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KM3NeT is a network of underwater Cherenkov neutrino telescopes currently under construction
at two sites in the Mediterranean Sea. ARCA, located offshore the Sicilian Coast (Italy), is
optimized for the detection of high energy cosmic neutrinos, while ORCA situated off the coast
of Toulon (France), is designed for studying atmospheric neutrinos. Both detectors consist of
vertical string-like detection units, each comprising 18 optical modules. Each optical module
houses 31 3-inch photomultiplier tubes and electronics for control and power supply, an acoustic
sensor, tiltmeter-compasses and readout and data transmission. The data are acquired according
to a triggerless streaming readout scheme, where the optical modules act as underwater nodes
transmitting all data and communicating with the control station on shore via a network of
optical fibers. To optimise event direction reconstruction, the optical modules are synchronized to
O(~ 1) ns accuracy using the White Rabbit time synchronization protocol, while their locations
underwater are known with accuracy O(~20) cm at any time using a custom acoustic positioning
system. Following the first phase of construction, which relied on a KM3NeT customized version
of the White Rabbit protocol, a new network architecture following the standard White Rabbit
protocol has been implemented to improve the maintainability and scalability of the system.

In this contribution the setup, procedure and protocols adopted to test the ARCA detection units
under standard White Rabbit configuration is described. Specifically, the system of instrumentation
for optical, acoustic and data readout systems and calibration measurements in the final stage of
integration of a detection unit are presented. With this system the detection units are validated

under operating conditions prior to their installation at the sea bed.
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1. Introduction

The neutrino telescope KM3NeT[1] is a deep sea infrastructure with detectors under construc-
tion at two sites in the Mediterranean Sea. The ORCA (Oscillations Research with Cosmics in the
Abyss) detector is located about 40 km off-shore Toulon, France at 2.5 km depth. It is designed for
low energy studies from a few hundreds of MeV to sub-TeV. The ARCA (Astroparticle Research
with Cosmics in the Abyss), located about 100 km off-shore Capo Passero, Sicily, Italy at a depth
of 3.5 km, is dedicated to high-energy studies (up to a few hundred PeV).

Although the scientific goals of the detectors are different, they are built with the same technology,
based on mulit-PMT Digital Optical Modules (DOMs), pressure resistant glass spheres containing
31 photomultipliers (PMT), a number of calibration devices, and read-out electronics[2].

The DOMs measure the Cherenkov light induced in seawater by secondary charged particles pro-
duced by interactions of neutrinos inside or nearby the detector volume. The trajectories of the
charged particles through the detectors are reconstructed by combining an accurate measurement
of the time of arrival of the photons and the position of the optical modules. All elements of
the telescope need to be calibrated in time at nanosecond level accuracy and in position with an
accuracy of about 10 cm, to reach the required angular resolution of about 0.1° at 100 TeV for
ARCA[1].

The calibration tests performed at Detection Units (DUs) at the ARCA DU integration laboratories
are described. Recent upgrades of the data acquisition architecture are briefly described in Sec. 2,
focusing on the calibration procedures. A description of the calibration setups and processes are
presented together with the most significant results in Sec. 3.

2. The Detection Unit

A detection unit comprises 18 DOMs connected through a backbone cable to a base module
(BM) and then to a junction box. The submarine network of junction boxes is connected to a control
station on the shore via a long electro-optical cable.

The DOMs in the ARCA (ORCA) array are distributed in the seawater volume with an average
horizontal distance of about 90 (20) m and a vertical distance of about 36 (9) m, with the lowest
modules at about 70 (30) m above the seabed. The targeted instrumented volume of KM3NeT is
more than 1 km?>. In fact, the goal is to install in total 115 DUs for ORCA and 230 DUs for ARCA
within the next few years. The data acquisition (DAQ) system of KM3NeT has been designed in
order to guarantee the sub-nanosecond time synchronization between the DOMs by means of the
White Rabbit (WR)[4] technology. This is implemented in two different designs: a "broadcast"
system[3], which has been used in the first phase of the construction of ARCA and ORCA, and a
standard WR system, which is now used for current DU production.

The "broadcast" architecture consists of one link used to broadcast slow-control commands to
DOMs and BMs and one direct uplink for the central logic boards (CLBs) in each DOM back
to the on-shore station. This asymmetry does not allow for exploiting a standard WR ethernet
technology and the firmwares of the WR nodes (for both shore station and off-shore nodes) have
been customized.

The new architecture is based on a new aggregation layer implemented directly in the DUs. The
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DOMs have been upgraded in order to implement a WR-slave node by using standard WR firmware.
The new design enables taking advantage of the official WR developments and maintenance and
allows for the use of fewer cable connections to the sea infrastructure. This upgrade has required a
redesign of the BM. Basically, it hosts two standard core board switches (labeled Wet-WR Switches
WWRS-A and WWRS-B), each with 18 transceivers. Thus, the two switches are connected to 18
DOMs providing 12 cold redundancies.

