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Plasma acceleration for increased gradient
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Many promising developments in plasma acceleration 2 hour stability laser plasma aceelerator
over the past few years:

P| aaaaaa || ............... | SRR
a
| 1 | I \ I I I
‘ n C re ased Sta b I ‘ Ity (I\/l al e r et al . P RX) Plasma cell extracted (incoming beam): €, = 2.85 + 0.07 mm-mrad
T20¢r Plasma cell inserted (outgoing beam): ¢ = 2.80 =+ 0.09 mm-mrad 4 160
= Evolution throughout the plasma cell (PIC simulation)
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FEL application (Wang et al., Pompili et al. Nature)
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High rep rate (D’Arcy et al. Nature) =

Beam-quality preservation (Lindstrom et al.) - | =

-50 0 50 100

High energy efficiency, e- driven (Litos et al., Pena et al.) rona e

Emittance, energy-spread and charge preservation
Source: Lindstrom et al., Nat. Commun. 15, 6097 (2024)
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https://www.nature.com/articles/s41467-024-50320-1
https://doi.org/10.1103/PhysRevX.10.031039

Positron acceleration in plasma

Plasmas are charge asymmetric

No “blowout regime” for et

Positron acceleration has been
demonstrated experimentally.

However, luminosity per power
still orders of magnitude below
RF and e~ PWFA.

Main challenge: Electron motion
(equivalent to ion motion for e+,
but plasma electrons are lighter)
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Recent review:

Beam density (5.0 X 10'® cm~3)
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Conventional technology (CLIC)
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e~ nonlinear
simulation (1.5 TeV)

lon-motion limit for
flat e~ bunch at 1 TeV (argon)

Finite-radius channel,
warm (1.1 GeV)
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https://doi.org/10.1103/PhysRevAccelBeams.27.034801

The HALHF concept
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An asymmetric collider: can it work?

The more asymmetric, the better

Symmetric energies e More compact (PWFA for high-energy e-)

u'=t . Less energy efficient (boosts products)
4 " \

Asymmetric energies Improved energy efficiency

\» 0.25x U'=t . . dx (less charge at high energy)
v/ \
et
\> 2X g
et

Asymmetric charges
Improved tolerances for PWFA \»
(Same geometric emittance at higher

energy = higher normalised emittance)

€
‘ 0.5x \

Asymmetric emittances €
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HALHF: a hybrid, asymmetric collider concept

Solving the plasma positron problem by accelerating positron with RF linacs.

Facility length: ~3.3 km
Turn-around loops

Positron Damping rings (31 GeV e*/drivers)
source (3 GeV) Driver source, | -
Interaction point < > RF linac (5 GeV) RFV“”?/C | ~ Electron
(250 GeV c.o.m.) e* $3333333] (531 GeV e/drivers) y  source
S =N 555 555 5 5 5 5 e
I A R R R R R R R R R R R R R R R R R R R R R R R R R R R R RonSoSoototoSote ol l i ]
=S RF linac
- - Beam-delivery system Plasma-accelerator linac 5 GeV e
' Beam-deliverv svstem Positron transfer line g (5 GeV e7)
eda elivery sysie (500 GeV e ) (16 ¢ 39 GeV per st )
with turn-around loop (31 GeV e7) S1ages, ~o= eV per stage
(31 GeVer) Scale: 500 m
Source:

Original HALHF proposal includes a combined RF linac for positrons and e~ drivers.

Length dominated by the beam-delivery system. Cost dominated by the RF linac.
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https://doi.org/10.1088/1367-2630/acf395

A collider on a “national” scale

0~ Sharon Heights -~~~ gaANDHWL-TT

Laboratory

Overall footprint: 3—5 km (TBD): Fits in most major particle-physics laboratories

Construction cost estimate around €2-4B (TBD) — national, not international scale.
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Recent progress
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Challenges in the original design: a “laundry list”

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 electrons in plasma stages and interstages.
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A delicate balance of three worlds

“Here’s an idea” “Dream on”

Physics and \

detectors

Conventional
accelerators

. \ “Oh, actually...”

“Maybe not...”

