of Liverpool



Seminal papers on PWFA
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Beam driven facilities: statusBeam-Driven Wakefield Acceleration: Landscape Today
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Facility Where
Drive (D) 
beam

Witness (W) beam Start End Goal

AWAKE
CERN, Geneva, 
Switzerland

400 GeV 
protons

Externally injected electron 
beam (PHIN 15 MeV)

2016 2020+

Use for future high energy e-/e+ collider.
- Study Self-Modulation Instability (SMI). 
- Accelerate externally injected electrons.
- Demonstrate scalability of acceleration scheme. 

SLAC-FACET
SLAC, Stanford, 
USA

20 GeV
electrons
and 
positrons

Two-bunch formed with 
mask
(e-/e+ and e--e+ bunches) 

2012
Sept 
2016

- Acceleration of witness bunch with high quality 
and efficiency 

- Acceleration of positrons
- FACET II preparation, starting 2018

DESY-Zeuthen
PITZ, DESY, 
Zeuthen,
Germany

20 MeV 
electron
beam

No witness (W) beam, only 
D beam from RF-gun.

2015 ~2017 - Study Self-Modulation Instability (SMI)

DESY-FLASH
Forward

DESY, 
Hamburg,
Germany

X-ray FEL 
type 
electron 
beam 1 
GeV

D + W in FEL bunch.
Or independent W-bunch 
(LWFA).

2016 2020+
- Application (mostly) for x-ray FEL 
- Energy-doubling of Flash-beam energy
- Upgrade-stage: use 2 GeV FEL D beam

Brookhaven 
ATF

BNL, 
Brookhaven, 
USA

60 MeV 
electrons

Several bunches, D+W 
formed with mask.

On 
going

- Study quasi-nonlinear PWFA regime.
- Study PWFA driven by multiple bunches
- Visualisation with optical techniques

SPARC Lab Frascati, Italy 150 MeV Several bunches
On
going

- Multi-purpose user facility: includes laser- and 
beam-driven plasma wakefield experiments

06/11/2025 13
Courtesy to Edda Gschwendtner (CERN)
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CLARA                    Daresbury Lab     35-250 MeV     D+W bunches                         on going                      -   LWFA with external injection
                                                                                                                             energy boost, ICS, plasma energy recovery         



Plasma wakefield acceleration-PWFA

14

driving force: Space charge of drive 
beam displaces plasma 
electrons.

restoring force:
Plasma ions exert 
restoring force

Electron motion solved with ...

Space charge 
oscillations

   (Harmonic 
oscillator)
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Longitudinal fields can accelerate and decelerate!
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First experiment in 1988

06/11/2025 15

21 MeV drive beam,
15 MeV Witness beam,
Delay distance is variable.
Plasma density 1012-1013 cm-3

NanoAc25, University of Liverpool



Experiments at FFTB@SLAC
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3 km e-/e+

LINAC

Final Focus 

Test Beam

NanoAc25, University of Liverpool



e+ and e- as drive beams
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e- e+

• Blow-Out

• Accelerating “Spike”

• Fields vary along r, stronger

• Less Acceleration, “linear-like”

np=1.51014 cm-3

homogeneous, QUICKPIC

r = 35 µm

 = 1.81010
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e+ acceleration
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PRE-IONIZED plasma 
LONG bunch operation

Energy gain smaller than, hidden by, incoming energy spread
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Peak energy gain: 279 MeV, L=1.4 m, ≈200 MeV/m

PRL  90, 214801 (2003)

PRL 90, 205002 (2003)

PRL 101, 055001 (2008)

z ≈ 730 µm
N = 1.21010 e+

kpz ≈ √2

Time resolution needed, but shows the physics

NanoAc25, University of Liverpool



Positrons in hollow plasma
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Gessner et al., Nat. Commun. 7: 11785 (2016) 

NanoAc25, University of Liverpool



Positrons in hollow plasma
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Gessner et al., Nat. Commun. 7: 11785 (2016) Deceleration field: 220 MV/m!

NanoAc25, University of Liverpool



Energy doubling experiment
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Electron beam (beam energy 42 GeV, bunch length 50 fs rms, bunch charge 2.9 nC)

Plasma (heat Li oven, length 85 cm, density 2.7e17 cm-3)

Max. energy gain
43 GeV (85 cm column) = 52 GeV/m !

