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Neutrinos from very nearb y supernov ae, such as Betelgeuse, are expected to generate more 

than ten million e v ents ov er 10 s in Super-K amokande (SK). At such large e v ent rates, the 

buffers of the SK analog-to-digital conversion board (QBEE) will overflow, causing ran- 

dom loss of data that are critical for understanding the dynamics of the supernova explo- 

sion mechanism. In order to solve this problem, two new data-acquisition (DAQ) modules 

were de v eloped to aid in the observation of very nearby supernovae. The first of these, 

the SN module, is designed to save only the number of hit photomultiplier tubes during a 

supernova burst and the second, the Veto module, prescales the high-rate neutrino e v ents 

to pre v ent the QBEE from ov erflowing based on information from the SN module. In the 

e v ent of a very nearb y supernov a, these modules allow SK to reconstruct the time evolution 

of the neutrino e v ent rate from beginning to end using both QBEE and SN module data. 

This paper presents the de v elopment and testing of these modules together with an analysis 

of superno va-lik e da ta genera ted with a flashing laser diode. We demonstrate that the Veto 

module successfully pre v ents DAQ ov erflows for Betelgeuse-lik e superno vae as well as the 

long-term stability of the new modules. During normal running the Veto module is found 

to issue DAQ vetos a few times per month resulting in a total dead-time less than 1 ms, and 

does not influence ordinary operations. Additionall y, using sim ulation data we find that 

supernovae closer than 800 pc will trigger the Veto module, resulting in a prescaling of the 

observed neutrino data. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Subject Index F20, F22, H20 

1. Introduction 

Core-collapse Supernovae (CCSNe) are one of the most energetic explosions in the uni v erse. 

The release of gravitational energy reaches about 10 53 erg and more than 90% of that energy 

is thought to be released as neutrinos [ 1–3 ]. After the explosion the supernovae leave behind 

compact objects: neutron stars or black holes. Due to extremely dense matter at the core of the 

supernov a, observ ation of the star’s interior during the explosion via electromagnetic signals 

is difficult, making it harder to understand the formation of those compact objects. Howe v er, 
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since neutrinos rarely interact with matter they can carry information about the inner cores of 

the exploding star, such that their observation on Earth allows for the study of the explosion 

mechanism, the structure of neutron stars, and the formation of black holes. For this reason 

neutrino detectors all over the world are preparing to observe events from the next galactic 

supernova. 

Super-Kamiokande (SK) [ 4 ] is a water Cherenkov detector located about 1000 m under Mt. 

Ikeno in Gifu pr efectur e, Japan, and is continually monitoring for supernova neutrinos. SK 

is composed of a stainless steel tank filled with 50.0 kton ultrapure water. The tank is op- 

tically separated into two regions: an inner detector (ID) and an outer detector (OD). The 

32.5 kton ID is equipped with 11 129 inward-facing 20-inch photomultiplier tubes (PMTs) to 

observe Cherenkov rings formed by charged particles traversing its interior. To identify incom- 

ing particles, such as cosmic ray muons, and to tag particles going out from the ID, the OD 

is instrumented with 1885 outward-facing 8-inch PMTs coupled to wavelength-shifting plates. 

Although typical SK analyses use an ID fiducial volume of 22.5–27.2 kton, the full volume of 

the ID is expected to be useable during supernova neutrino bursts [ 5 ]. 

Based on the observations of neutrinos from SN 1987A [ 6–8 ], humanity’s only detection of a 

CCSN via neutrinos so far, thousands of neutrino e v ents are e xpected to be detected with SK [ 9 ] 

for a galactic CCSN. For a closer SN, such as Betelgeuse, over tens of thousands of e v ents 

are expected within a minute. Indeed, we consider the observation of Betelgeuse with the SK. 

Gi v en that the Kamiokande experiment observed 11 events from SN 1987A which is located 

in the Large Magellanic Cloud at 51.2 kpc, and the distance to Betelgeuse is 168 +28 
−15 pc [ 10 ], 

we anticipate that 11M –20M e v ent interactions will occur over 10 seconds within the full ID 

volume of SK. This number of e v ents is too man y f or the current SK data-acquisition (DAQ) 

system to process. Accordingly, we have developed new DAQ modules specifically to enable 

recor ding of e v ents from a v ery nearb y supernov a to address this problem. Two modules have 

been ne wly de v eloped, one of which recor ds only the PMT hit rate bef ore an y time and charge 

information is extracted from the standard DAQ and another that prescales the data passed 

to that DAQ when the e v ent rate becomes large. The de v elopment and performance of these 

modules are discussed below. 

2. Current SK DAQ 

Prior to 2008 so-called Analog Timing Modules (ATMs) were used to digitize the analog PMT 

signals in SK following a hardware-based trigger decision. The ATM suffered dead-time as a 

result of its slow digital conversion time as well as slow data processing and readout speeds. 

