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Abstract: The optical module of the KM3NeT neutrino telescope is an innovative multi-faceted
large area photodetection module. It contains 31 three-inch photomultiplier tubes in a single 0.44 m
diameter pressure-resistant glass sphere. The module is a sensory device also comprising calibration
instruments and electronics for power, readout and data acquisition. It is capped with a breakout-box
with electronics for connection to an electro-optical cable for power and long-distance communication
to the onshore control station. The design of the module was qualified for the first time in the deep sea
in 2013. Since then, the technology has been further improved to meet requirements of scalability,
cost-effectiveness and high reliability. The module features a sub-nanosecond timing accuracy
and a dynamic range allowing the measurement of a single photon up to a cascade of thousands
of photons, suited for the measurement of the Cherenkov radiation induced in water by secondary
particles from interactions of neutrinos with energies in the range of GeV to PeV. A distributed
production model has been implemented for the delivery of more than 6000 modules in the coming
few years with an average production rate of more than 100 modules per month. In this paper a
review is presented of the design of the multi-PMT KM3NeT optical module with a proven effective
background suppression and signal recognition and sensitivity to the incoming direction of photons.

Keywords: Cherenkov detectors; Large detector systems for particle and astroparticle physics;
Neutrino detectors
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1 Introduction

KM3NeT is a neutrino telescope located at the bottom of the Mediterranean Sea. With the ARCA
and ORCA1 detectors of the telescope scientists will search for neutrinos from distant astrophysical
sources and study the fundamental properties of neutrinos, respectively. The extendable neutrino
detectors comprise large volumes of seawater instrumented with arrays of detection units, vertical
stringlike structures equipped with light sensitive modules — the optical modules, described in
this paper (figure 1). They measure the Cherenkov light induced in seawater by secondary charged
particles from interactions of neutrinos of all flavours. 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 (figure 2).

At the seabed of the ARCA and ORCA sites extendable networks of electro-optical deep sea
cables and junction boxes connected to a local onshore control station are being built. Both the
ARCA and ORCA sites are nodes in larger networks for marine science research.2 The ARCA
array of optical modules is gradually being built and connected to the junction boxes in the seafloor

1ARCA and ORCA: Astroparticle and Oscillation Research with Cosmics in the Abyss, respectively.
2European Multidisciplinary Seafloor and water column Observatory, http://emso.eu/.
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Figure 1. Rendition of the ARCA detector showing the detection units equipped with KM3NeT optical
modules, anchored to the seabed. Using bollards, the modules are attached to supporting ropes of the detection
unit. Buoys at the top provide additional pull to keep the structures upright in the case of strong sea currents.
An electro-optical backbone cable runs the full length of the unit with a breakout at the level of each optical
module. Via a base module on the anchor and a cable running over the seabed the detection unit is connected
to a junction box in the seafloor network of the deployment site (not visible in the picture). The scale is
indicative. In reality daylight does not reach the depths at which the KM3NeT neutrino telescopes are installed.
The ORCA detector has a similar design.

network at about 90 kilometres offshore Portopalo di Capo Passero, Sicily (Italy), at a depth of about
3500 m. The configuration of the array is optimised for the detection of high-energy neutrinos from
cosmic sources. The targeted instrumented volume of ARCA is about one cubic kilometre with the
option to grow further. The optical modules in the array are distributed in the seawater volume with
an average horizontal distance of about 90 m and a vertical distance of about 36 m with the lowest
modules at about 70 m above the seabed. At the end of 2021, 162 modules in 9 vertical detection
units are installed and the construction of the next 54 detection units is proceeding. The goal is to
install more than 4100 modules in 230 detection units [1].

In parallel, the array of the ORCA detector is under construction at about 40 kilometres offshore
Toulon (France) at a depth of about 2500 m. The configuration of ORCA is optimised for the study
of neutrino oscillations using neutrinos created in the atmosphere of the Earth by cosmic particles.
Its array of optical modules will span a seawater volume of about 7 megatonnes with horizontal
spacing between the modules of about 20 m and vertical spacing of about 9 m. At the end of 2021,
180 optical modules, integrated in ten units, are operational and the construction of 23 additional
detection units is proceeding. For ORCA, the target is to install a total of more than 2000 optical
modules in 115 detection units [1].

The optical modules applied in the ARCA and ORCA detectors have a novel design. For the first
time in a neutrino telescope, the optical module design was modified from a glass sphere comprising
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Figure 2. Illustration of the detection principle of the KM3NeT telescope with the trajectory of a muon (blue)
from a collision (dot) of a neutrino (red) with matter below the telescope. The cone of Cherenkov light emitted
along the path of the muon in the instrumented volume is drawn. The direction of the neutrino is reconstructed
from the time of arrival of the Cherenkov light on the optical modules and the position of the modules.

a single large photomultiplier tube (PMT) to one with the same diameter housing not only 31 small
PMTs, but also calibration devices and the full front-end and readout electronics. It is a design concept
that can be applied in other detectors. Technical details of the major components and their qualifica-
tions have been published separately [2–13]. In this paper, a review is presented of the full multi-PMT
design of the optical module and the distributed production model for the KM3NeT telescopes.

2 Design considerations

The ANTARES telescope in the Mediterranean Sea was the first to demonstrate the feasibility of operat-
ing a neutrino telescope in the deep sea [14]. The KM3NeT telescope is the next generation with a new
technical design taking advantage of the experience of 15 years of ANTARES operation. At the start
of the design several requirements were formulated after an evaluation of the design of ANTARES.

