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HALHF: A hybrid asymmetric linear Higgs factory HALHF

Surface-to-underground Driver RF linac Driver source

transfer line (5% slope) (4 GeV e, 4 MV/m, 1 GHz) (8 nC) M
Liquid nitrogen plants rings
(2.5 MW at 77°K) N (3 GeV)
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B NN -m - = e 2

Eslgﬁtr::Oen RF linac Plasma-accelerator linac Helical P;lsrgrec;n RF linac tr:nc:ss;ietrrc:;e de[I)iSZ:ybse)?sTe-m Dual interaction points de[I)il\:Z:ybgssTe-m Cool-copper RF linac
3GeVe 48 stages, 7.8 GeV per stage, 1 GV/m ndulator 3 GeV et 250 GeV c.o.m. 42 GeV e*, 40 MV/m, 3 GH
(1.6n0) ) (ig;stad Gl il ) Hncy 48nc) ) (3GeVe) (375 GeV ) ( ) (42 GeV e) ( 2)

Facility length: ~5 km

Plasma accelerator for electron acceleration

Positron acceleration is much more complicated...

Conventional RF linac for positron acceleration (31 GeV)

500 GeV electrons (for asymmetric-energy collisions)

Swacd  UNIVERSITY OF

OXFORD  30th June 2026 | Meg Savage | Particle Accelerators and Beams Conference Page 3




Challenge: HALHF requirements are far beyond the state of the art

-/ GeV
100 kKW 10 MW
109 - O
1 KW /
102 Problem: huge single
performance leap
107 - @ plasma accelerators today

100 102 108 104

average # bunches / s

Courtesy: Richard D’Arcy
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HALHF

Require staging to get to higher
energies

8 m long plasma stages
48 stages

100% charge coupling and quality
preservation

100 Hz macro-pulse repetition rate
16 ns (62.5 MHz) bunch separation
25 MW drive-beam power
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State-of-the-art and required direction of travel

> Staging state of the art > Repetition rate state of the art
> Two LWFA stages (gas jet + capillary) > 10 Hz*
Magnetic % i Pigr b IHIIHIIII IIHIIIHII IHHHI;III e
spectrometer § 05| III . “IIHIH te i F
w § ! o Driving bunch
b , w o0k [ Trailing bunch

Lanex screen

% (removable) g
ot e i Capny e “ it *but 10 MHz achievable
Z(m) § 00- 110 210 310 4lO 510 GlOI w:910 1510 In prlnC|p|e
From: Steinke et al., Nature 530, 190 (2016) Bunch separation (ns)
From: D'Arcy et al., Nature 603, 58 (2022)
> Challenges > Challenges
> Coupling between stages (3.5% charge transfer in > Unknown temperature increase (due to higher
the proof-of-principle result) average power)
> |ack of energy-scalable schemes > Only low-repetition-rate plasma sources
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Multi-year programmatic approach at CLARA

Utilise CLARA to make substantial progress towards HALHF over multiple years:

Staging (250 MeV beams means staging can be explored in a more compact way at CLARA
than other FEL-quality facilities with higher energies)

Phased approach to high-repetition-rate staging @ CLARA

ransversely nonlinear plasma lenses

Seam-quality-preserving inter-stage scheme e il
Two-stage demonstrator S S ——
Repetition rate (CLARA linac at 100 Hz) I e . o
“nergy-transport channels (temperature evolution) I R s m i
Bunch-train studies (100 Hz, ~10 ns separation) e
Temperature-stabilised plasma sources Detailed phased approalc;he Striize(gt(?;?t the first CLARA users’




Phase 0 objectives

> |nstall necessary plasma infrastructure = based around the Oslo plasma lens + Manchester HV
> Integrate with CLARA — gas, discharge, plasma, diagnostics, synchronisation
> Demonstrate strong beam-plasma interaction (drive bunch only) = Stretch goal: GVW/m fields
> Show plasma-based focussing — Stretch goal: emittance preservation (in argon)
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CLARA/FEBE overview

250 MeV beams of

Gun

100 pC and 250 pC working points l_unacl Linc? | _Lirec: Y Y
Beam prepared by CLARA personnel | .KO |

Transverse
X-band Deflecting
[ineariser Cavity

l

.Photo- Spectro- Variable Spectro- Spectro-
and del IVe red to I: :C1 IYEZ;‘;Y meter! Cor'ill;)rizgsor meter Diagnostic;n e
3|asma souyrce to be housed in FEC“] CLARA Beamline. E. W. Snedden et al. Phys. Rev. Accel. Beams 27, 041602 (2024)
Capture and propagation to ESPEC
(beyond FEC2)
from roof

Five weeks of experimental allocation

Last experiment in friendly user run (as ~ c»=

N
_________

250 MeV K

most taxing on the machine) e
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FEBE Hutch Beamline (graphical rendering). Credit: Tom Pacey
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Experimental Setup

L Temperature sensor
Two-directional stage

Electrode Plasma capillary

Gas pipe

> First plasma generation in argon

> 12 mbar Ar in capilla
Py > No precise knowledge of the plasma density

> High-voltage system connected

Gaa)  UNIVERSITY OF

2By OXFORD  30th June 2026 | Meg Savage | Particle Accelerators and Beams Conference Page 9




Beam Parameters

Current [kA]
o o o o
h O o
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SN . S