During the conversion and readout, only a maximum of two subsequently triggered e v ents 

could be recorded. To overcome these limitations, the SK fr ont-end electr onics were replaced 

with the QTC Based Electronics with Ethernet (QBEE) module, which continuously records all 

PMT hits in the detector, including dark noise and other spurious signals, and sends the data 

to a software-based trigger system. The QBEE-based DAQ system r ealizes dead-time-fr ee data 

taking at lo wer ener gy thresholds than the ATM system. Further, whereas the ATM is capable 

of processing a trigger rate up to 4 kHz, roughly the rate expected from a CCSN at 5 kpc, the 

QBEE can handle more than 20 kHz. 

Figure 1 shows the nominal data flow in SK since 2008. In total there are 550 QBEE boards, 

each of which is connected to up to 24 PMTs and is stored in one of four huts at the top of 

the SK tank. These huts divide the detector into quadrants and also hold house HV power 
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Front-end board(QBEE)

Ethernet

Front-end board(QBEE) Front-end board(QBEE) Front-end board(QBEE)

Readout computers Readout computers

Event builder + So�ware trigger

Ethernet

Offline system

(analysis & storage)

Offline system

(analysis & storage)

Fig. 1. Schematic diagram of the flow of data in the SK DAQ system. 

Table 1. Summary of the SK e v ent trigger menu, where N 200 is the number of PMT hits in a sliding 200 ns 

time window. Here OD refers to the number of hit PMTs in the outer detector, SHE stands for super 

high energy e v ents and AFT stands for after trigger e v ents. These conditions are current as of 2023 and 

may vary according to the situation of the detector, e.g. dark rate. 

Trigger types Criteria Gate width [ μs ] 

SLE N 200 > 31 [ −1.5, + 1.0] 

LE N 200 > 47 [ −5, + 35] 

HE N 200 > 50 [ −5, + 35] 

SHE N 200 > 58 [ −5, + 35] 

OD N 200 > 22 in OD [ −5, + 35] 

AFT SHE + no OD [ + 35, + 535] 

supplies for the PMTs as well as front-end readout computers. Each QBEE has eight charge- 

to-time converters (QTC) [ 11 ] and four time-to-digital converters (TDC [AMT {Atlas Muon 

TDC}]) [ 12 ] for digitiza tion. W hen rela ti vistic charged particles trav erse the SK tank the emitted 

Cherenkov light is converted to analog electrical pulses by the PMTs. These analog pulses are 

converted to digital signals via the QBEE’s onboard QT C befor e being processed with the TDC. 

After this step 12 readout computers collate the data from the entire detector into time series 

before passing them to eight computers dedicated to a ppl ying the software-based trigger to 

form e v ents. Triggered e v ents ar e stor ed to disk after r emoving PMT hits occurring in multiple 

e v ents. 

All QBEEs are synchronized by a master-clock module (MCM) capable of distributing a 

60 MHz and 60 kHz clock. The 60 kHz clock signal is passed to an e v ent-counting module 

(TRG32), which passes the generated e v ent count (termed “hardware counter” elsewhere in 

this paper) back to the MCM for redistribution to the QBEEs. The 60 kHz clock is also used 

to reset the QBEE TDC thereby synchronizing the PMTs to the MCM clock. We note that a 

pedestal trigger is also generated using the 60 kHz clock of the MCM. 

In order to identify interesting regions in the data str eam, the softwar e trigger utilizes the 

number of PMT hits in a sliding 200 ns time window to make trigger decisions. The criteria 

for various triggers are summarized in Table 1 . Currently the DAQ system provides essentially 
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Fig. 2. Simplified block diagram of the QBEE. 

dead-time-free acquisition of all PMT hits above these thresholds. Supernova neutrinos are ex- 

pected to generate primarily super low energy (SLE), low energy (LE), and high energy (HE) 

triggered e v ents. For electrons with kinetic energies greater than 3.5 MeV the SLE trigger ef- 

ficiency is 100%, whereas above 5.4 MeV (8.5 MeV) the LE trigger efficiency is 50% (100%). 

Both efficiencies include the impact of the few kHz dark noise generated by the ID PMTs. 

2.1. Limitations of the current system 

While the QBEE can handle higher e v ent rates than the pre vious ATM module, for e xtremely 

large da ta ra tes, such as those expected from a nearb y supernov a, buffers on the board as well 

as downstream DAQ computers may overflow resulting in a loss of data. Figure 2 shows a 

simplified block diagram of the QBEE board. Each QBEE is connected to PMTs via the PMT 

interface and has three circuits to measure the observed charge over separate ranges in order 

to keep linearity. Analog pulses from the PMTs are converted by the QTC into rectangular 

pulses whose widths correspond to the total charge in the input signal. These rectangular pulses 

are then converted to digital signals by the TDC. A field progr ammable arr ay (FPGA) located 

downstream of the TDC then converts the width between the rise and fall of a pulse into charge, 

divides the data into blocks of hardware counters, and chooses a suitable charge integration 

range for the signal. Finally, the digitized data are transmitted to the readout computer through 

the daughter board (DB). 

