@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

14th International Beam Instrumentation Conference, Liverpool, UK

ISBN: 978-3-95450-262-2

ISSN: 2673-5350

JACoW Publishing
doi: 10.18429/JACoW-IBIC2025-MOPMO32

CHARACTERIZATION OF THE RADIATION ENVIRONMENT
IN THE FCC-ee TUNNEL

A. Frascal*, G. Broggi, R. Bruce, B. Humann, A. Lechner, G. Lerner, CERN, Geneva, Switzerland
M. Boscolo, A. Ciarma, INFN, Frascati, Italy
C. Welsch!, N. Kumar!, Cockcroft Institute, Sci-Tech Daresbury, Warrington, UK
lalso at Department of Physics, University of Liverpool, Liverpool, UK

Abstract

The Future Circular e*e~ Collider (FCC-ee) at CERN will
provide collisions at four interaction points along a 91 km
long ring, with beam energies ranging from 45.6 GeV (Z
pole) to 182.5 GeV (tt threshold). The radiation environment
along the accelerator varies significantly, with different dom-
inant sources depending on location and operational mode.
Accurate characterization of this environment is essential for
the design and placement of machine equipment, particularly
electronic systems and beam instrumentation. In this study,
the Monte Carlo code FLUKA is used to characterize tunnel
radiation levels from the main sources, including radiative
Bhabha scattering, synchrotron radiation, and beam-gas in-
teractions. The results at the Z pole and tt threshold for
both the interaction regions and arcs are presented to guide
early-stage design considerations and to quantify exposure
risks for electronics at potential installation locations.

INTRODUCTION

The first stage of the Future Circular Collider (FCC) at
CERN foresees a high-luminosity lepton collider, FCC-
ee [1]. The FCC-ee will serve as an electroweak, Higgs
and top quark factory by providing e*e~ collisions at four
interaction points (IPs) along a 91 km long ring. It will
cover beam energies from 45.6 GeV (Z pole) to 182.5 GeV
(tt threshold). The power radiated as synchrotron radiation
(SR) is by design limited to S0 MW/beam across all the
operational modes by adjusting the beam current accord-
ing to the energy. At the Z pole, the beam current reaches
1294 mA with a luminosity per IP of 145 x 103* cm™2s7!,
while at the tt threshold the current is reduced to 5.1 mA,
with a corresponding luminosity of 1.41 x 103* cm=2 1.

Characterizing the tunnel radiation environment is es-
sential for the safe operation of machine equipment and
electronics and directly influences the design of beam instru-
mentation systems, such as beam loss monitors (BLMs) and
beam position monitors (BPMs). This task is particularly
challenging at FCC-ee, where variations in beam parame-
ters across operational modes lead to significant shifts in
the dominant radiation sources and, consequently, in the
environment throughout the accelerator.

In circular lepton machines, SR is a major source of radia-
tion, as the energy loss per turn scales with %, where E is

the beam energy, m, the electron mass, and p the bending ra-
dius. Although the SR power loss is kept constant by design
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for all FCC-ee operating points, the tunnel radiation levels
strongly depend on the photon energy spectrum, defined by
the critical energy E,. o %. This value is 0.02 MeV at the
Z pole, where photons have a short attenuation length and
are mostly absorbed in the vacuum chamber, making tunnel
leakage negligible. At the tt threshold, the harder photon
spectrum (E,. = 1.3 MeV) produces radiation showers be-
yond the chamber, making SR a dominant concern for the
tunnel environment. On the other hand, the Z pole mode
is more affected by beam loss mechanisms that scale with
beam intensity, such as beam-gas (BG) interactions, and by
collision-induced losses driven by luminosity. As a result,
while the most severe radiation environment in the FCC-ee
arcs occurs at the tt mode due to SR, the interaction regions
(IRs) around the IPs present a critical scenario even at the Z
mode, with contributions from radiative Bhabha (RB) scat-
tering, beamstrahlung (BS) and secondary particles from
collimators upstream of the experiment.

In this work, the Monte Carlo code FLUKA [2-4] is used
to simulate radiation showers from the main sources and to
estimate dose levels in FCC-ee tunnel. The aim is to provide
an early characterization of the expected radiation environ-
ment and support the development of design strategies. The
study does not quantify the beam loss sources for which
BLMs must be designed, but rather highlights the radiation
conditions in which different systems will have to operate.
Results are presented for a representative arc section at the tt
mode, and for a generic IR at both Z and tt modes, allowing
comparison across operational scenarios.

