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Abstract: Neutrino astronomy has opened a new window to the extreme Universe, entering into
a fruitful era built upon the success of neutrino telescopes, which have already given a new step
forward in this novel and growing field by the first observation of steady point-like sources already
achieved by IceCube. Neutrino telescopes equipped with Silicon PhotoMultipliers (SiPMs) will
significantly increase in number, because of their excellent time resolution and the angular resolution,
and will be in better condition to detect more steady sources as well as the unexpected. The use of
SiPMs represents a challenge to the acquisition electronics because of the fast signals as well as the
high levels of dark noise produced by SiPMs. The acquisition electronics need to include a noise
rejection scheme by implementing a coincidence filter between channels. This work discusses the
advantages and disadvantages of using SiPMs for the next generation of neutrino telescopes, focusing
on the possible developments that could help for their adoption in the near future.

Keywords: silicon photomultipliers; neutrino telescopes; time to digital converters; electronics

acquisition

1. Introduction

Neutrino astronomy has entered into a new and fruitful era built upon the success
of neutrino telescopes. The IceCube Telescope [1] has proven the existence of a diffuse
flux of high-energy cosmic neutrinos [2,3], has identified the first high-energy neutrino
in correlation with a transient source [4], and not only is demonstrating the first hints of
steady sources [5], but has already detected the first neutrinos coming from a steady source,
the NCG 1068 [6]. After these discoveries, a rich harvest of new results is rapidly increasing
our knowledge of the Universe at high energy. On the other side, the long list of results
of ANTARES [7] has shown the feasibility of undersea telescopes, paving the way for its
successor, KM3NeT [8], currently under construction, with 36 lines already deployed and
taking data. KM3NeT will focus on the search for cosmic neutrino sources in the context of
the new multi-messenger era, which can solve one of the oldest mysteries in physics, the
origin of high-energy cosmic rays, placing KM3NeT together with IceCube in the frontline
of many hot physics topics and clearing the path for new discoveries in the novel and
growing [9,10] field of neutrino astronomy.

The improvement in the angular resolution of state-of-the-art neutrino telescopes is
critical for the successf of pinpointing neutrino steady point-like sources [11]. The use of
SiPMs [12-14], either in combination with PhotoMultiplier Tubes (PMTs) or stand-alone, as
detector elements in the next generation of telescopes will increase, because of their great
time characteristics, the angular resolution [15], and thus the probabilities of detecting
steady point-like sources, without forgetting that telescopes with higher resolution also
increase the likelihood of detecting the unexpected [16]. SiPMs offer fast responses and
low jitter, key factors to increase the angular resolution. Overall, the angular resolution
could be significantly increased in water telescopes equipped with SiPMs, which would be
an extremely high gain. In ice telescopes, although the angular resolution improvement
would not be so remarkable as it is limited by the strong light scattering, it would be
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still significant, and, additionally, they could benefit from the manifold advantages of
the SiPMs, such as a larger detection area with a higher photon efficiency and higher
segmentation, which provides higher angular directivity to the photons arriving. The
technological challenge of equipping neutrino telescopes with SiPMs, keeping most of
the timing information while mitigating the effects of their intrinsic high dark noise, has
prevented their use in neutrino telescopes until now. Another characteristic that can affect
the performance of the system is the so-called after pulses. After pulses refer to delayed
signals that are generated by SiPMs after detecting an initial photon or light pulse. The
presence of after pulses can have significant effects on acquisition systems like the distortion
of the time response, causing inaccuracies in the timing measurements. This can lead to
errors in determining the arrival time of photons or particles, affecting the overall precision
of the system. To mitigate the effects of after pulses, various techniques can be employed.
One common approach is to implement suitable signal processing algorithms that can
identify and reject after pulses based on their characteristic features; however, mitigating
the effect of after pulses is beyond the scope of this article. The present work starts by
discussing the detection principle of neutrino telescopes in Section 2 and the state-of-the-art
acquisition node for neutrino telescopes in Section 3. The advantages of using SiPMs in
neutrino telescopes acquisition nodes are discussed in Section 4, while the challenges for the
acquisition electronics are evaluated in Section 5. The possible architectures are discussed
in Section 6, and finally, some conclusions are presented in Section 7.

