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Abstract Underground laboratories provide the ultra-low
background and low-vibration environments essential for

rare-event searches, gravitational-wave detection, and quantum-

sensing technologies. We report a comprehensive environ-
mental characterisation of the Bedretto tunnel in Ticino,
Switzerland, a site offering horizontal access, excellent
infrastructure, and the potential to be Europe’s second-
deepest and quietest underground laboratory. At the prospec-
tive physics site, located beneath a granite overburden
exceeding 1400m, we measure fluxes of: cosmic-muon
(2.54 £ 0.97) x 1078 /s /em?, y-ray 5.67+0.37 y /cm?/
sec, and neutron fluxes (5.56 +0.26) x 107> neutrons/cm?/
sec, as well as the radon concentration, magnetic-field power
spectrum, and seismic backgrounds. The muon flux is sup-
pressed by six orders of magnitude relative to the sur-
face, consistent with an effective depth of about 4000 m
water equivalent. Gamma-ray and neutron measurements
reflect the local geology and guide shielding requirements
for future particle and nuclear physics experiments. Magnetic
and seismic noise levels are found to be exceptionally low,
meeting or exceeding the criteria for next-generation atom-
interferometric gravitational-wave detectors. These results
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establish the site as a highly competitive, accessible deep-
underground location for fundamental-physics experiments.

1 Introduction

Underground laboratories provide uniquely reduced back-
ground environments and are indispensable tools to under-
stand fundamental physics processes. The massive rock over-
burden shields effectively even from the highest energetic
cosmic rays, they are seismically very quiet since most
vibrations travel at the surface and are attenuated quickly at
depth, thus also reducing local gravity fluctuations (Newto-
nian noise). Examples of underground experiments include
rare-event searches such as the search for dark matter and
neutrinoless double beta decay, rare-decay nuclear physics
measurements, low-background material assay, environmen-
tal monitoring, and optimal sensitivity and stability of quan-
tum sensors. Furthermore, the stable, low-background, and
low-vibration environment offered by underground locations
is highly beneficial for gravitational wave detection. Sev-
eral major deep underground laboratories exist, but none in
Switzerland. These facilities often have to prioritise large-
scale experiments and offer only limited space for R&D
setups and prototyping. Furthermore, their often remote loca-
tions and necessary travel lead to logistical and practical over-
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Fig. 1 The Bedretto tunnel and the profile of the mountain with the
different rock formations overlaid [4,5]. The black markers indicate
the gamma-ray rate as measured using a 3”7 x 3” Nal[TIl] detector.
The red line indicates the site of the planned fundamental physics lab.
Serendipitously, the laboratory’s intended location, the gamma-ray flux
is close to minimal while the overburden is maximal. The locations of
rock niches are indicated in grey in the bottom panel

head. The Bedretto site in the Canton of Ticino, Switzer-
land, provides an ideal location to establish a Swiss deep
underground laboratory for fundamental physics. As one of
the deepest and quietest laboratories in Europe, it is easily
accessible from all Swiss research institutions and features
horizontal access to the underground site.

The Bedretto tunnel is an annex to the Furka railway start-
ing in Bedretto, Ticino, Switzerland. The tunnel was used to
remove excavation material during construction and as an
evacuation route for the railway.

The tunnel presently hosts the Bedretto Underground Lab-
oratory for Geosciences and Geoenergies (BedrettoLab),
operated by ETH Ziirich. The laboratory infrastructure,
including electrical power, network connectivity, ventilation,
and safety equipment, is well established.

The total length of the tunnel is 5220m with a width
and height of 2.70m and a maximum overburden of about
1632m [1,2]. The intended site for the underground physics
laboratory, as well as a primary focus of the measurements
presented in this work, is located about 3.5 km into the tunnel
from the surface entrance and is denoted TM3500. The site
is nearly underneath the peak of Pizzo Rotondo with an esti-
mated direct vertical overburden of more than 1400m [3].
The Bedretto tunnel crosses through three geological units
of the Gotthard massif, the Tremola series, the Prato series,
and the Rotondo granite [4], as shown in Fig. 1.

