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INFN-LNS infrastructures for UHE neutrino acoustic detection G. Riccobene

The subsea cabled infrastructure of the Laboratori Nazionali del Sud of the Istituto Nazionale di
Fisica Nucleare (LNS-INFN) is continuously expanding, both in the number of observing systems
and in its capacity to host new assets. Since 2024, the historical Test Site offshore the port of
Catania, at 2100 m water depth, has been upgraded with the installation of a short-baseline, large-
bandwidth tetrahedral antenna, deployed in the framework of the IPANEMA project. In 2025, a
Distributed Acoustic Sensing (DAS) system acquired by the Centro Siciliano di Fisica Nucleare e
di Struttura della Materia (CSFNSM) under the VONGOLA project was permanently connected to
the underwater cable, enabling joint testing of complementary techniques for acoustic soundscape
monitoring and studies; both system are driven by the same master clock onshore. Meanwhile,
at the Capo Passero Site at 3500 m water depth—primarily dedicated to the KM3NeT/ARCA
detector—another DAS unit was connected to the main electro-optical cable under the European
Commission funded LowNoiser project. In addition, a set of three seafloor hydrophones, deployed
at relative distances of about 300 m, continuously streams data, allowing long-term studies
of noise in the band between a few tens of Hz and 70 kHz. Finally, a new subsea data and
power hub for multidisciplinary science, funded under the ITINERIS project, has been built
and will be deployed soon. Alongside this extensive hardware upgrade, several software tools
for soundscape analysis and sound cataloging have been developed, relying both on standard
digital signal processing methods and on new artificial intelligence techniques. A FAIR-oriented
approach for data preservation has also been implemented and shared with project stakeholders.
This combination of several acoustic sensors, multiple connection ports and advanced software
tools provides unprecedented opportunities to study the acoustic detection of ultra-high-energy

particles in the deep sea.
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1. Perspectives for the Acoustic Detection of Ultra-High-Energy Neutrinos

The thermo-acoustic mechanism proposed by Askaryan predicts that the energy deposited by
a particle cascade in a fluid medium generates localized heating, leading to a rapid expansion of
the medium and the emission of a bipolar pressure pulse. For cascades induced by ultra-high-
energy (UHE) neutrinos, the resulting acoustic signal is coherent in the frequency range between
approximately 10 and 50 kHz and propagates as a thin cylindrical wavefront, commonly referred to
as a “pancake” wavefront that can be identified with arrays of acoustics detectors [1]. A scheme of
the signal production and detection processes are reported in figure 1.

The recent detection by KM3NeT/ARCA of a neutrino event with an estimated energy of
about 220 PeV [2] is renewing interest in acoustic techniques as a complementary approach to
optical Cherenkov detection. At such extreme energies, acoustic methods become increasingly
attractive because sound waves in seawater can propagate over distances significantly larger than
optical photons. As a consequence, very large target volumes can be monitored with a relatively
low density of sensors, potentially allowing the realization of detectors with effective volumes far
beyond those achievable with optical techniques alone [3].

Despite these promising perspectives, several scientific and technological challenges must
still be addressed before an operational acoustic neutrino telescope can become a reality. First,
further developments in acoustic sensor technology are required to improve sensitivity, dynamic
range, reliability and long-term stability in the deep-sea environment. Equally important is the
accurate characterization of both ambient and transient acoustic noise, since the detectability of
neutrino-induced signals strongly depends on the acoustic conditions of the site. Significant effort
must also be devoted to validating acoustic propagation models in realistic deep-sea environments,
where seabed properties, sound-speed profiles and environmental variability can influence signal
propagation.

In parallel, advanced trigger and reconstruction algorithms are needed to identify rare neutrino-
like signals within large acoustic datasets and to estimate the position, direction and energy of
the originating particle cascade. Finally, dedicated calibration campaigns coupled with detailed
simulations of signal-generation are essential to improve our understanding of the thermo-acoustic
conversion process and to validate the predicted signal amplitudes and waveforms under realistic
conditions.