Scientifically, the requirements for KM3NeT were to provide efficient detection of neutrinos
with energies from GeV to PeV with a high angular resolution during an operational lifetime of at
least 15 years [1, 2]. Technically, the small interaction cross-section of neutrinos and the magnitudes
of relevant fluxes impose the requirement to instrument volumes of seawater of a few megatonnes
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for ORCA and about one gigatonne for ARCA to meet their respective primary scientific goals.
The long absorption length of 70 m for photons with wavelength of 440 nm of the Mediterranean
seawater [15] allows for a sparse instrumentation. The low scattering probability for optical photons,
with an average scattering length in seawater of more than 100 m for blue light, can be exploited if
the incoming direction of photons can be determined at optical module level and, in particular, when
their arrival times on the photocathode surfaces are measured with nanosecond accuracy.

Cost-efficiency and scalability are important parameters for the realisation of a telescope of the
scale of KM3NeT. Cost-efficiency was implemented by using as much as possible off-the-shelf com-
ponents which companies were able to offer at competitive prices. Where necessary, when companies
could not deliver at affordable prices or commercial continuity could not be guaranteed, custom-
designed solutions were applied. Custom-designed solutions have been made available to companies to
be applied in their portfolio. Scalability to production of a large number of optical modules is fostered
by the uniformity of the modules, which allows for distributed module assembly sites with uniform
quality control protocols and eases distribution of the modules over the ARCA and ORCA detectors.

At the start of the design phase it was soon realised that the use of PMTs was still the
most effective option for photodetection. Also the pressure-resistant glass spheres, which are
standard items in the instrumentation for marine science research, were identified as the most
reliable transparent containers. The glass of the sphere protects the sensitive equipment from the
environmental conditions of high pressure in salt water, ensuring high reliability for long-term
continuous operation. Traditionally, the solution for light detection in neutrino telescopes was to
equip the transparent glass spheres with one large-area photomultiplier tube with diameters of 8 to
10 inches [14, 16, 17]. In the design of the KM3NeT optical module, the glass sphere is equipped
with a set of 31 3′′-photocathode PMTs — with approximately the same photocathode area as three
10′′ PMTs — of which the signals are individually processed. The concept was proposed as early as
2003 [18] and was further developed into a technically feasible and scalable implementation. The
segmentation of the photocathode area provides each optical module with sensitivity for the incoming
direction of the detected photons, and, in combination with the nanosecond timing accuracy, an
effective tool for the reduction of background from light induced by 40K decay and bioluminescence
in seawater. The segmentation allows counting the photons arriving on the module, which is not
straightforward in the case of single large PMT. Also, the impact of a failing PMT on the performance
of the telescope is lowered as the module can still be operated efficiently with fewer PMTs.

The design of the front-end electronics and data acquisition chain has to take into account the
large counting rates per PMT, in the order of 7 kHz [3], which stem from the decay of ambient 40K
and bioluminescence in the seawater. In order to allow for sophisticated algorithms to filter the signal
from the background the information concerning all detected photons is sent to the onshore control
station. Encoding the PMT photon measurements with only the arrival time and pulse-width (time-
over-threshold; ToT) reduces the required bandwidth still providing sufficient information. The reason
is that a nanosecond time measurement accuracy allows for resolving the time structure of the photon
flux with minimal distortion thanks to the long scattering lengths of the seawater. Recording the PMT
signals with this resolution ensures that the uncertainty on the photon arrival time is determined by the
properties of the PMTs, which have a time spread of about 1.5 to 3 ns, depending on the PMT-model.

An important mechanical requirement for the design was to minimise the number of feedthroughs
in the telescope in order to minimise the risk of water leaks. By fitting the PMTs in a single glass
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sphere together with the calibration devices and electronics, the number of feedthroughs in the
telescope could be reduced significantly compared to ANTARES.

In summary, the advantages of the multi-PMT design with advanced electronics, optical
solutions for long-distance communication and cost-efficient calibration devices for the KM3NeT
optical module are manifold:

• A projected photocathode area of about 1300 cm2 in each sphere, which is about three times the area
of a single 10′′ PMT, allowing a sparse distribution of optical modules in the detection volumes;

• An almost uniform and extended angular coverage of the telescope with a field of view above
the horizon;

• Sensitivity to the incoming direction of detected photons;

• Good photon counting performance;

• Good position and timing calibration;

• The possibility to define local triggers (implemented onshore) based on the pattern of PMT signals

• A mechanical infrastructure of the detection unit with a small number of pressure housings and barri-
ers as well as electronics, allowing for a significant cost reduction at parity of detector performance;

• Uniformity of the most important component of the detectors, which allows for reliable
production and eases scientific analysis.

The combination of (i) a nanosecond measurement of the signals of the PMTs; (ii) a 10 cm position
measurement of an optical module; (iii) photon flux estimation by counting the number of hit PMTs;
and (iv) information on the direction of incoming photons is pivotal for the sensitivity of the detectors.
In the case of ARCA, it allows for a median angular resolution of 0.1 (0.055) degrees for muon
tracks at 10 TeV (10 PeV) and better than 2 degrees above 100 TeV for electromagnetic cascades and
an energy resolution of about 30% for tracks and 5% for cascades at 100 TeV [19]. For ORCA the
achieved performance allows for a sensitivity to determine the neutrino mass ordering with 4.4 𝜎 if
normal ordering is true, or with 2.3 𝜎 if inverted ordering is true with 3 years of data [20].

3 Technical implementation

The implementation of the design of the multi-PMT optical module resulted in a standard 0.44 m
diameter pressure-resistant glass sphere with a dense packing of sensors for photodetection; devices
for position and timing calibration; and the associated electronics for electrical power, readout and
data acquisition, monitoring and long-range communication with the onshore control station. The
components in the optical modules were selected to work at operational conditions of low power
consumption. As a result, the electrical power consumption of the optical module could be kept
at a level of 7 W, well below the maximum capacity of the cooling system in the module that was
designed to deal with a heat dissipation of maximum 10 W. As an illustration, a photo of an optical
module after assembly is shown in figure 3 and a rendition of the module integrated in a detection
unit is shown in figure 4. A selection of the main components of the module is presented in figure 5.
In the following sections details of the multi-PMT optical module design will be described with
reference to the exploded view of the optical module shown in figure 6.
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Figure 3. Bottom view of an optical module, illustrat-
ing its large effective and segmented photon detection
area. On the left of the middle PMT, the acoustic
piezo sensor used for positioning measurements (see
section 3.2) is visible. The titanium collar required
for mounting in a detection unit is also visible.

