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Abstract

Hyper-Kamiokande is the next-generation experiment that aims to measure
the leptonic C'P violation, determine neutrino mass ordering, observe astrophysi-
cal neutrinos, and search for proton decay. Hyper-Kamiokande, scheduled to start
operation in 2027, will have approximately 20,000 newly developed 50-cm photo-
multiplier tubes (PMTs). Hyper-Kamiokande requires high-precision calibration
to reduce systematic errors. In order to calibrate the Hyper-Kamiokande detector,
it is necessary to understand the PMTs’ response and establish a method to eval-
uate their performance before the installation. This pre-calibration is performed
in air at room temperature, while the actual operation of the 50-cm PMT is in
water at around 13 °C. Therefore, it is necessary to evaluate the effect of these
differences in the environment around the PMT on the performance of the PMT in
advance. We made the first underwater measurement of the temperature depen-
dence of gain, relative quantum efficiency (QE), and dark rate of the 50-cm PMT
for the Hyper-Kamiokande experiment. In the temperature range of 13 to 23 °C,
we found that both gain and relative QE remained constant with an accuracy of
+1%, and the dark rate variation was within 5%. In addition, a comparison of
gain in air and water was made. These results provide an important guideline for
the pre-calibration measurement for the Hyper-Kamiokande experiment.
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Chapter 1

Physics Background

The Super-Kamiokande (Super-K, SK) [1], which began observations in 1996, has
been studying neutrinos and nucleon decay. The discovery of atmospheric neutrino
oscillations by the Super-Kamiokande experiment in 1998 [2| revealed that neutri-
nos have mass and was the evidence of the physics beyond the Standard Model.
However, there are still many unresolved questions on neutrinos and proton decay
has not been observed yet. The Hyper-Kamiokande (Hyper-K, HK) [3] experiment
is a newly launched next-generation project which aims to answer these questions.

This chapter begins with an explanation of neutrinos, followed by some neutrino
measurements that can be significantly improved at Hyper-K thanks to its large
data set.

1.1 Neutrino

In the Standard Model of particle physics, neutrinos are a type of elementary
particle that have no electric charge and interact with other particles only through
weak interactions and gravitational interactions. Neutrinos are massless and come
in three flavors, v., v, and v,. Neutrinos were first proposed by W. Pauli in
1930 as unknown neutral particles to explain the missing energy of beta decay.
The existence of neutrinos was then established experimentally in 1954 when C.
Cowan and F. Reines succeeded in directly detecting electron-antineutrino from
a nuclear reactor using a 300-liter liquid scintillator [4]. Although neutrinos had
been considered massless particles in the Standard Model, the discovery of neutrino
oscillations by the Super-K in 1998 suggested that neutrinos have a finite mass,
suggesting the existence of a new theory beyond the Standard Model.

1.2 Neutrino Oscillation

Neutrinos are known to have three flavor eigenstates and they take on these
eigenstates during reactions due to weak interactions. On the other hand, mass
eigenstates are different from flavor eigenstates, and the flavor eigenstates |v,)
(v = e, u, 7 ) are expressed using the mass eigenstates |v;) (i = 1,2,3) and the



Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix as follows.
|V0c> :ZUai|Vi> (11)
i=0

The PMNS matrix U is a 3 X 3 unitary matrix, represented by the three mixing
angles 615 , 013 , 023 and the CP phase in the lepton sector dcp as follows.

1 0 0 COS 013 0 sin 013€_MCP COS 012 sin 912

U=10 cosfls sinfys 0 1 0 —sinf;5 cosfy
0 —sinfyy cosfas — sin #y3ecP () cos O3 0 0

(1.2)

In the Standard Model framework, only two mass-squared differences are indepen-
dent. Here, the mass-squared difference is defined as Am; = m7 —m3. For a
given energy E and baseline L, the neutrino oscillation probability (v, — vg) in

vacuum is expressed as follows.
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Similarly, the oscillation probability of the antineutrino is

P Y vt e (BT
(rams7s) = Oap—4 Y _ Re[UniU}Uos U] sin
1<j

(1.4)

Am?2.
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Neutrino oscillations can be explained by the following six parameters; three
mixing angles (612,023,013), one CP phase (dcp), and two mass squared differences.
Measurements of these mixing parameters have been performed using multiple
neutrino sources over a wide range of energies. ;5 and Am3, have been measured
by solar and reactor neutrino experiments, and #,3 has been measured by experi-
ments of reactor neutrino and accelerator neutrino which are artificially generated
neutrinos by the decay of hadrons using an accelerator. 63 and dm3, have been
measured by atmospheric neutrino and accelerator neutrino experiments. Among
these six parameters, dcp is the only parameter whose finite value is not discovered
yet.