The construction and integration of DUs involve several steps that take place at different laboratories
of the KM3NeT Collaboration[5]. At the DU integration site, the DOMs, including its calibration
devices and already tested for performance, are electrically and optically connected to the vertical
electro-optical data cable (VEOC). Then, the BM, integrated and enclosed in a titanium container,
is connected to the VEOC. The resulting DU can be attached to the other auxiliary devices, namely
hydrophone and eventually an acoustic transmitter (beacon). The entire DU, placed in a dark box
and connected to a test-station, can be put for the first time into operation and each component is
tested under close to real conditions before its final commissioning.

3. Test and calibration in dark box

Atthe shore-station, as shown in Fig. 1, based on standard WR switches (labeled Dry-WRS), the
detector interface for both control and data readout is managed. The Control Unit (CU), a software
component running in the shore-station, is used for detector control and user interface to the central
KM3NeT data base. Trigger and Data Acquisition System (TriDAS) software components process
the optical and acoustics data streams coming from the DU. All the calibration steps rely on a central
data base, where the detector information is stored, along with running parameter sets (“runsetups’)
and calibration information. The detector definition, the operating and logging parameters such
as temperature and humidity in the DOMs, compass and tilt meter values, current, strength of the
communication link, can be retrieved by the CU. Then, a fast analysis and online monitoring can be
performed on a subset of the selected data showing the status of the data taking (PMT and trigger
rate, calibration checks, etc.).

3.1 Setup and configuration

After the CU configurations, the communication with the BM and DOM nodes can be estab-

lished. Then, the first set of runsetups can be created and used for calibration and later for science
operation and data taking. In fact, with the first runs the DAQ and communication are tested in
order to swiftly identify potential malfunctioning.
After about one day of darkening, PMTs are operated at high voltage as recommended by the vendor
and the dark count rates are monitored. Channels with unusual behavior are further investigated
and eventually excluded. Typically, a PMT is excluded when its counting rates are extremely low
or high, i.e., <100 Hz or >10 kHz, respectively.

3.2 Power measurements

After the first successful data taking runs, the DU electrical tests and power consumption
measurements can be performed according to a well-defined sequence of operating conditions
of CLB status (in both BM and DOMs) and the attached devices to the BM. Because the new
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Figure 1: Setup for DU test and calibration during the time measurements.

WR architecture has a higher power consumption (224 mA at 363V) compared to the previous
architecture (41 mA at 375 V), a cooling system is required for the BM vessel during the duration of
tests. A continuous monitor of the temperatures of the critical devices (FPGA, glenair transceivers
etc..) is also implemented.

The first measurements are carried out with only the BM turned on and then by turning on the
acoustic beacon (if present) and then the hydrophone. The next step is the power measurements
when the power board distributes the 363 V to the VEOC. In the final step all DOMs are switched
on and running. Current measurements are carried out by a microcontroller hosted in the BM CLB
that reads the sensors.

These measurements allow KM3NeT to verify that everything is working well but also to have
reference values for the detector deployment.

3.3 HYV tuning

In order to achieve a proper PMT operating mode, PMT gains must be equalized using the HV
tuning procedure. The HV tuning, which is defined by a desired gain of 3 x 10°, uses the gains
resulting from a fit to the time over threshold (ToT) distribution[6]. For each PMT of a DOM,
all hits detected during a given run are read. The tuning procedure can be accomplished with a
HYV scan spanning the interval between -56V and 56V in steps of 8V centered around the vendor
nominal value whereby a few minutes of data for each HV are sufficient. By fitting multiple single
photoelectron ToT distributions taken at different high voltage settings as a function of the PMT
gain, the HV value that gives rise to a nominal gain can be estimated. The final HV tuned value can
be evaluated from a linear behaviour of PMT gain versus HV.

3.4 Checks on acoustic and compass data

The acoustic positioning system relies on two subsystems: acoustic receivers installed on the
DU elements (hydrophone near the BM and the piezoelectric devices glued the glass sphere in
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Figure 2: Arrival time distribution of first hits of a PMT. The time offset is calculated by the mean value of
the Gaussian fit.

each DOM) and acoustic transmitters with georeferenced positions at the sea bed[7]. In addition to
the communication tests and power measurements of the BM acoustic devices (Sec. 3.2), several
functional tests of all the acoustic receivers are performed by using a waveform generator and a sound
amplifier-and-splitter (1/20). A sinusoidal wave emission at 30-kHz frequency and an amplitude
of 2 Vpp is set. The acoustic emission is synchronized with the WR system, and the generation
is triggered by the pulse per second (PPS) signal. The acoustic data, consisting of the digitized
wave-forms, are routed to the Acoustic DataFilter processes that reconstruct the detection-time, also
referred to as time of arrival (ToA). The correct detection of acoustic signals is checked through an
analysis of the ToA of the emitters signals and their synchronicity with respect to the WR clock.
During data taking each CLB sends to the test-station raw accelerometer and magnetometer data.
Then, a dedicated software tool converts these raw values into actual readings. A simple data
filtering for proper data transfer is performed here without any check on the data quality.