Figure 4. Rendition of an optical module mounted
with bollards attached to the supporting ropes of a
detection unit. For illustration purposes, several parts
are cut out. The breakout-box which connects to the
backbone cable of the detection unit (see section 3.4)
is attached to the top of the module.

1. Section of a bottom support structure

2. Section of a top support structure

3. Glass hemisphere (bottom)

4. Bottom support structure with PMTs
and light collection rings installed

5. Tray for routing of optical fibres

6. Cooling and support mechanics
(shell with rod mounted)

7. Power board

8. Central Logic Board

9. (Three) PMTs with base attached
and light collection rings

10. Pressure gauge

11. Signal collection boards (2)

12. Nanobeacon (led flasher) on driver
board

13. Penetrator flange (left) and penetra-
tor with temporary fibre/cable rout-
ing plate (right)

14. Piezo hydrophone

15. Laser transceiver

Figure 5. Photo of a selection of components of an optical module.
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Figure 6. Exploded view of the optical module. Lettered components are referenced in the text.
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3.1 Photodetection

The photomultiplier tube. For implementation in the optical module various PMTs with compa-
rable performance are available on the market. Because of funding arguments and adherence to
national and international rules of competition, PMTs were procured in batches of several thousands.
In addition, the stepwise procurement gives the possibility to profit from industrial performance
improvement. For the first batches Hamamatsu delivered the R12199-02 3 inch, which is shown
together with the base in figure 7. The model adopted for the following batches is the Hamamatsu
R14374, with a slightly improved performance, in particular for the transit time spread. The
PMTs have a convex bialkali photocathode, with a diameter of 80 mm, and a 10-stage dynode
structure. The performance of the R12199-02 and the comparison with the requirements set by
the KM3NeT Collaboration are reported elsewhere [5]. During integration of the optical module
polished metal rings (component L in figure 5) are placed at an angle of 45 degrees around the head
of PMTs providing a 92% reflectance for photons in the wavelength range 375–500 nm. The recessed
placements of the rings exploits the convex shape of the sensitive area of the PMT. By doing so, the
photon acceptance is increased by 20–40%, with most of the gain attained in the forward direction [6].
The PMTs are operated with a negative high voltage (HV) on the photocathode, allowing simpler
control and signal digitisation electronics on the PMT bases. An insulating coating is applied to the
outside of the photomultiplier tubes and on the PMT bases to prevent electrical discharge between
the PMT and its surroundings [7]. To minimise the effect of ageing in the projected lifetime of 15
years of the detectors [2], a relatively low nominal gain of 3 × 106 has been chosen [3]. This value
has been defined after a survey of the counting rates from bioluminescence and decay of 40K in
the seawater the deep-sea environment of the KM3NeT sites [2]. The operational gain is obtained
by tuning the HV of each PMT in the lab and in situ during operation of the telescope. As the
information on the PMT pulse is reduced to the time of crossing a threshold together with the pulse
duration — the time-over-threshold technique — the tuning is done by considering the distribution of
pulse-widths of each PMT and setting the average to a value corresponding to the required gain [5].
PMTs are indicated with letter M in figure 6.

Figure 7. (Left) A Hamamatsu R12199-02 photomultiplier tube with base attached. (Right) A photomultiplier
base.
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The PMT base. Each PMT has its own individual custom-designed, very low power HV base
with integrated amplification and adjustable discrimination [8]. The boards have small formfactor
connectors (SAMTEC 0.80 mm Tiger Eye Micro Terminal Strip) and flat kapton cables which
are integrated in the printed circuit board (PCB) and carry the 3.3 V power voltage to the base
together with an Inter-Integrated Circuit (I2C) communication bus and a 100Ω LVDS (Low-Voltage-
Differential-Signal) output. High voltage is generated directly on the base by a Cockroft-Walton
(CW) circuit which is controlled by a custom-designed Application-Specific Integrated Circuit
(ASIC) named CoCo [9]. The ASIC controls the frequency at which the power from the 3.3 V supply
is pulsed inductively in the CW circuit using feedback from the HV circuit. The analog PMT pulse
passes through a charge amplifier and is then digitised by another, mixed signal, custom-designed
ASIC called PROMiS (PMT Read Out Mixed Signal) [10]. The digitisation is done by means
of a comparator which discriminates the amplified PMT signal against a tunable threshold. A
LVDS circuit drives the transmission line such that the level is kept ‘high’ for the time that the
PMT signal remains above the threshold. That time interval, the ToT, is measured by the central
logic of the optical module, while the time of the leading edge of the LVDS pulse is recorded as
a proxy of the photon arrival time. An I2C block in the CoCo ASIC allows setting the HV and
the comparator threshold from the onshore control station. In addition, it provides read access to a
one-time programmable memory which contains a unique identifier for each PMT base. The design
of the PMT base results in a very low power usage of 36 mW while in operation.

