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Abstract

In the framework of the International Muon Collider Col-
laboration, a 3 TeV center-of-mass muon collider ring is
being studied, as well as a possible next stage at 10 TeV. The
decay of high-energy muons represents a great challenge in
terms of heat load management and radiation shielding for
the superconducting magnets of the collider ring. Materi-
als such as tungsten are being considered to shield the cold
bore of the magnets from decay products. The transverse
beam coupling impedance and related beam stability have
been investigated in detail for several vacuum chamber de-
signs to identify the minimum vacuum chamber radius and
transverse damper properties required for stable beams.

INTRODUCTION

Circular muon colliders offer the perspective to reach high
luminosity, multi-TeV center-of-mass (c.0.m) energies, over-
coming the limitations from synchrotron radiation encoun-
tered with electron-positron colliders [1]. The International
Muon Collider Collaboration [2, 3] has been formed to study
a3 TeV c.o.m u*—u~ collider, with the option of a following
10 TeV c.o.m stage.

The collider ring would comprise two interaction points
with instantaneous luminosities of 1.8 x 103 cm™2s~! for
the 3 TeV and 20 x 103 cm™s™! for the 10 TeV stage. To
reach these high luminosities, the main challenge is to coun-
terbalance the decay of the muon beams. With a 10 km long
ring for the 10 TeV collider, the revolution period of a beam
travelling at the speed of light is 33 us, much longer than
the muon lifetime at rest of 7y = 2.2 us. However, thanks to
relativistic time dilation, the muon lifetime in the laboratory
frame 7 increases with the Lorentz factor y as 7 = y1y.

A muon production and acceleration concept, schema-
tized in Fig. 1, was investigated by the US MAP project [4].
After the muon production, a cooling stage reduces the lon-
gitudinal and transverse emittances of the muon beam, then
an acceleration stage provides fast energy increase to the
muon beams to quickly increase their 7y.

Once in the collider, the high-energy, high-intensity muon
beams will be stored for several milliseconds. The electron
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Figure 1: Proposed layout of a muon collider and its muon
production and acceleration stages. Picture from Ref. [5].

and positron created by the muon decay must be intercepted
to avoid excessive radiation damage and heating of the mag-
nets superconducting coils. A first radial scheme of the
10TeV collider magnets, schematized in Fig. 2, proposes
to use a tungsten shield to intercept these decay products
and remove the excess heat [6]. The innermost radius of
the shield should be as small as possible to increase the
available magnetic field in the center, while meeting the
requirements from impedance, vacuum and optics design,
among others [7, 8].
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Figure 2: Radial scheme proposal for the collider magnets.
The shield’s function is to intercept muon decay products and
protect the superconducting coils. Picture courtesy D. Cal-
zolari [6].

The resistive-wall impedance of the 3 TeV and the 10 TeV
colliders have been estimated, with scans on materials and
chamber radius. With these impedance models, stability
simulations were performed, scanning as well the transverse
feedback strength required to stabilize the beam. This will
provide the minimal radius achievable in terms of transverse
coherent beam instabilities as input to the magnet design.
Only the results for the 10 TeV collider will be presented
here, further results on the 3 TeV collider can be found in
Ref. [9].

WEPL: Wednesday Poster Session: WEPL

3554 MC5.D05: Coherent and Incoherent Instabilities Theory, Simulations, Code Developments




14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-WEPL185

3554

MC5.D05: Coherent and Incoherent Instabilities Theory, Simulations, Code Developments

WEPL185

WEPL: Wednesday Poster Session: WEPL

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


14th International Particle Accelerator Conference,Venice, Italy

ISBN: 978-3-95450-231-8

IMPEDANCE MODEL FOR THE
COLLIDER RING

The transverse beam coupling impedance model assumes
a circular chamber with a length equal to the collider cir-
cumference of 10 km. Two different materials are assumed:
tungsten as it is the preferred material for the shield and cop-
per as it is a common material for beam pipe coatings and
has a lower resistivity. Two different temperatures are also
considered: 300 K, corresponding to a water-cooled shield
and 80K, corresponding to a cryogenically-cooled shield.
The last temperature option could be a way to avoid large
temperature gradients between the shield and the magnet
cold bore [10]. The electrical resistivities p. of these differ-
ent materials are listed in Table 1 and machine parameters
for the 10 TeV collider are listed in Table 2.

