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Abstract The FCC-ee, with its unprecedented luminosity goal and high energy reach, cre-
ates challenges and requires solutions to many issues in order to produce a realistic design
for the complex machine detector interface. The interaction region design for the FCC-ee
adopts the crab-waist collision scheme and proposes an elegant local chromaticity correction
system. An asymmetric layout of nearby dipoles suppresses the critical energy of synchrotron
radiation incoming to the detector at the interaction point to a maximum value of 100 keV.
The main challenge of the FCC-ee machine detector interface design is to combine the many
conflicting accelerator and 2 T detector constraints, aiming for the optimal trade-off choices
that simultaneously allow for a best machine performance in terms of integrated luminosity
and data taking efficiency. Much of the success of the FCC-ee will be related to the interac-
tion region design, as a result of the ingredients coming from areas of accelerator physics,
mechanical engineering and detector optimization.

1 Introduction

The Future Circular Collider (FCC-ee) [1] aims to make precision studies and rare decay
observations in the range of 90 to 365 GeV centre-of-mass energy. This energy range will
allow precision measurements of the Z and W bosons with unique accuracy as well as
exploring the high energy frontier up to the Higgs boson and top quark. The unprecedented
ring circumference of — 100 km allows for a target luminosity per IP of 2 x 103 cm™2s~!
at the Z pole and the ability to reach the ¢7 energy with 1.8 x 103 cm~2s~! luminosity.
The Z pole run will be characterized by the demand for high luminosity, requiring a high
beam intensity operation mode. The top energy will be at low beam intensity to mitigate the
beam emitted synchrotron radiation. All the different energy stages are characterized by the
same radiation beam power, set to 50 MW per beam. The high intensity and high energy
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operation modes have an immediate impact on the interaction region (IR) optics as well as
on the machine detector interface (MDI) design that is unique for all running energies.

The paper is organized as follows. We describe the IR optics in Sect. 2, the IR layout with
challenges for the mechanical engineering design in Sect. 3, and the beam backgrounds in
Sect. 4. While pointing out the challenges for the different aspects of this design, we also
discuss the ongoing work and our plan for further studies.

2 Optics design in the IR

The baseline beam optics was established in 2016 [2], then further revised in [3,4]. The
optics scales with the energy allowing for a common IR layout at all energies. The crab-waist
collision scheme [5] has been chosen for the interaction region design. Two IPs are foreseen
in the baseline, the option of having 4 IPs is presently under study, especially with regard to
establishing the tune footprint, to consider the beam—beam effect with realistic orbit errors,
and also to evaluate the possible luminosity reduction per IP. Table 1 lists the most relevant
beam parameters for the IR and MDI studies.

One of the beam optics challenges for the collider is to provide an adequate dynamic
aperture with small B-functions at the interaction point down to 8, =0.15m and 8, = 0.8 mm
at the Z pole.

These values, together with an £* of 2.2 m, the distance between the face of the final
quadrupole magnet to the IP, produce a vertical chromaticity around the IP as high as in mod-
ern B factories that is corrected locally. At the 17 energy, a very wide momentum acceptance
is required due to the beamstrahlung caused by the collisions. The transverse on-momentum
dynamical aperture must be larger than ~ 12 o, to enable top-up injection in the horizontal
plane.

The beam lines in the interaction region are separated for the two beams and there are no
common quadrupoles in the IR. The full horizontal crossing angle is 30 mrad. The detector
solenoid is 2T and its effect on the stored beams is compensated with anti-solenoids, which
cancel the [ B.dz between the IP and the faces of the final quadrupole [6]. The vertical
emittance increases due to the fringe field of the compensating solenoid combined with the
horizontal crossing angle. However, the increase in the vertical emittance is estimated to
remain below 0.3 pm for 2 IPs.

The optimized values of S5 y are smaller at the lower beam energies. This flexibility is
obtained by splitting the first quadrupole into three slices and modulating the sign and strength
accordingly, with an upper limit of 100 T/m for the field strength.

One of the main guidelines of the IR design has been to keep the critical energy of the
synchrotron radiation (SR) from bending magnets below 100keV up to 500 m from the IP for
the incoming beam and to have the last upstream dipole located at least 100 m from the IP.
This requirement is guided by the LEP2 experience, where manageable detector backgrounds
were found with a critical energy of 72keV from 260m from the IP [7]. The SR from the
last bend is described in more detail in Sect. 4.1. An asymmetric optics allows the beam to
come from the inner ring to the IP, then bend strongly after the IP to merge back close to
the opposing ring, in order to fulfil the critical energy requirement in the presence of a large
crossing angle.