To determine the suitability of the site for reduced back-
ground physics, a comprehensive site characterisation cam-
paign was performed in summer and autumn 2025. We con-
ducted measurements of key background contributions such
as radiative backgrounds, specifically cosmic muon, neutron,
and y-ray fluxes, and radon activity, as well as magnetic and
seismic background levels.
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Fig. 2 Measured muon flux rates and the equivalent water depth for
different underground laboratories. The muon flux in Bedretto is sup-
pressed by about a factor of 10°, better than almost all existing under-
ground laboratories in Europe designated in red. Muon fluxes taken
from Refs. [8§-17]

2 Atmospheric muon flux

Muons and neutrons from muon-induced spallation pro-
cesses constitute a major and difficult to shield background
for rare event searches. As minimum-ionising particles,
high-energy atmospheric muons are able to penetrate large
amounts of matter, and only underground laboratories allow
for a significant reduction of the cosmic muon flux. Under-
ground laboratories are typically characterised in terms of
metre-water-equivalent (m.w.e) in their ability to attenuate
the cosmic muon flux [6-9], see Fig. 2.

2.1 Muon telescope

The atmospheric muon flux was measured at the TM3500
site utilising a telescope composed of four EJ-200 plastic
scintillator panels [18], each with an area of 625cm? and
3.8 cmin thickness. An array of four Onsemi C-series silicon
photomultipliers (SiPM) was attached to each panel, biased
with a CAEN SiPM power supply at 31V [19] and read out
with a CAEN DT5730 500 MHz digitizer employing DPP-
PHA firmware [20,21]. Lead plates, about 2 cm thick, were
placed between the plastic scintillator to minimise spurious
gamma and Compton scattering backgrounds.

Muon events were identified by a quadruple coincidence
requirement within a 40ns acceptance window along with
an energy threshold of 3.6MeV in three adjacent panels.'
This threshold was determined via a Landau-Gaussian fit to
the surface data and placed to maximise muon acceptance as

1" Allowing lower energy depositions in either the top or bottom panel
increased geometric efficiency by including possible “corner-clipping”
events.
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Fig. 3 Gamma-ray and muon energy spectra measured via a single
muon panel in surface calibration run. The blue and red curves represent
the fitted gamma-ray and muon contributions, respectively, with the
combined fit shown in cyan. The orange distribution corresponds to
muon events when applying a four-panel coincidence requirement. The
dashed green line is the energy threshold applied to select muons

depicted in Fig. 3. The goodness of this threshold is demon-
strated as all quadruple coincidence events within the middle
two panels were above this threshold. The muon detection
efficiency was determined to be 29.6 & 2.0 % based on the
expected surface flux of about 1.67 x 1072 y/cm? /s taken
at an altitude of 500 m above sea level[22]. The surface mea-
surements were conducted over a period of a week in different
configurations, the variance in detection rate was utilized in
calculation of the + 2.0 % uncertainty of the detection effi-
ciency.

2.2 Flux measurement

The muon flux measurement campaign at the TM3500
site in Bedretto lasted 21 days. During this time, 8 muon
events were recorded in the signal region defined by data
selections, yielding a measured underground muon flux of
(2.54 £ 0.97) x 1078 w/s/cm?. Uncertainty contribu-
tions include statistical (35.4 %), variance in detection rate
(6.6 %), and uncertainty in the energy scale for the selection
requirements (12.5 %).

This measured muon flux was verified utilising Monte-
Carlo simulation frameworks MUon SImulation Code
(MUSIC) [23] and MUon Simulations UNderground
(MUSUN) [24] along with a Geant4 simulation of the tele-
scope. A water depth equivalent of 3998 m.w.e. was estimated
based on topographical data provided by the Swiss Federal
Office of Topography [3]. The MUSIC and MUSUN simula-
tions preduct a flux of 2.95 x 1078 . /s/cm?; well within the
uncertainty of the measured flux. Presented in Fig. 2 is a com-
parison to other underground laboratories. Notably, the muon

flux at the future Bedretto fundamental physics laboratory
site is between that of Laboratori Nazionali del Gran Sasso
(LNGS) and the Laboratoire Souterrain de Modane (LSM)
and is therefore competitive on the global stage. Future exper-
iments are planned with an enlarged detector with spacial
resolution to perform topographical studies in addition to a
more precise measurement of the muon flux.

3 Gamma ray flux

To assess the natural radioactivity of the granite wall and
inform Monte-Carlo-based predictions of gamma and neu-
tron fluxes, we measured different granite samples with the
Gator high-purity germanium detector (HPGe) facility at
LNGS.