3.2 Position calibration devices

Since the shape of a detection unit is influenced by sea currents, the positions of the optical modules
in the telescopes vary. To continuously measure their positions and orientations, an acoustic
positioning system is used in combination with sensors in each optical module that provide the tilt
and heading [21]. The acoustic system comprises a long baseline of acoustic emitters anchored to the
seabed at known positions [22], hydrophones at the bases of the detection units and acoustic piezo-
sensors in each optical module. In order to achieve the required precision of 10 cm on the position,
the accuracy of the measurement of the arrival time of the acoustic pulses should be better than 50 μs,
which is well within the precision of the timing system. The acoustic calibration system provides
updated positions of the detector modules with a typical frequency of once per minute. The acoustic
piezo sensor, indicated by letter R in figure 6, is glued to the inside of the glass of the lower hemisphere
of the optical module to maximise acoustic coupling. It has a cylindrical shape, with a diameter of
18 mm and a height of 11.5 mm. The analogue acoustic signals are pre-amplified and digitised on a
dedicated electronics board inside the sensor housing, at a rate of about 195 kSps with 24 bit precision.
The design sensitivity of the sensors is −160 ± 6 dB re 1 V/μPa in the range of 10–70 kHz [23].
The acoustic data embedded in the main optical module data stream are sent to the onshore control
station by the central logic of the optical module. Using a dedicated computer farm in the control
station, the reconstructed positions of the optical modules are stored in the KM3NeT database [24].
The measurements with the acoustic sensors are also available for Earth and sea science studies.

A compass and accelerometer positioned on a mezzanine board provides the orientation of the
optical module, and thus of the PMTs, with respect to the telescope coordinate system. Two types of
boards, with comparable performance, are in use. One board contains a triaxial accelerometer STMi-
croelectronics LIS3LV02 and a triaxial magnetometer Honeywell HMC5843 read by a microcontroller
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which communicates over an I2C bus. The other type has a single STMicroelectronics LSM303D
triaxial magnetometer and accelerometer directly connected to an I2C bus. The measurements
obtained by the devices are collected by the central logic board of the optical module every second and
sent to the onshore control station, where they are converted to the pitch, yaw and roll of the optical
module. The displacement and orientation of the optical modules can also be used to indicate changes
in the sea current, providing measurements of interest for the Earth and sea science community.

3.3 Timing calibration

Every optical module is equipped with a 470 nm LED pulser, referred to as nanobeacon and indicated
by number 12 in figure 5, which can produce fast light pulses for timing calibration of neighbouring op-
tical modules [25]. The intensity, the timing and the pulse frequency can be controlled remotely from
the onshore control station. Notably, the times of the light pulses are well defined as their trigger is
synchronised with the master clock of the telescope through the main electronics system of the optical
module. The LED, together with the drive electronics, is soldered on a small electronics board, which
in turn is connected to the main electronics board by means of a twisted-pair cable. The small electron-
ics board is installed in the top hemisphere of the optical module, in optical connection to the glass of
the sphere, pointing upwards. The nanobeacons are only operated during dedicated timing calibration
runs. The aim of the runs is to measure the propagation time of light from the optical module in which
the nanobeacon is flashing to the adjacent upper optical modules, so that the timing between different
optical modules on the same or even different detection units can be calibrated. In addition, the data
can be used to study the optical properties of the seawater, such as absorption and scattering length.
The pulsers are typically operated at a frequency of 1 kHz, and the light intensity is adjusted such
that it leads to a signal amplitude at the level of single photoelectrons in the adjacent optical module.

3.4 Data acquisition, control and time synchronisation

Central to the design of the KM3NeT telescopes and thus of the optical modules is the all-data-to-
shore concept for data acquisition. In this concept all data collected offshore are digitised and sent
without reduction to the onshore control station. Using a farm of processors in the control station, data
triggers and selection algorithms are applied to reduce the data volume and to extract the observables
that are needed for physics analyses. The approach requires that the clocks of the optical modules
are synchronised to sub-nanosecond precision. Indeed, the electronics inside the optical module
serves this purpose and, in addition, controls the operation of all sensors. An in-depth discussion
of the KM3NeT electronics of the readout and data acquisition system can be found in [11–13].

The electronics boards inside the optical module are the Central Logic Board (CLB, component
E in figure 6), two PMT-signal collection boards (‘long/short octopus’, components G in figure 6),
the PMT bases and the power distribution board (‘power board’, component D in figure 6). External
to the optical module inside a breakout-box (featured in figure 4) on top of the glass sphere, a
DC/DC converter board converts the 375 V DC delivered via the electro-optical backbone cable
of the detection unit to the 12 V DC required by the power board inside the optical module. The
breakout-box provides galvanic isolation between the optical module and the rest of the detection
unit, so that a failure in an optical module cannot propagate to the other optical modules in the
detection unit. The DC/DC converter in the breakout-box is the only active electronic component
of a detection unit that operates under ambient pressure. All components of the board have been
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qualified for operation at the required depths. The design of the DC/DC board is adapted to the
different conditions of the seafloor networks of the ARCA and ORCA detectors.

Central logic board. The heart of the optical module electronics is the Central Logic Board,
which controls all instrumentation inside the optical module, processes the data from PMTs and the
acoustic piezo sensor and maintains the communication with the onshore control station. In addition,
the CLB reads a humidity sensor, several distributed temperature sensors and the compass/tiltmeter
for monitoring the operational conditions of the optical module. All monitored values are sent to the
control station, where they are stored in the central database of the experiment and are used in a
real-time monitoring system, which generates an alarm in case the DOM performance is non nominal.
At power-up of the optical module, the Field Programmable Gate Array (FPGA) Xilinx Kintex 7 on
the CLB is configured from an image stored on a reprogrammable Serial Peripheral Interface (SPI)
memory on the CLB which can contain up to four images. In the standard configuration two images
are stored, of which the first one is the so-called ‘golden’ image to be loaded at power-up. The image
performs a sequence of checks, including checks of the communication, and allows a time window
for intervention before triggering the reconfiguration of the FPGA with a ‘runtime’ image which
provides the full system functionality. Both images can be reflashed or replaced in situ. Safeguards
have been implemented allowing for recovery from data corruption during the upload of a new
image, either golden or runtime. Multiple I2C buses are connected to the FPGA for communication
with the various instruments. The CLB is equipped with 32 independent time-to-digital (TDC)
acquisition channels for the 31 PMTs and the acoustic piezo sensor. Those are implemented by
means of de-serialisers (ISERDESE2) provided by the FPGA, while the required GHz clock is
generated from a 250 MHz base clock. In this way the arrival times of the signals from the PMT
bases are time-stamped and the widths of the signals are measured, both with 1 ns resolution.