Some of the topics needing further study in order to refine the baseline optics in the
interaction region are: the implementation of the solenoids in the MAD-X baseline model,
in addition to the SAD model, the inclusion of the correction windings of the final focus
quadrupoles and fringing fields, the modelling of the local chromatic and crab sextupoles,
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Table 1 FCC-ee beam parameters most related to IR design

VA w H tt
Circumference (km) 97.756 97.756 97.756 97.756
Crossing angle at IP (mrad) 30 30 30 30
L* (m) 22 22 22 2.2
SR power/beam (MW) 50 50 50 50
Beam energy (GeV) 45.6 80 120 182.5
Luminosity/IP (1034cm=2s~1) 230 28 8.5 1.55
B (m) 0.15 0.2 0.3 1
;3;‘ (mm) 0.8 1 1 1.6
€y (nm) 0.27 0.84 0.63 1.46
€y (pm) 1.0 1.7 1.3 2.9
o (um) 6.4 13.0 13.7 38.2
a;‘ (um) 28 41 36 68
Beam current (mA) 1390 147 29 5.4
Bunch population (101) 1.7 15 1.8 2.3
Bunch number/beam (#) 16640 2000 328 48
Average bunch spacing (ns) 19.6 163 994 3396
Effective length of interaction (mm) 0.42 0.85 0.90 1.8
SR loss/turn (GeV) 0.036 0.34 1.72 9.21
Bunch length by SR /BS (mm) 3.5/12.1 3.0/6.0 3.15/5.3 1.97/2.54
Energy acceptance (%) 1.3 1.3 1.7 —28+24

and the modelling of the very long dipoles in the interaction region, as well as those in the
arcs, into realistic lengths. Another important aspect of the beam optics related to the MDI
design is the collimation scheme, which will be implemented around the ring. The collimation
settings will also be optimized to minimize the beam backgrounds in the IR, and collimators
upstream of the IR might be necessary to reduce beam losses in the experiment in addition to
the ones used for masking the SR. Ongoing work to optimize the engineering infrastructure
is looking at the footprint of the FCC-hh and FCC-ee colliders in the IR, with the aim to
reduce tunnel construction. One solution under investigation is to move the FCC-hh to match
the FCC-ee footprint.

3 Interaction region layout

Figure 1 displays the current interaction region layout in an expanded vertical scale. The
face of the final focus magnet (QC1) from the IP, £*, is 2.2m. The compensating solenoid
for the detector field is located from 1.2 to 2.2 m from the IP on either side and is shown in
light green. Just in front of the compensating solenoids is a luminosity calorimeter, shown in
magenta in the plot. The superconducting final focus magnets will be surrounded by screening
solenoids to cancel the 2T detector field. The overlap of the solenoid and quadrupole fields
are minimized and only appearing at the their fringes.
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Fig. 1 IR layout. Note the large-scale difference between the vertical and horizontal axes

Two separate circular beam pipes host the two beams and only in the IR are they merged
together into a single circular vacuum chamber. The diameter of the central vacuum chamber
is 30 mm in the CDR, and the option of reducing it to 20 mm is being considered and inves-
tigated. The material of the central part of the beam pipe will be Be to minimize multiple
scattering. The impact of the higher-order modes, heat load, and SR has been evaluated for
the 30 and 20 mm diameter vacuum chamber. In addition, optimization of the thickness of
the SR masks, located on the inner horizontal plane of the incoming beam pipe, has been
done for both cases. SR masks are placed after the QC1 upstream of the IP and only on the
inner side of the incoming beam (see Fig. 1). Outside the vacuum chamber and surrounding
the SR masks, there is a tungsten shielding to protect the detector environment (shown in
light blue in Fig. 1).

An engineering mechanical design of the central vacuum chamber, where two vacuum
chambers are merged together maintaining a constant aperture, has been used to evaluate
electromagnetic fields in the IR. These studies show that for achamber with a 30-mm diameter,
higher-order mode absorbers are necessary. They are positioned just after the luminosity
calorimeter (see in Fig. 1 the dark yellow boxes at 1.3 m, where the vacuum chambers split).
They have been designed following the experience obtained at the PEP-II B-Factory [8]. A
similar study for the smaller diameter vacuum chamber has shown that the trapped higher
order modes are significantly reduced, making the absorbers unnecessary. This result is
obtained using a model that includes the SR masks located in the inner radial plane that have
a gently sloped transition to the beam pipe wall [9].