3.1 HPGe screening of granite samples

Gator is a dedicated counting station consisting of a 2.2kg
p-type Ge crystal inside a low-background lead and cop-
per shield [25]. The detector background rate is 82.0 & 0.7
counts/(d-kg) in the 100-2700keV range, enabling sensitiv-
ities at the wBg/kg level [25,26]. Two granite rock samples
were taken from the Bedretto tunnel for gamma counting.
A 38 ¢g cube with a length of 25 mm from TM3500 as well
as a cylindrical core sample taken from TM2500. The core
sample was machined into two cylinders with a diameter
82mm and heights 49.5 mm and 52.0 mm respectively. The
TM3500 sample was screened in the Gator facility for 5 days,
the TM2500 sample was counted for approximately 23 h. The
measured gamma-ray spectrum from the TM3500 sample is
shown in Fig. 4. The activities of the major decay chains for
the TM3500 and TM2500 rock samples are listed in Table 1.
The sample from TM3500 possesses an about 35% lower
activity than the sample from T2500 as consistent with the
gamma flux measurement shown in Fig. 1

3.2 Equilibrium of the TM2500 sample

The analysis of the 233U decay chain via the larger TM2500
sample was found to be out of secular equilibrium. The
early chain of the TM2500 sample was determined via the
1001 keV gamma ray from the decay of >*Pa. The entire
238U decay chain activity as determined by this single decay
would be 220.6 £+ 18.0Bg/kg. The late chain activity was
determined utilizing the weighted average of 2!*Bi (609.3,
1120.3, 1764.5keV) and 2Pb (295.2keV and 351.9keV)
gamma rays. From these lines the chain activity would be
161.4Bq/kg, ~ 27% lower than the activity computed from
the decay of 234Pa.

From this discrepancy, we hypothesise the 233U chain to
be out of secular equilibrium with the equilibrium broken

@ Springer
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Fig. 4 Calibrated energy spectrum from the TM3500 Bedretto granite measured in Gator. The spectra are dominated by gamma lines of the 238U

and 232Th decay chains; the 40K line at 1460keV is also seen

Table 1 Activities of the major isotopic decay chains of the granite
samples taken from TM3500 and TM2500 as determined by the Gator
counting facility

Isotope Activity [Bg/kg]

TM3500 TM2500
25U Chain 1.840.1 10.0 £ 0.6
232Th Chain 83.8+1.9 118 43
2381y - 230 774468 221 +18
226Ra - 206pp 56.6 £ 1.3 161 + 4
40K 1090 + 50 1130 £ 70

at 2*Ra due to the solubility of Ra, leaching out of the
rock. This hypothesis was independently confirmed by de-
convolving the 185.7keV gamma ray of 2>U decay from
the 186.2keV gamma ray of 22Ra. The 2*3U decay chain
activity as calculated from the >3U peak was found to be
216 £ 12 Bq/kg, in good agreement with the early chain
activity 220.6 + 16 Bq/kg as calculated from 23#Pa.?

The 232Th chain activity was found to be in secular equi-
librium and was determined from averaging the activities of
20871 228 Ac, and 212Pb decays. The chain activity was found
tobe 118 + 3 Bg/kg. Although the 233U chain contains >**Ra,
it’s half-life is only 11.43 days, opposed to 1600 years for
226Ra. We therefore assume the *>’Ra decays before it is
able to leach out of the rock and therefore the >>U decay
chain is in secular equilibrium.

2 For the early chain TM3500 sample, the equilibrium is assumed to
have the same break as the TM2500 sample.

@ Springer

3.3 Gamma flux measurement

The gamma-ray flux was measured and mapped within the
Bedretto tunnel utilizing a 3” x 3” Nal[Tl] gamma-ray detec-
tor. A large variation is observed strongly correlated with
the local geological rock type as illustrated in Fig. 1. A
35 % decrease in measured rate is observed between the
porphyritic and rotondo granite. A local minimum in the
flux is observed between approx. 3000 and 3300 m. The flux
from the prominent high energy lines from the decays of °K,
214Bi, and 2% Tl is measured as 3.72£0.28, 0.95+0.16, and
0.95 £ 0.19 y /cm? /sec. Typically underground labs walls
are reinforced with shotcrete for shielding and safety rea-
sons. A 15cm thick wall would attenuate the hard gamma
flux by approximately 90 % [27], resulting in levels com-
parable to the total gamma ray fluxes measured at LNGS
0.3 y /em?/sec [28]) and 0.6 y /cm?/sec [29] at LSM after
laboratory outfitting.

4 Neutron flux

Measurements of the neutron flux were performed using a
LND 252108 3He proportional counter with an active vol-
ume of 89.01 cm?® and a fill pressure of 7600 Torr [30]. The
thermal neutron sensitivity is 34.0 counts per second (CPS)
per neutron/cm?/s [30] which was verified by simulation,
this is the tube sensitivity: “S”. The tube was biased at 2 kV
utilizing a CAEN DT5533E [31] power supply. Pulses were
formed and read-out utilizing an Ortec 142PC preamplifier
and a CAEN DT5724 100 MHz digitizer [32,33].