Table 1: Chamber Materials Resistivities

Copper at 300K 17.9nQm
Copper at 80K 2.35nQm
Tungsten at 300K 54.4nQm
Tungsten at SOK ~ 6.06 nQQm

The code ImpedanceWake2D [11] is used to compute
the impedance model of chambers with a radius ranging
for 10 mm to 40 mm, and for the different materials listed
beforehand. For these simulations, the material thickness
is assumed to be infinite: the skin depth can be expressed
as Oskin = V20 /wio, with w = 27 f the angular frequency
and p the free space permeability (assuming the materials
have a relative permeability u, = 1). With tungsten at 300 K
and the beam revolution frequency, f = 30kHz, dsxin =
1 mm is much smaller than the foreseen shield thickness of
at least 20 mm. With copper at 300 K, 654, ~ 0.4 mm. The
infinite thickness assumed in simulations therefore holds for
both a tungsten shield and a thick copper lining of the beam

pipe.

Table 2: Machine Parameters for the Collider

ISSN: 2673-5490

Circumference Cy [km] 10
Beam energy [TeV] 5
Lorentz factor 47323
Bunch intensity [10'? muons] 1.8
Bunch length 10, [mm)] 1.5
Transverse norm. emittance [umrad] 25
Momentum compaction factor «, -2.0x 1076
Synchrotron tune Qj 2.33x 1073
Average Twiss /3y [m] 85/51
Chromativity Q/Q, 0/0
Number of macroparticles 20000
Number of turns simulated 5000
Number of bunches simulated 1

Transverse damper gain

2 to 500-turn
+ no damper
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In the frequency range of interest (30kHz to c/o, =
200 GHz, with o, the bunch length), the transverse dipolar
impedance is proportional to =3, with  the chamber radius,
and to y/p.. Therefore a small variation of the chamber ra-
dius can have a large impact on the transverse impedance as
can be seen in Fig. 3, where two materials, copper and tung-
sten at 300 K are represented for two radii. The impedance
model generated is used for transverse beam stability studies,
allowing the minimum chamber radius achievable in terms
of impedance to be determined.

10"

—— Tungsten 300 K, 10 mm radius
== Tungsten 300 K, 40 mm radius
Copper 300 K, 10 mm radius
Copper 300 K, 40 mm radius

108

108 =

R(zgP) [Q/m]

04 TTeInee

104 108 108 10" 10"
Frequency [Hz]
Figure 3: Transvese dipolar impedance (real part) versus
frequency for circular chambers in tungsten (blue) or copper
(orange) at 300 K. The two boundaries for the radius scan
are represented, 10 mm (solid line) and 40 mm (dashed line).

TRANSVERSE STABILITY STUDIES WITH
THE COLLIDER IMPEDANCE MODEL

Stability simulations using the impedance models de-
scribed beforehand are performed with the macroparticle
tracking code PYHEADTAIL [12]. The impedance is first
converted to wakefields with an FFT, then a single muon
beam is tracked through the transverse linear one-turn map,
the longitudinal map, the wakefields and the transverse feed-
back system. The longitudinal map assumes that all RF
cavities are lumped in one location, as the synchrotron tune
remains much smaller than 1/x [13]. The transverse feed-
back strength is scanned from a 2-turn to 500-turn gain,
and a case without feedback is also simulated. The beam is
assumed to have no initial transverse offset from the injec-
tion system. Beam parameters used for the simulations are
reported in Table 2.

Because of the muon decay, the bunch intensity will de-
crease over the storage time in the collider ring. At 5 TeV,
y = 47323 and the muon lifetime in the laboratory frame 7
increases to T = y7g = 47323 - 2.2 us = 104 ms, equivalent
to 3121 turns in the 10 km long ring. A PyYHEADTAIL mod-
ule was implemented to account for this effect. Each turn a
number of randomly selected macroparticles are removed
from the simulation according to the muon beam lifetime at
a given energy. This is illustrated in Fig. 4 which compares
the number of macroparticles in a bunch with the turn num-
ber against the decay law N (1) = Ny exp (—t/7), where Ny
is the initial number of particles in the bunch and N(7) the
number of particles at time z.