The QBEE board is equipped with three types of memory to store pulse information: TDC 

memory (L1 buffer), FIFO memory, and a buffer on the DB. The L1 buffer is used to store 

pulses within the TDC and it is the smallest of the three. Pulses being processed by the FPGA 

ar e stor ed in the FIFO memory and the onboard DB buf fer stores da ta befor e they ar e sent to 

the readout computers. Under normal run conditions these buffer memories do not overflow, 

though it can happen in the L1 buffer following very high charge signals from energetic through- 

going m uons, w hich induce m ultiple ra pid pulses in the PMTs. Howe v er, a supernova such as 

Betelguese, which is predicted to generate tens of millions to 30 million e v ents ov er 10 seconds, 

can cause overflow in these buf fers. W hen the buf fers are full additional data are discarded, 

resulting in a loss of information available to reconstruct individual events. 
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3. New modules for overflow protection 

To overcome the difficulties described abo ve, tw o new DAQ modules have been developed, the 

SN module [ 13 ] and the Veto module. Conceptually the Veto module serves to limit the amount 

of da ta tha t the QBEE processes during a very near supernova burst, taking as input the PMT 

hit rate recorded by the SN module. The SN module records the PMT hit rate without incurring 

any dead-time. Indeed, the hit rate serves as a proxy for the rate of energy deposition and e v en by 

itself is useful in the analysis of supernova data. These two modules make possible dead-time- 

free DAQ and the pre v ention of uncontrolled data loss caused by QBEE memory overflows. As 

explained below, the SN module records only the number of hit PMTs continuously and is not 

subject to memory overflow issues. When the Veto module detects a PMT hite rate that is too 

high for the QBEE, it issues a veto to stop QBEE processing, thereby prescaling the e v ent rate 

it sees. During this veto the QBEE does not store data. Howe v er, for the low energies typical of 

neutrinos from supernovae, the number of hit PMTs is proportional to the neutrino energy so 

the loss of QBEE data is compensated by the number of hit PMTs stored by the SN module. 

In order to extract the most information from a supernova burst in which the QBEE is period- 

ically vetoed in this way, we must rely on the total number of PMT hits (HITSUM) provided 

by the SN module and supplemental information from the QBEEs during periods where no 

veto is issued. Assuming that the distribution of neutrino energies does not change a ppreciabl y 

during the veto window, typically 17 μs, the flux of neutrinos during that time can be extracted 

from the QBEE information recorded during the surrounding nonvetoed time periods. In short, 

the QBEE’s measurements of the number of PMT hits taken together with reconstructed e v ent 

energies can be used to extract the flux given the PMT HITSUM provided by the SN module 

during the veto period. 

3.1. SN module 
The SN module is a dedicated system that records the PMT HITSUM in the detector [ 13 ]. 

This HITSUM is calculated by the QBEE, but importantly this is done upstream of the QBEE 

memory storage as shown in Fig. 2 . For this reason the HITSUM calcula tion opera tes inde- 

pendently of the TDC and is not affected by memory overflows when the hit rate becomes 

large. The SN module reads out the HITSUM at 60 MHz from the circuit, sums up those hits 

at 60 kHz, and saves it together with the hardware counter associated to those hits. 

Each of SK’s electronics huts houses 12 SN modules and each board is attached to 10 QBEEs 

(Fig. 3 ). The SN module issues a trigger when the HITSUM exceeds a programmable threshold. 

Currently one SN module will issue a trigger when there are more than 100 PMT hits in each 

of four consecuti v e har dware counters, roughly 68 μs. The Veto module, described later, uses 

the number of SN module boards that issue triggers to determine when the QBEEs should be 

vetoed. 

3.2. Veto module 
The Veto module is designed to prescale the number of PMT hits to pre v ent the QBEEs from 

overflowing. The Veto module was officially put into operation in June 2021. The Veto module 

was de v eloped with a GNV-252 VME board, which has a single FPGA and four NIM ports 

that are controlled with firmware. Howe v er, the Veto module needs 14 NIM ports: one clock 

output, one veto signal output, and 12 SN trigger inputs. Accordingly, we attached a GNV-260 
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Fig. 3. Relationship between the QBEE, SN module, and Veto module as well as the flow of their data. 

Table 2. Trigger conditions for issuing a veto with the Veto module. 