In this context, the INFN-LNS deep-sea cabled infrastructures provide a unique experimen-
tal platform where all these aspects can be investigated simultaneously [4]. The combination of
permanent underwater observatories, synchronized acoustic sensors, distributed acoustic sensing
(DAS) systems and long-term environmental monitoring capabilities offers unprecedented oppor-
tunities for advancing the research and development efforts required for future acoustic detection of
ultra-high-energy neutrinos.

2. The INFN-LNS Cabled Infrastructure

The INFN-LNS operates two complementary deep-sea infrastructures in the Western Ionian
Sea. Together, they constitute one of the most advanced permanent underwater observatory systems
in Europe and provide continuous access to the deep Mediterranean environment (see figure 2).
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Figure 1: Schematic representation of the thermo-acoustic detection mechanism. A UHE neutrino interaction
generates a cascade that deposits energy in a localized region of seawater. The resulting rapid heating produces
a bipolar pressure pulse propagating as a thin cylindrical (“pancake”) wavefront detected by underwater
acoustic sensors.

2.1 The Catania Test Site

The Catania Test Site is located about 25 km offshore the city of Catania at a depth of
approximately 2100 m. It is connected to shore through a 28 km electro-optical cable providing
electrical power and real-time data transmission. The infrastructure hosts the Western Ionian EMSO
node [5] and has supported multidisciplinary observations since 2006 [6].

The site has played a pioneering role in underwater acoustics. The NEMO-OnDE [7] and, later,
the SMO-OnDE observatories established the first continuous deep-sea passive acoustic monitoring
station in the Mediterranean. These systems demonstrated the feasibility of long-term monitoring
of ambient noise, ship traffic, seismic activity and marine mammals [8]. Sperm whale tracking and
fin whale monitoring were among the first major scientific achievements of the observatory.

A major upgrade was completed in 2024 within the IPANEMA [9] project through the instal-
lation of a broadband tetrahedral hydrophone array operating in real time. Subsequently, a DAS
interrogator acquired through the VONGOLA project [10] was connected to the infrastructure,
enabling simultaneous measurements with hydrophones and optical-fiber sensing technologies.

2.2 The Capo Passero Site

The Capo Passero site is located approximately 100 km offshore south-eastern Sicily at a depth
of about 3500 m. This site hosts the KM3NeT/ARCA neutrino telescope and consists of a large
electro-optical network connecting Detection Units, Junction Boxes and shore facilities.

The environmental characteristics of the site are particularly favorable for acoustic studies.
Currents are typically weak, optical properties are excellent, and anthropogenic noise is relatively
low because of the distance from major ports and shipping lanes [4]. Acoustic propagation is
simplified by the deep-water sound-speed profile, which is dominated by pressure effects.
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Figure 2: The INFN LNS subsea infrastructures in Eastern Sicily. One electro-optical cable is deployed
offshore the Gulf of Catania and mainly used for Earth and Sea observation purposed. Two electro optical
cables are deployed offshore Capo Passero.

The infrastructure now includes -together with the acoustic sensor of the KM3NeT/ARCA
telescope- a permanent seafloor hydrophones phased-array and a DAS system connected to the
main electro-optical cable under the LowNoiser project[11].

3. Development of New Acoustic Sensors

3.1 Progress with Digital Hydrophones

Over the last two decades, INFN-LNS has promoted and followed the development of digital
hydrophones, originally conceived for the acoustic positioning systems of underwater neutrino
telescopes and subsequently employed in a broad range of marine science applications.

