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yper-Kamiokande (HK)

« Gigantic water Cherenkov detector

e Successor to the Super-Kamiokande
(SK)
« X 8.4 fiducial mass (190 kt) of SK
e« 20k 50-cm PMTs

* Physics motivation
 Neutrino CP violation
 Neutrino mass ordering
« Cosmic neutrino
 Nucleon decay
etc.

— Start operation in 2027
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50-cm PMT for HK (HKPMT)

e 20k 50-cm PMTs (R12860 by Hamamatsu-photonics) will be used in HK to
detect Cherenkov light.

« HKPMT is improved from 50-cm PMT used in SK (R3600).
- “Box & Line” dynode (changed from “Venetian blind” dynode of SKPMT)

 Higher quantum efficiency photocathode, higher collection efficiency
« X2 in detection efficiency, x2 in charge resolution, more than x2 in timing resolution

« Mass production is in progress, ~12000 PMTs have been delivered so far.

////////////////////

NIM A329 (1993)299-313 (—3K) Improved

SKPMT (R3600) Venetian blind dynode HKPMT(R12860) Box & Line dynode
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Motivation of HKPMT measurement

 Mass production of PMT will continue until 2026.

« PMT performance is directly related to the HK’s performance, and PMT
stability is important for HK’s long period operation.

—Need to check if quality of PMT is maintained throughout mass production
and if PMTs work stably for long-term.

— Several types of PMT measurements are now ongoing to understand quality
from multiple angles.

2020 2021 2022 2023 2024 2025 2026 2027 2028~

PMT
Installation

Mass production of PMT

Operating
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Purpose of each measurement

« Common purpose : to see stability and manufacturing quality

e Precise measurement :

— Variations in basic performance (charge resolution, timing
resolution, after pulse, etc.)

* Mass measurement :
— Measurement of stability for large numbers

e Long-term measurement :
— Demonstration of long-term use

Ensure the low uncertainty and high durability of HK detector.
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1. Precise measurement

e Precise measurement :

— Variations in basic performance (charge resolution, timing
resolution, after pulse, etc.)
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1. Precise measurement

« Regular measurement of various basic performance of HKPMT
« Measurement of 16 PMTs (8 PMTs X 2) every month
« Magnetic field shielding with mu-metal
e Light source for 1 p.e. spectrum and timing response
« Charge resolution, After pulse®, Timing resolution, etc.

*After pulse : Signal that occurs with a delay of 2~40 u's from the main signal due to collision of electron & residual gas,
etc. Here, counting the number of after pulse, not charge.

PMT set in dark room

Dark room X 2 Photon injection system
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Basic performance of HKPM T

« Results obtained in measurements since 2023 (More than 280 PMTs)

Charge resolution™®  Timing resolution™ After pulse  Gain stability™
Average 26.9 % 2.95 ns 3.47 % 0.51 %
RMS 1.8 % 0.14 ns 0.81 % 0.11 %

Charge resolution [%]

*1: 0 of 1 p.e. peak / *2 : FWHM of transit time / *3 : RMS of gain over each measurement period (~1month)

—Small individual differences with expected high performance.

. ‘ ! Z 4drTE — < 10g— 8
ME: Charge res. | ST Timing res. S o After pulse |
I . E B o6 . 2 s : B
WL 12023 : 2024 E sal £-2023 : 2024 E 2,0 12023 F 0024 E

S : 1 32F = . = = £ o . E
28— u — C n £ : 3

: :*f{}{;“}{{}”* . i ebrpppr it o oo E
i : — 280 & : E 43 SR T AL E
uE ™ = | Worse in winter 2.6F = 35 ¢ L H ety 3

- = | due to setup, not 245 3 o E
20 . = | PMT problem 220 : 3 1B 3
| L I LY I IR ) L E IR RIS N SR oL L L 1 um I R 7

10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35
Measurement id Measurement id Measurement id
. _ _ o -
« Mean (point) and RMS (error bar) over measured PMTs in each period. e RS
] n n f -ff |.
—Quality is stable throughout production. or different delivery

2024/11/21 Characterization of the Hyper-Kamiokande 50-cm Photomultiplier Tubes (Sanshiro Goto) 8



2. Mass measurement

* Mass measurement :
— Measurement of stability for large numbers
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7. Mass measurement
« 200 PMTs measurement (2 rooms, 100 PMTs/room)

e 1-month measurement for 100 PMTs every month

e 3-month measurement for 100 PMTs every 3 months
(3 Several hundred PMTs delivered every month) W

- Measure charge and time of dark count* Inside the dark room

—Evaluate dark count rate per a minute and its stability, as .p.u count ssignals without external
those are critical for HK performance. light. Due to thermal electron, Rl in glass

of PMT, environmental radiation, etc.

e | focus on 3-month measurements with about 300 PMTs.
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# of PMT

Distribution of dark count rate

About 100-PMT distributions of dark count rates at the end of each 3-
month measurement.