The typical spectral response of *He proportional coun-
ters to thermal neutron irradiation comprise a prominent cap-
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Fig. 5 3He neutron spectrum of the ambient neutron flux as measured
on the surface and at TM3500. The primary neutron capture peak is
visible at 765 keV. The low energy structure is from gamma and X-ray
interactions with the detector

ture peak at 765 keV. This corresponds to the Q-value of the
(n, p) reaction on He. Wall effects extend below the capture
peak with steps at 574 keV and 191 keV as seen in Fig. 5.
The ambient surface thermal neutron flux is measured to be
(2.6£0.1) x 103 neutrons/cm? /sec which is consistent with
accepted values of the earth’s neutron albedo [34,35]. Other
spectral features include a high energy continuum above the
neutron capture peak. This typically arises from alpha con-
tamination within the tube wall [36]. At low energies, below
191 keV, are double wall effects and interactions from x-rays
and gamma-rays, the energy deposition from which are lim-
ited by the mean free path of electrons within the gaseous
detector volume.

The measurement campaign lasted 21 days, with the >He
counter at TM3500 in two configurations: the unmoderated
tube (11.7 days) and with a Polyoxymethylene (POM) plas-
tic neutron moderator (8.8 days). The plastic moderator is
a cylinder with diameter of 13.5 cm and length of 30cm.
A 27cm aperture into the moderator allows to completely
enclose the 3He counter.

4.1 Thermal neutron flux

The neutron capture rate was calculated with the area of the
765 keV Q-energy peak. The fraction of thermal neutron
events within the peak was found to be 59.7 £ 2.8 % which
was determined using surface data by calculating the ratio of
peak events to wall effects after subtracting the alpha contin-
uum. This estimate is consistent with the values determined
for other 3He counters of the same diameter [37].

The area of the 765 keV capture peak was determined
by simultaneously fitting an exponentially modified Gaus-
sian on top a resolution-smeared step-function background
model. For the unmoderated tube, the peak area is found
to be 1125 £ 37 counts with a capture rate of (1.13 £

0.04) x 1072 CPS. Sources of uncertainty include event
selections, peak fitting, and choice of fit model. The ther-
mal neutron flux at TM3500 is therefore estimated to be
(5.56 4 0.26) x 107> neutrons/cm? /sec. This thermal flux
(@) was calculated utilizing Eq. 1 where the numerator
is the number of counts within the capture peak subtracting
off the high energy continuum, € is the aforementioned peak
efficiency, t is the live time, and S is the tube sensitivity.
This flux was independently verified utilizing an enriched
SLil(Eu) neutron detector [38].

The low energy peak observed below about 200 keV
in the Bedretto data are attributed to X-ray and gamma-
ray scattering interactions. We were able to reproduce the
excess when placing a natural thorium source next to the
detector during surface testing. The response of *He propor-
tional counters has been studied as a function of gamma-
ray flux and shows similar low energy structures such as
in Ref. [39]. Similar as for gamma-ray flux, the measured
neutron flux of the bare rock walls is as expected higher
than the one in outfitted underground laboratories such as
LSM or LNGS where the thermal neutron fluxes are approx-
imately (1.1 4 0.1) x 107 neutrons/cm?/sec and (0.38 =+
0.14) x 10~° neutrons/cm? /sec [40-43] due to the exposed
rock wall. Outfitting the laboratory, potentially adding neu-
tron moderators such as boron to the shotcrete, will attenuate
the neutron flux to comparable levels or lower as in other
laboratories.

(Peak Counts - Continuum Counts )

Dy = 1
nth c. 1.8 ()

4.2 Fast neutron flux

In the case with the moderator, the capture rate was found
to be (8.74 + 0.24) x 1073 captures per second within
the 765 keV peak. The fast neutron flux is extracted uti-
lizing MCNPX-Polimi simulations [44-46]. The thermal
neutron reflectance and absorption from the POM moder-
ator was simulated to be 57 & 5 %. The fast neutron flux
was assumed to be spectrally similar to that of Laboratoire
souterrain de Modane (LSM) as reported in Reference [40].
Based on this assumption we estimate a fast neutron flux of
6.3 x 107 neutrons/cm?/sec.

Given the heavy reliance on the assumption of the under-
lying neutron spectrum, we simulated the detector response
for mono-energetic neutrons with energies between 100 keV
and 5 MeV, typical energies for fission and («, n) neutrons.
We found a 75 % variation in the detection efficiency of
the 3He tube with the POM moderator. For this we take
half the distribution, 35 %, and sum in quadrature with the
other sources of uncertainty yielding a fast neutron flux of
(6.3 £2.3) x 107 neutrons/cm?/sec.