The transverse emittance of the bunch is monitored and
saved at each turn, allowing the growth ratio &; /& to be com-
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Figure 4: Intensity decay over time for a bunch of 20000
macro-particles carrying a total charge of 1.8 x 10'> muons
at turn 0. The PYHEADTAIL implementation is compared
to the exponential decay law with 7 = 3121 turns.

puted, where &, is the emittance at time 7 and &9 = 25 um rad
is the initial transverse emittance. Figure 5 illustrates the re-
sults obtained for chambers in copper at 300 K. The growth
ratio after 2000 turns is computed for each chamber radius
(horizontal axis) and transverse feedback gain (vertical axis).
When this ratio is equal to one (yellow color), the beam was
stable in simulation. If the growth ratio is larger than 1.2,
the beam is considered unstable.

Damping time [# of turns]
g
Growth ratio

. 2
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Figure 5: Emittance growth ratio versus beam chamber ra-
dius and damping time. An infinite damping time corre-
sponds to simulations without transverse feedback. The
emittance ratio is computed after 2000 turns of simulation.

This analysis is repeated for the different materials, cham-
ber radii and transverse feedback gains. The results are
summarized in Fig. 6 which shows the minimum radius
achievable for each damping time and material (solid lines).
Simulations without the muon decay effect were also per-
formed (dashed lines) to show the benefit of the intensity
reduction caused by muon decay on the minimum radius
achievable.

Low-resistivity materials such as copper at 300K or
cryogenically-cooled materials allow tighter radii to be
reached for a given transverse feedback setting. A chamber
radius below 20 mm can be achieved with copper at 300 K
as the innermost layer of the vacuum chamber, and with
feedback settings in the 100-turn range. Using directly the
tungsten shield as the innermost layer would however re-
quire a strong damper to reach chamber radii below 20 mm.
Cryogenically-cooled materials offer the best performance in
terms of impedance but their implementation as a shielding
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material would be more difficult and the required cooling
power larger than a solution at 300 K.

40 -
Copper at 80 K
Copper at 300 K
Tungsten at 80 K
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—*— Copper at 80 K, with muon decay
Copper at 300 K, with muon decay
—— Tungsten at 80 K, with muon decay
—<— Tungsten at 300 K, with muon decay

w
&

w
S

e

~ ~
S &

Minimum chamber radius [mm]

2 5 10 50 100 200 500 inf
Damping time [# of turns]

Figure 6: Minimum chamber radius allowed to keep emit-
tance growth below 20 % after 300 turns versus damping
time. Radius below 10 mm were not studied.

CONCLUSION

The muon decay in the collider ring requires a heavy
shield surrounding the beam to intercept the decay products
before they reach the superconducting magnet coils. To reach
the maximum magnetic field in the center of the vacuum
chamber while keeping a reasonable magnet size, the magnet
aperture must be as small as possible. Transverse beam
instabilities become a concern as the vacuum chamber radius
decreases, and have therefore been studied for the 10 TeV
collider.

Impedance models assuming copper or tungsten chambers
at 300K or 80 K were created for a range of chamber radii
between 10 mm and 40 mm. With these impedance models,
tracking simulations were performed with PYHEADTAIL
to find the stability limits versus the chamber radius and the
transverse feedback gain. The muon decay effect was also
implemented in the tracking code, showing the beneficial
effect on transverse beam stability of the beam intensity loss
over time.

A chamber radius below 20 mm requires using either
lower resistivity materials such as copper at 300K or
cryogenically-cooled materials, or a strong transverse feed-
back setting if tungsten is directly used as the innermost
material for the vacuum chamber.

A refined impedance model for the collider vacuum cham-
ber is now being developed, assuming a copper coating on
tungsten to better reflect the design constraints. Additional
mitigation measures such as a slightly positive chromaticity
could also be considered. The two beam impedance and
stability, as well as the effect of an initial transverse offset
created by the injection process will also be studied in the
future.
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