2. Neutrino Telescope Detection Principle

Neutrino telescopes are composed of a 3D matrix array of optical sensors deployed in
a transparent medium. See Figure 1 for a schematic representation of a neutrino telescope.
The detection principle, inspired by an original proposal by Markov [17], is based on the
collection of Cherenkov photons produced along the path of relativistic charged particles
emerging from neutrino interactions inside or in the vicinity of the telescope. The arrival
time of the Cherenkov photons, together with the position of the optical sensors, allows for
reconstructing the trajectory of the primary neutrino. The resolution of the reconstructed
neutrino trajectory in the detector depends on the accurate measurement of the arrival time
of the light on the optical sensors. Neutrino telescope acquisition systems were traditionally
based on time to digital converters (TDCs) [18,19], analog to digital converters [20,21], or
both [22,23], with acquisition frequencies of about 1 GigaSample Per Second (GSPS). The
acquisition resolution of 1 ns is considered enough to maintain the angular resolution
determined by the medium properties (ice or water) and the timing properties of the light
sensor used, which in all cases was a single PMT housed in a glass sphere.
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Figure 1. Schematic view of a neutrino telescope. The detection of the cherenkov light produced by
relativistic particles by the telescope nodes tracks the trajectory of the original neutrino.

3. State-of-the-Art Detection Node for Neutrino Astronomy

KM3NeT has made the innovative bet for the multi-PMT Digital Optical Modules
(DOMs) [24] with 47 coverage obtained by instrumenting 31 x 3” small PMTs instead of
a large photocathode surface PMT. The multi-PMT DOM increases the detection area by
multiplying the area of a single and large PMT by three. The DOM also adds sensitivity to
the incoming direction of detected photons, which improves the angular resolution. The
Multi-PMT DOM improves KM3NeT’s angular resolution by around two times that of
ANTARES, and around three times that of IceCube [25], which is affected by the strong
light scattering of ice. The development of the multi-PMT DOM was possible because the
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acquisition system developed maintains the 1 ns resolution in the 31 TDC channels, while
the use of resources was kept low to integrate the electronics inside the DOM. The TDCs
are embedded in a Field Programmable Gate Array (FPGA), which allows for a remote
and safe reconfiguration of the front-end firmware, which adds flexibility to the system.
Another innovative approach used by KM3NeT, which has also helped to integrate the
acquisition electronics inside the DOM, is the distribution of the synchronisation clock via
the communication channels [26,27] instead of using separate synchronisation lines. The
integration of the protocol White Rabbit [28-30] at the acquisition node [31,32] allows for a
subnanosecond synchronisation level in an integrated manner. An additional improvement
achieved is the integration of time calibration instrumentation [33] by miniaturising the
ANTARES LED optical beacon [34]. The approach taken for the treatment of the acquired
data in the detection nodes was the so-called “all-data-to-shore” strategy [35,36]. By this
scheme, all the TDC data are sent to the central station. A computing farm analyses the
data by performing different levels of trigger, filtering the data that are not interesting for
track reconstructions [37]. Due to its many advantages, the multi-PMT has been proposed
for ice detectors, and the upgrade of IceCube [38] will use it [39—41]. At the moment, the
multi-PMT DOM is the state-of-the-art detector node [24] for neutrino telescopes, as is
its acquisition system [42]. The evolution of optical modules in neutrino telescopes is
represented in Figure 2.

Single PMT

First Generation:
Baikal; Antares; IceCube

Multi-PMT

Second Generation
Current state of the art
KM3NeT; Upgrade IceCube

Hybrid Multi

Multi-SiPM PMT-SIPM

Next Generation

Figure 2. Phylogenetic tree of neutrino telescope detection nodes. The Multi-PMT DOM is the state
of the art. The next generation of detectors will be based on SiPMs.
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4. SiPMs as Detector Elements in Neutrino Telescope DOMs: Advantages
and Disadvantages

The use of SiPMs in the acquisition node of neutrino telescopes, either replacing or
complementing the PMTs already used, can substantially improve the angular resolu-
tion [15] and thus increase the pinpointing capabilities of neutrino telescopes [11]. Their
good time resolution, with rise times lower than a quarter of a nanosecond [14,43] and time
transit spreads (TTSs) of similar characteristics [14,44,45], make SiPMs an ideal candidate to
be used in the next generation of neutrino telescopes, which requires that the acquisition sys-
tem goes beyond the 1 ns resolution used traditionally in neutrino telescopes [18,19]. SiPMs
consist of a Geiger mode avalanche photodiode array on a common silicon substrate [46].
There are typically 1000 microcells (pixels) in a 1 mm? area parallelly connected in SiPMs.
Each pixel bears a similarity to a photodiode and a quenching resistor in series, which
results in a uniform response. Besides the good timing information, SiPMs possess a set of
additional characteristics that make them even more appropriate for neutrino telescopes:

e  Their sensitivity ranges from ultraviolet to near infrared, ideal for Cherenkov light;