Signal collection boards and PMT interface. The interface between the CLB and the PMT bases
is made via two ‘octopus’ boards, each serving the PMTs in a hemisphere of the optical module. The
signal collection boards distribute the 3.3 V to the PMT bases and provide an I2C multiplexer, so that
each PMT base can be addressed individually from the CLB, while routing one LVDS transmission
line from each PMT to the CLB. Additionally, the long octopus board, which serves the bottom half
of the optical module, is connected to the cable of the piezo sensor, carrying the required 5 V and
digital communication between the device and the CLB.

Power board. To serve the needs of the different subsystems, the power board inside the optical
module feeds fixed voltage rails of 1, 1.8, 2.5, 3.3 (2×) and 5 V and a rail that is controllable up
to 30 V through a Digital-to-Analog converter (DAC). Analog-to-Digital converters (ADCs), the
output signals of which are routed to the CLB, monitor the voltage and current of all rails.

Optical communication system and time synchronisation. A Small Form-factor Pluggable
(SFP)-cage on the CLB hosts a high-power (>80 km distance) duplex single mode laser transceiver
for communications over the fibre network with the onshore control station. In the current design of
the detector communication towards the optical modules is achieved via a broadcast from the control
station on a common wavelength. To allow multiplexing of the data stream from the transceiver
onto a smaller set of optical fibres, each optical module has an emitting wavelength chosen from the
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ITU3 grid with 50 GHz spacing. The underwater network is designed for a delivery of a maximum
of 72 unique wavelengths, thus allowing for four detection units with 18 optical modules each,
on a single fibre. An optical add-and-drop filter is provided in the optical module to combine
the two communication channels, to and from the SFP transceiver, into a single fibre. Initially, a
type of transceiver with each a fixed wavelength was used. More flexibility was introduced in the
construction of detection units by moving to an SFP type that has an integrated tunable Mach-Zehnder
chip that allows setting the wavelength.

Crucial to the KM3NeT telescope is the sub-nanosecond accuracy required for the relative
timing between the measurements from different optical modules. It is implemented through the
White-Rabbit protocol [26], enabling the synchronisation of nodes in an optical Ethernet network to
a master clock. White-Rabbit functionality in the optical module is provided by a White-Rabbit
Precision Timing Protocol Core (WRPC) on the FPGA. It consists of the gateware required for the
physical White-Rabbit capable Ethernet layer together with a dedicated LM32 processor controlling
the Precision-Timing-Protocol (PTP) traffic and Phase-Locked Loops (PLLs). Standard White-Rabbit
relies on bidirectional point-to-point connections between nodes, while in KM3NeT a novel design
has been implemented in which a common broadcast is sent from the onshore control station
to the optical modules, while the uplink channels from the optical modules go to a standard,
non-White-Rabbit, Ethernet switch fabric. The KM3NeT White-Rabbit PTP core is modified such
that the clocks in the optical modules are syntonised (equal frequency) to the master clock, but
the local time is set to the time received from the master, resulting in a fixed offset due to the
propagation delays of the signals from the onshore control station to the optical modules, which will
be determined by calibration.

3.5 Mechanical support and electronics cooling

The glass container. All optical module components are housed in a 0.44 m diameter Vitrovex®

low-activity borosilicate glass sphere. The glass thickness is 14 mm and the spheres are rated to
withstand pressures up to 6.7×107 Pa. The glass of the sphere meets a light transmission requirement
of more than 95% above 350 nm, thus matching the optical wavelength range of maximum sensitivity
of the photomultiplier tubes. Optical contact between the PMTs and the glass is ensured by the
application of the transparent two-component silicone Wacker SilGel® A/B gel. Since polymerisation
of the silicone gel is sensitive to numerous materials, before being officially adopted, all components
inside the optical module in contact with the gel have passed a qualification process based on
compatibility tests. The glass sphere is composed of two hemispheres (components B and S in
figure 6). They are in contact at the equator per standard glass-on-glass, relying on the ambient
pressure to keep the seal tight. An under-pressure of 2 × 104 Pa below atmospheric pressure at
sea-level is applied in the sealed optical module. Such a value is a balance between constraints from
transport, storage and deployment, during which the optical module must remain closed, and proper
behaviour of all internal components and the gel. Around the equator of the optical module a layer
of Terostat 81 covered with Scotch wrap (components T in figure 6) keeps water from entering at
shallow depths during deployment.

3International Telecommunication Union, https://www.itu.int/.
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Figure 8. In situ measurement of the humidity (left) and temperature (right) inside two optical modules (red
and green) as a function of time since power-on. A stable condition of humidity and temperature is reached
after about 2 hours.