@ Springer
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To more accurately measure the fast neutron flux, we plan
afollow up campaign utilizing both fast neutron detectors and
the capture gated neutron spectroscopy technique similar to
that discussed in Ref. [47].

5 Radon concentration

The uranium and thorium contained in the rock, see also
Fig. 3, continuously produce radon which emanates from
the rock into the cavern air. In absence of natural and/or
forced airflow, the radon activity concentration in the tun-
nel air equilibrates with the radon released from the rock.
However, air handling infrastructure, continuously deliver-
ing fresh air from the outside into the cavern through a duct
terminating at about TM2500, dictates the concentration and
distribution of radon in the cavern. The average ventilation
rate is maintained at one tunnel volume per about 2.5 h, yield-
ing an average cavern air current of about 0.3 m/s.

The radon concentration at several points inside the tun-
nel was measured using a commercial electrostatic RAD7
radon monitor from Durridge [48]. To prevent degradation
of the detection efficiency, the air was dehumidified using a
laboratory gas drying unit filled with about 0.5kg Drierite
desiccant. Measurements of 2*?Rn concentration near the
intake and directly next to the output of the air handling duct
at about TM2500 yield near identical concentrations, in the
range of 1-40 Bq/m?, depending on environmental condi-
tions. Between TM2500 and the entrance, the continuous air
flow results in an increasing gradient in radon concentration
with 300 + 50 Bg/m? and 1200 + 200 Bq/m® at TM1500
and TM500 respectively. Measurements deeper than the air-
handling output, where forced air circulation is expected to be
minimal, show a radon concentration of 2—4 kBq/m3. Mea-
surements of 22’Rn concentration were only briefly pursued
using a reduced desiccant mass of 30g. They confirmed a
sub-dominant contribution due to the much shorter half-life
of this isotope.

A second RAD7 detector was deployed at TM3500 for
long-term monitoring of radon concentration. Desiccant con-
sumption rate was reduced using a Durridge Drystik humidity
exchanger [49]. Radon concentration was measured in 30 min
intervals between the end of July and middle of Decem-
ber 2025 with few interruptions for maintenance. The data
revealed significant and periodic fluctuations of the radon
concentration in the range of 1.5-3kBq/m?>, with fluctuations
of up to 4.5kBq/m?, see also Fig. 9. Causes for the observed
variation are assumed to be related to forced air flow and
pressure changes induced by the train schedule in the Furka
tunnel.

Other underground labs feature radon concentration vary-
ing between 2Bq/m3 [50] and 300 Bq/m3 [6] for Boulby and
the SURF underground laboratory respectively. LNGS, with

@ Springer

about 20 Bq/m3 [51], is the closest in observed radon concen-
tration, likely due to the very similar rock composition of the
regions. The present measurements underline that the radon
concentration can be sufficiently suppressed by a continuous
and targeted supply of outside-air [52,53].

6 Magnetic background

The magnetic field background at TM3500 was measured
using a Bartington Mag-13MS70 three-axis fluxgate mag-
netometer (powered by a PSU-I power supply) for a total
duration of 471.8 h [54,55]. The combined sensor and power
supply noise floor is < 7 pT +/Hz at 1 Hz. The data acqui-
sition was carried out using a Digilent MCC128 DAQ hat
with a 16 bit ADC resolution and an equivalent noise of
A = 21Ty [56]. The sampling rate ( f;) was set to 20kHz
per axis to avoid aliasing given the 9.5 kHz low pass filter
of the PSU-1. At f; = 20kHz the quantization noise from
the DAQ is estimated to be ~ ﬁ = 5pT/~/Hz. To fully
characterise the combined noise floor of the measurement
setup and compare to the actual field background a 3-layer
MuMetal zero-gauss chamber with an attenuation of > 1000
(total MuMetal thickness of ~ 2 mm) [57] was used to per-
form an on-off test on site. Of the 471.8h of measurement,
161.6h were taken with the magnetometer inside the zero-
gauss chamber and 310.2 h were taken without the zero-gauss
chamber.

The one-sided power spectral density (PSD) of the mag-
netic field background is normalised such that:

fs/2 5
| pSPuss = By

avg —
across three directions. We estimate the power spectral den-
sity of the magnetic noise floor using Welsch’s method with
a hamming averaging window of 100s [58].

Figure 6 shows the comparison of the zero-gauss chamber
on-off test. In the frequency range of 2 x 10721 x 10% Hz
the noise floor of the setup, as measured with the zero-gauss
chamber, is significantly separated from the magnetic field
measured without the zero-gauss chamber. This confirms that
our setup is sensitive enough to record the effective magnetic
field background.

