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Abstract: The construction of the next-generation water Cherenkov detector Hyper-Kamiokande
(HK) has started. It will have about a ten times larger fiducial volume compared to the existing
Super-Kamiokande detector, as well as increased detection performances. The data collection pro-
cess is planned from 2027 onwards. Time stability is crucial, as detecting physics events relies on
reconstructing Cherenkov rings based on the coincidence between the photomultipliers. The above
requires a distributed clock jitter at each endpoint that is smaller than 100 ps. In addition, since
this detector will be mainly used to detect neutrinos produced by the J-PARC accelerator in Tokai,
each event needs to be timed-tagged with a precision better than 100 ns, with respect to UTC, in
order to be associated with a proton spill from J-PARC or the events observed in other detectors
for multi-messenger astronomy. The HK collaboration is in an R&D phase and several groups are
working in parallel for the electronics system. This proceeding will present the studies performed at
LPNHE (Paris) related to a novel design for the time synchronization system in Kamioka with respect
to the previous KamiokaNDE series of experiments. We will discuss the clock generation, including
the connection scheme between the GNSS receiver (Septentrio) and the atomic clock (free-running
Rubidium), the precise calibration of the atomic clock and algorithms to account for errors on satellites
orbits, the redundancy of the system, and a two-stage distribution system that sends the clock and
various timing-sensitive information to each front-end electronics module, using a custom protocol.
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1. Introduction
1.1. Context

The Japanese accelerator-based long-baseline neutrino oscillation experiment, called
T2K [1], has been running since 2010. It consists of a muon neutrino (or anti-neutrino)
beam with energy peaked around 600 MeV produced at Tokai by the J-PARC accelera-
tor facility [2], characterized by a near detector and reaching an off-axis Cherenkov far
detector (Super-Kamiokande) after a baseline of 295 km at the Kamioka site. In the Super-
Kamiokande (SK) detector [3], neutrinos have weak interaction with nucleons (mainly via
charged-current quasi-elastic interaction) and can produce a charged lepton with energy
above the Cherenkov threshold. The walls of the far detector are covered with photomulti-
pliers which allow us to detect the emitted Cherenkov light. T2K aims at measuring flavor
oscillation probabilities. The flavor of the interacting neutrino event can be inferred from
the Cherenkov light pattern of the corresponding emitted charged lepton.

The future of Japan’s long-baseline neutrino programs is being prepared. Concerning
T2K, there is an ongoing upgrade of both the J-PARC beam and the near detector, but
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most importantly at long term, the construction of a new far detector Hyper-Kamiokande
(HK) [4] on the symmetric site to SK with respect to the beam axis (same off-axis angle).
It will be based on the same technology as SK, but eight times larger and with new
photomultipliers (PMTs), a new digitizer, and a new timing system which will be the main
topic of this paper. With the start of the data collection planned for 2027, the increased
statistics and performance of HK will allow for the measurement of the CP violation
phase, the determination of neutrino mass hierarchy, higher precision in measuring the
atmospheric neutrino oscillation parameters, and will open the door to other neutrino
detection challenges such as Supernovae bursts and diffuse background, or neutrinos’ time
of flight measurements as in [5].

1.2. Timing Needs and Requirements

We will now focus on the design of the timing system for HK, which will play an
important role in achieving the goal described previously. The lepton flavor identification
depends on the reconstruction of the Cherenkov ring patterns (a sharp ring being the
signal for a muon and a fuzzier one for an electron). The particle interaction vertices are
reconstructed through the relative photon arrival timing between the PMTs. As a result a
very good internal synchronization between all PMTs is needed and has been quantified
to a stability under 100 ps, in relation with other reconstruction limitations. In addition,
an external synchronization using GNSS-based time (or tags) is required to align to the
accelerator site to open time windows to record all data when the neutrino beam goes
through HK, but also to align to universal time UTC in the context of multi-messengers
astrophysics. For instance, in case of a supernova burst, UTC synchronization can allow
different neutrino observatories to point to the right region of the sky if the timing precision
is sufficient for efficient triangulation. To achieve this, it is required to monitor HK timing
with respect to UTC within 100 ns at least.

2. Materials and Methods
2.1. Proposed Solution

The proposed solution that we describe here is structured around one single time
reference point and implements known standard metrology techniques [6-8]. This ref-
erence point distributes a high-frequency clock signal built from an atomic clock. This
ensures short-term stability of the time signal as it will be shown later. The system will
integrate a GNSS (GPS + other satellite constellations) antenna (B3E6 choke ring [9]) and
receiver (Septentrio PolaRx5 [10]) to provide the link to the GNSS time base and to UTC.
The system will also include calibration and monitoring components and will distribute
timing information to the PMTs and data acquisition system via a two-stage distribution.
Finally, full redundancy of signal generation is foreseen in case of a faulty item. The detailed
scheme of the proposed solution can be seen in Figure 1.
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Figure 1. Detailed scheme of the proposed timing system for HK (redundancy not included).
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The reason for this choice is that atomic clocks are the best solution for stability at
short term (typically hours to days) because their level of white noise is very low. However,
they suffer from a long-term drift because of an inherent frequency random walk noise.
They may also suffer from a deterministic quadratic drift that can be removed as a first
step of analysis. The atomic clock used here is the most common frequency standard: the
Rubidium clock (FS725 from Stanford Research [11]). Its performances already meet HK’s
requirement. However, other more expensive and more stable clocks can be used such as
Masers. On the other hand, signals from GNSS poorly behave at short term but do not
possess the random walk component to their noise; hence, they become more reliable at
long term. The idea is to combine both in HK’s system. The way the frequency stability
can be measured is always against a reference known to be more stable and through a
frequency counter. To represent this stability, the relevant statistical tool to use is the Allan
standard deviation [12] which is given by

oy(7) = %< (Fns1 = a)?) (1)