Threshold 

of SN 

trigger 

Length of 

continuous 

e xcessi v e 

SN trigger 

Prescaling 

rate 

8 4 1/4 

10 100 1/5 

10 1000 1/6 

Veto signal

Hits before veto

Hits a�er veto

60 kHz hardware

counter

Time

Fig. 4. Time structure of the veto signal to implement a 1/4 prescale factor. 

e xpansion boar d which has 16 NIM ports. Both boards are commercially available. Each Veto 

module is connected to 12 SN modules such that its veto decision is based on the activity of 

PMTs in each quadrant of the detector. For a nearby supernova the rapid succession of neu- 

trino interactions in the detector is expected to produce a burst of PMT hit activity that will 

trigger the SN modules. Looking at those SN module triggers, the Veto module vetos QBEE ac- 

tivity at and downstream of the TDC to pre v ent memory ov erflows. Tab le 2 lists the conditions 

under which the module issues a veto together with the corresponding prescale rates. These 

conditions were determined with laser diode (LD) test data as described in the next section. It 

is essential to pre v ent the QBEEs from overflowing because while the controlled data sampling 

by the Veto module can be compensated by information from the SN module, random data 

losses due to overflow cannot be compensated. For this reason, we adopt conservati v e trigger 

conditions to pre v ent ov erflow e v en during 60 million e v ent b ursts. Such b ursts produce two 

to three times as many e v ents as are expected from Betelgeuse becoming a supernova. Figure 4 

shows the timing diagram for issued veto signals. Based on the activity in the detector the veto 

may be applied over several hardware counters, but when the veto is lifted there will be at least 
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Fig. 5. Setup of the LD test. Here ND stands for neutral density. 

two hardware counters before another veto is possible. Note that the Veto module runs with an 

internal clock and is not synchronized with the QBEEs. 

When the e v ent rate triggers the Veto module, a v eto signal is first sent to the MCM (Fig. 2 ) 

whose primary function is to distribute clock signals and hardware counters to all QBEE 

boards. Upon receipt of a signal from the Veto module though, the MCM then distributes 

the veto signal to all QBEEs using the next clock. Veto signals are transmitted to the TDC on 

a QBEE, stopping its function. As a result, the TDC discards any recei v ed pulses during one 

17 μs cycle while the veto is applied. Note that the veto signals do not have any influence on 

HITSUM, which continues to process PMT hits since it is independent of the TDC. Veto sig- 

nals are recorded via the TRG32 in Fig. 3 independently of the main DAQ so that we exactly 

know when veto signals issue e v en if the QBEEs stop due to an overflow or due to the veto 

signals themselves. 

4. Performance tests of the new modules 

The performance of the SN modules and Veto modules was evaluated using dedicated data 

designed to simulate the e v ent rate e xpected during a nearby supernova. These tests confirmed 

that the data are sufficiently prescaled to pre v ent memory overflows and further that they have 

no influence on normal observation periods. 

4.1. LD testing 
An LD connected to a diffuser ball located near the center of the SK tank is used to approx- 

imately reproduce the expected event rate of a supernova. For the tests described in this sub- 

section we modified the total e v ent rate of the simulated superno vae, while k eeping the timing 

structure constant, to probe the limitations of the main DAQ without the benefits of the new 

modules. 

Figure 5 shows the setup of the LD test. Light from the LD is isotropically emitted from the 

diffuser ball with the time structure shown in Fig. 6 . A flash generates roughly 130 PMT hits, 

which correspond to 6 MeV. The time structure has been chosen to mimic that predicted by 

supernova models: the first 0.5 s corresponds to the sharp increase in the e v ent rate expected 

from the neutronization burst, which decays rapidly over 1 s before the event rate gently slows 

for up to 10 s during the neutron star cooling phase. Setting the LD system to produce 60 

million e v ents ov er the 10 s burst is a sufficient test of the DAQ system as it exceeds the e v ent 

rate expected from Betelgeuse (10–30 million events, depending upon the model). 
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0 0.05 0.5 3

Rate (arbitrary)

1

3

0.2

Time [s]10

Fig. 6. Time structure of the LD burst. Changing the total number of flashes does not affect the hori- 

zontal time structure but instead increases the number of e v ents in each section. 

Fig. 7. An LD test with 30 million burst e v ents recor ded with the QBEEs. The black dots are the number 

of LD flashes per hardware counter ( ≈ 17 . 1 μ s ). Blue markers r epr esent the number of QBEE boards 

per hardware counter which experience a FIFO buffer overflow. Green points show overflow for the DB. 

The burst structure is disturbed by the overflow of the QBEEs. The time origin is the moment when the 

hits per hardware counter exceed 10,000. Hereafter we use the same time origin in LD tests. 