The magnetic field LSD ankles at ~ 1 HZ with a
white noise floor at ~ 15 pT\/E. This is lower than the
100 nT/+/H z requirement for building Strontium-based long
baseline atomic interferometer gravitational wave (AI-GW)
detectors and for other potential applications, as discussed
in [59]. However, there is a significant peak centered on
16.7 Hz, which corresponds to the nominal frequency of the

with B2, = % (B% + Bg + BZ2> being the squared average
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Fig. 6 The linear spectral density (LSD) of magnetic field noise floor
magnitude, which is defined as the square root of the power spectral
density (PSD). We show the noise floor measured inside zero-gauss
chamber (blue), and without zero-gauss chamber (orange). The filled
ranges denote the 16th and 84th percentiles of the distribution of per-
hour LSD values, and the solid lines denote the median of the LSDs

alternating current supply used by the Furka railway [60].
Analyzing a subset of the data between the hours 22:00 and
04:00 shows a strong reduction of this peak, which is well
correlated with the absence of regular train operation during
these hours [61,62].

Similar measurements have been carried out at CERN,
in the context of feasibility studies for AICE [63]. Although,
those measurements are dominated by their setup noise floor,
comparison with our result shows that Bedretto’s magnetic
field background — with the exception of the peak at 16.7 Hz —
is very competitive. While the peak at 16.7Hz is very promi-
nent, it is still below the 100 nT/ \/E requirement for stron-
tium based AI-GW detectors. Further, the measurements with
the zero-gauss chamber show that simple passive shielding
is able to attenuate this contaminating peak to below the
measurement noise floor of our magnetometer. Such pas-
sive shielding is foreseen in many planned AI-GW detec-
tors [59,63].

7 Seismic background

Multiple seismometers are permanently installed in the
Bedretto tunnel, as part of the measurement network of the
Swiss Seismological Service [64]. At TM3500 a short period
Lennartz LE-3DliteMkIIl seismometer with a corner period
of 1s is installed, sampled at 500 Hz. The average seismic
acceleration across the three directions measured with this
sensor is shown orange in Fig. 7. As for the magnetic field
measurements, the data is presented in the form of a linear
spectral density, defined as the square root of the power spec-
tral density. Individual LSD curves are calculated per 30 min
interval, and the distribution of these LSD curves is indi-
cated with the shaded areas in Fig. 7 (16th to 84th percentile

N
2
g
9) r g
A 10k A N
of j—— TM4912 (22i- 04h)  ---- NHNM ]
10°¢ 7 TM3500 —— NLNM ]
E Say ]
-10 m
10 Eil | . ol | T E
107 10" 10° 10' 10>
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Fig. 7 The linear spectral density (LSD) of the measured seismic activ-
ity. The orange curve shows the seismic noise at TM3500. This mea-
surement is limited by sensor noise below 1 x 10~! Hz. The night time
seismic noise measured at TM4912 is shown as a best case reference
(blue curve). The filled ranges denote the 16th and 84th percentiles of
the distribution of per 30 min LSD values, and the solid lines denote the
median of the LSDs. Dashed and dotted curves are LSD corresponding
to the New High and New Low Noise Models (NHNM and NLNM)

region). The data covers a one year period from October 2024
to October 2025. Also indicated are the LSD corresponding
to the New High and New Low Noise Models (NHNM and
NLNM) [65]. Two small peaks are visible at higher frequen-
cies, one at 16.7 Hz and one at 50 Hz, corresponding to the
overhead line frequency of the Furka railway [60] and the
frequency of the Swiss power grid respectively.

Below 1 x 107! Hz the measurements at TM3500 are
dominated by the noise floor of the short period seismometer.
As a best case reference the data from a broadband Nano-
metrics Trillium Compact seismometer with a 120s corner
period, installed at TM4912 is also shown in Fig. 7 (blue
curve). This sensor is located very close to the Furka rail-
way tunnel, and thus only data from night times (22:00 to
04:00) is shown, when no regular trains are running [61,62].
Below 2.5 x 1072 Hz the measurement at TM4912 is again
dominated by the sensor noise floor.

In order to limit the noise contributions from vibration
of the optical components in AI-GW detectors, the seis-
mic acceleration spectrum should be below §aj;;, = 1 %
10~%m / s2/Hz [59,63]. The Bedretto site exceeds this cri-
teria by two orders of magnitude.

