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Abstract

Plasma-wakefield acceleration offers a promising path
towards a next-generation collider, but poses significant
beam-delivery challenges. We present initial designs for
final-focusing systems capable of transporting beams from
the plasma-based-collider concepts, ALiVE and HALHF,
each with distinct beam dynamics constraints. For ALiVE,
where the beams are intrinsically round, we demonstrate an
increase in Lq,/ Lsor from 3.6% to 27%, and explore ultra-
compact FFS configurations reflecting the potential for sig-
nificantly reduced collider lengths. For HALHF, where the
beams feature large horizontal emittance to alleviate the bur-
den on the plasma linac, we show that a global chromaticity-
correction scheme reduces aberrations to within 20% of
the design beam size at 375 GeV, and identify synchrotron
radiation as the dominant limitation at higher energies.

INTRODUCTION

ALIVE [1] aims to deliver low-emittance beams using a
highly relativistic, short proton driver to generate wakefields
in the strongly nonlinear blowout regime. The beams gener-
ated in this scheme, with parameters given in Table 1, feature
an intrinsically round transverse profile, leading to enhanced
disruption and relatively few collisions occuring within 1%
of the nominal energy due to strong beamstrahlung radiation.
HALHEF [2] proposes an electron-driven plasma-wakefield
arm for electron acceleration and an RF linac for positron
acceleration, bypassing the inherent difficulties associated
with plasma-based positron acceleration. The beams gen-
erated in this regime are flat, with the horizontal emittance
much greater than the vertical, with parameters given in Ta-
ble 1 [3], and are therefore not dominated by beamstrahlung
effects. However, the HALHF beams exhibit a large emit-
tance, leading to considerable beam size growth due to trans-
port aberrations in the CLIC final focus system (FFS) [4, 5].
FFS configurations based on the CLIC and traditional FFS
schemes [6] are presented, addressing the challenges associ-
ated with plasma-based acceleration.

ALIVE FINAL FOCUS SYSTEM

ALiVE beams were tracked in a CLIC FFS using
PLACET, with the resulting beam distributions used to
compute the luminosity using GUINEA-PIG [7-9]. Total
and peak luminosities of L;,; = 14.1 X 10**cm~2s~! and
L9, = 0.37 x 103* cm~2s~! were found, corresponding to

a relative fraction of the luminosity within the 1% energy
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Table 1: Plasma Wakefield Beam Parameters For The Proton-
Driven ALiVE And Electron-Driven HALHF Designs

Parameter ALIiVE HALHF
Centre-of-mass energy [GeV] 250 250
Particles per bunch [x10'] 2 1

e~ bunch length [um] 105 150
e* bunch length [um] 75 150
B at IP [mm] 13 3.3
By at IP [mm] 0.41 0.1
Norm. horizontal e~ emittance [nm] 100 90 000
Norm. vertical e~ emittance [nm] 100 320
Norm. horizontal et emittance [nm] 400 10000
Norm. vertical e* emittance [nm] 400 35
Bunch frequency [kHz] 7.2 16
Energy spread RMS [%] 0.10 0.15
Total luminosity [103* cm™2s7!] 9.3 1.2
Luminosity in top 1% [103* cm=2s71) 0.34 0.76

peak of Lig,/ Lo = 2.5% due to beamstrahlung effects.
For a typical collider, an L9,/ L;,; greater than 30% should
be expected in order to minimize background radiation and
maximize the signal-to-noise ratio at the detector. It is there-
fore necessary to flatten the round ALiVE beam via the
optical beta functions B} and S} in the FFS to maximize the
Lygo/ Lo ratio.

The beta functions of a CLIC FFS were scanned by match-
ing the FES quadrupole strengths using MADX [10]. Fig-
ure 1 shows the total and peak luminosities as functions of 5},
and S}, demonstrating a linear reduction in beamstrahlung
radiation due to beam flattening. A peak luminosity of
0.42x10** cm~2s~! is found when Bx/By = 80/0.11 mm,
corresponding to 27% of collisions within 1% of the nomi-
nal energy. However, the total luminosity is degraded due
to large S5, enhanced synchrotron radiation from the Oide
effect, and vertical aberrations induced by 3}, squeezing [11].
Figure 2 shows the layout and linear optics of the FFS, with
length Lrps = 550 m and final drift length L* = 6 m.

Higher-order beam sizes were calculated semi-analytically
using MAPCLASS [12-14], and were subsequently mini-
mized using the higher-order multipoles in the FFS to re-
duce aberrations. Figure 3 shows good performance for
the electron beam with RMS beam sizes of 0y .- /07y - =
183/10 nm at the interaction point (IP). However, due to a
factor 4 larger positron emittance, the aberrations lead to
enhanced beam size growth resulting in positron RMS beam
sizes of oy ¢+ /07y o+ = 428/71 nm at the IP.

Exploratory studies assessed the performance of ultra-low
B*, ultra-short final focus systems for ALiVE, consistent
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Figure 1: Relative fraction of the luminosity in the 1% energy
peak (top) and absolute luminosity in the 1% energy peak
(bottom), as functions of the optical beta functions 3, and

By at the interaction point.
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Figure 2: 550 m FFS linear optics (bottom) with lattice
survey (top) including quadrupoles (red), dipoles (blue),
sextupoles (purple), octupoles and decapoles (light purple).