4.2. LD tests with and without the Veto module 
An LD test without employing the Veto module and setting the total number of LD-generated 

e v ents to 30 million results in the QBEE data is shown in Fig. 7 . The vertical axis shows the 

number of hit PMTs per hardware counter (17 μs ) and the blue and green markers show the 

number of boards in which FIFO overflow and DB overflow occurs, respectively. Comparing 

Figs. 6 and 7 , it is clear that the simulated burst structure is significantly affected during periods 

of overflow. The neutrino burst of the LD burst generates 16–56 MB/s data and it makes QBEEs 

overflow within 0.03 s to 1 s. Then QBEEs actually start to overflow at 0.03 s in Fig. 7 . 

Connecting the Veto module and repeating the test results in the QBEE data is shown in 

Figs. 8 and 9 . Comparing again Figs. 7 and 8 , we note that the Veto module completely pre v ents 

the QBEEs from overflowing. Further, the time structure of the LD data is completely retained 

and closely follows the original structure (Fig. 6 ). There is a cluster of activity near zero from 
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Fig. 8. An LD burst test with 30 million e v ents when the QBEEs are connected to the Veto module. Here 

the burst shape is not disturbed. The cluster of zero hits from 0 s to 0.5 s is due to the Veto module. There 

is no QBEE overflow during the burst. 

QBEE

Time [s]
0.3805 0.381 0.3815 0.382 0.3825
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Fig. 9. Zoom-in of Fig. 8 showing the structure of the veto signal. The veto length is 6 counters (103 μs ) 

and the veto break length is 2 counters (34.1 μs ). P air ed dots ar e r ecorded PMT hits. Ther e is an isolated 

dot at 0.382 s due to a mismatch between the QBEE and Veto module clock signals. 

0 s to 0.5 s. This time period has the highest e xpected e v ent rate and corresponds to QBEE 

hits being vetoed. Figure 10 shows the same data set as recorded by the SN module, which 

is unaffected by the Veto module, as expected. Note that the baseline heights in the SN and 
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Fig. 10. An LD burst test with 30 million e v ents as recor ded by the SN module. Note that this module 

can record the entirety of the LD burst. 

Table 3. Summary of the total number of hits recorded by each module during 

LD testing. 

QBEE SN module 

Veto module off 3 . 340 × 10 9 3 . 392 × 10 9 

Veto module on 1 . 944 × 10 9 3 . 318 × 10 9 

QBEE da ta are dif ferent because the latter records only triggered e v ents, whereas the former 

continuously records all PMT hits. In Figs. 7 , 8 , and 10 , ther e ar e sporadic times wher e the 

number of hits briefly exceeds the number in surrounding intervals. These isolated hits are due 

to cosmic ray muons which traverse the detector at a rate of about 3 Hz. 

4.3. Recorded hits from LD bursts 
Here we consider the results of four LD burst tests and compare their total number of hit 

PMTs. Defining the onset of a burst as the time when the number of hits in 17 . 1 μs exceeds 

10 000 consistently for 170 . 7 μs and the baseline as the average of hits from 0.5 s before the 

onset to the onset, we integrate the number of hits over 11 s starting from 1 s before the onset. 

The average of the baseline is 1 . 215 × 10 3 hits and the standard deviation is 5 . 291 × 10 1 hits. 

Table 3 summarizes the results. The total number of hits recorded by the SN module with and 

without the Veto module is almost the same, showing a difference of about 2%. Howe v er, the 

QBEE recorded 2 . 266 × 10 9 hits without the Veto module and 1 . 944 × 10 9 hits with the Veto 

module. Indeed, the QBEE loses about 30% of PMT hits due to buffer overflows for a burst 

with 30 million e v ents, but 40% of hits are vetoed by the Veto module. Though more e v ents 

are seemingly lost due to the veto, we cannot use the remaining 70% of hits without the Veto 
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Fig. 11. LD flashes in the tail of an e v ent gate width. Each peak corresponds to an LD flash. The hori- 

zontal axis is time in nanoseconds and the vertical axis is the number of PMT hit counts per 16 ns. 

module for physics analyses as described in Section 5 . Howe v er, the hits remaining after vetoing 

the QBEE can still be used. 

5. Burst analysis demonstration 

During the LD tests described above, each flash of the LD is meant to correspond to a neutrino 

e v ent from a nearb y supernov a. In this section we analyze LD test data to reconstruct the 

simulated supernova timing structur e. Figur e 11 shows PMT hits from the tail of an LD test 

with a total of 30 million flashes. During the tail phase the flash rate is about 1.1 MHz, resulting 

in roughly 90 flashes during the 60 μs gate width assigned to e v ents in SK. Typically only one 

e v ent per such gate width is expected during normal operations and a pile-up of this sort is not 

considered in ordinary SK analyses. 