Energy spectrum of the electrons in the

35-100 GeV range as observed in plane 2

Blumenfeld et al., Nature 445 (2007) 741
06/11/2025 NanoAc25, University of Liverpool
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Accelerating gradient 4.4 GeV/m

Final energy spread of training bunch:0.7%

NanoAc25, University of Liverpool



Proton-driven PWFA
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A. Caldwell et al., Nature Physics 5, 363 (2009)

NanoAc25, University of Liverpool

• SPS (400 GeV, 3e11 p/bunch)         ~ 19.2 kJ
• LHC (7 TeV, 1.15e11 p/bunch)         ~ 140 kJ

• SLAC (50 GeV, 2e10 e-/bunch)        ~ 0.16 kJ
• Ultrashort pulse lasers                      ~ 0.1 kJ

•  ILC (250 GeV, 2e10 e-/bunch)         ~ 0.8 kJ

The mean electron energy in TeV and the r.m.s. variation of the energy in 
the bunch as a function of the distance travelled in the plasma.

ONE STAGE acceleration to energy frontier !

Why protons ?

10

Lasers do not have enough energy : 

• Can not propagate long distances in plasma 

• Can not accelerate electrons to high energy 

• For high energy, need multiple stages. 

Electrons also limited by initial energy :  

• Many stages needed to accelerate to the TeV scale using known electron beams 

Proton beams at TeV scale and with high stored energy are around today : what about 
using protons ?

Witness beam

Drive beam: electron/laser

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

Witness beam

Drive beam: protons

Plasma cell

Proton driver

Laser/electron driver

E. Gschwendtner 
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From concept to experiment

06/11/2025 NanoAc25, University of Liverpool

89

AWAKE experiment

dump

~1100m

SPS

LHC

protons

AWAKE at CERN

17/01/2021 CI Postgraduate Lectures
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AWAKE experiment at CERN
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Advanced WAKEfield Experiment

• Proof-of-Principle Accelerator R&D experiment at CERN 
to study proton-driven plasma wakefield acceleration.

• Final Goal: Design high quality & high energy electron 
accelerator based on acquired knowledge.

• Approved in August 2013

• First proton beam sent to plasma end 2016

• First electron acceleration in 2018

• AWAKE Run 2 program started in 2021

06/11/2025 NanoAc25, University of Liverpool



AWAKE Run 1 (2016-18)

26

AWAKE Run 1: Proof-of Concept
2016/17: Seeded Self-Modulation of proton beam in plasma
2018: Electron acceleration in plasma

06/11/2025 NanoAc25, University of Liverpool



AWAKE highlights in 2018
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20% (100 pC) of electrons are
trapped and accelerated!



AWAKE Run 1 highlights

FIG. 1. Theprotons together with the laser pulse (red marker in thedepicted proton bunches) enter

the plasma. The first half of the bunch propagates in Rubidium while the second half propagates

in a plasma. After the plasma the laser hits a beam dump and the modulated bunch hits a foil

where opt ical t ransit ion radiat ion (OTR) is created. The light is imaged onto the slit of a st reak

camera and is st reaked to obtain a t ime resolved image. The opt ical filters limit the bandwidth of

the light to ensure the t ime resolut ion.

t ime ⌧ 1
! pe

, much shorter than the expected wakefield period (3 − 10ps), thus e↵ect ively

seeding init ial wakefields. Thedensity of theRubidium vapour, and indirect ly of theplasma,115

is measured with white light interferometry at the beginning and end of the source with an

accuracy of 0.5% [22]. Densit ies quoted in this Letter are themean of both measurements.

If no density gradient is ment ioned it is < 0.5% over the ten meters of the vapour source.

