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Abstract

The lepton Future Circular Collider (FCC-ee) at CERN
provides e*e™ collisions at four interaction points (IPs) along
a 91 km ring, with beam energies spanning from 45.6 GeV
(Z pole) to 182.5 GeV (tt threshold). The radiation showers
produced by these collisions can reach sensitive components
of the surrounding machine elements, possibly affecting
their performance and lifetime. This contribution examines
the case of radiative Bhabha scattering, which generates oft-
momentum beam particles that can be lost downstream of
the IPs. Some losses occur already at the superconducting
final focusing quadrupoles (FFQs), where they can cause
quenches and degradation of the coil materials. In this work,
the Monte Carlo code FLUKA is used to study the impact
of radiative Bhabha in the experimental insertion regions
of FCC-ee. The radiation load in the FFQs and the radia-
tion levels in the nearby tunnel and machine elements are
simulated for the Z-pole and tt operational modes. For the
FFQs, a tungsten shielding layer with optimized thickness is
proposed to mitigate the radiation load in the magnet coils.

INTRODUCTION

The Future Circular Collider (FCC) is a staged project
studying the realization of next colliders at CERN for the
post-LHC era. It proposes the construction of a 90.7 km
underground tunnel, where first a lepton collider, the FCC-
ee [1], and then a hadron collider, the FCC-hh [2], could be
built. The FCC-ee, expected to start operating in the 2040s,
will serve as an electroweak, Higgs and top factory, provid-
ing e*e~ collisions at center-of-mass energies ranging from
Z pole (91.2 GeV) to tt threshold (365 GeV). The FCC-ee
will feature high peak luminosities of 1.45 x 103¢ cm=2 5!
and 1.41 x 103 cm™2s7! at Z pole and tt, respectively.

Given the high beam energies and luminosities, the ra-
diation showers triggered by the collision products can sig-
nificantly affect the machine elements in the experimental
insertions, compromising their efficiencies and lifetime. One
of the processes with the highest cross section is radiative
Bhabha (RB) scattering, e*e~ — e*e™v, i.e., a Bhabha scat-
tering with the emission of one or more photons. The radi-
ating e* or e~ can lose up to the near-totality of their kinetic
energy, thereby exceeding the energy acceptance range of
the machine, and resulting in their impact on the vacuum
chamber downstream of the interaction point (IP). The lower
magnetic rigidity of these particles also increases their sus-
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ceptibility to beam-beam kicks at the IP, modifying their
angular distribution at the IP.

Lower-energy RB particles are lost already in the final
focus quadrupoles (FFQs). The current final focus design
foresees a doublet of NbTi superconducting canted-cosine-
theta quadrupoles, QC1 and QC2, composed of three and two
segments, respectively [3]. Their high field gradients lead to
localized losses that expose them to potential magnet quench-
ing and radiation damage. Moreover, with L* = 2.2 m, QCl1
is housed in a liquid-He cryostat entirely inside the experi-
ment detector, making its safe operation even more critical.
By contrast, higher-energy RB particles may be lost over the
next few hundred meters downstream, while those within
the energy acceptance of the machine can remain in orbit,
most likely contributing to the beam halo. While the warm
magnets in the ring do not pose quench risks, the radiation
levels produced by these losses may be a concern for the
distributed machine equipment, like cables and electronics.

Estimating the radiation load on the FFQs and tunnel
radiation levels is crucial during the design phase, as it helps
identifying mitigation strategies where necessary. In this
work we use FLUKA [4-6] to quantify the power density and
the total ionizing dose (TID) in the superconducting coils of
the FFQs, as well as the radiation environment in FCC-ee
experimental insertions, resulting from RB scattering at the
IP. The effects of a tungsten shielding layer surrounding QC1
beam pipe on the calculated quantities are also analyzed,
supporting its installation as a magnet protection measure.
The results are shown for the operational mode with the
highest luminosity, Z pole, and the highest beam energy, tt.

SIMULATION SETUP

FLUKA is a Monte Carlo code designed to simulate par-
ticle transport and interactions in matter within user-defined
3D geometries, utilizing state-of-the-art physics models.

A representative geometry of one side of FCC-ee exper-
imental insertion region, similar to that in [7], has been
modeled in FLUKA (Fig. 1). It extends up to =725 m from
the IP, including the outgoing e beamline, the incoming e~
beamline, and the concrete tunnel surrounded by soil. The
tunnel is divided into three straight segments to approximate
its curvature and varying cross section. The FFQ models,
based on the current design, feature a water-cooled stainless
steel beam pipe, implemented with a 1.4 mm-thick layer of
water between two 0.8 mm-thick layers of steel. The mag-
net, separated from the beam pipe by 0.2 mm of vacuum, is
simplified using four alternating layers: 2 mm-thick Al and
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Table 1: Power deposition in FFQ layers (mW) due to RB scattering at Z pole and tt simulated with FLUKA. For QC1
segments at Z pole, values in parentheses represent power deposition with 2 mm-thick W shielding in place.

