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> Imperial: 
> Ken Long, Stuart Mangles, Zulfikar 

Najmudin, Jaroslaw Pasternak, Steve 
Rose 

> Oxford: 
> Phil Burrows, Richard D’Arcy, Simon 

Hooker, Peter Norreys 
> Emeriti: Brian Foster, Roman Walczak 

> Royal Holloway: 
> Pavel Karataev

Strong effort in advanced acceleration across the JAI
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Laser-Driven

> See Simon’s presentation next

> Imperial: 
> Ken Long, Stuart Mangles, Zulfikar 

Najmudin, Jaroslaw Pasternak, Steve 
Rose 

> Oxford: 
> Phil Burrows, Richard D’Arcy, Simon 

Hooker, Peter Norreys 
> Emeriti: Brian Foster, Roman Walczak 

> Royal Holloway: 
> Pavel Karataev

Strong effort in advanced acceleration across the JAI

Beam-Driven

> Electron-driven (HALHF, FLASHForward, 
CLARA, FACET-II) 

> Proton-driven (AWAKE)
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> Very high gradients sustainable in plasma accelerators (1-100 GV/m) could make future machines smaller, 
cheaper, and greener 
> Very recent results from LBNL showed 10 GeV energy gain in 30 cm 
> Energy is comparable with modern free-electron lasers but achieved in a fraction (~0.1%) of the length 

> Most economic impact is expected in discovery machines requiring the highest energy e.g. particle 
colliders

Plasma accelerators as a source of affordable high-energy beams

> Such applications also require high luminosity ➞ beam 
quality (brightness), energy efficiency, and repetition rate 

> Results from the last year from FLASHFORWARD‣‣ show further 
promise for acceleration of electrons in plasma…



Bright electron bunches from a plasma-wakefield accelerator (FF‣‣)
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> High brightness beams are required for photon science and 
particle physics 

> We don’t care about the drive-beam quality ➞ Can we use a 
poor-quality drive beam to generate a high-quality witness? 

> ‘Low-quality’ FLASH drive beams (>20 um emittance) 
transformed in to high quality witness bunches 

> 1.2 um emittance 
> 1.3% energy spread 
> 14 pC/MeV spectral density 
> High reproducibility 

> 3D brightness boost (measured) of ~4x over the driver 
> 6D brightness boost (simulated) of >1000x



MHz repetition rate acceleration in plasma wakefields (FF‣‣)
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internal electrodes | external gas inlets

inward gas pressure mitigates expulsion

G. Loisch et al., Nature (under review)

> Missing piece — a plasma source capable of sustaining 
similar plasma density over many μs 

> Novel design to mitigate expulsion of plasma in to vacuum 
and regenerate plasma at MHz rates

> Proof-of-principle results show 
acceleration of short trains (12 bunches) 
at 0.25, 0.5, and 1 MHz repetition rate 

> Builds on the promise of the recovery 
time result (~10 MHz) 

➞ D’Arcy et al., Nature 603 (2022) 

> First steps towards scaling up to high 
average power

> State of the art in repetition rate in plasma is ~Hz-level but FLASH is capable of MHz repetition rates 
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> Continued strong progress in plasma acceleration (of electrons) further motivates HALHF 
> Original concept proposed in 2023 ➞ Foster, D’Arcy, & Lindstrøm, New J. Phys. 25 (2023) 

> Engagement with the community led to iteration and refinement of the design 
> Developed a cost model (all collider subsystems scaled from ILC/CLIC) and optimised for ‘Full 

Programme Cost’ using Bayesian optimisation

RF linac
(5–31 GeV e+/drivers)

Turn-around loops
(31 GeV e+/drivers)

Beam-delivery system
 (500 GeV e–)

Plasma-accelerator linac
(16 stages, ~32 GeV per stage)

Scale: 500 m

Beam-delivery system
with turn-around loop

(31 GeV e+)

Driver source,
RF linac (5 GeV) Electron

source

Facility length: ~3.3 km

Positron transfer line
(31 GeV e+)

Interaction point
(250 GeV c.o.m.) e+ e+

Positron
source

Damping rings
(3 GeV) 

e–
e+

RF linac
(5 GeV e–) 

Source: Foster, D’Arcy & Lindstrøm, New. J. Phys. 25, 093037 (2023)

HALHF — a hybrid, asymmetric, linear Higgs factory

https://doi.org/10.1088/1367-2630/acf395


HALHF 2.0 — an updated baseline design (2025)
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> Separate RF linacs for e- drivers (high Iavg, low Ez) and 
e+ beams (low Iavg, high Ez) 

> Reducing the driver energy (compatible with CLIC tech) 
> Lower plasma density (lower Ez but better tolerances) 
> Many more plasma stages (48 in total)

Facility length: ~5 km

Dual interaction points
(250 GeV c.o.m.)