« Average is about 7~9 kHz, standard deviation is about 0.6~0.7 kHz.

s Actual value of rates should be ~4 kHz lower due to environmental radiation

Aug. 2023 — Oct. 2023 Nov. 2023 - Jan. 2024 Feb. 2024 — Apr. 2024
F . = [ - X _ = - R _
25: \’ Entries = 99 E 30:— Entries = 99 E_ soF- Entries = 97
- = 25 N 25;—
20-Mean = 8.06 kHz 205 Mean = 8.59 kHz - Mean = 7.45 kHz
- Std.Dev = 0.64 kHz - Std.Dev = 0.67 kHz 20-Std.Dev = 0.66 kHz
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Stability of dark count rate

E 100~ 2023/8~2023/10(99PMT)

« Dark count rate can rapidly increase due 2 [ 2024/2~2024/4(97PMT)

to PMT’s problem such as insulation - |

failure. -
 \We check such rapid rate increase and = . —

monitor if unstable PMTs exist or not. Zo00. \

L : 10} £ 400, :

—Distribution of the maximum rate : > ¥,
increase compared with previous 5 min in - i &

Ok . S e e
e a C h P I\/I T 09-03h 09-04h 09-05h 09-06h 09-07h

— Though a very few showed clear
instability, most PMTs were stable
for as long as three months. ,

T
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3. Long-term measurement

 Long-term measurement :
— Demonstration of long-term use

2024/11/21 Characterization of the Hyper-Kamiokande 50-cm Photomultiplier Tubes (Sanshiro Goto)

13



3. Long-term measurement

« Measurement of 16 PMTs for more than 1 year in the Kamioka mine
« Compensation of the earth magnetic field using coils
 Photon injection system for 1 p.e. spectrum

« Check the long-term stability of HKPMT :

« Dark count rate
« Gain (for 14 PMTs)
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NMonitoring dark count rate over a year

12
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1

 Time variation of dark count rate «
since July 2023 (over a year) :

8

—CHO —CH1
CH2 —CH3
CH4 CH5

VVVVVVVVVVVVVVVVVVVVVV Dark room 1 (CHO 9)

« PMTs work stably for more (et

6

than 1 yeatr.

"I'T'I“l"l"l'T'T'l"l"l'f"l'I"|"|"l'T'T'l"l"l‘T'T'l"

2023/07/01

2023/10/01 2024/01/01 2024/04/01 2024/07/01 2024/10/01

Date

12

* No strange variations of dark

count rates except for variations
due to external factors such as
seasonal change of Rn concentration.

DRIkHz]

1"

10

—— CH10
—— CHM

CH12

—I"l'T'I"I"I'T'l"l']‘l“l'T'I"l"l'T'l"l']'l'

2023/07/01

2023/10/01 2024/01/01 2024/04/01 2024/07/01 2024/10/01
Date

2024/11/21 Characterization of the Hyper-Kamiokande 50-cm Photomultiplier Tubes (Sanshiro Goto) 15



Measurement of Gain

« Gain of HKPMT ~ 1 x 10/

« Charge distribution is fitted with a
function as below

Fitting function

2
_ X — D1
= poexp {— ( > : Pedestal peak

\V 2P2

2
x —
+ p3zexp {— ( p4> 1 p.epeak

\ 2DPs
PeP3 X —P1 X — P4
+ erf —erf
2 { < \/épz > < \EPS >}

: for inelastic scattaring, etc.

P4—D1
elementary charge

Gain = : 1 p.e peak — pedestal peak

— Monitor gain of each PMT.
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Example of Charge distribution
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\Vonitoring gain over a year

« Since Oct. 2023 (over a year)

 Increase tendency of gain appears.
. Average of gain change : 1.3 £ 0.4 [%/year]

« In SKPMT, increasing tendency has been
observed (~ 2 %/year), too.

— Similar trend with SKPMT

Time variation of gain since Oct. 2023
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Summary

 Mass production of 50-cm PMTs for HK is in progress.

« We are monitoring the quality and stability of HKPMTs from
multiple angles :
* Precise measurement
« Basic performance of more than 280 PMTs for about 1 month
« Small individual differences with high performance and stable quality
 Mass measurement
 Dark count rate stability of ~300 PMTs for 3 months
« Most PMTs worked stably
 Long-term measurement
 Dark count rate and gain of 16 PMTs over a year
« Work stably with known increase tendency in gain

— Confirm stable quality throughout production.
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Sack up
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NMeasurement of Charge res., Time res., AP

Charge distribution(#04:EL7180-H)

hC3

Entries 500000
Mean 0.1
Std Dev 0.483&
%2/ ndf 25.88/
Constant 2846 + 24.6
Mean 1.611+0.004
Sigma 0.4391+ 0.0057

Chargeres.: p
f 1pe peak

Charge [pC]
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Set up of precise measurement