¢ Unlike PMTs, SiPMs do not require a high voltage supply exceeding 100 V; nonetheless,
their gains are comparable to traditional PMTs (10°-10°);

*  They are immune to electromagnetic fields;

*  The compactness can be scaled up as required and has a relatively lower cost than
PMTs [47];

¢  SiPMs provide excellent single photon resolution [48]. See Figure 3;

¢ They are stable to temperature variations;

*  Benefiting from solid-state technology, SiPMs cannot be damaged by stray light;

*  They have a high photon detection efficiency (PDE), with values over 50% in blue [49],
while it is 30% in KM3NeT PMTs [50]. See Figure 4;

* In addition, there is a significant number of producers, being a hot sector with an
increasing market and associated R&D [51,52].
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Figure 3. Single photon counting pattern for a SiPM and a PMT under the same conditions. The
SiPM considerably improves the PMT single photon counting resolution. Plot obtained from [48].
The data have been normalised.
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Figure 4. Photon detection efficiency of SiPMs with respect the photon wavelength [49] versus PMT
quantum efficiency of KM3NeT 3” PMTs (R12199-02) [50].

The characteristics of the SiPMs can increase the efficiency, the detection area, the
directional sensitivity, and, overall, the angular resolution. On the other hand, SiPMs
present a very high dark count rate (DCR), which cannot be processed by state-of-the-art
neutrino telescope acquisition systems. Although DCRs have gone from 1 Mcps/mm? to
below 40 kcps/mm? in recent years, the dark noise is significantly higher than in PMTs and
is a challenge for their use in neutrino telescopes. For comparison, PMTs in KM3NeT have
an average dark noise of about 0.28 cps/mm? [50], so more than five orders of magnitude
lower than SiPMs. SiPM DCRs are produced by the thermal generation of carriers, trap-
assisted tunnelling, or band gap tunnelling, and the signal produced is equal to a single
photon response, and is hence indistinguishable. In addition, the DCR is highly affected
by temperature, decreasing the dark noise to half its value every eight degrees [53]. The
effect of temperature on the DCR is an important object of study;, as is the use of optical
accessories to increase the collection efficiency and reduce the DCR. KM3NeT already uses
an expansion cone for each PMT, which has achieved an increase of 30% in the collection
efficiency [54]. A similar device could be used with SiPMs as well as the use of SiPMs
integrated with optical lenses, which would increase the collection area while reducing
the DCR [55]. The DCR in state-of-the-art SiPMs is about 20-30 kHz/mm? [56-58], which
represents, together with the fast timing characteristics, a challenge for the acquisition
system which has, so far, prevented their use in neutrino telescopes.

5. Challenges Ahead for the Acquisition System
5.1. Acquisition Resolution

The extraordinary time resolution of SiPMs, key to increasing the angular resolution of
the next generation of neutrino telescopes, requires that the acquisition system has enough
resolution. The special operation characteristics of neutrino telescopes and the number
of channels involved require a low-resource acquisition architecture as it reduces the
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complexity of the acquisition system, increases reliability, and reduces power consumption,
very costly to bring to the bottom of the sea or inside an ice block.

The state-of-the-art acquisition resolution for neutrino telescopes is one nanosecond,
used to read out PMTs with a TTS of about 5 ns, with a rise time in the same range [50].
SiPM timing characteristics, with rise times lower than a quarter of nanosecond [14,43]
and TTSs of similar characteristics [14,44], require an acquisition resolution better than
250 ps to not degrade the timing information [45,59]. Additionally, the use of resources
should be kept low, as the acquisition electronics have to be embedded in low-power
consumption detection nodes. The development of subnanosecond TDCs seems to be the
most reasonable approach. These TDCs should have resolutions below 250 ps, which could
be achieved by considerably improving the current TDC architecture. TDCs measure time
intervals, detecting the arrival time of the leading edge of a digital pulse and measuring
the duration of the pulse [60], and are the main acquisition method used in state-of-the-art
neutrino telescopes with the aforementioned one nanosecond resolution. TDCs can be
implemented either in application-specific integrated circuits (ASICs) or FPGAs. Although
TDCs implemented in ASICs provide better performances, the design process is not only
expensive but also complex due to the long turn-around time and layout phase. On the
other hand, FPGAs provide a faster development time and the flexibility to adapt the logic
to the operation conditions even after the deployment of the detection node. Moreover, it is
possible to use the rest of the FPGA resources to process the TDC data and to interface with
the rest of the DAQ system, which results in a higher reliability. For all these reasons, TDCs
implemented in FPGAs are more appropriate for neutrino telescope acquisition systems
than ASICs. The simplest method to implement a TDC using a synchronous system is the
counter method. The time interval is calculated by counting the cycles of a reference clock.