An overview of the MDI design is found in Refs. [10,11]. Further, work foreseen to
assess the MDI layout is to verify the sustainability of the beam backgrounds and optimizing
physical aperture, masks and background shielding accordingly. An engineering design of
the IR is necessary in order to integrate magnets, cryostat, IP detectors, vacuum system,
supporting structures, and shielding.
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4 Optimization of experimental conditions

The FCC-ee is designed as a Higgs factory and as a high precision e + e- collider, covering Z, W
and top production. Compared to its predecessor, LEP, the collision energy range is extended
by a factor of 1.8, from 207 to 365 GeV in the centre of mass. The FCC-ee target luminosity
of 2.3 x 103%cm~2s~! at the Z would be 20,000 times higher than at LEP. In addition
to providing very high luminosity, it will also be essential to provide good experimental
conditions for the particle detectors installed around the collision regions. Criteria for good
experimental conditions are

Low backgrounds

Minimizing the risk of damaging sensitive detectors by beam loss and irradiation
Good stability and knowledge of the beam parameters

— Maximize the space available for the detector.

These are rather conflicting requirements. Minimizing the size of the beam pipe for instal-
lation of sensitive vertex detectors close to the beam pipe will increase the background rates
hitting the detector region and increase the risk of damage by beam loss. The requirements
for maximum space and solid angle coverage for the detectors are also in conflict with the
requirements of the accelerator to maximize luminosity by

— Allowing for space close to the interaction point for final focus quadrupoles

— Reducing the B-function at the interaction point, which increases the beam size in the
final focus quadrupoles with the risk of creating local aperture limits and losses and which
limits the space and low angle coverage available for particle detection

— Installation of beam separators close to the interaction region to allow to fill the machine
with many bunches.

We believe that it is essential to consider the accelerator and detector requirements together,
both during the design stage described here as well as later in the optimization of the running
parameters.

Of particular importance is the simulation of the stored beam halo or non-Gaussian trans-
verse beam tails. These beam particle distributions are generated by several sources, beam-gas
collisions, inter-beam bunch scattering, the collision at the IP including Bhabha and radiative
Bhabha scattering which are called the luminosity terms, bunch—bunch coupling, and wake-
field interaction to name a few. The large number of source terms that put beam particles out
into these tail distributions makes it difficult to model these distributions. In the early running
of an electron collider, generally, the dominant source terms for the beam tail distributions are
from the beam-gas events that occur around the entire ring. Later, when the ring vacuum has
improved, other source terms begin to dominate like the luminosity terms as the luminosity
improves. The beam tail distribution can be a fairly large fraction (up to a few %) of the core
distribution. The combined effects of residual dispersion, coupling and synchrotron radiation
emittance around the ring(s) can maintain a high rate of beam tail re-population from the
various sources.

We note here that the Z pole, and perhaps the WW energy, of the FCC-ee will be very
high-current, low-energy (for the circumference) colliders and in this way much more like
the B-factories, while the Higgs and top energy points with significantly lower beam currents
and number of bunches and will be much more like the LEP and LEP-II colliders. With this
in mind, we must pay close attention to the experience of the B-factories as well as the LEP
experience as the design of the FCC-ee IR must include both running conditions.
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Fig. 2 Synchrotron radiation background and mitigation

Work is currently ongoing and work will continue moving ahead to study the possible
beam-tail distributions and to model the effects of the various distributions on detector back-
grounds as well as accelerator performance.

4.1 Synchrotron radiation

As described above, the FCC-ee layout has been chosen to reduce the flux of synchrotron
radiation towards the experiments. We use detailed simulations to estimate backgrounds by
synchrotron radiation and particle losses into the detector region and mitigation by masks and
collimators. An efficient SR masking and shielding design used to protect the detectors and
produce a sustainable maximum occupancy have been studied and described in the CDR (see
also Refs. [12—-14]). The possible sources of background from SR come from the last bending
magnet from the IP. The radiation fan is minimized by placing the dipole as far as 100 m
from the IP. Nevertheless, it is expected to be the dominant source of SR background for the
detector. Two mask tips in front of the first final focus quadrupole are placed to intercept
these two radiation fans and prevent photons from directly striking the central Be vacuum
chamber. Modified version of SYNC_BKG is used to evaluate SR from final focus quads
and design the IR with masks and shieldings. This program can study SR from final focus
quads that are on axis, and it treats also offset and tilted quads and bend magnets. It includes
all relevant cross sections for photon absorption and scattering including specular reflection,
which presently is not included in GEANT4 for keV photons at very small scattering angles.

