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Setting the scale

Plasma frequency depends only on density
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Key motivation: Positron acceleration in plasma

Plasmas are charge asymmetric

No nblegwiomeéee rf

Q2
, LLL&\

Positron acceleration has been QECTRONS
- AT blH
demonstrated experimentally. = Ot o A
. . Y 54 oosITRON I o4c4
However, luminosity per power g0 MRACLE P HEro 4
. . 0CCy e el ] ¢
still orders of magnitude below | . " « RS.. _‘:\-ﬁ‘\" o3

RF and e’ PWFA.

“I think you should be more
exPLLcL& here itn sEeP two! 9
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B - Positron acceleration

for Accelerator Sclence | . . .
on background
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Strong accelerating fields

High density electron cusp Focusing field for positrons
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B - Positron acceleration

2. Elongated electron trajectories
k, Xo np/no
»

® There are many jI=>1 l
schemes for e+ ;| = a7
acceletrlatiom but 1. No ions outside the colu;n/nno 26 10 :
currently, none can P | o
be tested il : b I .]
experimentally. 20 | i A oo Uy

° Most inVOIve Somego‘o _-* “ 3 3. Long, high-density electror:;Ia:\rL:irE\:
sort of shaping or 23— |[* " "
truncation of 5.0 g "
plasma to inhibit sl L Ny <
return flow of kyC .
electrons from N N
blowout.

B. Foster. HK. 01/26 4. Accelerating;‘p;nd focusing fields for e* .

0.5E, = 15GV/m  atn, = 1x10Y cm™3



A8 = Positron Acceleration (%)

® Even if one of these schemes proves to work reliably and reproducibly, they are
generally not close to Recent review:
collider regime.
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AThe baS|c idea sthere are enough problems Wlth
a PWFA &ccelerator; éis even more difficult.
Bypass this fog*e collider by using conventional
linacfor e.

AFor this to be attractive financially, conventional
linacmust be low energy =asymmetric energy
machine.

AThis requirement led to (at least for us) unexpectec
directions¢ the moreasymmetricche machine
became, the better!

B. Foster, HK, 01/26



E.E, = s/4 (1)

and

Ee. ok Ep = F}'r\/ga (2)

where £, and E, are the electron and positron energies,
respectively, govern the kinematics. These two equations
link three variables; fixing one therefore determines the
other two. For a given choice of positron and centre-of-
mass energy, the boost becomes

=35 )

AWe thought that the optimum (see later) f&,,, = 250 GeV
Is to pick E= 500 GeV, E 31 GeV, which gives a boost In
the electron direction o~ 2.13.

B. Foster, HK, 01/26
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Power Efficiency

AAsymmetrlc machines less energy efficient than symmetelnergy lost
GAY I OOSTCSBNG (G NM SIK&F f 0dzy OK OKI I
power required for same€.o.M.energy.

ACan be reduced by introducing asymmetry into beam chatgesrease
charge of lowenergy beam and decrease highergys.t. N> = NN,
constant =3_conserved.

APIP, = NEANE)/(N*sqrt(s))

AOptimum is to scale*eharge by sqrt(s)/(2f 1.e. factor ~ 4.

AProducing so many*@roblematicc compromise by scaling by factor 2
(2*e™, 12* ).

AReduces power increase to 1.25. Also reduces bunch charge in PWFA a

B. Foster, HK, 01/26 15



AGeometric emittance of bunch scales with 1/E .

ALowerenergy € beam must have smallérfunction at I.Pc use
b,/ J5=3.3/0.1mmc.f. CLIC 4.0/0.1 mm.

Aln contrast, higkenergy ebeam- b function can be increased,
which could reduce complexity of BDS.

AMore interesting is to increase the @mittance AND reduce the
b function => normalized emittance can be 16 times higher for
the samel. =>increased tolerances in PWFA arm.

ABeambeam focusing effect onmust be simulated with Guinea
Pig.

B. Foster, HK, 01/26 16
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Facility length: ~3.3 km
Turn-around loops

Positron Damping rings (31 GeV e*/drivers)
source (3 GeV) Driver source, .
Interaction point ‘s - RF linac (5 GeV) - ng“n?/% _ Electron
(250 GeV c.0.m.) e (e e ) 53333332 - LR, / source
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RF linac
Beam-delivery system : -
Beam-delivery system Positron transfer line (500 Ge\s; eY) el e
with turn-around loop (31 GeVe) Halages o L Dl e
o e Scale: 500 m
e_
e——— O+
e 0+ BDS
s €- BDS
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AALHF Collaboratio®®HALHF Workshop
a1 RAF € Y S KUOsly B/4/24.
@ DESY 23/10/23. Attendance ~ 3@nysicai+ zoom)
Attendance ~ 50. e

Monday, 23 October 2023, 13:00-22:00 (incl. dinner)

