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Abstract

The cooling process is one of the most critical challenges
for the future Muon Collider, as muons are initially produced
with a very large emittance that must be significantly reduced
before acceleration. This cooling must occur rapidly, well
within the muon lifetime. At low energies, collective effects
such as space charge and intrabeam scattering can strongly
influence emittance growth and must therefore be considered
in the lattice design, which is currently under development.
This work presents studies of space charge and intrabeam
scattering effects within the first three cells of the latest Muon
Collider final cooling lattice design, evaluating their impact
on emittance growth using the tracking code RF-Track.

INTRODUCTION

The Muon Collider is a leading candidate for a future
high-energy lepton collider [1]. Owing to the large muon
mass, synchrotron radiation is strongly suppressed, enabling
a compact multi-TeV circular design. However, the short
muon lifetime imposes strict constraints on beam manipula-
tion and acceleration.

Muons are produced as tertiary particles frond proton—tars
get interactions, followed by pion,decay, resulting in beams
with large emittances. Thetefore, emittance,reductionds
required to achieve the target luminosity. Since mostof the
conventiondl cooling techniques,are incompatible 'with the
muon lifetime, ionization cooling,is adopted [2]. In this
method, muons loose momentum‘in low-Z absorbers (in this
specific design, liquid hydrogen), while RF cavities restore
the longitudinal component. High-field solenoids provide
strong ‘transversedocusing to mitigate multiple Coulomb
scatteringand enable net transverse cooling. The present
work addresses the first three cells of the final cooling stage.

In the final cooling stage, the muon kinetic energy de-
creases from approximately 120 MeV to about 10 MeV in
the last cells. Under these conditions, space charge (SC)
and intrabeam scattering (IBS) are expected to play a signif-
icant role along the entire channel, with increasing impact
at lower energies. These collective effects can drive emit-
tance growth and may ultimately limit the achievable cooling
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performance. A quantitative evaluation of their impact is
therefore required and constitutes,the. main objective of this
study.

Collective effects may induce modifications of the beain
phase space, including ttansverse emittance gtowth, bunch
lengthening, and an increase in energy spread. Since the
lattice was originally designed without accounting for these
effects, a re-matching of the optical parameters may be re-
quired to preserve the intended cooling performance. In this
contextgthe present study focuses on the first three cells of
the channel, where the onset of such effects is expected and
whereearly deviationsfrom, the nominal matching condi-
tions'can already be identified.

Simulations have been performed using RF-Track [3], a
tracking code developed at CERN. The code allows self-
consistentimodeling of SC, multiple Coulomb scattering in
matter (importantfor the absorbers), wakefields, beam load-
ing, modeling of non-ultrarelativistic muons and muon decay
within a time-integration framework that supports overlap-
ping elements, such as absorbers embedded in solenoids. In
addition, it was recenly equipped with a novel methodology
to simulate IBS [4], making RF-Track a very suitable tool
for the simulation of the final cooling channel.

Thelattice considered in this study corresponds to one of
the latest'baseline design [5], which is described in detail
in the next section. Alternative final cooling concepts have
also been proposed at CERN, including machine-learning-
optimized lattices [6,7].

More recently, within the framework of the European
Strategy for Particle Physics Update [1], an alternative de-
sign for the final cooling channel has been introduced [8].
Preliminary investigations of space charge (SC) effects for
this scheme have been performed using Geant4Beamline [9],

Table 1: Muon Beam Characterization at the Entrance of
the Final Cooling Section

Particle +
Number of muons 5.3-10!2
Kinetic energy (MeV) 123.61
Norm. trans. emittance €, (mm- mrad) 299.48
Long. emittance ¢ (eV- ms) 0.5244
Bunch length o, (mm/c) 29.14
Energy spread o (MeV) 5.3948
Number of macroparticles 10000
Number of cells (SC and IBS algorithms) 32 x 32 x 32
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Figure 1: First three cells of the final cooling lattice [5]. Top:
lattice layout (absorbers in red, RF cavities in blue, solenoids

in grey). Middle: kinetic energy evolution. Bottom: longi-
tudinal magnetic field profile.

following recent developments enabling SC modeling in this
code, which has been used for lattice design studies in both
configurations.

All current designs remain subject to ongoing revision.
In particular, collective effects have not yet been fully incor-
porated into the design optimization, and the achiévement
of the required solenoidal magnetic fields relies on further
developments in high-temperature superconducting (HTS)
technology.

SIMULATION SETUP

The initial muon beam patameters used in this study are
summarized infTable,1¢ These values correspondito the
expected béam propertiesiat the end of the 6D cooling stage,
as definéd in [1], i.e.,"immediately upstream of the final
coolifig section.

The cooling lattice is based on the'design reported in [5],
and consists of highfield solenoids, low-Z absorbers, and
RF cavities. A field-flip solenoid configuration is employed
to optimize the final transverse emittance [2].