The sensors have been specifically designed to combine wide frequency coverage, low intrinsic
noise and high long-term reliability, their operational bandwidth extends from a few hertz up to
frequencies exceeding 80 kHz, allowing the detection of a broad variety of acoustic phenomena
ranging from geophysical events and shipping noise to cetacean vocalizations and potential thermo-
acoustic signals generated by ultra-high-energy particle interactions. Particular attention has been
devoted to minimizing the electronic self-noise of the acquisition chain, resulting in noise levels
approaching those expected for Sea State 1 conditions in the frequency range of interest. The
digitization architecture derives from technologies successfully developed for professional audio
applications and adapted to the requirements of deep-sea operation. Analogue front-end is coupled
to digital acquisition electronics based on field-programmable gate arrays and high-resolution
analog-to-digital converters. Typical acquisition rates are based on a 25 MHz master clock divided
by 128, corresponding to a sampling frequency of 195.3 kHz, fully compatible with the consumer
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standard 192 kHz audio format. A key feature of the developed digital hydrophones is the availability
of precise timing information. The sensors are indeed synchronized through the same timing
distribution systems based on White Rabbit technology, providing sub-microsecond synchronization
and preserving phase information between different sensing nodes. This capability is essential for
the implementation of large volume phased acoustic arrays, allowing accurate source localization
algorithms and studies of acoustic wavefront propagation. In the context of future acoustic neutrino
detection experiments, this is mandatory to enable identification of the neutrino interaction vertex
and implement effective background-noise subtraction for detection of candidate thermo-acoustic
signals over very large instrumented volumes.

Extensive qualification procedures have been developed to ensure the long-term stability of both
the sensing elements and the associated electronics. These procedures include laboratory charac-
terization under controlled acoustic conditions, pressure tests, environmental stress tests and in-situ
validation campaigns. The developed sensors have accumulated several years of successful oper-
ation at depths between 2000 and 3500 m within the INFN-LNS infrastructures and the KM3NeT
detector [12]. Their successful deployment provides a mature technological basis on which future
large-scale acoustic arrays for ultra-high-energy neutrino astronomy may be developed.

3.2 Progress with Distributed Acoustic Sensing

Distributed Acoustic Sensing represents one of the most exciting developments in underwater
acoustics and has the potential to significantly expand the capabilities of future deep-sea acoustic
observatories. DAS exploits phase-sensitive Optical Time Domain Reflectometry (¢-OTDR) and
the coherent analysis of Rayleigh backscattered light to measure dynamic strain variations along
optical fibers. Instead of relying on a limited number of discrete hydrophones, the entire optical
fiber acts as a continuous sensing element, effectively creating a distributed array composed of
thousands of virtual, synchronised, acoustic sensors with meter-scale spacing.

The operating principle of DAS is fundamentally different from that of conventional hy-
drophones. While hydrophones directly measure acoustic pressure fluctuations in water, DAS
measures strain and strain-rate induced in the optical fiber by mechanical perturbations generated
by acoustic waves, vibrations, or seismic activity. This approach enables the monitoring of ex-
tremely long sensing paths from a single interrogator unit and provides an unprecedented spatial
resolution that would be difficult to achieve using traditional underwater acoustic instrumentation.
Existing submarine telecommunication and scientific electro-optical cables can therefore become
large-scale acoustic observatories without requiring the deployment of dedicated sensing elements
along the entire measurement path.

Recent installations at both the Catania and Capo Passero have demonstrated the capability
of DAS systems to detect a broad range of acoustic and geophysical phenomena over distances
extending for tens of kilometers. Signals generated by commercial vessels, underwater seismic
events and distant airgun surveys have been successfully recorded and analyzed. In several cases,
the distributed nature of the measurements allowed the identification of the propagation path of
the acoustic disturbance along the cable, providing valuable information on source localization
and environmental conditions. These observations have confirmed the ability of DAS systems to
operate continuously in deep-sea environments while maintaining high sensitivity and large spatial
coverage.
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At the Catania Test Site, the DAS interrogator installed within the VONGOLA project operates
in parallel with the IPANEMA hydrophone arrays. Similar activities are ongoing at the Capo Passero
site, where a DAS system has been connected to the main electro-optical cable in the framework
of the LowNoiser project. The availability of synchronized DAS measurements together with
conventional hydrophones (synchronised using the same master clck from shore), from proprietary
Automatic Identification System (AIS) and environmental data, creates a powerful multidisciplinary
platform for underwater acoustic research. This configuration provides indeed a unique experimental
framework for comparing distributed optical-fiber sensing with traditional pressure measurements
and for studying the relationship between acoustic pressure fields and the strain signals recorded by
the fiber.