13:00 | 10" | Wim Leemans | Global considerations
HALHF introduction and status
13:10 | 10" | Brian Foster General introduction to HALHF
13:20 | 40" | Carl Lindstrgm Proposed design, recent developments and upgrades
13:50 10" | Richard D’'Arcy Project staging / demo facilities (R&D milestones)
14:10 | 30" | All Open discussion
R&D for HALHF
14:40 | 35’ | Jenny List Physics and detector systems for HALHF
15:15 | 30 Coffee break
15:45 | 60" | Assessment of challenges for the conventional systems
10’ | Nick Walker Introduction
10" | Nick Walker & Steffen Linacs
Doebert
10' | Gudrid Moortgat-Pick Positron source
10" | Spencer Gessner Beam delivery system
20" | All Open discussion
16:45 | 60" | Assessment of challenges for plasma systems
5 Richard D'Arcy Introduction
15" | Erik Adli High beam energy and quality
5’ Kris Pdder Spin polarisation
15" | Richard DArcy High beam power g
20" | All Open discussion 4 / 7 g
17:45 15" fen::‘:::ter'WIm Wrap-up and next steps . . o )
B F( 18:00 Continued discussions (with pizza dinner and drinks) h ttpS . // I n d I CO . Ce r n . C Veve n t/ 1 3 7 O 2 O 1/
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Problems with the original design HAL}F

<

Transverse instability, tolerances are too tight.

Beam ionisation of the higher-order ionisation levels for argon (chosen to avoid ion motion).

Cross-plane emittance mixing (Diederichs et al.): large horizontal emittance leaks into vertical emittance.
Plasma-cell cooling: too much cooling required per length (~90 kW/m).

Radiation reaction at high energy: large induced energy spread (%-level).

Bunch pattern may not be compatible with PWFA: too much temperature increase? Effect on wakefields? Confinement?
Exceeded the Oide limit in the final focusing magnets.

High-energy turn-arounds: too much energy loss to synchrotron radiation.

The required delay chicanes are (transversely) large and costly. Strong bending magnets (SR is problematic).
Combined RF accelerator has too high gradient given its high power.

Required driver bunch length is too short: problematic beam loading in the RF linac (beam current too high).
The instantaneous luminosity is too low

High positron bunch charge: problematic for production and for collisions.

Need polarised beams for physics.

Unknown if we can preserve spin polarization of slectrons in plasma stages and interstages.

19
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FacilityOptimisation

ABEL: The Adaptable Beginrimdend Linac simulation framework

Bayesian optimisation
(adjust machine parameters)

A startto-end simulation framework, using

OpenPMD
] ] | KSy Si It oz ¢! Adaptablesmplementaions
Driver Driver T choose fidelity versus speed for each
source RF linac subsystem
Basic
’"T':’_chng i: (energy gain) Running other codes via wrappers (also
OpeaPMD GLGop submits HPC jobs etc.)
T HIPACE++, WakeT, ImpactX, GUINEAPIG,

ELEGANT, CLICopti
— — 's':;‘;; — —> Luminosity
_ Run simulations as experiments

T run simulations with multiple shots, incl.

______ |, Basic |, Basic |, Basic |, Basic |, Basic ..
(Gaussian) (energy gain) (apply Rss) (demagnify) (geometric luminosity) random J|tter
|, Measured 6D |, 2D nonlinear |, Transfer |, Transfer L+ GUINEA-PIG T perform automated scans (OFiG‘]eI‘)
phase space wakefields++ matrices matrices . . .
T perform parameter optlmlsatlons
— ASTRA “— HiPACE++ — ELEGANT — PLACET — WarpX

(PIC)

a{éeadsy

Now released as open soureRepository https://github.com/abelframework/ABELfusion)

B. Foster, HK, 01/26

T integrated cost modelling

O2RS¢

T machine layouts

00 SNY

e


https://github.com/abel-framework/ABEL

B. Foster, HK, 01/26
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Blow-out simulation
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Self-consistent two-stage
simulation (HIPACE++ and
ImpactX) between 175-190 GeV

Corresponds to the middle
stages of HALHF 250 GeV

Preserves beam quality
(in both PWFA and interstage)

Achieves a deliverable (DEL 2.1)
in the 2020 ESPPU roadmap

Next: Preparing for the full HALHF run
(simulate all 48 stages)

B. Foster-HK, 01/26

190.0 {~
< 187.5
®
£ 185.0
&
£ 182.5
]
c 180.0
[+
(7]
s 177.5
175.0

10%

Beta function (m)

10°

Norm. emittance (mm mrad)

Two-stage simulation .

Fresh

101 .

100

102 4

101 .