Initial proposal Plasma
(NJP 2023) accelerators
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HALHF Workshop

Oslo, 4-5 April 2024
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L' 2 HALHF Worksho

ttore Majorana Centre, Erice, Sicily

e R OO

You are very welcome to join
the HALHF Collaboration!
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Toward an updated baseline

HALHF

Delay Driver RF linac Driver source
(4 GeV e, 4 MV/m, 1 GHz) (8 nC) Beam-delivery system Beam-delivery system Liquid nitrogen plants

(375 GeV e") (42 GeV eY) 0 (2.5 MW at 77°K)

Combiner
rings (12x)

| [€CLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLCLLLLLECA D
=

Electron RF linac Plasma-accelerator linac Helical Ptositrc?(n RF linac Positron transfer line Interaction point Cool-copper RF linac Damping rings
(?Og"ncg) (3GeVe) (48 stages, 7.8 GeV per stage, 1 GV/m)  undulator (4aégnec) (3 GeV e*) (3 GeV e*) (250 GeV c.0.m.) (42 GeV e*, 40 MV/m, 3 GHz) (38 GeV)

Facility length: ~5 km

Main changes in the updated baseline (to be confirmed):

Lower-density plasma acceleration (lower gradient, improved tolerances)

Separate RF linacs for PWFA drivers (high current, low gradient) and positrons (low current,
high gradient):
_-band driver linac (CLIC-like) + S-band positron linac (warm or cool copper).

Combiner ring to decrease current in the (high-power) driver linac.

Polarised electrons and positrons (ILC-like helical undulator source).
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Toward a self-consistent plasma linac

. —r T ope  Hom -
Multi-stage PWFA linac (here 33 stages) . . = A e
Nonlinear plasma-lens optics for stage T i
coupling (SPARTA project, ERC)

Flat-beam issue (Diederichs et al. 2024) ”

suppressed with vertically flat driver

lon motion suppresses transverse instability. 7 b I [

Longitudinal self-stabilization from L =

compression between stages - S e
. . . . - . 5 = o £V | .

Full simulation (minor simplifications only): : “WWM L

— PIC simulation in stages (HIPACE++)

— Particle tracking in interstages (ELEGANT) el T T e

Preliminary start-to-end simulations
Source: B. Chen (University of Oslo)
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oward a self-consistent plasma linac

Using 100 nm rms driver offset jitter (similar to state-of-the-art
Final emittance around 0.5x34 mm mrad: very close to requirement for HALHF

Synchronisation tolerance around 10 fs rms (similar to state-of-the-art
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A polarised

positron source
for HALHF

ITY HALEF 16 Dec 2024 | Carl A. Lindstrem | AHIPS



Positron requirements

(pol. upgrade) (125-400 MeV)
aux. source (500 MeV) Target |

l‘@"\ l I Flux concentrator %
g

Higher bunCh Charge: eeeee ! SC helical undulator E photon
~4.8 nC per e+ bunch (1.5x ILC) e,

Higher overall number required as in the [LC luminosity upgrade:
4.8x1014 et/s iIn HALHF compared to 2.6x1014 e+/s in ILC upgrade
Different train structure to ILC (shorter if CLIC-like RF linacs, longer if CW);

160 pulses in ~2.6 pys at ~100 Hz rep rate (compared 1000s on a ms-timescale at [LC)

SCRF booster
(0.4-5 GeV)

t

e- dump
DD 150-250 GeV
e- beam to BDS

The electron beam is lower: 1.6 nC per e— bunch (50% of |LC)
Requires higher positron yield (3—-4 et per e-, compared to 1-1.5 et per e in ILC)
The electron beam is 3x higher energy: ~375 GeV (compared to ~125 GeV in |LC)

Requires changes in the helical undulator
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Previous studies of a positron source at 500 GeV

Yield [e"/e]

Assuming the ILC undulator (K=0.92, A=11,5 mm).
Source: Ushakov et al. (2013)
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Possible new undulator setup
Source: Ushakov et al. (2013)

Aperture radius
of collimator

Not ideal to use ILC undulator (K = 0.92, A = 11.5 mm): Low polarization at 500 GeV

Instead use new setup: higher K = 2.5, period A = 43 mm

Can achieve ~55% polarization, higher vield.

Larger y-ray spot: May be more challenging to capture the positrons.
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https://arxiv.org/pdf/1301.1222

Conclusion
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Conclusion

HALFF

HALHF: a plasma-based collider concept that
sidesteps the “positron problem” in PWFA

Collaboration formed—several very productive workshops
Much recent progress toward a self-consistent and credible design.

Working toward an updated baseline by March 2025 (ESPP input deadline).
Polarized positron source likely required:

Changes required wrt. ILC polarised positron source, but currently seems feasible.

Driver RF linac Driver source
(4 GeV e, 4 MV/m, 1 GHz) (8 nC) Beam-delivery system Beam-delivery system Liquid nitrogen plants
(375 GeV e) (42 GeV eY) . (2.5 MW at 77°K)

((((((((((((((((((((((((((((((((((((((((((4 e

Electron RF linac Plasma-accelerator linac Helical ; | : RF linac Positron transfer line Interaction point Cool-copper RF linac Damping rings
(joé’:fg) (3GeVe) (48 stages, 7.8 GeV per stage, 1 GV/m)  undulator : 43229;0) (3 GeV e*) (3 GeV e*) (250 GeV c.0.m.) (42 GeV e*, 40 MV/m, 3 GHz) (3 GeV)
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