The plasma radius[? ] is ⇠ 1mm. Alignment between the proton bunch and the laser

pulse (and thus the plasma) is obtained and maintained using a virtual laser line and proton120

beam posit ion monitors that are part of the standard beam line equipment. The seeded

self-modulat ion process develops along the plasma with saturat ion expected before the end

of the plasma [16]. At saturat ion the microbunches are fully formed and propagate towards

the end of the plasma and the diagnost ics. The radially modulated bunch exits the plasma

and the laser pulse is blocked by a 200µm Aluminum foil that acts as a laser beam dump125

to protect downstream diagnost ics. At the diagnost ic, the proton bunch travels through a

280µm Silicon wafer (OTR foil in Fig. 1) coated with 1µm mirror-finished Aluminum. The

protons create (incoherent) backwards opt ical t ransit ion radiat ion (OTR) when crossing the

vacuum-Aluminum boundary. The prompt OTR [23] has the same t ime and spat ial st ruc-

ture as the p+ bunch distribut ion at the OTR foil. The light is transported and the image130

of the p+ bunch is formed onto the entrance slit of a streak camera [24]. The motorized

5

a) b) e)

c) d)

Fig. 3. St reak camera images on the fast (73ps) t imescale a) at low (nRb = 2.457⇥1014cm− 3) and

c) at high (nRb = 6.994⇥1014cm− 3) plasma densit ies. Profiles obtained by summing the images

along the spat ial axis from − 0.4mm to 0.6mm are displayed on the left hand side of each image.

Image c) is obtained ⇠ 10ps behind the ionizing laser pulse that is placed in themiddle of thebunch

as in Fig. 2. Image c) is obtained with a narrower band pass filter (25nm) than for image a) and

e) (50nm) to reduce the intensity of the light and decrease t ime resolut ion limitat ions originat ing

from broad spectrum light reaching the st reak photocathode [24]. Figures b) and d) show the DFT

power spect ra for the two profiles (black diamonds) as well as for background images (blue lines).

The green lines depict the interpolated power spectrum. The orange line is a noise threshold used

for detect ing frequencies. Image e) shows a low density case (nRb = 2.190 ⇥ 1014cm− 3) where

the full t rain of microbunches is shown. On the profile of image e) it can be seen that direct ly

behind the laser there is an increased charge density on axis and on image a) it is shown that the

microbunches form from the very beginning behind the laser. The Rubidium density in image e)

has a density gradient of 3.4%/ 10m.

density used (10.5⇥1014cm− 3).

M odulat ion fr equency dependency

We present in Fig. 4 a) the result of modulat ion frequency measurements for seeded (la-

ser placed in the middle) events with Rubidium densit ies between (1.3− 10.5) ⇥1014cm− 3.240

10

M. Turner et al. (AWAKE Collaboration), Phys. Rev. Lett. 122, (5) 054801 (2019). 
E. Adli et al. (AWAKE Collaboration), Phys. Rev. Lett. 122, (5) 054802 (2019).
F. Braunmueller et al. (AWAKE Collaboration), Phys. Rev. Lett. 125 (26) 264801(2020).
F. Batsch et al. (AWAKE Collaboration), Phys. Rev. Lett. 126 (16) 164802 (2021).

a) b)

FIG. 4. a) Measured mean modulat ion frequencies (red, with standard deviat ion of the measured

frequencies) asa funct ion of theRb vapour density nRb on a log-log plot . b) Bayesian fit to themean

detected frequencies, with the priors (green dot ted) given in the text , results in the probability

curve for the parameters with the marginalized variables ↵ = 0.497 ± 0.004 (Mode and standard

deviat ion) and β ⇠ 1. The orange dot ted line in a) corresponds to the expected ↵ = 0.5,β = 1

dependency of the modulat ion frequency. The Mode values of the posterior dist ribut ion are plot ted

in a) as the blue line.

The detected frequencies for each Rubidium density are expected to follow the depen-

dency f mod = f pe =
q

e2

me✏0

1
2⇡ n

1/ 2
pe ⇠ 89.8β1/ 2n

1/ 2

Rb H z m3/ 2, where β is the degree of ioni-

zat ion of the Rubidium. We perform a Bayesian fit of the mean detected frequencies with

f mod,detetected = 89.8β↵ ( nR b

1014cm− 3 )↵GH z. Theresult ing posterior of thefit is shown in Fig.4 b).

The independent priors for the fit parameters (green dot ted) we used are a Gaussian dist ri-245

but ion with µ = 0.5,σ = 0.01 for the exponent ↵ and a prior p(β) = exp(β − 1)/ l0, l0 = .05

for β 1 and p(β) = 0 elsewhere. The marginalized posterior distribut ion over the expo-

nent ↵ has its mode at 0.497 and a standard deviat ion of 0.004, The mean is located at

0.499. The marginalized posterior distribut ion over the ionizat ion β has its mode at 0.999

corresponding to 99.9% ionizat ion. The fit with the mode values is shown on Fig.4 a) as250

the blue line. These results show that the power dependency of the modulat ion frequency

of the microbunches is in agreement with that of the plasma frequency. Similar results were

obtained with seeding t imes early in the bunch.