The IP is located at s=0 m.
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Figure 3: Aberrations up to the fifth-order, normalised to
the first-order beam size, computed semi-analytically using
MAPCLASS for the ALiVE electron and positron beams.

with the compact design objectives of plasma wakefield ac-
celeration, but neglecting current magnet design limitations.
Figure 4 shows the linear optics for an ultra-low S5 system
with Lprs = 64 m, L* = 0.5 m, and ﬁ;/ﬁ*y‘ = 60/0.02 mm,

delivering total and peak luminosities of 0.85x103* cm
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and 0.37x10%* cm™2s~!, respectively. With L,/ Lso; of
449, this system offers the best signal-to-noise ratio, but
does so with considerably lower absolute luminosities.
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Figure 4: 64 m FFS linear optics (bottom) with lattice survey
(top) including quadrupoles (red), dipoles (blue), sextupoles
(purple), octupoles and decapoles (light purple). The IP is
located at s=64 m.

An alternative configuration in which g} is further
squeezed was also explored, where Lrrs = 45 m, L* =
0.35 m, and B/B7 = 1.6/0.03 mm, yielding total and peak
luminosities of 14x103* cm™2s~! and 0.32x10** cm 257!,
respectively. While this system features an Lq,/L;,; of
only 2%, it offers an ultra-compact FFS with performance
on the level of the ALiVE design targets. A comparison
between all of the ALiVE designs is presented in Table 2.

Table 2: Exploratory FFS Designs For The ALiVE Project

Parameter ALiVE! ALiVE? ALiVE3
Lgps [m] 550 45 64
L* [m] 6 0.35 0.5
B:/B; [mm] 80/0.11 1.6/0.03 60/0.02
e” oy/y atIP [nm] 183/ 10 26/4 187/3
e* oy atIP [nm] 428 /71 68/13 345/8
Lot [10°* cm™2 571 1.6 14 0.85
L1 [103* em™2 571 0.43 0.32 0.37
Ligo/ Lot [%] 27 23 44
Ap/p [%] 0.17 0.17 0.17
HALHF

Evaluation of higher-order beam sizes using the CLIC FFS
with HALHF emittances shows substantial beam-size growth
from geometric aberrations. Mitigation required replacing
the compact CLIC FFS with a traditional chromaticity cor-
rection scheme. The resulting linear optics for an e~ beam
with energy of 375 GeV, Lrps = 1500 m, and L* = 2.2 m,
are shown in Fig. 5, with 8% /B = 8.8/0.09 mm.

Achieving beam sizes near HALHF targets requires reduc-
ing the emittances to 0.33€, and 0.7¢,. Aberrations were
minimized up to the fifth order, yielding beam sizes within
20% of the design for the reduced-emittance beam as shown
in Fig. 6. Synchrotron radiation from the Oide effect was
mitigated by increasing the QF1 length to 8.8 m with pro-
portionally reduced strength, while QDO remains at 5.3 m.
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Figure 5: Traditional FFS used for HALHF. Linear optics
(bottom) with lattice survey (top) including quadrupoles
(red), dipoles (blue) and sextupoles (purple) are shown.
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Figure 6: Semi-analytic evaluation of higher-order beam
size effects using MAPCLASS, including aberrations up to
the 5th order and synchrotron-radiation-induced growth for
the 375 GeV electron beam with optimised QF1.

The resulting RMS beam size contribution is adequately
suppressed as shown in Fig. 6. However, the performance
of this system is significantly reduced with increasing beam
energy due to synchrotron radiation from the FES dipoles,
as shown in Fig. 7. Improvements to the traditional FFS
design and other compact FFS designs should be explored
to reduce the FFS length and improve beam sizes at higher
energies.

CONCLUSION

We have presented final-focusing-system designs for
plasma-based colliders, addressing the beam-delivery chal-
lenges of ALiVE and HALHFE. For ALiVE, round beams
induce beamstrahlung radiation, reducing the fraction of
luminosity within the 1% energy peak. These effects were
mitigated by beam flattening via the optical beta functions
B and B. A local chromaticity correction FFS based on
the CLIC design, with a length of 550 m, L* = 6 m, and
Bx/B5 = 80/0.11 mm, yields total and peak luminosities of
1.56 x 10** cm™2s~! and 0.42 x 103 cm™2s~!, respectively.
In this configuration, 27% of collisions occur within 1% of
the design energy, compared to 3.6% in the ALiVE proposal.
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Figure 7: Optimized RMS beam sizes as a function of the
electron beam energy with HALHF design parameters.

Ultra-compact alternatives were investigated, with one
design prioritizing the fraction of luminosity within the 1%
peak, achieving L4,/ L;o; = 44% with an FFS length of
65 mand L* = 0.5 m. A second configuration prioritizes to-
tal luminosity and compactness, reaching 14 x 103* cm=2s~!
with an FFS length of 45 m and L* = 0.35 m.

For HALHEF, a traditional chromaticity-correction FFS
scheme reduced aberrations, achieving beam sizes within
20% of the design values at 375 GeV. However, this required
reductions of 70% in the horizontal emittance and 30% in the
vertical emittance, indicating that a reduction in the design
emittance may be necessary. Further work should be carried
out, with emphasis on mitigating the impact of synchrotron
radiation at higher energy, such that a reasonable solution
with a compact FFS can be found.
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