It is the variance of the frequency ratio to nominal (y) as a function of the averaging,
or sampling time (7). This can be performed in the time domain as well. It allows us to
show stability of the same signal on different time scales. In Figure 2, it can be seen that
the Rubidium clock is indeed more stable than the signal from the receiver (lower white
noise level) until a certain point (~2 x 10* s) where the long term drift becomes dominant.
While averaging a white noise over a longer time decreases the deviation, it is not the case
for a random walk noise. If we correct the clock signal with the GNSS information every
5.5 h only, we are able to combine both stability performances. Two types of references
are available at the lab for the R&D process: a signal coming through the optical link from
the official time-keeping lab in France: SYRTE laboratory, and a passive hydrogen maser,
known to be more stable than the elements to characterize.
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Figure 2. Overlapping Allan standard deviation (ADEV) for the free Rb clock and the GNSS receiver.
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2.2. GNSS Receiver

As said before, a GNSS antenna and receiver are used. Once the exact position of
the antenna has been established, it can be used as a time source. In this configuration,
the selected receiver (PolaRX5 TR) will report on tracking all available satellites for 13 min
and then directly compute a time difference between its local oscillator and the GPS time
(only tested constellations in this study), taking into account all appropriate propagation
delays (atmospheric, ionospheric, calibrated cables, antenna, etc.) and performing fits.
An additional feature of particular interest for our system is that an external frequency
(10 MHz and 1 pps signals) can be given as an input to this receiver so that it bypasses the
local oscillator and directly returns the difference between that input signal and the GPS
time, using the 10 MHz signal for the computation.

2.3. The Common-View Time-Transfer Technique

The output of the receiver is in a standard format called CGGTTS files [13], which con-
tains all information about visible satellites, applied delays, as well as the time differences
to monitor in 0.1 ns, which are computed from fits between each GNSS data point (each
13 min). The time differences given by the GNSS receiver do not directly give UTC time
tags for events. The use of the standard “Common view technique” of time transfer (the
software used is available here [14]) is therefore needed. In each country or region of the
world, there is an official time-keeping lab in charge of the local UTC, which is SYRTE in
France. This lab can provide CGGTTS files every day, obtained with the UTC signal, as an
input to their receiver. One can use an algorithm that selects the satellites that were seen at
both sites at the same time so that it cancels out the GPS time and obtains time differences
between a specific system (here, it is our test set up) and the local UTC. Global UTC is
made of all local UTCs with different coefficients and the correspondence is published
every month, as shown in [15].

3. Results
3.1. Clock Signal Generation

All individual components were calibrated and characterization was cross-checked
with the expert lab SYRTE. The antenna is placed on the roof of LPNHE at Jussieu campus
in Paris, France.

The clock generation part of the proposed solution has been tested at our lab. After
the required cross-checks and calibrations, 6 days of data were taken with the Rubidium
clock as an input to the receiver to monitor its signal with respect to the GPS time base.
As mentioned before, the deterministic quadratic noise of the Rubidium clock is removed
as a first step of the analysis. Common view was then performed with the French expert lab
SYRTE and the remaining differences to French UTC can be seen in Figure 3. If corrections
are applied on a timescale of 3 h, those would always be less than 5 ns, which gives a lot
of margin for the system to stay within HK’s requirements. This result might be slightly
underestimated because both our lab and the reference one are in Paris (1 km away from
each other only), which will not be the case in real HK conditions. The way corrections will
be applied is still in development; however, it will not be sudden jumps but smooth fits.
Finally, because HK will be in a valley in a mountain area, the number of satellites available
is a concern. It will mostly be limited by the minimum elevation angle that allows for a
clear view to the sky. A rough estimation for the worst case scenario was 50°, and it was
shown that in those circumstances in Paris, there are always at least two satellites, which is
just enough.
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Figure 3. Evolution of time differences between the Rubidium clock (deterministic drift removed)
and French UTC via GPS signals over 6 days.

3.2. Time Distribution

The time distribution system will be built in two stages, based on the same technology.
First, a 96-port clock distributor will pass on the signal to the second stage, where about
70 modules will then distribute it to the front-end electronics. A total of 24 photomultipliers
are connected to each front-end electronics. The distributor prototype was produced and
the first tests show that the jitter level at second stage is of 40.6 ps, which can be reduced to
2.4 ps by filtering the signal with a Phase-Locked Loop. It is in good agreement with what
is needed for the experiment.

4. Conclusions

As a conclusion, the R&D is entering its final phase for this proposed new timing
system for Hyper-Kamiokande. The first results fall easily into the requirements even if
they are not in full real conditions. Most of the work is now focusing on obtaining the best
possible time precision with this system to expand the physics opportunities of HK.
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Abbreviations

The following abbreviations are used in this manuscript:

GNSS  Global Navigation Satellite Systems

GPS Global Positioning System

UTC Universal Time Coordinated

R&D Research and Development

SYRTE SYstemes de Référence Temps-Espace (lab)
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