11
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AWAKE Run 2 (2021-2025)

Accelerate an electron beam to high energy (gradient of 0.5-1GV/m)

Preserve electron beam quality as well as possible (emittance preservation at 10 mm mrad level) 

Demonstrate scalable plasma source technology (e.g. helicon or discharge prototype)

Goals:

06/11/2025 NanoAc25, University of Liverpool 29



AWAKE Run 2 phases and preliminary results

Waterfall plot: plasma + electrons

(E. Gschwendtner)

Run 2a: Demonstration of the electron seeding of the 
proton bunch self modulation in the first plasma 
source.

Run 2b: Demonstration of the stabilization of micro-
bunches with a density step in the first plasma source.

Run 2c: Demonstration of electron acceleration and 
emittance control.

Run 2d: Demonstration of electron acceleration in 
scalable plasma sources.

NanoAc25, University of Liverpool 3006/11/2025

L. Verra et al. (AWAKE Collaboration), Phys. Rev. Lett. 129 (2), 024802 (2022)



Discharge plasma source at AWAKE tunnel

06/11/2025 NanoAc25, University of Liverpool 31

HeliumArgonXenon

A. Sublet, N. Lopes, P. Muggli et al.Ion motion on SMI
Hosing instability with different gas species
Plasma light diagnostics M. Turner, Experimental Observation of the Motion of Ions in a Resonantly Driven Plasma 

Wakefield Accelerator, Phys. Rev. Lett. 134, 155001 (2025)



Future applications (~2034)
• A long and modular plasma cell to boost e- energy up to 50-100 GeV

• A fixed-target experiment at CERN (50-100 GeV electron), similar to 
NA64-dark side of the universe and looking for new bosons!

06/11/2025 NanoAc25, University of Liverpool 32

K. V. Lotov and P V Tuev, Plasma Phys. Control. Fusion 63 125027 (2021)



Far future:  e+e- and e-p colliders

33

An e+ e- collider

An e-p collider

(K. Lotov)

06/11/2025 NanoAc25, University of Liverpool

A. Caldwell, K. V. Lotov, Phys. Plasmas 18, 103101 (2011)



Recent progress in experiments

Energy Beam Quality Efficiency
Matched Guiding and Controlled Injection in Dark-Current-Free, 10-GeV-Class, 

Channel-Guided Laser-Plasma Accelerators

A. Picksley et al., Phys. Rev. Lett. 133, 255001 (2024)

→ ~10 GeV energy gain over 10 cm

→ Multiple acceleration regimes that may be 
difficult to control

→ ~9.2 GeV energy gain over 30 cm

→ Laser-created ‘free-standing’ plasma 
channels that can be recreated at the 
repetition rate of the laser

→ Multiple independent results

C. Aniculaesei et al., The acceleration of a high-charge electron bunch to 10 

GeV in a 10-cm nanoparticle-assisted wakefield accelerator. Matter Radiat. 

Extremes 2024; 9 (1): 014001

Winkler, P. et al. Active energy compression of a laser-plasma electron 

beam. Nature 640, 907–910 (2025). 

→ Energy spread below the permille level

→ Employing active stabilization

Lindstrøm, C.A., Beinortaitė, J., Björklund Svensson, J. et al. Emittance 

preservation in a plasma-wakefield accelerator. Nat Commun 15, 6097 (2024)

→ Emittance preservation at micron level 

for 40 MeV energy gain (on top of 1 GeV)

→ ~60% driver 

depletion

C Zhang et al 2024 Plasma 

Phys. Control. Fusion 66 

025013

→ Laser to electron conversion efficiency of 

at least ∼30%
→ Multi-GeV energy gain

E. Rockafellow et a;., High charge laser acceleration of electrons to 10 GeV

 NIM A, Volume 1077, August 2025, 170586

→ 42% local energy 

transfer efficiency

C. A. Lindstrøm et al., Phys. 

Rev. Lett. 126, 014801 (2021)

• → Towards delivering beams for first applications

• Application will be used to mature wakefield 

acceleration technology

(Courtesy to M. Turner)
06/11/2025 NanoAc25, University of Liverpool 34



FEL lasing achieved by four groups
→ Enabled by Improved Beam-Quality and Stability

Wang, et al. Free-electron lasing at 27 nanometres based on a laser wakefield 

accelerator. Nature 595, 516–520 (2021). 

