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High-tech guardians: Robotics at the heart of the Future 
Circular Collider
Hannes Gamper1*, Andreas Mueller2, Mario Di Castro1

A holistic robotic concept for inspection, maintenance, and emergency interventions for the Future Circular 
Collider is presented.

Since its inception in 1954, the European 
Organization for Nuclear Research (CERN) 
has been a leading institution in the field of 
particle physics, making substantial contribu-
tions to the completion of the Standard Model 
of particle physics. The organization’s consecu-
tive particle accelerators—the Proton Synchro-
tron (PS), the Super Proton Synchrotron (SPS), 
and the Large Hadron Collider (LHC)—have 
played a crucial role in this success. These ac-
celerators have increased center-of-mass colli-
sion energies from 50 GeV to 900 GeV to 
14 TeV, with a corresponding increase in cir-
cumference from 628 m to 6.9 km to 27 km, 
and have led to the award of the Nobel Prize 
in 1979 (PS), 1984 (SPS), and 2013 (LHC). The 
discovery of the Higgs boson in 2013 com-
pleted the most precise model of our universe 
so far, the Standard Model of particle physics.

Despite its success, the Standard Model 
is still unable to explain certain phenomena 
such as dark matter, the excess of matter over 
antimatter, and the mass of neutrinos. This 
suggests that there must be concepts beyond 
the Standard Model that are yet to be found. 
One possibility for uncovering this unknown 
physics is through the study of particles with 
masses above 14 TeV, which cannot be pro-
duced by current machines at CERN. To ac-
cess these high-energy ranges, it has been 
proposed that there is a need for an even big-
ger particle accelerator with a collision energy 
of 100 TeV and a circumference of 91 km, 
called the Future Circular Collider (FCC) 
(1, 2). To ensure the required availability of a 
machine at that scale, the proportion of days 
during which the machine can deliver data, it 
is necessary to integrate a holistic robotic con-
cept for automated inspection and mainte-
nance interventions.

Figure 1A shows the geographical loca-
tion of the PS, SPS, LHC, and FCC. The FCC 

tunnel will lie around 200 m underground 
and will be built across the borders of France 
and Switzerland, cross Lake Geneva in the 
north, and enclose the entire Mont Salève.

Figure 1B shows the current baseline de-
sign of the FCC machine. The blue ring sym-
bolizes the machine tunnel, which, despite 
what the name Future Circular Collider would 
suggest, does not perfectly resemble a circle. 
The circular segments of the tunnel host 
dipole magnets, whose only purpose is to 
provide a magnetic field that creates the nec-
essary radial acceleration to keep the particles 
on a circular path. In the straight sections, the 
four detectors within the experimental cav-
erns, highlighted in red, capture the various 
subatomic particles emerging from the high-
energy collisions.

Figure 1C shows the cross section of the 
FCC machine tunnel in the configuration for 
lepton (electron/positron) collisions. The cen-
ter of the tunnel is occupied by the booster 
and magnets of the beam line (Fig. 1C, ii), and 
on top of the tunnel, a smoke and helium 
extraction duct (Fig. 1C, i) is installed for 
emergency scenarios. On the left side, cable 
trays and cryogenic installations (Fig. 1C, iii) 
will be placed. The right side of the cross sec-
tion is kept clear for transportation of mate-
rial and workers throughout the 91-km-long 
tunnel. This cross section resembles the main 
workspace for the robotic system with dimen-
sions of 5.5 m by 3.4 m by 91 km.

A key parameter to demonstrate the effi-
ciency of a particle accelerator is its luminosity, 
a metric that can be approximated as the vol-
ume of physics data it generates within a given 
time frame. To reach the luminosity targets (2) 
for the FCC, the machine availability must 
reach a minimum of 80% (3). Recent studies, 
on the basis of expert interviews and historical 
LHC data, have shown that this target can only 

be achieved by a 15-fold increase in the mean 
time between failures of certain critical sys-
tems. Introducing a readily available robotic 
system in the accelerator and thus reducing 
the drive time to intervention locations allows 
for relaxation of this constraint by a factor 
of three (3).

To effectively reduce the intervention 
times, the robotic system must be capable of 
handling various procedures, ranging from 
simple inspection tasks to complex mainte-
nance tasks that require adept mechanical in-
teractions with the environment. Examples of 
lower-complexity procedures include moni-
toring of radiation and oxygen levels along the 
machine tunnel (4), monitoring tunnel health 
(5), and performing patrols to ensure that no 
person is present in the tunnel before starting 
the machine. Tasks that require a higher 
level of autonomy, such as the calibration of 
beam loss monitors (6), equipment replace-
ment, and dipole magnet alignment (7), typi-
cally involve limited a priori knowledge and 
unforeseeable mission profiles. Although the 
robotic system should be fully autonomous for 
all foreseeable and repetitive interventions, we 
still expect the necessity of human cognition 
for intervention planning in some scenarios, 
and, therefore, intuitive teleoperation inter-
faces will be required (8).

The robotic system is an integral part of the 
safety of the FCC. Ensuring the safety of the 
personnel has highest priority and requires 
substantial efforts considering a 91-km-long 
tunnel filled with high-power electronics, 
cryogenic installations, and radiation sources 
200 m underground with access shafts only 
every 12 km. The robotic system must reach 
any point in the machine tunnel within a 
maximum of 10 min and must be able to 
detect hazards such as fire or gas leaks, detect 
and guide personnel, and support the CERN 
fire brigade with material, transport, or data 
from the incident location.

In 2020, the European Strategy for Particle 
Physics listed the development of the FCC as 
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one of its three main priorities (9). This also 
kicked off a feasibility study for the FCC at 
CERN including various work packages from 
physics simulations to verify hyperparameters 
of the accelerator to proof-of-concept studies 
with first prototypes. In 2025, a 30-m-long 
mock-up of the FCC machine tunnel will be 
assembled at CERN, including magnets, cryo-
genic installations, cabling, and the first proto-
type of the robotic system. We have compiled a 
work package for the robotic research and de-
velopment activities for the upcoming 5 years, 
highlighting the expected main research activi-
ties, such as communication in the machine 
tunnel, cognition, sequential task planning, 
grasping techniques, human-robot collabo-
ration, virtual reality user interfaces for tele-
operation, digital twins, radiation tolerance, 
and robotic infrastructure and maintenance.

We would like to elevate awareness within 
the robotics community about this ground-
breaking project, which has the potential to 
emerge as the largest of its kind in Europe. 
The robotics section at CERN actively en-
gages in numerous collaborations with uni-
versities and external entities to optimize 
outcomes by drawing on expertise from es-
tablished automated maintenance solutions 
in hazardous and semistructured environ-
ments. The robotic system will be part of a 
holistic machine automation initiative, ulti-
mately enabling the FCC to achieve its re-
quired luminosity targets and increasing 
safety for personnel.
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Fig. 1. Baseline design of the FCC. (A) Location of the FCC in the greater Geneva area. (B) Design of the FCC complex including key features. (C) Cross section of the FCC machine 
tunnel in the lepton collider configuration.
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