A scheme of the first three cells of the Final Cooling (i.e.
the lattice in this work)itogether with the magnetic field pro-
file and kinetic energy evolution, is shown in Fig. 1. It can
be seen that the beam dynamics along the lattice follows the
ionization cooling scheme described in the introduction. The
kinetic energy evolution reflects the alternating energy loss
in the absorbers and re-acceleration in some of the RF cavi-
ties. Finally, Fig. 1 shows the required solenoidal magnetic
field, reaching values of up to 40 T. Such fields, combined
with the large apertures required for the beam, exceed the
capabilities of present magnet technology and rely on further
developments in high-temperature superconducting (HTS)
conductors.
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Figure 2¢ Transverse normalized emittance along the lattice.

RESULTS

The firSt three cells of the final'cooling have been sim-
ulated with RF-Track, fisstly without'any collective effect,
latef with SC and finally with SC and IBS together. The
muon decay has been taken into account.

The first task was to analyze the emittance growth due
to SChand IBS. as it is the most important parameter to be
controlled during the cooling. The emittances have been
calculated using'a 3¢ cut. Figure 2 shows that, by the end
of the third cell, space charge (SC) increases the final 4D
normalized emittance by approximately 14%. In addition,
SC induces a mismatch between the first two absorbers,
indicating that the lattice matching conditions are already
violated at an early stage of the channel.

Finally, small irregularities in the emittance evolution are
observed even in the absence of SC and IBS (see Fig. 2).
These effects may partly arise from the use of projected emit-
tances, which are sensitive to distortions of the full 6D phase-
space distribution. In the present lattice, the combination of
strong short solenoids, RF cavities, and absorbers introduces
momentum-dependent transport, nonlinear fringe-field ef-
fects, and stochastic scattering, all of which can perturb the
projected phase-space distribution and produce small fluctu-
ations in the calculated emittances. Alternatively, part of the
observed irregularity may result from finite macro-particle
statistics (see Table 1). A significantly stronger impact is
observed in the longitudinal plane, where SC results in an
increase of about 48% in the longitudinal emittance, as it
can be seen in Fig. 3. This pronounced degradation mo-
tivates a more detailed analysis of the longitudinal phase
space evolution.

Key parameters of the longitudinal emittance (the bunch
length and the energy spread) have been further investigated.
In particular, a significant increase in energy spread would
require a re-optimization of the RF cavities, with potential
impact on the overall lattice design. These results are sum-
marized in Fig. 4, which compares the beam parameters at
the end of each of the three cells with SC and IBS, with only
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Figure 3: Longitudinal emittance along the lattice.
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Figure 4: Bunch length (above) and enefgy spread (below)
along the lattice.

SC and without any of the effeets. Figure 4 shows that SC
leads to a significant increase in the bunch length, which
is likely the main driver of\the observed growth,in longitu-
dinal emittance, as shown in Fig. 3. Regarding the energy
spread, while the SC'effect is comparatively reduced at the
end ofdhe third cell, a pronounced effect is observed in the
first‘eell. This behavior suggests the possible presence of an
early-stage mismatch, #hich should be funther investigated
in relation'to the lattice matching conditions, even if later is
smoothed.

As in Fig. 3, in Fig. 4 the curves including SC and SC
together with IBS ¢€an barely be distinguished, allowing to
conclude that the effectiof IBS in these first three cells is still
not relevant, but not'discarding its possible importance in
the next cells.

The effect of collective effects in the kinetic energy along
the lattice was also analyzed, but their effect was negligible,
obtaining a kinetic energy almost identical to the one without
collective effects that could be seen in Fig. 1. In addition,
the beam transmission was also studied, showing that the
collective effects only made it a 0.2% lower. However, local
mismatches may still develop in the following cells, poten-
tially leading to increased particle losses. For this reason,
a re-optimization of the lattice matching is recommended,

even though no significant degradation of transmission is
observed at this stage.

CONCLUSIONS AND FUTURE WORK

The present study has investigated the impact of Space-
Charge and Intrabeam Scattering in the initial section of the
final cooling channel. The results indicate a non-negligible
increase in the emittances in both transverse and longitudinal
planes already in the first cells due to S€, which motivates a
more systematic analysis along the full channel.

As a first extension, future work will consider the entire
final cooling section, including the.remaining seven cells.
As the beam energy decrease§ along the channel, both SC
and IBS are expected to become increasingly relevant. At
the same time, variationsjin beam intensity-along the cooling
process will also modify the relative strength of these effects,
and therefore need to be consistently taken intoaccount. It
is also proposedito study the effectiof other collective effects
such as the presence of wakefields and beam loading.

Further studies will,focus on possible,coupling between
the horizontal and vertical planes, as well as on the origin
of the'emittance peaks obsexrved in the evolution of the 4D
emittance. In particular, the influence of the statistical cut
applied in the beam distribution will be reassessed, including
alternative ‘definitions of the truncation procedure.

The results‘also suggest that space charge may introduce
lattice mismatches, especially in the early stages of the chan-
nel. A dedicated re-optimization of the lattice including
Space-Charge and Intrabeam Scattering effects is therefore
recommended. In this context, a global optimisation of the
cooling channel that consistently includes both SC and IBS
represents a natural continuation of this work.

Givenythe strong impact of space charge already observed
in the first eell, it is also relevant to extend the analysis to the
previous 6D cooling stages, where the beam energy is lower
and collective effects may be enhanced. In addition, the
subsequent early-acceleration stage foreseen in a short linac
could also be affected, and the present simulation framework
could be directly applied to study this regime.
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