Spent the majority of the beam time with a 100 pC | foz _
beam due to a number of advantages JE’;} .
Reduced space charge effects = similar LPS to that i
measured upstream 5 o
L ower emittance — easier to focus at IP -+«
Jsed this beam to establish a nice (<0.5 GV/m) : 250 pC
interaction s N e N
Moved to the 250 pC beam on the last day to push BT AL

towards higher decelerating gradients
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Discharge timing scan results

~ Established a nice working point relatively quickly with 250 pC lbeam
> ~1 KA (TDS + arc effects)
> ~20x 20 um at the IP (mini-OTR)

> Some (but very few) shots show >20 MeV energy loss in <20 mm of plasma — >GV/m fields!
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Drive beam samples GV/m decelerating fields

Analysis of the 20 taken 2.25 us after
discharge (timing with the smallest

minimum lbeam energy) A
250 - I

Average minimum beam energy:
233.4 £ 2.6 MeV

245 -

“m

il

S 240+ e B — —
~0.83 GV/m decelerating fields = | = . T _E
W 2354 B = B
2.25 us after discharge — flat top very likely — — = =
much less than 20 mm = higher pas————— ==
decelerating gradients likely 1 e
Transformer ratio needed to determine b3 7o 11315 1719

Shot Number

accelerating field

Need simulation to determine transtormer
ratio, plasma and beam parameters...
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Outlook — matching experiment with simulation

Better understand the high-gradient working
ooint with PIC simulations

Already found a reasonable working point by
hand — 1076 cm-3 plasma density, 20 mm flat .
top, measured longitudinal current from the :
DS with added compression factor

50

25 L

Many unknowns: = _
Flat-top length f ) : _
Plasma density | )2
_50F :
Bunch longitudinal phase space : % LE
. | _75 B /I\ . R _9
Bunch size and emittance —500  —400  -300  —200  —100 0 100
§ [um]

etc.

Bayesian Optimisation”?

Longitudinal electric field (GV /m]



Plasma lensing demonstration

vV V. V V V

- 750000

Low charge (30 pC)

000000

Minimal compression (~1 ps)

Established operation in Ar

Linearity scans in both Ar and He

Off-axis lens acts like transversely displaced
guadrupole

Beam position on camera

—

electron bunch

<«

capillary

l Imaging screen

Horizontal capillary position
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Aberration-free plasma lensing?

150 T/m magnetic fields achieved
Linear fit = aberration free lens?
Next steps with remaining recorded data:

Confirm emittance preservation (in argon)
with quad scans

Repeat process (expecting emittance
spoiling due to nonlinearities) in helium

Beam offset on screen, vertical (mm)

3 | | | | | | | |

O  Measurement (peak pixel)
-------- Linear fit, magnetic-field gradient: 155 T/m

| | | | l | | |

|

-05 -04 -03 -02 -0.1 0 0.1 0.2 0.3

Lens offset, vertical (mm)

Courtesy: C.A. Lindstrom

0.4

0.5



Summary — from zero to state-of-the-art in 5 weeks

First beam-driven plasma accelerator in the UK established(!) and first active plasma lensing at
CLARA(!)

Plasma infrastructure successfully installed at CLARA
GV/m fields achieved

Clean lensing data taken

Required an international collaboration of 19 scientists to achieve — huge thank you to everyone
involved

Next major steps will be to better understand the 250 pC CLARA working point + plasma
Hoping to kick off Phase 7 in a beam time later this year...

PARTICLE AND NUCLEAR | ANALYSIS

thSiCSWOHd HALHF is going all in on plasma acceleration

16 Jun 2026
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Multi-year programmatic approach

High energy / Staging

Phase 1 Inter-stage optics demonstrator
Beam-quality preservation with nonlinear lenses

Phase 2 Quality-preserving plasma acceleration
Bunch pairs
Novel sources/plasma ramps

Phase 3 Driver generation and in-/out-coupling
Multi-driver generation at photocathode
Coupling in and out of chicane

High luminosity / Repetition rate

Energy-transport studies
Plasma and plasma source temperature mapping

High-repetition-rate acceleration
100 Hz acceleration
Bunch trains

‘High’-average-power acceleration
Temperature-stabilised plasma sources

Phase 4 Two-stage demonstrator @ high average power




Multi-year programmatic approach

Phase 0

Phase 1

Phase 2

Phase 3

Phase 4
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Plasma infrastructure implementation and first tests

~GV/m fields
~KT/m fields
Inter-stage optics demonstrator Energy-transport studies
Beam-quality preservation with nonlinear lenses Plasma and plasma source temperature mapping
Quality-preserving plasma acceleration High-repetition-rate acceleration
Bunch pairs 100 Hz acceleration
Novel sources/plasma ramps Bunch trains
Driver generation and in-/out-coupling ‘High’-average-power acceleration
Multi-driver generation at photocathode Temperature-stabilised plasma sources

Coupling in and out of chicane

Two-stage demonstrator @ high average power



Cell temperature measurement

> Also have cell temperature information (with beam!) from a PT100 temperature attached to the

capillary
> [0 be used alongside plasma temperature diagnostics in future runs
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Time & Date

Courtesy: Ibrahim Najmudin
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Simulation limitations

Not able to recreate long tail at low energy

PS measured at TDS but compression and
R56 before [P

Potential to use Bayesian Optimisation but
many Inputs poorly known

Bunch length/current profile

Plasma density

Flat-top length

SBeam transverse size
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