SIMULATION SETUP

Geometries representative of a FCC-ee arc section and
IR for V24.4 of the Global Hybrid Correction lattice [5—7]
were implemented in FLUKA, including the main beamline
elements and tunnel infrastructure relevant to radiation trans-
port. Magnet and tunnel models are based on Refs. [1,8]. A
2 mm-thick copper beam pipe with a radius of 30 mm and
horizontal winglets is assumed. The horizontal winglets
of the dipole vacuum chambers embed 37 cm long discrete
photon stoppers made of a copper alloy (CuCrZr), designed
to intercept SR photons [9-12]. The arc model features a tt
FODO cell, with a length of about 52 m. Previous studies
have highlighted the need for additional shielding around
the photon stoppers, as well as the effectiveness of prelimi-
nary shielding concepts [13, 14]. The present arc shielding
layout builds upon the configuration presented in [15], now
featuring a bulkier photon stopper and a simplified shield-
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ing geometry without internal parts [16]. The IR model
follows the geometry presented in Ref. [17], covering a lon-
gitudinal range of 725 m from one side of the experiment
and including both incoming and outgoing beamlines. The
incoming beamline hosts SR masks, SR collimators (TCRs),
and two tertiary collimators, one vertical (TCTV) located at
s = 456 m and one horizontal (TCTH) at 706 m upstream of
the IP. The model has been updated to incorporate the same
discrete SR absorbers implemented in the arcs, though no
dedicated radiation shielding has been studied or included
at this stage.

While SR photons can be directly generated in FLUKA
during particle transport in vacuum within magnetic fields,
the other radiation sources require dedicated treatments. As
detailed in Ref. [17], RB particles are sampled from distribu-
tions generated with the external codes BBBREM [18] and
GUINEA-PIG++ [19]. The contribution from BS, which is
extracted toward a dedicated dump, is not considered here.
It is assumed to be fully contained by a shielding system
specifically designed to meet radiation protection criteria,
not addressed in this work. For BG interactions, only the
contribution from the resulting losses on the collimators is
taken into account. Specifically, BG Coulomb scattering
and bremsstrahlung processes were simulated in multi-turn
tracking simulations [20] performed with Xsuite [21], con-
sidering a pessimistic gas pressure profile corresponding
to only 1h of beam conditioning. Collimator hit data were
recorded and used as input to sample losses in the IR FLUKA
model. Losses in the collimators at the IR furthest from the
collimation insertion were selected, as this represents the
most critical case.

FCC-ee ARCS

In the arcs, SR is the dominant source of tunnel radiation
at the tt operating point. At the Z mode the environment is
expected to be dominated by beam losses due to BG scatter-
ing, which are not yet fully characterized. Accordingly, the
results presented here focus exclusively on the SR-induced
effects at tt. Figure 1 shows the top-view distribution of total
ionising dose (TID) at beam level, accumulated over one year
assuming 185 days of operation at 75 % efficiency and de-
sign beam currents. At the locations of the photon stoppers,
the TID exceeds 100 MGy yr~! inside the dipole magnets.
The additional lead shielding effectively reduces radiation
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Figure 1: Top view (average over +50 cm in y) of annual
SR-induced TID in an arc FODO cell at tt mode.
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Figure 2: Annual SR-induced TID in the FCC-ee arc at the
tt mode: at photon stopper (left) and at quadrupole (right).

leakage, containing the TID to around 10 kGy yr~! outside
the dipoles, with regions up to 100 kGy yr~! close to shield-
ing locations. Nevertheless, instrumentation located near
the vacuum chamber, along with their attached cables, must
withstand MGy-level TIDs and therefore requires radiation-
hard design. Radiation levels around the quadrupoles are
less critical, remaining below 10kGy yr~!.

Cross-sectional views of the TID distribution (Fig. 2) in-
dicate that, at the upper cable tray level (at the tunnel wall
above 2 m from floor level), the annual TID reaches approx-
imately 10kGy yr~!. Considering 5 yr of tt operation, plus
smaller contributions from the other modes [15], the cumu-
lative dose remains below 100 kGy for most cables, making
the use of general-purpose cabling compatible with CERN
current qualification criteria. The harsh radiation environ-
ment would require the use of costly rad-hard components for
electronics that has to be installed in the tunnel. Radiation-
tolerant devices based on commercial-off-the-shelf (COTS)
components can be developed, but their deployment would
be restricted to areas where the cumulative TID does not
exceed 0.5-1kGy. To enable the use of such systems, the
option of housing electronics racks in dedicated bunkers
is being explored [15]. The current design foresees con-
crete bunkers (20 cm thick walls) located below the dipoles,
effectively stopping SR-induced electromagnetic showers.
However, neutrons from photonuclear reactions can still pen-
etrate the walls and dominate the radiation effects inside the
bunker, also exposing the electronics to single event effects.
To mitigate this, the inner bunker walls are lined with bo-
rated polyethylene sheets, which help moderate and capture
neutrons. Table 1 shows key radiation metrics for cumula-
tive (dose D, 1 MeV-neutron-equivalent fluence in Silicon
i ,},L}VICV) and single-event (high-energy hadron-equivalent flu-
ence ®5FH and thermal neutron-equivalent fluence ®2/7V)
effects, indicating that conditions inside the proposed bunker
are comparable or better than those expected in the HL-LHC
arcs (below magnets). Since the neutron spectrum at FCC-ee