RF linac
(3 GeV e–) 

Driver RF linac
(4 GeV e–, 4 MV/m, 1 GHz)

Combiner
rings

(4x & 3x)

Plasma-accelerator linac
(48 stages, 7.8 GeV per stage, 1 GV/m)

Dual beam-
delivery system
 (375 GeV e–)

Delay
loop

Helical
undulator

Positron
target

(4.8 nC)

Positron
transfer line
(3 GeV e+)

RF linac
(3 GeV e+)

e+
e–

Cool-copper RF linac
(42 GeV e+, 40 MV/m, 3 GHz) 

Damping
rings

(3 GeV)
Liquid nitrogen plants

(2.5 MW at 77°K) 

Electron
source

(1.6 nC)

Driver source
(8 nC)

Surface-to-underground
transfer line (5% slope)

Surface complex

Dual beam-
delivery system

 (42 GeV e+)

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

> Polarised e– and e+ (ILC-like helical undulator 
source) 

> Combiner rings to decrease Ipeak in the driver 
linac, and shorten the e+ bunch train 

> Two interaction points/detectors

Optimised for cost: 3.8B CHF ➞ ~40% of ILC, ~60% of CLIC

https://doi.org/10.1016/j.physo.2025.100261
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ESPPU submission document for HALHF

> New baseline, costings, required resources, staged R&D plan, and subsystem TRLs submitted 
to the ESPPU 

> Over 50 signatories 
> Also part of the LCVision Process

> Next step 
> Finalise first stage of conceptual design 

in a pre-CDR document (summer 2026)

HALHF — ESPPU and next steps
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E / GeV

101 104

101

103

102

102 103

plasma accelerators today

linear collider e.g.

Problem: orders-of-
magnitude gap

100 kW 10 MW

1 kW

average # bunches / s-1

> High energy (staging*) 
> 1) Novel inter-stage optics schemes 

> High repetition rate (luminosity) 
> 2) Long-timescale (fs-μs) plasma 

simulations 
> 3) Temperature-based energy mapping

Energy and luminosity requirements for HEP require new concepts

Large energy gain can be achieved in a single 
stage using a highly energetic proton driver 

➞ will be covered in the AWAKE section later 
in the talk



1) Novel inter-stage optics schemes
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Main dipole Chicane dipoles

Nonlinear
plasma lens

Main dipoleChicane dipoles

Nonlinear
plasma lens

Sextupole
(or gap)

(a)

(g) (h) (j) (k)(i)

(b) (c) (e) (f)(d)

> The combination of large energy spread and high divergence (exiting the plasma stage) necessitates 
achromatic optics 

> New achromatic solution proposed, based on local chromaticity correction (with nonlinear plasma lenses) 
in a chicane

HALHF 
energy range

> Staging solution simulated in ImpactX to investigate energy 
scalability ➞ emittance preserving over HAHLF energy range 
> CSR causes emittance growth at low energies (<0.5 GeV) 
> ISR disruptive at high energies (>500 GeV) 

> Next: Build prototype and test at (plasma-)accelerator facility



2) Plasma simulations of high-rate bunch trains
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event 1event 2
to event 3

QSAFluid

16 ns plasma evolution

time

> Need self-consistent simulations of 
plasma evolution between acceleration 
events (16 ns at HALHF) 
> Temporal analogue of two plasma 

stages 
> Computationally prohibitive 

> New fast/cheap scheme based on 
quasi-static PIC + Fluid 

> Recently benchmarked against 3D PIC 
over short timescales 

> Next: Complete the simulation pipeline 
and benchmark against results from 
plasma-accelerator facilities

Top: Full 3D code (SMILEI)

Bottom: QSA code (HiPACE++)



3) Direct diagnostics for plasma (and stage) heating
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Driving Bunch Wakefields Trailing Bunch

Electrons Ions Stage

Thomson / Opt. 
Emis. Spect.

temperature diagnostic suite

Laser-absorption 
Spectroscopy

Common-path 
Interferometry

inefficiencies to plasma

desired energy flow
> Each HALHF bunch train will deposit 1.6 kJ in the 

plasma in ~2 μs (due to inefficiencies in the 
wakefield process) 

> Open Questions — Where does this energy go? 
How does it affect the wakefield process? Can we 
manage the thermal load? 