Internal support structures. Internal mechanical structures hold the various components in the
module firmly in place and provide cooling of the electronic boards. The PMTs are mounted in
plastic support structures, one in the top hemisphere (component P in figure 6) and one in the bottom
hemisphere (component Q in figure 6). Until recently, the structures have been manufactured by
3D-printing using selective laser sintering of nylon or with the multi-jet fusion technology. The
shape of the printed support structures includes optimisations for printing multiple parts at the
same time in the limited volume of the printers. For the top structure the 3D printing technique
has been replaced by an injection moulded design using acrylonitrile butadiene styrene (ABS) for
faster and significantly cheaper production. The production of the injection moulded structures
includes assembling separately produced sections because a mould for the final, assembled shape is
excessively more complex and expensive. The support structures are either painted black or made out
of black material, depending on the manufacturing process, to minimise light reflection. The support
structure defines the PMT positions and the close distance of the PMTs to the sphere glass. The
PMTs are arranged in rings of 6, oriented at angles of 57.5◦, 74◦, 106◦, 122.5◦ and 146.75◦ from the
zenith of the optical module, with one PMT pointing vertically down (180◦). In each ring, the PMTs
are spaced by 60◦ in azimuth, with the PMTs in successive rings shifted by 30◦ in azimuth. There are
19 PMTs in the lower hemisphere of the optical module and 12 in the top one. Since sedimentation
will affect primarily the top part of the module and would obscure the view of PMTs in that area,
electronics and supporting mechanics are situated in the upper hemisphere of the module. The slots
in the support structure for the PMTs are tapered. A silicone O-ring (component N in figure 6)
provides a tight sealing around the PMT just below its head for the 3D-printed (bottom) structures;
in the moulded (top) structures, piston seals are used. The structures include some specific mounts
(indicated by O in figure 6) for the light collection rings (component L in figure 6) around each PMT.

The top structure has mounting points with holes for the nanobeacon and a mechanical pressure
gauge (component H in figure 6); the bottom structure contains a feedthrough for the acoustic piezo
sensor which is glued to the glass sphere and is sealed with an O-ring. For pouring optical gel to fill
the space enclosed by the support structures and PMTs on one side and the glass sphere on the other,
the structures are equipped with tubes; a dedicated system of grooves in the structure optimises the
escape of air during the gel pouring.
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The top part of the internal mechanical structure consists of several thermally-coupled aluminium
parts which act as a passive cooling system, transporting heat away from the inside of the optical
module towards the seawater. The aluminium shell (component C in figure 6) with a primer treatment
is attached to the glass by means of a thin layer of silicone gel. It houses the main electronics,
provides support for the other mechanical components inside the optical module and a large surface
through which heat can be dissipated to the surrounding environment. The electronics components
which produce most heat, i.e. the power distribution board, the FPGA and the optical transceiver
installed on the main electronics boards, are thermally coupled to the aluminium shell by means
of dedicated blocks (components F in figure 6) and heat conducting pads. The cooling system is
completed by an aluminium stem which holds the cooling block for the FPGA and attaches the signal
collection boards serving the PMTs in the two hemispheres of the optical modules. The system
allows for maintaining temperature conditions inside the optical module at the recommended level
for each component of the DOM. As an illustration, the temperature and humidity measured inside
two optical modules operated in the sea are shown in figure 8.

Finally, to allow for a safe arrangement of the fibres and of the add-and-drop filter which
connects the transceiver to the fibre entering the optical module, a 3D printed tray (component K in
figure 6) is fixed on the main electronic board.

The integration in a detection unit. In the upper glass hemisphere holes are drilled at two
locations. One hole is instrumented with a vacuum valve (component J in figure 6) which is used
when closing the optical module. The other larger hole is equipped with a penetrator (component
A in figure 6): a hermetic, pressure resistant feedthrough for copper wires and one optical fibre to
connect to the electro-optical network of the telescope. The current design is developed together
with Optical Fiber Packaging Ltd, using proprietary sealing technology in a titanium flange derived
from an original KM3NeT design. A schematic drawing of a penetrator, including the cap that is
mounted to connect it to the breakout-box via a polyethylene tube, is shown in figure 9.

Figure 9. Open schematic of a penetrator with cap mounted. The penetrator flange is mounted in a hole in
the glass sphere, sealed with O-rings. The proprietary seal provides a hermetic throughway for two copper
wires and an optical fibre.
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The glass sphere is enclosed in a slender titanium collar (component I in figure 6) with
polyethylene bollards for attachment at predefined positions to the synthetic Dyneema® ropes of the
KM3NeT detection unit. The collar provides a mount for the breakout-box on top of the glass sphere.
The shape of the collar has been designed in such a way that shadowing of the PMTs is no more than
1% in total. With all components of the PMTs and calibration devices contained inside the glass
sphere, and by using minimal external support mechanics in the detection unit, the total surface area of
the detection unit facing the sea current and thus the total drag on the detection unit is minimised. As
a result, the background light induced by bioluminescent life interacting with the structure is reduced.

3.6 Qualification

As part of a staged qualification plan towards the implementation of the telescopes, several prototype
optical modules have been built and operated in the deep sea. The first of these, installed on the
instrumentation line of the ANTARES detector, was operated for 10 months in 2013 at 2500 m
depth [3]. By the end of 2014 a prototype detection unit, equipped with three optical modules,
was installed at 3500 m depth and connected to the KM3NeT network at the ARCA site [4]. That
prototype detection unit was operated successfully for one year, before it was disconnected because
of the need to upgrade the submarine infrastructure at the site. In September 2021, the prototype
detection unit was recovered and found to be in good condition. The campaign allowed for a
functionality test of all devices in operational environmental conditions as well as for an evaluation
of the in situ performance of the optical modules. Following the qualifications, a series of extensive
lab-based checks was performed. Inspired by the MIL-STD 810F standard and based on the expected
life profile of the integrated optical modules and the various levels of integration, transportation,
storage, deployment and operation in the sea, the following stress tests were performed:

• damp temperature cycles, up to 50◦C and 93% humidity;

• temperature shocks from 50◦C to 10◦C;

• vibrations over three axes with 1 mm amplitude in the 10–500 Hz range, in random mode;

• mechanical shocks.

Fully integrated optical modules were operated in dedicated test facilities with dark boxes in which the
PMTs were operated at nominal voltages and their response to calibration light sources was checked.

The qualification stage was completed with a pre-production of 18 optical modules, which were
integrated into the first detection unit installed at the ARCA site in December 2015. The detection
unit is still operational at the time of writing. The tests provided input for the optimisation of the
design of various mechanical components of the optical modules.