Here LD burst data are separated by the hardware counter and the number of flashes during 

each counter is calculated by counting the number of PMT hits within a 68.25 μs gate. Figure 12 

shows the hit distribution of the LD test data. The population at low values is predominantly 

dark noise, while higher values are from LD flashes. Figure 13 shows the efficiency for selecting 

an LD flash as a function of the number of PMT hits used as a cut threshold. The efficiency 

is maximal for LD tests with around 25 hits, so in this analysis e v ents with larger hit clusters 

ar e consider ed to be LD flashes. When this thr eshold is less than 21 hits, an LD flash cannot 

be separated from random dark noise or from a pile-up of hits from a previous flash. In this 

case, multiple LD flashes are likely to be regarded as a single flash which results in a decreased 

efficiency. Similarl y, w hen the threshold is higher than 29, true LD flashes start to be rejected. 

The number of flashes expected during vetoed hardware counters is calculated by interpolating 

based on the reconstructed flash rate in the previous hardwar e counter. Figur e 14 shows the 

reconstructed LD burst and Fig. 15 shows the same data zoomed in around the 1.38 s period. 

The black dots are the real data taken by the QBEEs and red dots show interpolated flashes 

from the previous data. 
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Fig. 12. Histogram of LD test hit. LD flashes and dark noise are separated at about 20. There is a dip at 

19 due to statistical uncertainty. 
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Fig. 13. Efficiency of identification of LD flashes. The efficiency is the number of total flashes that ex- 

ceeded the threshold divided by 29.9M flashes. 

Summing the reconstructed flashes in Fig. 14 from 0 to 10 s results in a total of 28.8M flashes. 

This value is close to the 30 million flashes expected. The difference is due to the pile-up of the 

flashes themselves during the highest flash rate of 0.5 s. Such pile-up e v ents are reconstructed as 

a signal flash with the procedure above. Additionally, the expected number of flashes is based 

on the number of pulses sent to the LD. It is possible that the LD did not flash during the 

highest e v ent rates, so the number of reconstructed flashes may be closer to the truth than the 

number 30 million is. For example, the number of clocks to the LD is 29.9M. On the other 

hand, the number of counts reconded by the monitor PMT in Fig. 5 is 28.6M e v ents. 
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Fig. 14. Flash rate of the LD test with 30 million e v ents. The horizontal axis is time in seconds and the 

time origin is the same as in Fig. 10 . The vertical axis is the number of LD flashes per second. 
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Fig. 15. Zoom-in of the area around 1.38 s of Fig. 14 . The black points are data from the QBEEs and 

red points are extrapolated points based on the preceding black points. 

While analyses like the above are simple, we can nonetheless obtain physics information from 

them. Knowing the relationship between the number of hit PMTs and the deposited energy 

from calibrations, the neutrino flux during the SN burst can be estimated without detailed time 

and charge information from the PMTs. When the QBEEs are not vetoed, they provided de- 

tailed e v ent informa tion as seen in Fig. 11 , such tha t if we assume the time evolution of the SN 

does not change much during the veto periods the neutrino flux therein can also be estimated 

by extrapolation from the surrounding QBEE data. Since the flux evolution of the most rapid 

supernovae is much longer than the typical veto length, milliseconds [ 9 , 14 , 15 ]) compared to 

tens of microseconds, this extrapolation should be robust. 
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Fig. 16. Time-Charge histogram of hit PMTs from a high-energy muon e v ent (left) and from a flashing 

PMT (right). Gray bands indicate periods where the vetos were issued. The muon e v ent has a delayed 

veto signal of a pproximatel y 200 μs due to inherent DAQ module latency. 

6. Long-term testing 

As the Veto module is a critical component of SK’s ability to observ e e v en the highest e v ent rate 

supernovae, it must operate continuously and without interfering with normal DAQ operations. 

For this reason we conducted a year-long test of the module without allowing it to veto the 

normal DAQ e v en when the module was triggered. Data from the long-term Veto module test 

were collected from July 2021 to June 2022. Using recorded information of the veto signal 

(“storage” in Fig. 3 ), times were matched with e v ents from the standard DAQ to identify what 

types of e v ents triggered the Veto module. The e v ent type is determined using the SK e v ent 

display and Time-Charge histograms like that in Fig. 16 . 

We observed two types of events which trigger the Veto module: highly energetic muons and 

PMT-generated flashers. Cosmic ray muons enter the tank a t approxima tely 2 Hz and some 

deposit enough energy to both sa tura te the PMTs and generate secondary particles through 

radiati v e losses. This may cause both a large number of hit PMTs in a short period of time 

as well as a significant amount of delayed hits from afterpulsing, which can result in satis- 

fying the conditions to trigger the Veto module. PMT-generated flashers, on the other hand, 

are a phenomenon that occurs when a PMT emits a strong flash due to a discharge inside 

the PMT or the voltage divider. Repeated flashing of this sort, together with events pro- 

duced by the reflections of those flashes, can also mimic the e v ent rate expected for a nearby 

supernova. 