In addition, based on LEP experience, three collimators are placed in each upstream beam
pipe to stop the SR fans on surfaces sloped so that they are unable to forward scatter photons
towards the IP [15]. Figure 2 shows on the left their longitudinal position, and on the right,
the impact on the photon rates depending on the collimator setting. Full GEANT4 studies
which include a model of the entire beam pipe and of the nearby sub-detectors of the scattered
photons from the mask tips have shown encouraging results. The simulation with a refined
model of the vacuum chamber, accelerator components, masks, shielding and collimators is
underway also with the aim of providing a flexible tool that can determine the variation of
machine backgrounds for different conditions.

The latest studies of SR backgrounds are investigating the possibility of a 20 mm diameter
for the central beam pipe, =9 cm long at the various running energies. At the Z pole and
Higgs energy, the radiation coming from the last bend is blocked by moving the mask tips by
3mm closer to the beam centreline, while there are some direct hits on the central chamber
from the final focus quadrupoles. The photon energies are low at the Z pole which greatly
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Fig. 3 Off momentum particle losses: loss map from thermal photons with (red) and without (yellow) colli-
mation (left); energy spectrum of lost particles, with 0.001 AE/E per bin (right)

limits the number of photons that can cause detector backgrounds. The relevance of this effect
depends on the beam tails, which can vary greatly depending on the stored beam conditions.
For the Higgs and the top energy, a careful study with a full GEANT4 simulation and with a
realistic beam pipe is needed to evaluate carefully the increase in the SR background in the
detector, and to consider the effect of the increased size of the mask tips.

4.2 Beam-induced backgrounds

In addition to our detailed simulations in the IR region, we have also performed tracking
studies for the whole ring. Particle tracking using the Monte Carlo technique can evaluate
different effects and determine beam losses around the ring. This is a first step towards the
design of a collimation scheme and proper setting that will minimize beam losses at the IR.

First results have already been described in the conceptual design report, indicating that
backgrounds induced by beam losses in the detector region should be manageable. The
studies are continued and refined and checked using different methods. We now also use the
element by element transport map information available from MAD-X to track particles for
several turns around the ring, with aperture checks performed at element boundaries. Further
studies are planned and underway to use a more realistic beam optics model, and to have
a fast interface with the corresponding detector backgrounds. Independent MC simulations
have been performed for inelastic beam gas [16,17] and for the thermal photon scattering
losses [17,18] in the MDI area. An example of loss map due to thermal photons including
a first proposal for off-momentum collimator positions in the interaction region, and energy
spectrum is given in Fig. 3.

Evaluations have been performed with an ideal lattice, showing encouraging results. Sys-
tematic further studies are underway including a refined lattice, orbit distortions, chromatic
aberrations, radiation damping and energy tapering. These studies together with the mod-
elling of non-Gaussian tails will allow us to evaluate a collimation setting with regard to the
backgrounds seen in the detectors.

Particle tracking simulation of beam particles after radiative Bhabha scattering at the Z
energy has been performed [19] finding losses at 25 m after the IP and at 400m. The heat
load due to these beam losses bring 150 W within the first final focus quadrupole (QC1) and
400kW at 400 m. Benchmarking with MADX and GEANT4 simulation of beam losses and
photons close to the detector is planned.
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The beamstrahlung spent beam particles have been tracked for multiple turns evaluating
the beam losses, as well as the photon fans starting from the IP and hitting the vacuum
chamber well after the IR, at around 50 m. Direct induced backgrounds in the detector have
also been studied. This is a relevant process for FCC-ee, due to its high energy and high
intensity. This will require further investigation and dedicated shielding optimization in the
downstream part of the beam pipe from the detector.

5 Conclusion

We have described several of the challenges of the FCC-ee MDI layout, discussing the IR
optics, parameter choices, physics requirements, and backgrounds, in particular synchrotron
radiation. We have also discussed the ongoing and future studies which have been started
following the recommendations of the European Particle Physics Strategy Update which are
to demonstrate, in the next five years, the feasibility of this collider.
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