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Abstract

The design parameters of the FCC-ee foresee operation
with a total stored energy of up to about 20 MJ per beam,
exceeding those of previous lepton colliders by almost two
orders of magnitude. Given the inherent damage potential, a
halo collimation system is studied to limit backgrounds and
protect the machine hardware, in particular superconducting
equipment such as the final focus quadrupoles, from sudden
losses. The different constraints that led to dedicating one
straight section to collimation will be outlined. In addition,
a preliminary layout and optics for a collimation insertion
are presented.

INTRODUCTION

The first stage of the Future Circular Collider (FCC) inte-
grated program, the FCC-ee [1], is a proposed double-ring
e*e” collider with a circumference of about 91 km. Four op-
eration modes are foreseen, with beam energies of 45.6 GeV,
80GeV, 120GeV, and 182.5 GeV, referred to as Z, WW,
ZH, and tf running. At 45.6 GeV, the beam current reaches
1.4 A, whereas only 6.4 mA are stored at 182.5 GeV.
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Figure 1: Comparison of stored beam energy between FCC-
ee, LEP2, PEP-1I, HERA, and SuperKEKB.

In Fig. 1, the stored beam energy for the different FCC-ee
modes is compared to other lepton colliders [2-5]. The
stored beam energy of about 20 MJ per beam at the Z-
operation mode exceeds those of present and past e*e™ col-
liders by about two orders of magnitude. The energy stored
in either FCC-ee beam is still a factor ~ 20 lower than the
energy contained in each of the two proton beams of the
Large Hadron Collider (LHC), which is being successfully
handled by a multi-stage collimation system. The stored
beam energy of the FCC-ee is similar to the one expected for
lead ion operation at the High Luminosity LHC [6,7]. Given
the damage potential in case of beam loss, as is illustrated
by incidents at SuperKEKB [8], a dedicated two-stage halo
collimation system will be installed in the FCC-ee, profiting
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from the experience of the LHC collimation design. The
purposes of the FCC-ee collimation are to limit the detector
background and to protect sensitive equipment from beam
loss induced damage or quench, e.g., the superconducting
final-focus quadrupoles.

FCC-ee DESIGN

Since the publication of the FCC-ee conceptual design
report [1], the design has undergone several changes. Those
with implications on collimation are most notably, the cir-
cumference reduction from 98 km to 91 km motivated by a
more favourable placement of the surface sites [9]. While
the previous tunnel layout featured only a left/right symme-
try, the new layout features a four-fold periodicity, a con-
figuration providing the option to have either two or four
interaction points (IP). Figure 2 shows the new 4-IP layout.

IPA
(Exp.)

IPD
Lsss=1.4 km ¥ (Exp.)

Figure 2: Assumed layout of the FCC-ee.

A final decision on the actual number of IPs will be taken
at a much later moment in time. Here, we consider only the
optics with 4 IPs and, correspondingly, 4 low-beta insertions.
Two arc optics configurations will be used in FCC-ee, one
for the two lower energy operation modes Z and WW, and
another for the modes ZH and 7. This change is necessary to
achieve the target horizontal emittance at the higher energy
modes, while keeping a large momentum compaction «, at
the low energy modes [10]. For the most recent layout [11],
the phase advance over the FODO cell will be 90°/90° in
all cases, with a variable cell length. In the lower energy
modes, the cell will be twice as long compared to the high
energy modes. The different arc layouts and the resulting
optics are illustrated in Fig. 3.

The studies reported in the following focus on the Z and ¢7
modes of operation, which correspond to the highest beam
current and the largest energy loss from synchrotron radia-
tion, respectively.

APERTURE MODEL

The collimation design requires a detailed aperture model
around the ring, allowing to identify loss locations and bot-
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Figure 3: Comparison of the half-cells in both lattices.

tlenecks. Recently, the aperture model for the FCC-ee was
completed and first studies to identify the aperture and mo-
mentum bottlenecks were conducted [12]. For most parts
of the machine, the aperture is modelled as a circular beam
pipe with a radius of 35 mm. While the FCC-ee beam screen
design features winglets in the horizontal plane, this conser-
vative circular approximation is used to simplify and speed
up computations. The beam pipe radius in the final-focus
quadrupole is 15 mm. Following recent updates of the in-
teraction region design [13], the central beam pipe radius
was further reduced down to 10 mm near the collision point.
Additionally, a synchrotron radiation (SR) mask is installed
after the last final focus quadrupole upstream of the IP. The
aperture around one interaction point is illustrated in Fig. 4.
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Figure 4: Model of the aperture close to the interaction point.

The clearance of the beam to the aperture in terms of
beam size is calculated using the APERTURE module in
MAD-X [14]. The optical tolerances, shown in Table 1,
which are based on the results of the low emittance tuning
studies for FCC-ee [15] and alignment tolerances for dif-
ferent magnet groups used therein were also used as input
for the aperture studies. Using the described parameters,
the design emittances and the latest optics for the operation
modes, the beam stay clear and momentum acceptance for
the Z and #f were calculated and are shown in Fig. 5.

Table 1: Tolerances used in the MAD-X aperture module.
The complete list is found in [12].