1.2.1 Neutrino Mass Ordering

With the discovery of neutrino oscillations, neutrinos are known to have masses
and their mass-squared difference has been measured. In contrast, the order of
the masses of the three types of neutrinos has not yet been clarified (the mass
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ordering). The case ml < m2 < m3 is called normal ordering, and the case
m3 < ml < m2 is called inverted ordering.

The matter effect (the Mikheyev—Smirnov—Wolfenstein effect, MSW effect |5,
6]) can be used to determine mass hierarchy. Neutrinos may interact with matter
in flight, but the electrons in matter cause reactions that only electron neutrinos
undergo. The effect of the enhanced or suppressed oscillation probability due to
the different interactions of the three types of neutrinos is called the matter effect.
Thus, in principle, if the matter effect is sufficiently large, the mass ordering can
be determined by measuring the oscillation probability.

1.2.2 CP Violation

The charge-parity (CP) violation can be measured by the difference of neutrino os-
cillation probabilities between neutrino and anti-neutrino. Using Equation 1.3 and
1.4, the difference of oscillation probabilities between neutrino and anti-neutrino
can be expressed as follows;

APup = Puosvs) — Ploa—os)

Am2
=4 Im[UaU}Ua;UL] sin( o8 ) . (1.5)

i<j

Considering the case of v, — v, and v, — 7., Equation 1.5 can be expressed as
follows;

APu—)e = P(V,'L*)I/e) - P(DMHDE)
= —2cos ‘913 Sin(2912) Sil’l(2023) Sin(2913) sin 6CP

. (Am3,L\ . [(Am3 L\ . [(Am3 L
X sm( T e G R G .

dcp is currently studied by long baseline neutrino experiments such as the T2K
experiment, but its finite value is not observed yet. In the T2K experiment, neu-
trino beams (v,, 7,) generated at Japan Proton Accelerator Research Complex
(J-PARC) in Tokai-mura are observed at the Super-K detector, 295 km away. The
T2K experiment measures the asymmetry of the v, — v, oscillation probability
using v, and ¥, beams. The effect of dcp shows up as a difference in the elec-
tron neutrino appearance probability (Fig. 1.1)and can be measured by using the
reconstructed energy distribution (Fig. 1.2).
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Figure 1.1. Oscillation probabilities as a function of the neutrino energy for v, —
ve (left) and 7, — 7. (right) with L=295 km and sin®26y3 = 0.1. Black, red,
green, and blue lines correspond to dcp= 0°, 90°, 180° and 270°, respectively.
Solid (dashed) line represents the case for a normal (inverted) mass ordering [7].

Neutrino mode: appearance Antineutrino mode: appearance
g : |
300 I
% 250:—
250f g
s ,3: 200
200 4 -
2 1s0f
1501 s
r o =
100F % 100E
s0F 2 Sor
0 y S I R RN T N SR N TN SO NS SO S R MR R | 0: T I I ST RS
0 02 04 06 08 1 12 0 02 04 06 08 1 12
Reconstructed Energy E'™ (GeV) Reconstructed Energy E7™ (GeV)

Figure 1.2. Reconstructed neutrino energy distribution for several dcp with
sin? 26,3 = 0.1 and normal ordering [7].

The current best fit values of neutrino data are summarized in Table 1.1, and
the latest dcp measurement results are shown in Figure 1.3. The C P-conserving
values dcp = 0,7 are excluded at 90% confidence level.



Table 1.1. Neutrino oscillation parameters. NO (IO) is normal mass ordering
(inverted mass ordering) [8].

Oscillation parameter H Best fit value
sin? 0}, 0.307 + 0.013
sin? a3 (NO) 0.546 + 0.021
sin? fy3 (I0) 0.539 + 0.022
sin? 0,3 (2.20 £ 0.07) x 1072
Am2, (7.53 £ 0.18) x 1075 eV?
Am2, (NO) (2.453 4 0.033) x 1073 eV?
Am32, (10) (-2.536 + 0.034) x 1073 eV?
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Figure 1.3. The latest dcp measurement results from T2K [9].