4 Production

4.1 Production model

For the production of the more than 6000 optical modules for the KM3NeT telescope, a distributed
production model has been established. The integration procedure has been standardised to achieve
the baseline production rate required by the KM3NeT Collaboration with a moderate size laboratory
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space, a dark box (or dark room), relatively inexpensive equipment and modest personpower. In this
way, assembly staff from the many institutes and groups in the KM3NeT Collaboration participate in
the construction of the telescope, giving them at the same time the visibility in the Collaboration
that their funding authorities welcome. At the end of 2021, there are 8 optical module production
sites which together have a capacity to build optical modules at a rate of about 100 per month.

The distributed production model comes with a cost. Procurement and shipment of the optical
components to the different sites is challenging, in particular in combination with the spending
requirements of the regional funds which are allocated to KM3NeT. In addition, a very high level of
quality control is required to ensure that all the optical modules produced at various sites conform to
the KM3NeT quality standards.

4.2 Integration

The integration4 of an optical module with the dense packaging of delicate components requires
a strict protocol. Each hemisphere of the modules is filled with components bottom-up, i.e. with
the convex side of the glass hemisphere facing down, allowing access to the inside. This continues,
as explained in the following, until the two hemispheres are completed and tested. After closing
the optical module and placing the external titanium structure around the glass sphere, the optical
module is ready for integration into a detection unit.

The equipment of the hemispheres starts with those components which need to be glued to
the glass. In the upper hemisphere, it is the aluminium support and the cooling shell; in the lower
hemisphere the acoustic piezo sensor. The stack of the electronic power board, the CLB and an
electromagnetic shielding plate is mounted into the aluminium shell in the upper hemisphere and the
penetrator is installed; a helium leak test assesses successful mounting of the penetrator. The copper
wires from the penetrator are connected to the power board and the optical fibre is fusion-spliced to
the add-and-drop filter connected to the laser transceiver. In figure 10A a photo of the result of the
actions described above is presented. A power-up test is performed to check that the electronic boards
are well installed and operational. After installing the nanobeacon and pressure gauge, the PMT
structures are equipped with PMTs, and light collection rings are installed (see photo in figure 10B).
The pigtail cables from the PMTs and the cable from the piezo sensor and the nanobeacon are
connected to the octopus boards. A functional test is performed by loosely connecting the two
halves by means of a special extension cable, as featured in figure 10C. The functional test is the last
check and the last chance of replacing faulty components. Following this, integration is resumed by
pouring optical gel to fill the space between the PMT support structures and the internal surface of
the glass. The gel pouring station, with a set of two bottom and two top hemispheres prepared, can be
seen in figure 10D. After thoroughly cleaning the glass contact surfaces, the optical module is closed
and sealed. The operation is performed by lowering the bottom hemisphere onto the top one using a
dedicated tool that allows for rotation and translation of a hemisphere, making use of a suction cup. In
figure 10E a bottom half and top half mounted in the closing station are shown. During the operation,
when the two hemispheres are at the appropriate distance, the octopus board of the bottom hemisphere,
which is mounted on a sliding support, is plugged in the CLB. After installing small springs that

4The integration process and an integration laboratory are featured in a video found at https://www.youtube.com/
watch?v=tzxHlLgAahE.
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act between the top and bottom support structures, the two hemispheres are put in contact and an
internal under-pressure is induced by means of a pump connected to the valve in the top hemisphere.
Finally, the contact area between the two hemispheres at the optical module equator is sealed. The
optical module assembly is completed with the installation of the external titanium collar. A final
acceptance test is performed by placing the optical module in a dark box or a dark room to allow
for operation of the PMTs; such a test provides the input for the decision whether to accept or reject
the optical module against a set of predefined criteria and allows a first calibration of the assembled
optical module. A module dark box with a capacity for four optical modules is shown in figure 10F.

4.3 Quality control

The integration of an optical module is an elaborate process, requiring expertise in mechanical
mountings, handling and installation of electronic boards and optical components, and test procedures.
Handling of electronic components is done on ESD5-protected workbenches and under controlled
environmental conditions. In order to minimise the problems which may occur at the level of
integration, all components go through checks, of which the details depend on the component, before
being accepted and shipped to an integration site. Such screening includes full functionality tests and
environmental stress screening of all electronic boards, calibrations of the different instruments and
qualification under pressure of all penetrators. The checks are done at those institutes that have the rel-
evant equipment to perform the tests, such as pressure tanks, climate chambers and calibration setups.
Upon completion of the checks, the characteristics of the individual components (e.g. calibration
constants) are recorded in a central database. The scheme for quality control of the PMTs includes
sampling the batches of delivered PMTs in setups consisting of dark boxes equipped with readout
electronics and pulsed lasers. All components are visually inspected upon delivery at integration sites
and checked against a set of requisites defined specifically for each component. Only those compo-
nents that fully conform to the requisites are injected in the production process. Additional checks on
components and assemblies, including the functional and acceptance tests, are performed during opti-
cal module integration, effectively serving as a ‘re-test’ for these components. Every time a complete
module is shipped from one laboratory to another, at the sending site a report including the results of a
visual inspection is signed-off by the local quality supervisor and crosschecked at the destination site.

A distributed production model requires a well-defined integration procedure, uniformity of
instrumentation and tools over the multiple integration sites, a detailed planning for procurement and
delivery of components, and the definition of dedicated quality assurance and control protocols to
guarantee the same quality standards everywhere. All steps of the integration have been studied for
protection against errors, while minimising the construction time. Deviations from the prescribed
procedure are tracked through a non-conformity handling protocol established as part of the global
quality plan of the KM3NeT Collaboration: whenever a problem occurs, a non-conformity report is
opened and the corresponding component or assembly is temporarily removed from the production
until the non-conformity report is resolved. The procedure can lead to three possible outcomes: the
component or assembly is accepted by waiving the non-conformity; the non-conformity is corrected;
or the component or assembly is discarded. Deviations from the expected results during the functional
tests of the optical modules are also tracked through the non-conformity management process.