Maximum radial closed orbit uncertainty 250 um
Beam size increase from S-beating 1.1
Parasitic dispersion 0.0

Note that here, no aperture limiting collimators and SR
collimators have been included apart from the aforemen-
tioned masks close to the final focusing quadrupole. For the
tt operation mode, the aperture bottleneck is located in the
last dipole upstream at the IP, whereas in the Z mode, it is the
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final focus quadrupole. The aperture bottleneck is located in
the horizontal plane in both cases. Recently, it was proposed
to reduce the 8} at the Z-mode from 15 cm down to 10 cm
to mitigate a coherent instability [16]. The lower 5% results
in a larger S-function in the final focus quadrupole, and ac-
cordingly the beam stay clear decreases from 19.3 oy, as
shown in Fig. 5b, to 15.8 0. The momentum bottleneck is
located in one of the quadrupoles after the interaction point
in the case of 7, whereas for the Z mode, it lies in the focus-
ing quadrupoles of the arc. This difference is caused by the
change in cell length and associated increase of dispersion
in the arcs, which can be seen by comparing Figs. 3a and
3b.

In past studies of top-up injection in the FCC-ee, the min-
imum aperture requirement for an on-momentum beam was
set to 15 o, for all operation modes [17]. In both the Z
and 7 operation mode, the minimum beam stay clear is
sufficiently above this number such that a collimation hi-
erarchy can be established. On the other hand, the optics
with 85 = 10 cm for the Z operation shows little margin
and further studies are required. The minimum aperture re-
quirement for top-up injection was based on the assumption
that the size of the beam coming from the booster is equal
to the one of the collider. Studies are currently ongoing to
refine this requirement, accounting for the smaller emittance
from the booster and an optics mismatch between transfer
line and collider [18], which should decrease the aperture
requirement.

COLLIMATION INSERTION LAYOUT

Given the damage potential of the FCC-ee beam, a two-
stage collimation system was chosen as a first approach,
similar to LEP [19,20] and LHC [21-23]. Installation of
the collimation system in one or more straight sections is
favoured for multiple reasons. The use of a straight section
allows orders of magnitude larger S-functions compared to
the arc cells, leading to larger collimator half gaps. This is
beneficial both for mechanical alignment and impedance.
Moreover, the dispersion and S-functions can be decoupled
to a certain degree in a straight section, allowing independent
tuning of the betatron and momentum cuts.

While the four shorter straight sections (A, D, G, J) will
house the experiments, the RF cavities will be installed in
the two long straight sections H and L on the right hand
side. The location for the RF was chosen as access to the
surface sites and infrastructure is preferential there [24]. As
such, the 2.1 km long straight section F was chosen for the
collimation system, with the straight section B potentially
hosting the hardware for the top-up injection.

A candidate layout was integrated and matched to the two
different arc optics. The optics and location of the collima-
tors are presented in Fig. 6. With the long straight section
located between two experimental insertions, the incoming
beam will be on the outside and has to cross to the inside.
This is illustrated in Fig. 2 and follows from the FCC-ee
IR design which foresees the incoming beam to be on the
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Figure 5: Comparison of beam stay clear and momentum acceptance.

inside and with only a weak bending upstream of the [P to  primary collimator is both aperture and momentum bottle-
limit the energies of the SR photons emitted towards the  neck, could feature a lower number of collimators. However,
IP [25]. Therefore, a beam crossing was installed in the mid-  the cuts in such a system are tightly coupled and can only
dle of the insertion. The distance of 400 m between the 15m  be independently adjusted by rematching the optics. For a
long dipoles was chosen such that the critical energy of the  given location of the primary collimator, the location of the
synchrotron radiation from those dipoles does not exceed secondary collimators is then chosen such that the phase
that of the arc dipole. Both the betatron and momentum  advance from the primary collimator is [26]

cleaning need to be located in one straight section. In the

candidate layout, the betatron collimation section is located n}—n 1

upstream of the beam crossing and features low dispersion. H = arctan (n—l)’ ()
The momentum collimators will be located downstream of

the beam crossing, where the dispersion is large. This split where n1 and n; are the openings of the primary and sec-
insertion allows to independently tune the betatron and mo-  ©ndary collimators in units of RMS beam size. Based on

mentum collimator settings. A combined system, where the ~ the requirements for top-up injection, the opening of the hor-
izontal primary collimator is tentatively set to ny = 15 0.

FS Quadrupole  WES Dipole  Wmm Colimator Assuming a retraction of 2 o for the secondary collimators
it ‘H I ” : I ‘IE ———HH in this plane, those are then set to n, = 17 0. In the case of
1000 — tf operation mode, the secondary opening slightly exceeds
E s00 - the beam stay clear at the bottleneck. Further studies will
= ) Cotimator explore tighter mechanical tolerances for specific elements
° * Colimator to increase the beam stay clear, and review the top-up in-
g% jection needs. For the vertical plane, the chosen collimator
z °° openings are n; = 80 o, and np = 90 o, for the primary and
-0 secondary collimator, respectively, which can be compared
33000 3300 34000y 20 I to the minimum beam-stay-clear of 91 oy at 77 and 110 oy
(a) Collimation layout for #7 running at Z.

= Quadrupole  mEm Dipole  mmm Collimator SUMMARY AND OUTLOOK

oomhﬂl\ ‘H I\ ‘ I \ i \IE i‘ B \ ‘ ‘illll The FCC-ee will face a stored beam energy which is

— B unprecedented for a lepton collider. To protect sensitive

201
1500 —
E 1000 . Hor machine equipment and limit backgrounds, a collimation
>0 v system is being developed, partly inspired by the LHC’s. A
0 .

colimater first aperture model of the FCC-ee was implemented and

1 the aperture bottlenecks were identified. A first design of a
3o collimation system has been developed, with separate beta-
tron and momentum cleaning systems in one long straight
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s[m section. The detailed design and efficiency of the proposed
(b) Collimation layout for Z running system is to be studied through simulations, which is an
Figure 6: Collimation section optics at low and high energy. ~ ©ngoing effort [27].
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