1.3 Solar Neutrino

Solar neutrinos are electron neutrinos produced by thermonuclear fusion reactions
near the center of the Sun. The flux and spectrum of solar neutrinos are sensitive
to 615 and Am3,. In addition, since neutrinos rarely interact with matter and are
emitted from the center of the Sun, solar neutrino observations allow us to monitor
the current state of the solar center.

Solar neutrinos are subject to the matter effect due to the high density of the
solar interior and most of the electron neutrinos change to v, or v.. When flavor-
changed solar neutrinos (v, and v, ) pass through the Earth’s interior, some of them
revert back to electron neutrinos due to the Earth’s matter effect. As a result, day-
night asymmetry occurs in the fraction of electron neutrinos. Figure 1.4 shows the
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Figure 1.4. Allowed region of neutrino oscillation parameters (612, Am?,). The
green area comes from the solar neutrino experiments, the blue area from the
KamLAND experiments, the red from combined of two. The filled area is 30 area
[10].

latest combined results of the allowed region of neutrino oscillation parameters,
615 and Am?, from all the solar neutrino experiments and KamLAND’s reactor
neutrino measurement [10]. While the mixing angle ;5 is consistent between solar
neutrinos and reactor antineutrinos, there is 1.50 tension in Am2,. In this results,
a non-zero day-night asymmetry was observed at a 3.1c significance (Figure 1.4).



-t

Ty r r . rrrfrrrrrrr 11 [ 11

|
"

Day/Night Asymmetry (%)

8 10 12 14 16 18 20
AmZ, (107eV?)

N
N—IIII

Figure 1.5. The black line (grey band) shows the best-fit value of day-night asym-
metry (its uncertainty). The red curve shows the expected day-night asymmetry.
The green solid (blue dashed) box shows the 1o range allowed by solar experiments
(solar experiments and KamLAND) [10].
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Chapter 2

Hyper Kamiokande Experiment

The Hyper-Kamiokande detector is the successor of the Super-Kamiokande detec-
tor. This is a large water Cherenkov detector that uses 260,000 tons of ultrapure
water and approximately 20,000 50 cm diameter photomultiplier tubes (PMTs) to
detect Cherenkov light in water. Its construction began in 2020 at Kamioka-cho,
Hida City, Gifu Prefecture, Japan, with the aim of starting operations in 2027. Us-
ing its large fiducial volume and improved photodetector, the Hyper-Kamiokande
experiment aims to observe astrophysical neutrinos, including solar neutrino, mea-
sure the leptonic C'P violation, and search for proton decay. This chapter provides
an overview of the Hyper-Kamiokande experiment.

2.1 Water tank

The water tank of the Hyper-Kamiokande detector is a stainless steel cylindrical
tank with a diameter of 68 m, a height of 71 m, and a fiducial volume of approx-
imately 200 ktons. Figure 2.1 shows a schematic view of the Hyper-Kamiokande
water tank.

11
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Figure 2.1. Schematic view of the Hyper-K tank [11].

The tank is divided into two main layers (Figure 2.2): the Inner Detector (ID)
and the Outer Detector (OD). The ID is the main detector, which detects neutrino
events and proton decay events etc. Approximately 20,000 newly developed 50 cm
diameter photomultiplier tubes (HK-PMT, R12860) will be installed on the inner
side of the ID, with a photocathode coverage in the ID wall of 20%. Details on
this R12860 are discussed in Chapter 3. The OD is placed around the ID, with
a water thickness of 1 m at the sides and 2 m at the top and bottom. The OD
will be viewed by 3-inch PMTs facing outward on the outer wall of the ID. Each
3-inch PMT will be mounted on wavelength shifting plate to increase coverage and
collection efficiency. OD will act mainly as a veto of incoming particles such as
cosmic ray muons.

12
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Figure 2.2. Boundary between ID and OD [7].

2.2 Particle Detection

The Hyper-K detector observes neutrinos by detecting the Cherenkov light emitted
by charged particles produced by neutrino interactions with electrons and nuclei
in water molecules.

2.2.1 Cherenkov Radiation

Cherenkov radiation is a phenomenon in which charged particles emit light in
matter. When a high-speed charged particle travels faster than the phase velocity
of light in the medium, light called Cherenkov radiation is emitted. Figure 2.3
shows the Cherenkov radiation, which is emitted in the form of a cone.
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Figure 2.3. Cherenkov light radiation [12].