> Developing an all-optical diagnostic suite to track 
the thermal evolution of the energy in the plasma 
accelerator 

> Dedicated Oxford Physics lab for benchmarking 
with a discharge capillary 
> Preliminary results taken with all individual 

diagnostics 
> Next: Implement at plasma-accelerator facilities
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HALHF@CLARA

> CLARA completed full-energy commissioning end of 2025 
> Currently at the end of a ‘Friendly User’ run (Jan-Apr 2026) 
> HALHF@CLARA the final experiment (currently in fifth week of a five-

week experimental period) 

> Experimental goals (this beam time): 
> Install plasma-accelerator infrastructure at CLARA 
> First generation of plasma at CLARA with a discharge capillary 

(technology pioneered by Hooker et al.) 
> Drive a plasma wake with a CLARA beam 

> Stretch goal: Generate GV/m (decelerating) gradients 
> Demonstrate plasma lensing with emittance preservation

20 mm discharge-capillary 
plasma source
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HALHF@CLARA
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HALHF@CLARA 

● The weird high energy blob that we don’t  think is interacting is off the right hand 
edge of the spectrometer screen. The dipole was changed to ensure that no low energy 
particles were being clipped in the beam pipe 

● The plasma off image here was taken from a coarse discharge timing scan performed 
before the dataset from which the plasma on image was taken. It was from a setting 
with the discharge timing = 450 us (i.e discharge arriving too late) 

* Can come back to take more data at this working point later if needed. Will move now to 
trying some collimation of the high energy part of the bunch. Can also try some transverse 
optimisation after that.  
 
16:55 Optimising the transverse profile on FEH-01 
 
17:42 Optimised beam on FEH-01- looks similar to what it does at the end of S07 → reduced 
aberration in arc 
 
Moved PT100 data to Work directory (/04/10) 
 
18:01 Retuning finished: proceeding to optimise transport through the cell again 
18:10 Mini-OTR measurement indicates (37 x 31) um 
18:40 Linac 03 tripped again, but not as badly as previous. Should recover quicker. 
In the meantime, produced a sorted waterfall plot from a fine discharge timing scan: 

 
19:00 Another mini-otr measurement performed: (30x30) um 
 
19:26 Still losing a bit of charge in the plasma cell. Can look at the sideview camera for 
cherenkov light (there is some) 
19:53 Did a rough aperture scan by moving the plasma cell. Found that the clear aperture is 
larger in x than in y → the beam is off vertically (too large or tilted?) 
20:12 Seems like the mini -OTR was only picking up a charge ‘hotspot’ on the beam that we 
were then focusing. We improved the focusing of the whole beam and get 100% transport 
through the cell and much better deceleration than earlier 

increasing plasma density

>20 MeV deceleration in <20 mm plasma ➞ >GV/m!

> GV/m gradients achieved on the final day of 
plasma-wakefield experimentation the first 
beam time 

> First beam-driven plasma accelerator in UK 

> Next steps (in subsequent beam times): 
> Staging of wakefield-accelerated beams 

(with novel interstage optics scheme) 
> Plasma acceleration of bunch trains with 

HALHF properties (~10 ns separation, 100 
Hz) 

> Energy-mapping studies (using temperature 
diagnostic suite) and high-average-power 
plasma sources



HALHF@FLASHForward
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> Synergistic goals of JAI (Oxford) and FLASHForward 
in high-repetition-rate and high-average-power 
plasma acceleration 

> Novel plasma-stage temperature diagnostic (Oxford) 
was implemented at FLASHForward in late 2025 
> Measures temperature-induced phase shift of 

laser propagation through sapphire stage 
> First results show successful operation measuring 

temperature increase/decrease over many hours 

> Next step: Correlate temperature increase with the 
energy deposited in the plasma 

> First step towards designing high-average-power 
plasma stages for FLASH/EuXFEL and HALHF



HALHF@FACET-II
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FLASHForward 
nb/n0 ~ 100

FACET-II 
nb/n0 ~ 600

> Mutual interest in implementing discharge-capillary plasma stages at 
FACET-II (process just successfully completed at CLARA) 

> Electron beams at FACET-II are closest (in existence) to those desired 
for HALHF ➞ synergistic goals with Eu-XFEL plasma-booster 
project and AWAKE 
> Extreme intensities (~100 kA) results in HAHLF-like perturbation to 

the plasma (essential for simulation benchmarking) 
> Plasma- and plasma-stage-temperature monitoring 
> Beam-induced ionisation 
> Cell development (large diameter, longitudinal and radial magnetic 

confinement, cooling, etc.) 