100 ]

Chical beam driver
Depleted ih calne i p . dipole I
beam driver ipol
e -0 s
K - S ——
pI aaaaaaa
Plasma Main dipole Nonlinear
celera plasma lens
Staging optics with nonlinear plasma lenses (SPARTA project). /
EI': 10 15 2‘0 25 30 35 4.0
5 10 15 20 25 30 = p
—_— X
— Yy
s (m)

22



AS 0
5y 57

/ Q;z- O
2 7
=
z it
=l %)

John Adams Institute

for Accelerator Science 47 {

1 Towards Full Simulation ()

ABEL: The Adaptable BeginAiokEnd Linac simulation framework

* Source e Plasma stage Interstage
L 1 2 2 2 X 2 X B B N N N N N N B B N N I 2 I I N I I BN BN BN B BEE BN BE B R BN B N

0 200 400 600 800 1000 1200 1400
Location [m]

ce, rms [mm mrad]

> Flat-beam issue (Diederichs et al. 2024)
suppressed with vertically flat driver
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oM R
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[
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=

> lon motion suppresses transverse instability. T R g e e

> Longitudinal self-stabilization from
compression between stages
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> Full simulation (minor simplifications only):

— PIC simulation in stages (HIPACE++) T e @ e e me e 5 W @0 o mo ww mw e 5 @0 @ w0
— Particle tracking in interstages (ELEGANT) ] I

B. Foster, HK, 01/26
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g ) FacllityOptimisation
ABEL The Adaptable Beginrimdend Linac simulation framework

Developed a cost model (integrated into ABEL), accounting for the cost of all collider
Subsystemsdscaled per |l ength (and/ or ¢

Deyning a reasonable optimization metric is non-trivial:

Full Programme Cost = Construction Cost (components and civil engineering)
+ Overheads (design, development, management, inspection, etc.)
+ Integrated Energy Cost (until integrated luminosity reached)
+ Maintenance Cost (over programme duration)
+ Carbon Shadow Cost (construction and operations emissions)

Using Bayesian optimization (and up to 12 key parameters)toyn d mi ni mu m
less than 100 iterations typically sufycient to ynd the global minimum.

B. Foster, HK, 01/26 4
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ABEL: The Adaptable BeginAioi=nd Linac simulation framework
Bayesian optimization of cost — selected parameter variations

14
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10° 2x10° 3x10°  4x10° 6% 10"
Energy asymmetry Mumber of PWFA stages
17.5
(d) —— Full programme cost
B Carbon tax
15.0 B Maintenance cost
: BN Energy cost
3 3 125 : mmm Overhead cost
g n—_n‘ : Bl Controls, protection & safety
z Z 100 BN Infrastructure & services
n ) " .
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s - . )
° 2 75 == Construction (Plasma linac)
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100 101 1 2 3 4 5 6 7 8 9 10
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C. A. Lindstrem et al. “Updated baseline design for HALHF: the hybrid, asymmetric, linear Higgs factory”, Proc. IPAC’25, MOCD1 25
B. Foster, HK, 01/26
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Workshop,
Erice,

3-8 October,§
2024
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HALMF Foster et al., Phys. Open 23, 100261 (2025)
, A Surface-to-underground

transfer line (5% slope)

Driver RF linac Driver source
(4 GeV e, 4 MV/m, 1 GHz) o Damping
Liquid nitrogen plants rings

s (2.5 MW at 77°K) o (3 GeV)

-5}
Eslgﬁtr?e” RF linac Plasma-accelerator linac Helical Pt?a?'g:;n RF linac tr:nosiiefrrolir:\e delﬁ\uf:rl'yb:;;:(;m Dual interaction points del:l)i\ljgll’yb:j;?e-m Cool-copper RF linac
- 7. \" t 1 GV/ lat Ve 2 V c.o.m. 42 GeV e*, 40 MV/m, 3 GHz
(1.6 nC) (3GeV e’) (48 stages, 7.8 GeV per stage, 1 GV/m) undulator (4.8 nC) (3 GeV e") (3 GeV e*) (375 GeV &) (250 GeV c.o.m.) (42 GeV &) ( )

Facility length: ~5 km
Two separate RF linacs (for more flexibility)

L-band (1 GHz) CLIC-like drive-beam linac — 4 MV/m, 4 ns spacing, 8 nC

S-band (8 GHz) cool-copper positron linac (warm-copper backup option) — 40 MV/m (25 MV/m), 16 ns spacing
Drive train compression (for reduced peak power in klystrons)

Introduction of delay loop — 2x (requires phase coding)

Introduce combiner rings — 12x compression of full train, 24x compression of driver stage-trains
Lower energy asymmetry — around 9x between e+ and e-
Positrons:

Fewer positrons — 3x1010 (4.8 nC)

Polarized positron source (helical undulator) — at the end of the PWFA linac
PWFA stages:

More stages: 48 stages

Lower gradient — 1 GV/m

Lower density — 6x1014 cm-3

Higher driver charge — 5x101° (8 nC)

Higher transformer ratio — 7=2
Higher collision rate — 160 bunches per burst @ 100 Hz = 16 kHz (to have similar luminosity to ILC)


https://doi.org/10.1016/j.physo.2025.100261
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