Electronics
o wall power outlet UPS Computer
| USB cable
NIM crate VME crate
S Clock Generator ground of the 2 crates
(1kHz) are connected
X 2 '
Dual Gate Generator
Fan-in / Fan-out Delay (46 ps)
7 N
» |
LD sync signal chland9 < TDC |
\\'L—*a.““““0
C
NIM-TTL Discriminator . Scaler
Leve] ‘convertor T Threshold: -10mV
LD < Amp (X 10) > ADC
X8x2 module
X2
PMT signal Signal cable HV - = Network
Ethernet cable .
Cables 20 +10m HV cable power supply it
X8X2 PS ground floating
accordin anual
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Mass measurement of dark count rate

e Calculate dark count rate as an average of the number of signals every 60 sec
e Threshold is -1 mV (~ 1/6 of typical hight of 1 p.e signal )

N 12H [ | _]
I
e~ - HK PMT mass measurement ]
@ 4oL Run1507-1532, PMT (1,6), EE0033 .
© _ w/ B-fiel i ] —
= - W/ Brield correction i —An example of dark count rate transition
8\ _
IV\“"- R e The rate is high immediately after PMT
6 _ installation in the dark room and gradually
- ] decreases and stabilizes.
4 Interruption due to ]
- HDD replacement, etc. g
2 B
O_I | | 1 i
04/11 04/18 04/25 05/02
2029%110/91 09:00 09:00 Chara@@i1QBtion of the Hyper-Kamiokande 50-cm 99
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Why dark count rate”

« Dark count — Back ground of true signal (Cherenkov light)

« Amount of dark count rate is used to estimate the true
number of PMT which detect the Cherenkov light when
physics event occurs

—|nstability of dark count rate can be uncertainty of HK
e Too much dark count rate makes data transmission difficult

 Instability of dark count rate may be a sign of PMT
breakdown
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Stability of dark count rate

« 2 types of rate variation 296 E
. . ©9.5- — 3
»Rapid rate increase S04 b TR e
 Related to insulation failure, etc. 22‘_,_ --------- - E

« Check the distribution of the maximum rate oL T E
increase (lasting more than 5 minutes*) at o 3
each PMT from the rate in the previous b 8.9 Ll e e

m i n u teS 12h55 12h56 12h57 12h58 12h59 13h00 13h01 13h02 13h03 13h04
»Moderate rate fluctuations ¥ 817 |
» More general PMT instability 2o s

* Check the djstribution of the maximum rate  z78 S
fluctuation (lasting more than 5 minutes) e gt
from the average of the previous hour's 75 ”__Fwt ;
rates at each PMT. TaL T T T :

*Only increase and fluctuation “which last longer than 5 minutes” are recorded ;g; o ;

because of the existence of very short-time (about 1 minute) fluctuations due to
external noise, DAQ slowdowns, etc. 16h15 16h30 16h45 17h00 17h15 17h30
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Rate Tluctuation including decrease or gradual change

i 10 =
»Moderate rate fluctugtlons N : 2022 /22023 10(O9ENIT)
 More general PMT instability e T
. : : : o r 2024/2~2024/4(97PMT)
e Distribution of the maximum rate * L
fluctuation®* compared with average of :
previous 1 hour : T
T ‘; 200? :%" \

T T
E E 09-03h 09-04h 09-05h 09-06h 09-07h
105
10F i ]

10" 1 10 10°
Maximum Rate fluctuation [kHz]

*Select ones last for > 5 min only
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e Seasonal change due to the wind direction inside the mine

Rn concentration in the laboratory (long-term measurement)
 Rn concentration in the laboratory

26

00:00 +€-04-¥202
00:00 2H-0}-¥202 2
00:00 L2-60-¥202 w
00-00 1€-80-¥202 =
00:00 Z}1-80-%#202 <

00:00 £2-20-5202 &
00:00 90-20020Z &
00:00 G +-90-7202 m
00:00 §2-G0-¥202 m
00:00 ¥0-G0-¥202
00:00 E1-+0-v202 2
00:00 £2-€0-¥202 &
00:00 20-€0-+202 5

00:00 01-20-¥202 ©
00:00 22-10-¥202 m
00:00 90-10-¥202 ¢

00:00 9}-24-€202
00:00 G2-1 1-€202 m
== " 7(00:00 ¥0-11-€202 ©
] eL | 0000 v1-01-€202
00:00 £2-60-€202
00:00 20-60-€202
00:00 2+-80-€202
00:00 22-20-€202

m 00:00 10-£0-€20c
o o
T}

mult

L ]

e

ation of the Hy

teriz

Cobvrrebrrvr b bvrrbren b Br g

Charac

| | |
o o O O O O O
Te) n O U O U o
< (sp] (sp] [aV} Al ~— —

400

c w/bg uonenuasuo)

2024/11/21



Dark noise charge peak w.r.t. April 2009

(3ain increase of SKPMT

In SKPMT, increasing tendency of gain has been observed (~2%/year)

1 - 2 | |
1992-1995 PMT
1996-1997 PMT
2003 PMT
115 |- 2004 PMT -
2005 PMT

< Yusuke Suda. “Search for Proton Decay Using an Improved Event
Reconstruction Algorithm in Super-Kamiokande.” PhD thesis, University of

01/01/09 01/01/10

01/01/11 01/01/12 01/01/13 01/01/14 01/01/15 01/01/16 Tokyo, 2017.

date

It is speculated that the cause of this change is that the amount of Cs in the
dynode changes during operation.
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