• 188 MeV, ~6.3% energy 

spread, ~100 pC

Labat, M., et al. Seeded free-electron laser driven 

by a compact laser plasma accelerator. Nat. 

Photon. 17, 150–156 (2023).

Pompili, R., et al. Free-electron lasing with compact beam-driven 

plasma wakefield accelerator. Nature 605, 659–662 (2022).

• Seeded 

free-

electron 

laser

• SASE gain  >1000, some gain on >90% events
• ~100 MeV, 2% energy spread, ~90 pC

S. K. Barber et al., Greater than 1000-fold gain in a free-electron laser driven by a laser plasma

accelerator with high reliability, under review

• Beam-driven

• 5.8 MeV energy gain, 0.3% energy spread, 20 pC

• Lasing at 27 nm

• 490 MeV, ~0.5% 

energy spread, 30 

pC

(Courtesy to M. Turner)
06/11/2025 NanoAc25, University of Liverpool 35



Progress towards first applications

• Run 2c and d approved

• Separate Self-Modulation from 

acceleration to accelerate 

bunches with quality at few 

GeV energies
• Experiments starting in 2029

First applications after LS4

Proton-driven plasma wakefield 

experiment at CERN

Toward a demonstrator facility 

for multistage plasma 

acceleration

Developing:

• nonlinear plasma lenses

• self-correction mechanisms 

→ multistage demonstrator facility 

e.g., with 50 GeV for strong-field 
QED, to be implemented in a 

major accelerator lab.

Particle accelerator research 

infrastructure based on novel 

plasma acceleration

C. A. Lindstrøm et al., Proceedings of IPAC 2025

ESPP Input #172: AWAKE - Input to the 
European Strategy for Particle Physics 

Update on behalf of the AWAKE 
Collaboration (link)

AWAKE is the first to go 

into LS3!

•High repetition rate plasma 

sources

•Technology R&D and critical 

experimental facilities

•LPA demonstrator stages (low 
average power, near collider 

emittances)

•PWFA staging (including low-

energy design at 

EuPRAXIA@SPARC_LAB)
•Positron beam test capabilities

FEL user facility starting in 2029

(Courtesy to M. Turner)
06/11/2025 NanoAc25, University of Liverpool 36

https://indico.cern.ch/event/1439855/contributions/6461556/


Application-colliders (ESPP26)

06/11/2025 NanoAc25, University of Liverpool 37

Foster et al., Phys. Open 23, 100261 (2025)

HALHF - Hybrid, Asymmetric, Linear Higgs Factory

• Asymmetric collisions: 375 GeV polarized e- with 

41.7 GeV polarized e+ (boost: γ=1.67), Center-of-mass energy 

250 GeV → upgrades 380, 550 GeV center-of-mass energy 

discussed

Estimated luminosity: 1.2x1034 cm-2s-1 → two IPs

Estimated total power usage: 106 MW

Estimated cost: 3.8 BCHF (2024 Swiss francs)

Preliminary investigation of a Higgs factory based on 

proton-driven plasma wakefield acceleration

J. Farmer et al., 2024 New J. Phys. 26 113011

A Linear accelerator for Very high Energies

Collider Parameters:

Centre-of-mass energy (CoM): 250 GeV

Estimated luminosity: 1.7x1034 cm-2s-1 

Footprint: ~4 x 2 km.

• p+  drivers: high-rep.-rate 500 GeV synchrotron 



Conclusion

• After four decades’ development, LWFA and PWFA have achieved 
tremendous progress

• The technology will be ready for many applications in next 5-10 years

• Electron driven PWFA has demonstrated high efficiency acceleration

• AWAKE Run 1 has demonstrated 2 GeV electron acceleration in a 10 m 
long plasma cell

• The current AWAKE Run 2 aims for achieving high quality electron 
beam from scalable plasma cells

• HALHF and ALiVE as key contributions to ESPP26 update
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Thank you very much !
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