Figure 17 shows histograms of the number of Veto module triggers and the veto dead-time 

from July 2021 to June 2022. We found that the Veto module triggered 33 times during the 

long-term test, resulting in 3616 μs of veto dead-time. Looking at the Charge-Time profiles of 

those e v ents, 30 are classified as highl y energetic m uons and one e v ent is identified as a PMT- 

generated flasher. The left panel of Fig. 16 shows the profile of the highly energetic muon whose 

e v ent length is 50 μs ; the right panel shows the PMT-generated flasher which continues for 

2500 μs and produces three bands of activity with a period of 600 μs . These periodic bands are 

char acteristic of PMT-gener ated flashers. 
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Fig. 17. Triggering frequency of the Veto module together with the dead-time incurred during physics 

runs due to those vetos taken from July 2021 to June 2022. The top panel is the number of triggered Veto 

modules and the bottom panel is the dead-time. 

Based on this test we expect roughly three vetos per month with an average dead-time per 

e v ent of 100 μs . Ov er the course of a full year a pproximatel y 3 ms of data will be lost to vetos, 

which is negligible compared to the detector livetime. 

7. Analysis of veto dead-time using Monte Carlo simulations 

Though we proved in previous sections that the Veto module can prevent the QBEEs from 

overflo wing, allo wing SK to take quality data during high e v ent rate periods, the Veto module 

itself also creates some dead-time via its vetoes. We have developed a new Monte Carlo (MC) 

simulation to investigate how much data will be vetoed by the module in response to supernovae 

simula ted a t various distances from the Earth. 

7.1. Method 
Since 2020 SK has been loaded with gadolinium sulphate (0.01% in 2020 and 0.03% in 2022) 

and operated as SK-Gd [ 16 ]. The purpose of the Gd loading is to enhance neutron detection 

and to thereby help separate inverse beta decay (IBD) e v ents, ν̄e + p → e + 
+ n , from other 

r eactions. In water Cher enkov detectors IBD is the dominant interaction mode expected from 

supernovae, accounting for 90% of the observed neutrinos. When neutrons ar e captur ed on 

gadolinium nuclei, a cascade of multiple gamma rays with 8 MeV of energy in total are emitted. 

While this makes the neutron capture easy to identify it creates additional, delayed PMT hit 

activity that is likely to affect the Veto module’s operation. 

In our simulation studies we ther efor e consider both a pure water target and a gadolinium- 

loaded-water target. The process includes inputting the superno va model, superno va distance 

and coordinates, and Mikheyev–Smirnov–Wolfenstein (MSW) neutrino oscillation assump- 

tions [ 17 ] into the SK e v ent v ector generator for supernova simulations called SKSNSim 

(Super-Kamiokande Supernova Simulation). The software generates neutrino e v ents accor ding 

17/21 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
te

p
/a

rtic
le

/2
0
2
4
/1

0
/1

0
3
H

0
1
/7

7
3
9
1
7
8
 b

y
 S

c
h
o
o
l o

f H
lth

 &
 R

e
la

te
d
 R

e
s
e
a
rc

h
 (S

c
h
a
rr) u

s
e
r o

n
 2

2
 O

c
to

b
e
r 2

0
2
4



PTEP 2024 , 103H01 M. Mori et al. 

to input cross sections for IBD, charged-current interactions on oxygen, and neutral current 

interactions on oxygen convolved with the flux expected from the chosen supernova model. 

Output from SKSNSim is passed to the Geant4-based SK detector simulation, SKG4 (Super- 

Kamiokande Geant4) [ 18 ], which simulates the passage of the outgoing particles through the 

detector. It simulates the passage of Cherenkov radiation through water (or the Gd solu- 

tion [ 19 , 20 ]), including photon scattering, absorption, and reflection, and simulates the PMT 

and electronic responses [ 21 ]. All analyses using Gd-loaded water in this study assume a 0.03% 

Gd concentration [ 16 ]. Afterwards realistic dark noise taken from random trigger data from 

SK is added to the output of the detector sim ulation. These sim ulated e v ents are then analyzed 

to reconstruct the number of SN triggers and to determine when and for how long the Veto 

module would issue vetos. 

7.2. Supernova models 
Due to the e xpensi v e computational r esour ces r equir ed for supernova burst simulations, su- 

pernova models typically only simulate up to about 1 second after the bounce in multidimen- 

sional calculations. To overcome computational r esour ce constraints, simplified assumptions 

and approximations (e.g. 1D methods in a spherically symmetric geometry) are necessary for 

simulating neutrino emissions over long times. This study chooses two long-term 1D supernova 

models: the Nakazato model [ 15 ] and the Mori model [ 9 ]. Both models have flux predictions 

reaching up to 20 s after the core bounce. An important distinction is that the luminosity of neu- 

trinos predicted by the Nakazato model is higher than that of the Mori model. Consequently, 

we expect the veto dead-time generated by the Nakazato model to be longer than that of the 

Mori model. W hen simula ting supernovae from these models, we select distances ranging from 

100 pc to 1 kpc at intervals of 100 pc. 