5Electrostatic Discharge.
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Figure 10. Photos showing different stages of the integration of an optical module. A: Top hemisphere with
cooling mechanics, electronics and penetrator mounted. B: The insertion of PMTs and light collection rings in
a bottom support structure. C: Two hemispheres of an optical module connected for a functional test. D: Two
top and two bottom hemispheres (visible on the right) prepared for pouring of the optical gel. The gel mixing
device is also seen. E: Bottom and top hemispheres mounted in a closing station. F: Four optical modules in a
moveable dark box, which includes rotation tables for compass checks and acoustic emitters.
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All components used in the construction of the KM3NeT detectors are registered in a central
database with a unique product identifier (UPI). The UPI is also physically attached to each
component, preferably by means of a QR code. The history of the components is tracked in the
database and where required, e.g. for the PMTs, settings or calibration constants are stored. The
values can be then retrieved from the database during detector operation and data analysis.

All integration steps are performed with the assistance of the dedicated KM3DIA integration
software, of which the main functions are to indicate the right sequence of the operations, to log all
relevant information and to register all optical module integration details. A hand-held scanner is
used to read the QR codes of the components being integrated into an optical module so that the
software can record the association. During the integration process the information is stored in a
local database for all optical modules and is transferred to the central database of the experiment
once an optical module is completed so that the information is available during further integration
steps and detector configuration and operation.

5 Performance

The potential to enhance the physics performance of an underwater neutrino telescope, stemming from
the KM3NeT multi-PMT design, has been validated early during the aforementioned qualification
phase and subsequent operation of the first detection units of ARCA and ORCA.

At the end of 2021, eighteen detection units comprising in total 324 optical modules — 10.044
PMTs — are operated, including the first full ARCA detection unit deployed already in 2015.
The data collected in situ have been already used to illustrate the performance of the multi-PMT
optical modules. The rates of multifold signal coincidences on the optical modules are monitored
continuously and show reproducible behaviour. With a single optical module the signal from
atmospheric muons can be distinguished from the background originating from 40K decay and
bioluminescence, by exploiting multi-PMT coincidences [3, 4]. An illustration of this can be seen
in figure 11. It shows for three different optical modules in a prototype detection unit the rate
of coincident photon detection as function of the number of PMTs in coincidence (maximally 31
in one optical module). For each module the total simulated rate (‘Full MC’) from 40K decays,
bioluminescence and atmospheric muons is indicated. The contribution from atmospheric muons is
indicated separately (‘Muon MC’). The figure illustrates the capability of the multi-PMT optical
module to separate muons from background.

High-multiplicity coincidences allow for a measurement of the depth-dependence of the
atmospheric muon flux [27], while a lower number of coincidences originating from individual 40K
decays are used to calibrate the individual PMT time offsets in optical modules and the relative photon-
detection efficiency [27]. Using data from the first six detection units of ORCA, the potential of a real-
time supernova trigger that probes excesses of high-multiplicity coincidences has been shown [28].

The ToT response of the PMTs towards multiple photons has been studied in lab measurements
and in situ. The shape of the distribution of the ToT values due to single photo-electron signals is
described by an analytical model, which is fit to the data with the gain and gain-spread of the PMT
as free parameters. With the model, the PMT gain can be monitored in situ and if needed adjusted
by HV tuning [29]. Several measurements of the ToT response of the PMTs and models can be seen
in figure 12. The time offsets between different optical modules are adjusted by exploiting signal
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Figure 11. In situ rate of coincident photon detection as function of the number of coincident PMTs, presented
for three different optical modules (‘DOM’) in a prototype detection unit. Details are described in the text
and in [4].

correlations between different optical modules when flashing the LED nanobeacons in the optical
modules or by using signals from atmospheric muons passing through the detector. After in situ HV
tuning, adjustments of only a few nanoseconds of the time offsets are needed when comparing the
values with those from the calibrations done onshore using laser signals prior to deployment. The
distributions the differences between the expected and measured photon arrival times for signals
stemming from muons are narrow, demonstrating the good scattering properties of the water together
with the accurate time calibration [32].

6 Concluding remarks

In this paper the design of the multi-PMT optical module for KM3NeT has been described. For
the first time for a neutrino telescope, a set of small diameter PMTs replaces the traditional large
diameter PMT in the glass sphere of the module. The concentration of all components into a single
glass sphere makes the KM3NeT module more than just an optical module: it is an instrument on its
own. This was demonstrated already in 2013 with the first in situ operation of a prototype module
which showed the background suppression capabilities using coincidences between photons arriving
at the PMTs in a single optical module and the capacity of individual optical modules to distinguish
the atmospheric muon signal [3]. The subsequent, deployed detection units further demonstrated the
added value of the multi-PMT design.

At the end of 2021, more than 700 modules have been produced, of which more than 340
are already installed in the ARCA and ORCA detectors being constructed at the seabed of the
Mediterranean Sea.
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Figure 12. (Top left) Lab measurement of time-over-threshold response of the Hamamatsu R12199-02
PMT to different numbers of photo-electrons [29]. The black lines are model fits for increasing numbers
of photo-electrons, starting at 1 photo-electron, the red line is an overall fit. (Top Right) In situ measured
time-over-threshold distribution with single photo-electron model fits for a single PMT operated at different
high voltages (black: −1130 V; red: −1180 V, solid lines indicate fit region) [30]. (Bottom) The average
time-over-threshold as a function of the number of photo-electrons [31].

A total of more than 6000 modules will be assembled at 8 production sites in the KM3NeT
Collaboration applying high standards of quality control.

In conclusion, the multi-PMT module provides a large photocathode area, a broad angular
coverage, accurate photon arrival time and flux measurement and self-calibration, which together
enhance the reconstruction capabilities of the KM3NeT detectors.
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