Magnet QC1R1 QC1R2 QCI1R3 QC2R1 QC2R2
Z pole tt Z pole tt Z pole tt  Zpole tt Z pole tt
Gradient [T/m] -40.8 -97.3 -29.5 -82.7 -19.4 -94.3 394 14.8 -0.00632 76.5
Al (D) 14 (3.7) 0.051 130 (26) 0.72 280 (52) 2.7 60 2.4 5.3 0.53
Coils (I) 33 (9.8) 0.15 300 (69) 1.9 650 (140) 6.6 150 5.8 12 1.3
Al D) 57(1.9) 0.029 52 (14) 0.36 110 (28) 1.1 30 1.0 2.1 0.26
Coils (II) 14 (5.4) 0.073 130 (39) 0.86 270 (81) 2.7 81 2.6 5.2 0.69
Total 66 (21) 0.30 610 (150) 3.8 1300 (300) 13 320 13 25 2.8
4 mm-thick coil material, for a total thickness of 12 mm. The FINAL FOCUS

equivalent coil material is a compound of Al, NbTi, and Cu,
with a density of 5.09 gcm™. The beam pipe in QC1 and
QC2 has an inner radius of 1.5 cm and 2 cm, respectively.
For the rest of the beamline, a 2 mm-thick copper beam
pipe with a 3-cm radius aperture is assumed. Horizontal
winglets are added to the outgoing beam pipe. The FLUKA
models of room-temperature magnets are implemented with
an iron yoke and copper coils. The simulation is based on
optics v24.4 and the current baseline interaction region lay-
out. It features a 30 mrad crossing angle and local solenoid
compensation, implemented through a 3D magnetic field
map including a 2-T detector solenoid, a —5-T compensation
solenoid, and a screening solenoid around the FFQs.

FFQ transverse
cross section

Figure 1: FLUKA model of FCC-ee experimental insertion.

The samples of RB particles are generated with BB-
Brem [8] and GUINEA-PIG++ [9]. BBBrem is a Monte
Carlo generator of RB events in the forward direction, pro-
grammed to calculate the cross section of the process at
a given center-of-mass energy, with cutoffs on the mini-
mum energy of the radiated photon and on the minimum
momentum transfer. The first cutoff sets an upper limit on
the energy spectrum of the radiating particles. The second
defines the maximum interaction distance and reflects the
finite interaction range experienced by e* or e” in a bunch
due to the electromagnetic fields of the other particles. This
effect was significant at the Large Electron-Positron (LEP)
collider, where the measured cross section was reproduced
with BBBrem when bunch dimensions were taken into ac-
count [8]. Consequently, a cutoff of 10y, (40.1 nm at Z pole
and 43.6 nm at tt) was employed for all the RB samples used
in this work. The particle-in-cell code GUINEA-PIG++ is
used to apply smearing and beam-beam effects to the events
generated with BBBrem in the center-of-mass frame, assum-
ing gaussian beams with nominal parameters.
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Preliminary simulations have shown that approximately
99.6% at Z pole and 99.8% at tt of the RB particles lost
within the final focus have less then half the nominal beam
energy. Therefore, RB samples with a photon energy cutoff
at 50% of the nominal beam energy have been generated to
study the effects on the FFQs with improved statistics and
efficiency. The resulting RB cross sections are 18.45 mb and
18.57 mb at Z pole and tt, respectively. The power deposition
in the different layers of QC1 and QC2 downstream of the IP
due to RB e™ is reported in Table 1, ranging from fractions
to hundreds of mW per segment. The magnet QC1 is more
exposed than QC2, with a maximum deposition of 1.3 W in
QCIR3 at Z pole. The power deposition at tt is significantly
lower than at Z pole, due to the lower luminosity.