In Figure 5, the operation mode of the counter method is shown. In order to increase
the resolution, the clock frequency has to be increased, as the resolution is directly propor-
tional to the clock frequency. The main advantage of the counter method is that the range
can be increased with the number of bits of the counter. The clock frequency limits the
resolution of the TDCs. In FPGAs, the maximum frequency that can be obtained is in the
range of 500-660 MHz [61], which implies a maximum resolution of 1.5-2 ns. There are
two intervals, one at the beginning of the input pulse and another at the end, where the
time information is missing. A different method can be used to measure these intervals
with a higher resolution. This combination of methods is called the interpolation or Nutt
method [62]. The interpolation method used in state-of-the-art neutrino telescopes is the
oversampling technique [63-66], as it is a synchronous method with low resource occu-
pancy. The use of additional clocks with the same frequency but different phases allows for
obtaining extra information at the start and end of the pulse. The oversampling method
has been implemented using special serialization and deserialization hardware available in
the FPGA, which further optimise the use of resources. In total, 32 TDC channels of 1 ns
resolution have been developed for their use in the multi-PMT DOM [19,67]. This level of
resolution is clearly insufficient for the acquisition of SiPMs, which would need resolutions
below 250 ps. There are already TDC architectures which could arrive to such a resolution,
but, at the moment, they suffer from a high use of resources. For instance, a cascade of
input delays can create a tapped delay line [68], which will further increase the resolution
of the TDCs. Hitherto, tapped delays have been implemented using the fast carry logic
of the FPGA slices [69] or the FPGA routing resources [70] with high use of resources,
which makes them unsuitable for neutrino telescopes. Other architectures of TDCs, with
low-resource occupancy and resolutions higher than 250 ps, should be researched. For
instance, an improvement of the oversampling architecture can be achieved by increasing
the number of phases and the frequency of the master clock. Additionally, a short tapped
delay line can be created with input delays, which will have a low resource occupancy,
making it ideal for neutrino telescope applications. The average delay in the Kintex-7
family is 39.1 ps, and decreases to only 2.1 ps in the Kintex UltraScale+ Xilinx FPGA [71,72],
which would allow both a low resolution and a low non-linearity while continuing to use
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minimal FPGA resources. As can be seen, the best architecture, in terms of the tapped delay
size and the average delay, is the UltraScale+ family of Xilinx. A scheme of the proposed
architecture is presented in Figure 6, in which the architecture already in use in KM3NeT is
complemented with a tapped delay line of three delays. Clock frequencies of 500 MHz will
give TDC resolutions of 500 ps when using the oversampling technique alone. By using
three delays in the tapped delay line, the resolution will increase to 125 ps. Instead, if a
tapped delay line of seven delays is used, then the resolution can be further reduced to
75 ps.

Clock0 "L 4 1L J 1L ¥F L1 JFr 41411
Pulse Input | |
Counter 0 | T T ) T | 4

Figure 5. Counter.

Clock meneration

IBUFT ISERDESE2

Figure 6. Oversampling TDC architecture implemented with IOSERDES, expanded with the IDELAY
interpolator (three tapped delays). The IOSERDES provide a resolution a quarter of that of the clock
frequencies. The resolution is further improved by four by the IDELAY interpolator. It is not shown

TDC SERDES logic

TDC IDELAY logic

in the figure, but the latches are triggered by the rising edge of the first phase clock detecting the
incoming pulse. The number of IDELAYSs can be increased further. By using seven tapped delays of
78 ps (2+39.1 ps), with a clock frequency of 400 MHz, a TDC resolution of 78 ps can be achieved. Note
that in the proposed TDC architecture, the tapped delays and the oversampling frequency should
match to not add additional non-linearities.
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5.2. Synchronisation

To complement the resolution of the TDCs, a similar synchronisation level between
the acquisition nodes is necessary to perform coincidences between events of different
detection nodes. Thus, a synchronisation level between acquisition nodes below 250 ps
should be obtained. The FPGA technology selected to implement the TDCs should be
able to provide the required level of synchronisation. The White Rabbit protocol has
already been used in the KM3NeT FPGA, a Kintex-7 160T from Xilinx. Hitherto, the 16 nm
FPGAs, and in particular the Xilinx UltraScale+, provide the best features to implement a
low-resource, high-resolution architecture of TDCs. The White Rabbit PTP Core should
be embedded into the selected FPGA, and the synchronisation level should be compliant
with the sub-nanosecond requirements, and specifically in relation to the determinism
of the system. The return of experience of KM3NeT, where a skew of less than 50 ps is
obtained [32] (see Figure 7), ensures this possibility.