7.3. Results and discussion 
Figure 18 shows the number of PMT hits per 17.1 μs recorded through one SN module for a 

simulated supernova located at 800 pc from the Earth as described by the Nakazato model. The 

hits distribution peaks between 0.03 s and 0.2 s during which the SN trigger condition of more 

than 100 hits continuing for 68.3 μs or more is satisfied. Figure 19 then shows the issued SN 

triggers for the same supernova for the region from 0.443 s to 0.447 s. In this windowthere are 

SN triggers which meet the condition of the Veto module around 0.445 s shown in Table 2 , and 

during which the QBEEs would be vetoed by the Veto module. 

In this way, the amount of dead-time incurred b y supernov ae as a function of distance is cal- 

culated and summarized in Fig. 20 . The simulation results show that supernovae begin to trigger 

the Veto module at distances between 700 pc and 850 pc. For SK-Gd the module is triggered 

by more distant supernovae than pure water due to the gamma rays emitted when neutrons are 

caputured by Gd. The Gd doping increases the total veto dead-time by a pproximatel y a factor 

of 1.6 regardless of the supernova’s distance. Comparing the Nakazato and Mori models, we 

find that the distance at which the Nakazato model triggers the Veto module is closer than that 

for the Mori model, as expected by the higher luminosity in the former. Table 4 summarizes 

the distances at which veto signals start being issued. With a 0.011% concentration of Gd, this 

distance is closer by 20–30 pc and the start of the Nakazato model is closer by 100 pc than that 

of the Mori model. 
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Fig. 18. Hits perhardware counter as measured by the SN module for a supernova burst at a distance of 

800 pc from the Earth assuming the Nakazato model. The horizontal axis is the time measured from the 

first hit. The peak area meets the trigger condition of the SN module. 

Fig. 19. SN triggers for the 800 pc supernova of the Nakazato model. The Veto module conditions are 

listed in Table 2 . The horizontal axis is an expansion of the 0.4435 s to 0.447 s period in Fig. 18 . 

Table 4. Distances at which the Veto module starts being triggered for the Nazakato and Mori models 

assuming the pure water SK and SK-Gd configurations. 

Supernova 

models Waters 

Start 

distances (pc) 

Nakazato 0.03% Gd 850–900 

Nakazato pure water 820–830 

Mori 0.03% Gd 730–740 

Mori pure water 710–720 
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Fig. 20. Dead-time incurred by vetoes issued by the Veto module as a function of simulated supernova 

distance. (Left) Results from the entire survey of distances, from 100 pc to 1000 pc; (right) enlarged views 

of distances between 550 pc and 900 pc. The error bars show 1 σ statistical uncertainties. It should be 

noted that 170 pc is the distance between Betelgeuse and Earth. 

8. Summary 

This paper describes new DAQ modules introduced at SK to ensure that as many data as possi- 

ble from a nearby supernova are recorded without overflowing or crashing the standard QBEE- 

based DAQ. These modules, the SN module and Veto module, effecti v ely prescale PMT hits, 

v etoing the standar d DAQ acti vity during periods with v ery high e v ent rates to pre v ent buffer 

overflows. 

The performance of these modules was checked with dedicated high-e v ent-ra te LD da ta tak- 

ing and confirmed that the SN module takes dead-time-free data and the Veto module pre v ents 

the QBEEs from overflowing. Further, an analysis of those data was successfully able to recon- 

struct the input number of diode flashes, indicating the robustness of the data taking during 

high-rate scenarios. Long-term testing of the modules from June 2021 to May 2022 confirmed 

that the modules do not affect ordinary operations at SK and identified two types of e v ents 

that trigger the Veto modules: energetic cosmic ray muons and flashing PMTs. Howe v er, e v en 

with those triggers less than 1 ms of dead-time is expected per year with the new modules. 

Simulations were performed to understand the behavior of the modules in response to nearby 

superno vae using tw o different superno va models and assuming both pure and Gd-loaded de- 

tector conditions. Under all conditions we find that the modules will be triggered for a su- 

pernova loca ted a t or closer than 800 pc. For Betelgeuse, which is at 170 pc away from the 

Earth, the veto dead-time is found to be between 3 s and 4 s. In spite of this dead-time, the Veto 

module and SN module will allow us to nonetheless analyze the bulk of the supernova neutrino 

emission from Betelgeuse, which should continue for more than 1 minute. 
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