Overall, the seismic activity at TM3500 s very low, clearly
below the NHNM, important to limit the contributions of
gravity gradient noise to AI-GW detectors [59]. Comparing
the seismic activity at Bedretto with similar measurements
carried out at CERN (for AICE [63]) and at Fermilab (for
MAGIS-100 [66]) shows the extremely low seismic back-
ground of the Bedretto site. This is especially the case in the
range 1-100 Hz, where seismic noise is highly dominated by
human activity and where the Bedretto site shows a seismic

@ Springer
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noise level of at least one order of magnitude lower compared
to the other sites.

8 Discussion

The comprehensive measurement of the background environ-
ment at the BedrettoLab demonstrates the suitability of the
site for a large variety of underground experiments and pro-
vides the data necessary to plan future fundamental physics
projects. The planned Bedretto Underground Lab for Fun-
damental Physics at TM3500 will be one of the deepest
underground sites in Europe, exceptionally quiet in terms
of vibrations and E&M shielding. After standard shielding
it is expected to achieve similar or better levels of ioniz-
ing backgrounds as comparable laboratories. The compre-
hensive assessment of background levels allows for opti-
mised construction, such as using borated shotcrete to further
reduce neutron levels. Furthermore, the long-term monitor-
ing of backgrounds will characterise seasonal cycles and fur-
ther establish diurnal or weekly patterns, for example E&M
interference, and transient events such as human activities.
The high-resolution instrumentation of the rock with geolog-
ical sensors allows for very detailed understanding of vibra-
tional backgrounds. Finally, the location and nature of the site
allows for excellent accessibility and the easy excavation of
new caverns and expansions.

Underground laboratories necessarily cover bare rock
walls with shotcrete. A standard 15cm concrete walls will
reduce the thermal neutron flux by a factor of 10 and the
fast neutron flux by 85 % as simulated with MCNP which
is consistent with the reduction factor shown in Ref. [27].
This protective layer of concrete will also reduce the ambi-
ent gamma flux, for the dominant 1.4 MeV “°K gamma-ray.
For example, a 15 cm thick concrete layer will attenuate the
flux by approximately 90 %, while standard paint-on radon
barriers will mitigate radon emanation [67,68]. With these
standard measures in place, the resulting neutron and gamma
backgrounds are expected to be comparable or lower to those
reported for the established European underground laborato-
ries.

The site allows for easy and fast excavations and expan-
sion of existing underground space. Our plan is to developed
a sizeable O(100 m?)-footprint underground clean laboratory
for underground R&D for rare event searches, quantum sens-
ing, gravitational waves and others quickly. Future expansion
are possible including excavation of O(0.1-1 km) tunnels and
shafts for, e.g., atom interferometry, gravitational wave and
neutrino detectors. The site offers excellent accessibility to
leading research institutions and major cities such as Ziirich,
Geneva, and Milano. Additional logistical benefits are the
horizontal access, the capacity to transport up to 18 tonnes of
mass at once and existing surface infrastructure.

@ Springer

9 Conclusion

We performed a comprehensive set of background measure-
ments in the bare rock wall environment of the Bedretto tun-
nel in Ticino, Switzerland. These measurements, combined
with simulations of shotcrete shielding, demonstrates the
suitability of the site for a large variety of underground exper-
iments and provides the data necessary to plan future funda-
mental physics projects. With the installation of shotcrete
lining and a ventilation system, the site will rank among the
deepest and quietest locations globally. These preparatory
measurements also allow for optimised infrastructure design
when furnishing the laboratory, allowing us to construct a
world-leading facility with horizontal access and proximity
to national and international metropolitan centres. Initially,
the laboratory will serve as a low-background R&D facility
with close ties to leading Swiss institutions such as the Uni-
versity of Ziirich, University of Geneva, University of Bern
and EHT Ziirich. Operating existing experimental setups
for rare-event searches, gravitational wave physics, quantum
sensing, HPGe counters and more underground will lead to
significant sensitivity improvements and greatly advancing
existing and planned research. In the long-term the site can
be very suitable also to host major international efforts due
to the ability to quickly excavate and prepare additional lab-
oratory space.
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Appendix A: Gator measurement

To determine the activity, the observed gamma-ray lines in
the spectra are analyzed by fitting the gamma peaks using a
Crystallball peak fit with a step sigmoid background. Then, a
peak window of £3-5¢ is chosen depending on the extent of
the low-energy tail of the peak. A background window of the
same size is also chosen on both the low- and high-energy
side of the peak. The difference gives the net counts, which
are used for further computations. An example is shown in
Fig. 8.