> First beam time in Autumn 2026 (experiment runs until end of 2027)
More violent plasma perturbation 

with FACET-II beams



AWAKE — Using energetic proton beams to achieve extremely large energy 
gain in a single stage
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AWAKE Run 1 (2016-2018): Proof of Concept ➞ Adli et al., Nature 561 (2018)


AWAKE Run 2 (2021-2034): Towards an Accelerator 
> Run 2a) [2021–22]: Electron seeding of self-modulation ➞ Batsch et al., PRL 126 (2021)

> Run 2b) [2023–25]: Micro-bunch stabilisation with a density step ➞ Clairembaud et al., PRL (under review)

> Run 2c) [2025–]: Demonstrate electron acceleration and emittance preservation (full data taking 2029 

onwards)

1. Demonstrate scalable plasma source technology ➞ Imperial 
2. Accelerate electron beam to high energy 
3. While controlling electron beam quality ➞ Oxford

e- acceleration to several GeV,
beam quality control, scalabilityRUN 2

p+ self-modulation 2 GeV e- acceleration

RUN 1

èFirst 
applications

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 Preparation Run 1 Run 2a Run 2cRun 2b Run 2c 
installation

2031 2032 2033

Run 2d

LS2 LS3 LS4
2034
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Claudia Cobo, Zulfikar Najmudin

Metre-scale discharge capillaries (scalable plasmas)
Challenge: 
> Stable acceleration to multi-GeV energy requires sub-%-level plasma density 

uniformity across ~10 m of plasma

Stable and consistent plasma generation 
> Plasma-generating current profile the same for all four 

segment to within <1% 
> Collisional-radiative spectral analysis code used to 

determine temperature and density 
> Needed to ascertain consistent plasma properties 

across segments

Scalable plasma source R&D (tests @ CERN) 
> Requires segmentation of the capillary for ease of 

manufacture 
> Four 3m plasma segments with common cathode tested

sketch of one plasma segment

four plasma segments operating simultaneously

Time / μs

Courtesy of C. Amoedo
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Eleonora Belli, Phil Burrows

> Challenge: New beamline for 150 MeV witness beam has challenging matching constraints (σx,y = 5.75-8.6 um) 
> Complex (linear and nonlinear) optics design required 
> Micrometer-level radial alignment required

> New optics design: 
> Tracking results (XSuite + external optimiser) generate beams of 

transverse size  μm,  μm 

> Within experimental specifications (without errors) 

> Errors and alignment: 
> Magnets need to be installed on movers to reach beam size/

pointing in presence of errors 
> Active alignment procedure simulated for 300 bunches ➞ 94% 

within requirement 
> Studies allowed ‘freezing’ of beamline design such that 

technical procurement could begin

σ*x = 5.67 σ*y = 6.07

S2E proton and electron beamline design (beam quality)



16th April 2026  |  R. D’Arcy  |  JAI AB Meeting Page 22

> Challenge: Proton bunches are longer (~250ps vs. ~1-5ps) and higher charge (48 nC 
vs. 0.6 nC) than electron bunches 
> At 404 MHz signal dominated by protons 
> Current stripline BPMs unable to measure beam position when protons are present 
> Inability to optimise horizontal offset, necessary to mitigate hosing (beam quality)

|C
ur
re
nt
|/A

> First tests with beam (30 GHz TRIUMF electronics) 

> At low proton intensities successful discrimination of 
the proton signal observed for both types 

> Sensitivity to the electron signal is ~2%/mm for the 
ChDR BPM and ~0.8%/mm for the HF Button

> Two options are being explored: 

1. Cherenkov-diffraction-based BPM 
2. High-frequency button BPM

ChDR BPM HF BPM

Bethany Spear, Phil Burrows

Novel high-frequency BPMs (beam quality)
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Beth successfully defended her PhD in October 2025 

Novel high-frequency BPMs (beam quality)



Advanced beam-driven acceleration at the JAI
Summary and outlook

> Continued success from collaboration with FLASHForward

> Key milestones for the project and field continue to be reached 

> HALHF progressing towards conceptual-design readiness

> Official collaboration (>50 members) continues to refine the HALHF design 
> Pre-CDR document being prepared for summer 2026 (in line with LDG roadmap timeline) 

> Key R&D goals from HALHF take their first experimental steps

> Novel beamline, simulation, and diagnostic tools being developed by the JAI and Oslo 
> First tests at diversified facilities (CLARA, FLASHForward, and FACET-II) are already in motion 

> Strong contributions to AWAKE continue

> Essential JAI input enabled Run1 success 
> JAI contributions to plasma sources, beamline design, and diagnostics are already proving key to Run2 success
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Backup slides



Heading
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