From the perspective of ultra-high-energy neutrino detection, DAS may offers several attractive
features. The possibility of instrumenting very large distances using existing submarine optical fibers
may enable the deployment of acoustic sensing systems covering areas considerably larger than those
accessible with conventional hydrophone arrays alone [13]. The dense spatial sampling provided by
DAS could improve the study of acoustic wavefront propagation, ambient noise characterization and
event reconstruction techniques. Moreover, the relatively low incremental cost associated with the
use of pre-existing telecommunication or scientific cables makes fiber-sensing detection techniques
particularly appealing for future large-scale detector concepts.

Nevertheless, several challenges remain before DAS can be fully exploited for acoustic particle
detection. Since the technique measures strain rather than pressure, the response of the cable depends
on its mechanical properties, seabed coupling conditions, cable geometry and installation method.
Additional studies are therefore required to quantify the sensitivity of DAS systems to thermo-
acoustic signals produced by particle cascades and to develop accurate calibration procedures.

The INFN-LNS deep-sea infrastructures provide a unique environment in which these tech-
nologies can be jointly evaluated under realistic operating conditions. The simultaneous availability
of hydrophone arrays, distributed acoustic sensing systems, synchronized timing distribution and
long-term environmental monitoring capabilities offers unprecedented opportunities to investigate
the feasibility of future acoustic neutrino detectors and to explore new approaches for large-scale
underwater acoustic instrumentation.

4. Results from Underwater Environmental Monitoring

The continuous operation of acoustic observatories at INFN-LNS has generated one of the
largest collections of deep-sea acoustic data in Europe. These datasets have enabled studies of
underwater noise, marine biodiversity, geophysical phenomena and human impacts on the marine
environment. These data provide essential inputs for characterizing the acoustic background relevant
for UHE neutrino searches together with optimal calibration sources to test amplitude calibration
measurements and software tools for tracking. Of particular relevance for acoustic particle detection
is the demonstration that the ambient noise environment at Capo Passero is remarkably stable and
quiet in the frequency band around 10-50 kHz. Combined with continuous source tagging using
AIS information and dedicated hydrophone arrays, this creates ideal conditions for future feasibility
studies of acoustic neutrino telescopes.
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Within the novel Italian Ocean Sound Monitoring system, developed by INFN-LNS within
the ITINERIS project [14], data from acoustic sensors deployed by INFN-LNS at Capo Passero
provide a FAIR and open dataset to a wide scientific community aimed also at evaluating the good
environmental status of the sea and effect of anthropogenic noise on marine fauna.

The LowNoiser project has expanded the monitoring tools protfolio by deploying DAS systems
and hydrophone arrays at Capo Passero. Preliminary analyses demonstrate the ability to identify
shipping activity, impulsive noise sources and geophysical signals.

5. Conclusions

The INFN-LNS cabled deep-sea infrastructures now constitute a unique testbed worldwide for
research on acoustic detection of ultra-high-energy neutrinos. The combination of mature digital
hydrophone technology, emerging DAS systems, real-time synchronized data acquisition and long-
term environmental monitoring provides all the key ingredients required to bridge the remaining gaps
toward a future acoustic neutrino detector. Beyond interest for the particle astrophysics community,
these infrastructures are producing valuable contributions to marine science, underwater acoustics,
oceanography and environmental monitoring. The convergence of these disciplines is creating new
opportunities for both fundamental physics and deep-sea research.
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