The opening angle of the cone, 6, is determined by the velocity of the par-
ent particle. The relation between velocity of the charged particle (= v/¢) and
radiation angle 6 is as follows,

1
cost = B (2.1)

where n is the refractive index of the medium.

The number of Cherenkov photons emitted by a particle of charge Ze at wave-
lengths A to A 4 d per unit length dN()) is expressed as follows.

AN ()) = 2;327 {1 - </3n1(A)) }‘i—? (2.2)

2.2.2 Cherenkov Light Observation

The Hyper-K detector can detect gamma rays and relativistic charged particles
by observing the Cherenkov light described above. At the same time, it can also
identify the energy, reaction position, and type of particles.

14



Charged particles emit photons according to the Equation 2.2 per unit length,
and the light intensity increases with the range of particle. Since the range of
a particle depends on the particle’s energy, the energy of the particle can be re-
constructed based on the light intensity distribution of the Cherenkov light. In
the Hyper-K, the collected light intensity is about 5 p.e./MeV, and events below
a few tens of MeV, where the averaged light intensity per PMT is much smaller
than 1 p.e., are called "low-energy" events. The reaction position can be recon-
structed primarily from the time distribution of photon detection. For higher
energy neutrinos above a few hundred MeV, particle types can be identified from
the spatial distribution of Cherenkov light. Figure 2.4 shows an example of the
spatial distribution of Cherenkov light. For example, electrons and gamma-rays
form an electromagnetic shower in water due to the cascade of secondary particles
caused by bremsstrahlung and electron pair production. Since Cherenkov radia-
tion is emitted from each electron and positron in the shower, the Cherenkov rings
from each electron in the shower overlap, and a ring pattern with blurred contours
is observed. Muons, on the other hand, do not form a shower, resulting in the
observation of clearly outlined Cherenkov rings.

Figure 2.4. Spatial distribution of Cherenkov light, 1 GeV electron (left) and a 1
GeV muon (right) [7].

2.3 Physics goals

In this section, we describe the physics goals of Hyper-K, based on the examples
of C'P violation (see 1.2.2) and day-night asymmetry (see 1.3) in Chapter 1.

For dcp measurement, the T2K experiment will be succeeded by Hyper-K.
Hyper-K aims to discover the CP violation in the lepton sector. Figure 2.5 shows
the sensitivity to exclude dcp=0. If dcp is -m/2, the C'P-conserving dcp=0 is
excluded at 50 confidence level within four years.

15
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Figure 2.5. Sensitivity to exclude sin(dcp)=0 for true dcp=-m/2 and -7/4, as a
function of HK-years. The shaded areas indicate the range of values that can be
taken when the systematic error model is varied [13].

A precise measurement of dcp is also a major goal of the Hyper-K experiment
after its discovery. In this measurement, the energy scale uncertainty and the
change in dcp are degenerate. Figure 2.6 shows that a shift in the energy scale
and a shift in dcp have a similar effect on the electron neutrino energy spectra.

Vv Mode e-like
1.03

— Nominal

1.025 | —— 12°shiftin 8¢cp
— 0.5% energy scale shift
1.02 -
1.015 *
1.0l

1.005 +

Ratio to nominal

0.995
099 +
0.985 -

098 I I 1 1 I 1
0 0.2 0.4 0.6 0.8 1 1.2

Energy [GeV]

Figure 2.6. Ratio of energy spectrum predicted with dcp =-78° (magenta) and
dcp =-90°, and the ratio to nominal with a 0.5% energy scale shift (blue) applied
to reconstructed electron neutrino candidates [14].

Figure2.7 shows the dcp resolution assuming different energy scale uncertainties
with 10 years of Hyper-K data taking. The resolution on dop is improved by

16



reducing the energy scale uncertainty to 0.5%.
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Figure 2.7. dcp 1o contours near dop =7 /2, assuming different energy scale uncer-
tainties. The percentage in the legend corresponds to the energy scale uncertainty,
and o is the resolution on dcp [14].