3.5 Timing measurements in dark box

The sub-nanosecond time synchronization among the DOMs is an important goal of the DU
timing calibration. While the PMT intrinsic offsets are due to different transit times (TTs) about +2
ns between different PMTs, time offsets of the DOMs are dominated by the electronics readout line
and the clock signal distribution from shore station to the off-shore nodes. In fact, the new WWRS
architecture provides the full synchronization between the test-station and the DOMs. Nevertheless,
some residual electro-optical asymmetries, delays and configuration parameters can introduce small
systematic offsets that will be measured and accounted for during the calibration phase. Further
details regarding the optical network and WWRS calibration scheme can be found [8].

The goal is to determine the relative time offsets between the different DOMs performed in the dark
box by means of a laser source and a light distribution system that provides laser pulses at s.p.e.
level directly and simultaneously to two reference PMTs of each DOM. In Fig. 1 the setup of the
DU time calibration is shown. The Grand Master (GM) and DRY-WR switches, synchronized to
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Figure 3: Mean value of arrival time distribution for top reference PMT, obtained by subtracting the laser
pulse delay and the splitter delay. The data sample contains 15 DUs.

the GPS, are connected to two WWRSs (BM box) providing 2x1Gbps ethernet uplinks to shore.
TriDAS and CU processes are also depicted in the picture. A light pulse generation at a wavelength
of 406 nm is synchronized with a PPS signal from the DRY-WR, and the output feeds a path of fibers
illuminating 36 PMTs through a 1/40 optical splitter, one on each DOM. The light signals are time
stamped with respect to the reconstructed clock signal with the WR protocol. A few preliminary
steps are needed: the time delay measurements of the light pulse at the laser output with respect to
PPS signal, the delay of the splitter and the fine tuning of the light beam.

In Fig. 2 the arrival times of first light signals (collected from 1 PE hits) are shown: the time
offset for the DOM is evaluated as the mean of a Gaussian fit to this distribution. Since the DOM
readout electronics are segmented into two hemispheres, two PMTs of each DOM (one located in the
upper and the other one in the lower hemisphere) are used for time calibration. These double-time
measurements for each DOM allow for an essential redundancy in case of an issue of one PMT or
readout electronics. In Fig. 3 and Fig. 4 the mean laser hit times are shown for all the DOM (top
and bottom PMT reference) with the laser pulse and splitter delays subtracted. These measurements
were performed on 15 DUs between February 2024 and May 2025 at Capacity laboratory. As can
be seen from the two plots, all the DOMs are synchronized within a few ns exploiting the WR
performance. These time offsets are used to correct and calibrate the timing of optical data from all
DOMs. The residual time spread between DUs can be due to the different TTs (about +2 ns), which
we correct for in the water by the “°K calibration and also by atmospheric muons. A modulo-9 effect
can be also observed in the two plots. It is a systematic behaviour due to the different delay lines of
connected DOMs for which ports the input/output delay corrections have not yet been applied. In
Fig. 5 the offset comparison between the upper and lower hemispheres of the DOMs is shown. A
time difference of about 1 ns is observed which can be explained by different electro-optic signal
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Figure 4: Mean value of arrival time distribution for bottom reference PMT, obtained by subtracting he laser
pulse delay and the splitter delay. The data sample contains 15 DUs.

KM3NeT preliminary
£ 30 _
= ~ —— top PMTs Entries 262
= C Mean 118.3
25 — — bottom PMTs Std Dev. — 1.919
= Entries 263
r Mean 119.4
20 — Std Dev 1.821
15
10—
5
ELo L Ll o .
fo5 110 15 120 125 730
Time delay [ns]

Figure 5: Distribution of the mean time values for top (blue) and bottom (red) reference PMT

processing.

The last part of the DU time measurements is devoted to the inter-DOM calibration by using a
different configuration for WWRSA/B, namely backup link and redundant DOM configurations. In
fact, the WWRS architecture allows for the use of an interlink (backup link) between WWRSA and
WWRSB. Then, the laser runs are taken with different switch configurations.
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3.6 Other checks

A crosscheck of the time offset calibration performed in the dark box can be carried out in sifu
after the DU deployment through the light emission diode beacon (Nanobeacon, NB) installed in
the upper part of each DOM. A short light pulse at a fixed wavelength of 470 nm with the possibility
to configure the intensity and frequency of flashing is controlled by the CLB logic. Measurement of
time differences between pairs of DOMs allows calibration of the surrounding DOMs with respect
to the one emitting light. Several runs with different bias voltages for the NB are acquired during
DU calibration in order to evaluate the best operating voltage.

4. Conclusions

The ARCA DU calibration, as part of the integration process, has been described together
with the test facility which includes on-shore/oft-shore elements, network connections, timing
synchronization components, and DAQ system to validate the detection unit under real operating
conditions.

The procedures developed for the DU calibration are now applied to dozens of detection lines, part
of which is deployed and operating under the sea. The calibration and quality control before the
deployments shortens the detector comissioning after each deployment campaign.
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