The total power figures are not concerning, as they can be
managed by the cryogenic system, but the local peak values
of power density and TID in the coils are more critical. This
is due to an asymmetric loss pattern that results from the
combination of the lower magnetic rigidity of RB particles,
asymmetric beam-beam effects, and the strong horizontal
defocusing fields of QC1. The horizontal angular distribu-
tions simulated by GUINEA-PIG++ show an asymmetric
tail at negative angles (toward the internal side of the col-
lider), leading to an average negative offset in the horizontal
position of the particles at QC1 entrance. This effect is
more pronounced at Z pole, where a horizontal offset of
—1.0mm is observed, compared to —0.2 mm at tt. Conse-
quently, most RB particles are defocused toward and lost
on the internal side of the magnet. Figure 2 shows the peak
TID accumulated over one operational year (= 107 s) and
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Figure 2: Peak values of TID and power density in FFQ
coils due to RB scattering as simulated with FLUKA.
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Figure 3: Top view of annual TID in experimental insertion region from RB scattering at Z pole as simulated with FLUKA.

the peak instantaneous power density in the FFQ supercon-
ducting coils, both evaluated at peak luminosity. The plot
highlights QC1R3 at Z pole as the most critical case, where
the TID reaches 28 MGy yr~! and the power density peaks at
14 mW cm™3. These values exceed acceptable limits for both
quenching and radiation damage, necessitating an internal
shielding layer in the magnet design. Tungsten is a natural
choice due to its high density, ensuring effective shielding
over short distances [10]. FLUKA simulations including a
W layer around QC1 with a thickness of 2 mm demonstrate
a significant reduction in the power absorbed by QC1 at Z
pole (Table 1), ranging from around 68% to 77%. Local
peak values (Fig. 2) show even greater improvements. The
proposed shield lowers peak values by about 87%, bringing
the TID to 3.6 MGy yr~! and power density to 1.8 mW cm™.
These levels align with LHC cold-magnet design limits of
30 MGy [11] over the full lifetime and 4 mW cm™3[12], even
with a design margin to account for uncertainties or addi-
tional radiation sources.

TUNNEL RADIATION LEVELS

Preparatory studies revealed that only a few RB particles
with energy above 93% of the nominal beam energy were
lost within 725 m downstream of the IP: fewer than 0.03%
at Z pole and 0.01% at tt. Accordingly, RB samples with
a photon energy cutoff at 7% of the nominal beam energy
were produced to study their effect on the tunnel radiation
levels. The RB cross sections are 81.99 mb and 82.54 mb, at
Z pole and tt, respectively. A top view of the annual TID at
beamline height (average for y in +20 cm) for Z-pole opera-
tion is shown in Fig. 3. Several radiation hotspots, ranging
from 10kGy yr~! to 100kGy yr~!, appear along the beam-
line, particularly in regions with reduced material budget
around the vacuum chamber, such as drifts and magnets
accommodating the beamstrahlung extraction line [13]. The
exact hotspot locations are determined by the RB loss map,
which is strongly influenced by the machine optics. A simi-
lar loss pattern is observed at tt, though tunnel dose levels
are lower by two orders of magnitude due to the reduced
luminosity. At Z pole, synchrotron radiation (SR) has a crit-
ical energy of only a few tens of keV and does not induce
particle showers, thus RB is the dominant radiation source
in the experimental insertion region. In contrast, at tf, SR
dominates the radiation environment, with a critical energy
of approximately 1 MeV, making the RB contribution neg-
ligible [7]. Once the optics is well established, shielding
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solutions shall be explored to mitigate the RB hotspots, tak-
ing into account the different energy of the lost particles
compared to the case of SR.

In addition to electromagnetic showers, RB losses gener-
ate neutrons via photonuclear reactions, whose spectra in
air below the beamline are shown in Fig. 4 for both Z-pole
and tt operation at different distances from the IP. Given the
high energies of RB particles, the energy of these neutrons
can also extend up to the GeV scale, unlike those produced
by beamstrahlung radiation at Z pole or SR at tt, which do
not exceed the MeV scale. The impact of these additional
GeV-level neutrons on electronics is expected to be more
severe, and it needs to be considered when choosing the
placement of instrumentation.
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Figure 4: Neutron fluence produced by RB scattering down-
stream of the IP at Z pole and tt simulated with FLUKA.

CONCLUSION

The impact of RB on the superconducting FFQs and on the
tunnel radiation levels has been studied with FLUKA in the
FCC-ee experimental insertion region, with input samples
from BBBrem and GUINEA-PIG++. While the total power
deposition in QC1 and QC2 at the Z pole is about 2.3 W, the
asymmetric RB loss pattern leads to excessive local peak
values of power density and TID in the coils. Maximum
peaks of 14 mW cm™ and 28 MGy yr~! are found in QC1R3.
Simulations indicate that a 2 mm-thick tungsten shielding
around QCI1 can mitigate these effects, reducing the peak
values to 1.8 mW cm™ and 3.6 MGy yr~!. At tt, the lower
luminosity results in values two orders of magnitude lower.
The RB losses dominate the radiation environment only
at Z pole, with hotspots up to 100kGy yr~!, whereas at tt
SR prevails. Additionally, photonuclear reactions generate
GeV-level neutrons in both operational modes, potentially
affecting electronics and other machine equipment.
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