For day-night asymmetry measurement, the Hyper-K experiment is trying to
verify this day-night asymmetry with more than 40 accuracy, and to achieve this,
it is required to measure this with a systematic error of better than 0.3% (while
the Super-K with 1.1% static error + 0.5% systematic error). Figure 2.8 shows
the day-night asymmetry observation sensitivity as a function of HK-years.
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Figure 2.8. Day-night asymmetry observation sensitivity as a function of HK-
years. The red line shows the sensitivity from the no asymmetry, while the blue
line shows from the sensitivity to separate from the asymmetry expected by the
reactor neutrino oscillation. The solid line shows the systematic uncertainty is
0.3% case, while the dotted line shows the 0.1% case [15].

2.4 Necessity of precise calibration

The larger the detector, the more high-statistical data can be obtained, but at the
same time, the evaluation of systematic errors becomes more important for the
physics sensitivity. The Hyper-K detector will be much larger than the Super-K
detector, so the Hyper-K experiment requires much better detector systematics
than the Super-K experiment.

To achieve the required systematics described in 2.3, we need to calibrate all
potential systematic error sources in PMTs, electronics, and water with much
better than 1% accuracy. At the same time, it is necessary to investigate the
impact of systematic errors in each PMT performance on systematic errors in the
energy scale and fiducial volume.

18



Chapter 3

50cm-PMTs for Hyper-Kamiokande

The Hyper-K detector requires photosensors with higher performance than Super-
K. The minimum requirements for the Hyper-K photosensors are listed in Table
3.1. Among many candidates, the R12860 50 cm Box & Line (B&L) PMT from
Hamamatsu Photonics K.K. was finally selected. This chapter describes the char-
acteristics of this photosensor based on |7, 16].

Table 3.1. Minimum requirements of the Hyper-K ID PMTs |[7].

Requirements Value Conditions

QE x CE at wavelength
Photon detection around 400 nm (including
efficiency 26% Lyp. Photo-Coverage on the

inner detection area)
Timing resolution || 5.2nsec E‘;A;HM’ Single Photoelectron(PE)
Charge resolution || 50% o, Typ. | Single PE

Time window covering
Signal window 200nsec | Max. more than 95%

of total integrated charge
Gain 107 - 10% | Typ.
Afterpulse rate 5% Max. For smgl§ PE, relative

to the primary pulse

. Single PE pulse,

Rate tolerance 10MHz | Min. within 10% change of gain
Magnetic field 100mG | Min. Within 10% degradation
tolerance
Life time 20years | Min. Less than 10% dead rate
Pressure rating 0.8MPa | Min. Static, load in water
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Figure 3.1. Hamamatsu R12860 PMT

3.1 R12860

The Hamamatsu Photonics (HPK) R12860 is a newly developed PMT for the
Hyper-K experiment (Figure 3.1). The specifications of a typical R12860 PMT
are shown in Table 3.2.

The single photoelectron time and charge resolutions of R12860 are 3.0 £ 0.2 ns
and 27 & 4%, respectively, , which are a factor of two improvement from the Super-
K PMT. In addition, the relative single photon detection efficiency is twice of that
for the Super-K PMT. Initially, the number of dark counts increased with the
improved detection efficiency. However, the number of radioactive impurities in
the glass was roughly halved, and the emission of radioactive radon, which is the
luminous background in the water, was significantly reduced so that the dark count
rate was reduced to 4 kHz, the same level as the Super-K PMT. The materials and
outline shape have been improved to withstand the depth of the Hyper-K water
tank, and the water pressure resistance strength has also been doubled.

20



Table 3.2. Specifications of R12860 [7].

Shape Hemispherical

Photocathode area 50 cm diameter (20 inches)
Bulb material Borosilicate glass (about 3mm)
Photocathode material | Bialkali (Sh-K-Cs)

Quantum efficiency 30% typical at A = 390 nm
Collection efficiency 95% at 107 gain

Dynodes 10 stage box-and-line type
Gain 107 at around 2000 V

about 4kHz at 107 gain

Dark pulse rate (13 °C, after stabilization for a long period)

Weight 9 kg (without cable)
Volume 61,000 cm?
Pressure tolerance 1.25 MPa water proof

3.2 Design of R12860

Figure 3.2 shows a side view of the R12860 PMT. Its shape is similar to the
PMT used in Super-K, but the curvature of the neck and photocathode has been
relaxed, and the radiation in the glass has been lowered significantly. A typical
bias voltage of 2,000 V is divided across each dynode by the PMT base circuit as
shown in Figure 3.3. The R12860 PMT has changed its dynode structure from the
venetian blind type of Super-K PMT to what is called a Box&Line type. Box&Line
is the dynode arrangement shown in Figure 3.4. The largest first dynode plate is
called the "Box" and has large photon coverage. A series of smaller plates are
called the "Lines" and help to improve time resolution by reducing the variation
of electron orbitals.
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Figure 3.2. Side view of the R12860 PMT [7].
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Figure 3.3. PMT base circuit of R12860 PMT |7].
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Figure 3.4. Box & Line dynode [17].