20 . . . . . . . . .

18 7T il

jitter (ps)

25 ; ; ; ; ; | ; ; ;
0 5 10 15 20 25 30 35 40 45 50

Restart number

Figure 7. Synchronisation achieved in KM3NeT nodes. The skew is measured after several restart
cycles of the upgraded acquisition electronics [32]. Each points accumulates 1000 points. The standard
deviation obtained is 3.17 ps.

5.3. Filtering

While the timing characteristics of SiPMs are improved considerably over those of the
PMTs, the DCR of SiPMs presents an additional challenge. The state-of-the-art SiPM DCR,
although improved considerably in recent years [51], is around 20-30 kcps/mm? at ambient
temperature. With these noise rates, a SiPM with a similar detection area as the multi-
PMT DOM PMT at seawater temperature will have a dark noise of about 30 Mcps, which
cannot be managed by the current readout systems as it will saturate communications. The
DCR decreases with temperature, roughly by half every eight degrees [53]. Although the
operation temperature of underwater neutrino telescopes would decrease the SiPM DCR
by half [73], and by about two orders of magnitude in the case of ice [74], the level of noise
is still significant. By increasing the detection threshold over one single photoelectron, a
100-fold reduction in the DCR could be achieved [52], but in this case with the penalty
of losing the single-photon event information. Thus, it is peremptory to implement a
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noise rejection technique in the acquisition electronics itself. A possible approach would
be to reduce the DCR by improving the “all-data-to-shore” scheme by implementing a
coincidence filter between channels in the acquisition electronics. The implementation
of a coincidence filter in the readout electronics is needed to reduce the high amount of
dark noise generated by SiPMs and keep the data to be sent to the central station below
the available bandwidth. The time window in which the filtering is performed would
be configurable.

The treatment of the acquired data to perform coincidence analyses on the acquisition
electronics, and thus effectively reduce the data rate to be transferred to the central station,
is, together with the implementation of high-resolution TDCs, one of the critical factors
in increasing the angular resolution of neutrino telescopes. The use of FPGA would add
flexibility as remote upgrading the filter would be possible, even with the detection nodes
already installed.

6. Possible Architectures

The use of SiPMs in neutrino teslescope detection nodes allows for two DOM architec-
tures beyond the current state of the art.

6.1. A Hybrid DOM Architecture with PMTs and SiPMs

The timing performances of a hybrid DOM equipped with additional SiPM channels
(see Figure 8) will be improved with respect to the multi PMT-DOM. The effective area will
also be increased substantially by the SiPMs, which, together with the increased timing
performances, will result in an improvement of the angular resolution. There will be a
considerable increase in the data rates of the DOM caused by the DCR of the additional
SiPM channels; however, the implementation of a coincidence trigger in the electronics
acquisition system of the hybrid DOM will drastically reduce the data rate. This architecture
would be appropriate for either ice or water neutrino telescopes.

-Ji Photon counting capabilities
-i High PDE

. -

| % Excellent time resolution
|

S8 Larger detection area

ir Larger segmentation

Figure 8. Conceptual design of a hybrid DOM with PMTs and SiPMs. Adapted from [15]. SiPM
properties, in particular the excellent time resolution, the high PDE, and the possibility of a larger

segmentation, represent a challenge for the acquisition electronics.

6.2. A DOM Architecture Composed Only of SiPMs

The SiPMs can be organised in panels or detection sections with different areas de-
pending on the position in the DOM surface (i.e., larger areas in the upper part of the
DOM and higher segmentation in the DOM bottom hemisphere, which is more relevant
to increase the directional sensitivity). This DOM architecture would further improve the
angular resolution; however, it would generate a significant amount of noise at ambient
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temperatures, so it would be more suitable for ice neutrino telescopes. For water neutrino
telescopes, the detection threshold could be increased over the single photoelectron level
to achieve a two-order-of-magnitude reduction in the dark noise, but at the cost of losing
the single photoelectron information. This configuration could be attractive in a line with
hybrid DOMs.

7. Conclusions

SiPMs offer a unique opportunity to increase the angular resolution of neutrino
telescopes. Although the advantages are clear, SiPMs present two challenges that should be
addressed by the acquisition system: an excellent time resolution and an excessively high
DCR. The development of TDCs with a sub-250 ps resolution and low resource occupancy,
the sub-nanosecond synchronisation provided by the White Rabbit protocol, and the
implementation of a coincidence filter in the readout electronics will make possible to use
SiPMs as detection sensors, substantially improving the angular resolution of neutrino
telescopes and expanding the new window to the extreme Universe that neutrino astronomy
has already opened.
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