Using the net counts of the peak obtained after background
subtraction, the specific activity of each gamma line can be
computed using Eq. 2 where € is the efficiency of the gamma
line obtained from the GEANT4 simulation of the sample
in Gator, t is the measurement time (in seconds), BR is the
branching ratio of the gamma line, and m is the mass of the
sample, 1.4 kg in the case of the one from TM2500.

Net Counts

A (Bg/kg) = T I BR.m @)

Systematic uncertainties include a 3 % geometric uncer-
tainty for the relative position of the rock sample to the
HPGe crystal as well as a 4 % uncertainty for cross sections
within the Geant4 libraries [69,70]. Statistical uncertainty
is estimated utilizing a Monte-Carlo sampling of the peak
and include Poisson errors. Uncertainties from the branch-
ing ratio were included but contribute less than 0.1 % of the
total uncertainty.

Counts / keV / day

1 L P T B
8600 2605 2610 2615
Energy [keV]

o T s
B L 139

2620 2625 2630

Fig. 8 2614.5 keV 29Tl peak fitted using a Crystall ball peak plus
a sigmoid step background. Fit shown in red with background step
component shown in magenta. Data (black) corresponds to the TM2500
granite sample

Table 2 The specific activity obtained from each of the major gamma-
ray peaks for the granite sample from TM2500 is listed in this table. The
235U and ?*°Ra peaks at 185.7 keV and 186.2 keV cannot be separated
due to the energy resolution of the detector. The deconvolution of the
respective individual counts is done by obtaining the activity of 2>Ra
from the late-chain 2'4Bi and >'“Pb lines. From the activity of 2*°Ra,
the counts for the 186.2 keV are calculated, and subsequently, the 185.7
keV counts

Energy (keV) Parent Decay chain Activity (Bg/kg)
185.7 25y 25y 10.0 £ 0.6
186.2 226Ra 238y 161.3 £3.8
238.6 212py 232Th 136.9 + 6.3
295.2 2l4pp 238y 172.0 £ 8.9
338.6 228 ¢ 232Th 107.8 £ 5.9
351.9 2l4pp 238y 1734 +£9.2
583.2 208 232Th 120.8 + 5.4
609.3 2l4Bj 238y 157.5+17.9
727.3 212g; B2Th 136.2 + 10.7
860.5 2087 232Th 117.9 £ 6.2
911.2 228 Ac B2Th 1194+ 6.2
1001.0 234py 238y 220.6 + 18.0
1120.3 214B; 238y 156.1 £ 8.2
1460.8 40K 40K 1125.1 £73.0
1764.5 2l4B; 238y 150.3 +9.1
2614.5 208 2327 112.5+52

Table 2 summarises the activity and uncertainty for each
measured isotope for the TM2500 rock sample within the
235y, 238y, 232Th, and K decay chains. The gamma lines
included within the analysis were chosen for prominence
within the spectrum and those with high branching ratios.
Individual isotopic activities are averaged with an error
weighting to compute the values shown in Table 1.

Appendix B: Time variation of the radon concentration

The RAD7 radon monitor electrostatically collects positively
charged radon progeny. Water vapour in the air neutralises
the ions, which diminishes the collection efficiency. There-
fore, the relative humidity inside the detector needs to be
monitored and reduced. A laboratory gas drying unit with a
desiccant is typically used. To cope with the high humidity in
the Bedretto tunnel, a Nafion™-based humidity exchanger
(Durridge Drystick) is added, to reduce the desiccant con-
sumption rate during long-term measurements.

Figure 9 shows the evolution of the measured radon con-
centration during the period between end of July until middle
of December 2025. At the end of August 2025, the Dry-
stick’s internal pump malfunctioned, rendering subsequent
dataunreliable. Before its replacement, the monitor was oper-
ated only with the laboratory drying unit, initially maintain-
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Fig. 9 Time evolution of the radon concentration in the unventilated section at TM3500 as measured using a Durridge RAD?7 electrostatic radon

monitor

ing the air at 4% relative humidity. After a few days, signs
of saturation became evident, resulting in a rapid humidity
increase. Enlarging the measurement cycle to 2 h allowed to
stabilise the humidity at about 60% until mid-October, after
which further a increase in humidity required exclusion of
subsequent data. Following the installation of a new Drystick
module in early November 2025, stable data taking with a
relative humidity below 7% could be continued.

North
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Fig. 10 Slant depth to TM3500 as function of azimuth and zenith
angle. The shallowest overburden is 1.16 km to the North-East

@ Springer

Appendix C: Overburden distribution

The geometric overburden above TM3500 was computed
using topological data from the Bundesamt fiir Landesto-
pografie swisstopo. Figure 10 shows the slant depth from the
surface to TM3500 as function of angles.
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