Table 1: Comparison Between Radiation Environment in
the FCC-ee Bunker and the HL-LHC Arcs

FCC-ee tt HL-LHC
D <10Gy yr! 1.4Gyyr!
Qéyev 7x10°ecm2yr!  1.6x100cm2yr!
<1>%§H I1x107ecm2yr! 2.4 x10°cm™2yr!
OTHN 4% 10°cm2yr!  12x10"%cm=2 yr!
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(a) Top view (average over +20 c¢m in y) of annual TID from RB and BG losses on collimators at Z pole as simulated with FLUKA.
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(b) Top view (average over +20 cm in y) of annual TID from SR and RB at tt as simulated with FLUKA.

Figure 3: Comparison of annual TID distributions in a symmetric half of the IR at Z (a) and tt (b) operational modes.

differs from that in LHC, shielding and electronics response
will require dedicated studies beyond the scope of this paper.
Nevertheless, with proper design, COTS-based electronics
could be deployed in such protected environments.

FCC-ee INTERACTION REGIONS

In the IRs, the radiation environment is shaped by multiple
sources depending on the FCC-ee operating point. For all
modes, the SR power in this region is about 310 kW along the
outgoing beamline and 90 kW along the incoming one. At
the Z pole, the SR has a E,. of only a few tens of keV, therefore
the radiation environment is dominated by off-momentum
products from RB events at the IP, as well as by showers
from the upstream collimators. The top-view distribution of
annual TID for the Z pole (Fig. 3a) includes contributions
from RB e* and beam losses on TCRs, TCTV and TCTH
due to BG Coulomb scattering and bremsstrahlung interac-
tions. Local BG losses within the simulated geometry are
neglected here, as preliminary checks have shown that local
BG bremsstrahlung produces negligible dose hotspots below
0.1 kGy yr~! even under pessimistic conditions. Radiative
Bhabha losses create hotspots of 10-100kGy yr~! along the
outgoing beamline at sections with reduced material budget,
such as drifts or magnets accommodating the BS extraction
line [8]. These losses dominate within 150 m from the IP and
in isolated spots near 300 m and 515 m from the IP. Such lo-
calized hotspots depend on the specific RB loss distribution,
which is determined by the beam optics, and scale propor-
tionally with luminosity. Radiation levels between 200 m
and 450 m are entirely dominated by BG Coulomb losses
on the TCTV, reaching up to fractions of a MGy yr~! along
the drift downstream of the collimator. Between 600 m and
700 m from the IP, BG Coulomb and bremsstrahlung losses
on the TCTH contribute roughly equally to a hotspot of less
than 10kGy yr~!. The contribution from BG collimation
losses is currently less reliable, as it depends on factors with
significant uncertainties, such as optics, collimation design,
and vacuum pressure profiles. However, the estimate is con-
servative, since it assumes a pressure after only 1 h of beam
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conditioning, whereas over a full year of operation the more
conditioned vacuum should significantly reduce BG losses.
In contrast, at the tt operating point, SR has a E,. of about
1 MeV and dominates over RB and BG interactions, due to
the lower beam current and luminosity. The tt dose map
(Fig. 3b), including only RB and SR, shows SR producing
widespread dose levels along the beamlines, overshadow-
ing RB contributions. Hotspots of 0.1-1 MGy yr~! occur at
photon stopper locations and drifts not shadowed by them.
Overall, radiation levels in the IRs exceed the tolerance
of standard machine equipment at all operating points. This
calls for dedicated shielding, including absorbers for RB
products, shower absorbers downstream of TCTs, dipole
shielding as in the arcs, and protection of exposed drifts.
Notably, radiation showers from non-SR sources start from
GeV-level particles, whereas SR-induced showers at tt arise
from MeV-scale photons, influencing shielding design. Once
these measures are in place, potential in-tunnel electronics lo-
cations and dedicated protection solutions should be studied
to enable the safe deployment of radiation-tolerant systems.

CONCLUSION

This work presents an overview of FCC-ee tunnel radia-
tion levels, focusing on the arcs and the IRs. FLUKA sim-
ulations show that in the arcs, at the tt operational mode,
the SR-dominated radiation environment can be mitigated
through a combination of photon stoppers and shielding.
This likely allows the deployment of general-purpose cables
on trays routing to protected alcoves. Despite the shield-
ing, instruments on the beamline, such as BPMs, and their
cable connectors must withstand high radiation levels and
be qualified for MGy doses. Dedicated electronics bunkers
may enable the use of cost-effective COTS-based systems
for in-tunnel electronics. In the IRs, high radiation levels
arise not only from SR at tt but also from RB products and
collimator showers at the Z pole. Mitigation strategies anal-
ogous to those in the arcs must be developed and adapted to
the specific requirements of each operating mode.
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