3.3 Photon Detection Efficiency

The photon detection efficiency of R12860 is about 32%. The detection efficiency
is classified into quantum efficiency (QE) and collection efficiency (CE). The aver-
age QE of the R12860 is 33.7%, which is 1.5 times higher than that of the Super-K
PMT. This is due to a change in the manufacturing process of the photocathode
and the ability to manufacture the photocathode with less individual variation.
Figure 3.5 shows the measured QE of R12860 as a function of wavelength, com-
pared with the typical QE curve (dotted line) of the Super-K PMT (R3600). The
shape of the QE wavelength distribution with sensitivity from 300 to 650 nm re-
mained the same, while the peak value around 400 nm has improved from 22% to

33%.
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Figure 3.5. Measured QE values for six HK-PMT(R12860) and Super-K
PMT(R3600).

The improvement in CE is also a major contributor. The R12860 achieved a
CE as high as 95%, while the Super-K PMT had a CE of 68%. This high CE
was achieved by optimizing the curvature of the glass and focusing electrodes, in
addition to using the box-and-line dynodes. Compared to the Super-K PMT, the
QE and CE of the R12860 are a factor of 1.5 and 1.4 higher, respectively, and the
combined total detection efficiency of the R12860 is 2 times higher.

3.4 Time and Charge Resolution

Time resolution was improved by aligning electron orbitals with "Line" dynodes.
The transit time spread (TTS) caused by the difference in electron traveling time
is 1.23 ns for R12860, which is better than 50% of Super-K PMT’s 2.86 ns (Figure
3.6). The pulse became sharper and faster, and the rise time (10% to 90%) of SPE
pulses in the R12860 is about 6 ns, 40% smaller than that in the Super-K PMT.

The charge resolution of a single photoelectron is primarily due to fluctuations
in the number of electrons collected at the anode. The R12860 has a higher
applied voltage on the first dynode, which increases the gain of the first dynode.
In addition, the collection efficiency from the first dynode to the second dynode is
also improved. As a result, the charge resolution of the R12860 is improved to 35%
compared to 50% of the Super-K PMT. Figure 3.7 shows the single photoelectron
distribution with pedestal.
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Figure 3.7. Single photoelectron distribution,compared with Super-K PMT in
dotted line [7].
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3.5 Afterpulse and dark hits

The main sources of background noise that can affect physical observations are
afterpulses and dark hits.

The afterpulse is caused by the backflow of positive ions produced when accelerated
electrons collide with residual gas in the vacuum. Different gas components have
different time delays, ranging from tens of ns to tens of us. Since the afterpulse
appears at a delayed timing along with the main signal, it becomes noise when
observing delayed signals such as electrons produced by the decay of muons. In
the box&line PMT, the dynode is widely opened on the photocathode side, so the
backflow of gas ions is more likely to occur. Therefore, attempts were made to
reduce the after-pulse rate by adjusting the shape of the dynode and removing
residual gas inside. Finally, the after-pulse rate of R12860 was 5% per single
photoelectron.

Most PMT hits in water are dark counts. The dark count primarily arises from
the thermal electron emission of the photocathode when the PMT is placed in
the dark environment. Thermal electrons are emitted randomly from the entire
photocathode and the amplitude of dark counts is expected to be at the single
photoelectron level. In addition, dark counts can depend on the working function
of the material, applied voltage, temperature, etc. Initially, a high dark rate was
observed in R12860 due to the side effects of higher QE. Over a period of five years,
the manufacturing process and the glass was improved, eventually successfully
reducing the dark rate to below 4 kHz. This 4 kHz is the value required to achieve
Hyper-K’s physical goal.
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Chapter 4

Detector Calibration

Detector calibrations are important to characterize the response of the Hyper-K
detector. Various calibration methods have been developed and operated in the
Super-K experiment. The Hyper-K, the successor of the Super-K, will take over
these methods.

4.1 Inner Detector Calibration

Calibration for the detector system includes calibration on the PMT response and
calibration on the optical properties of water, PMT glass, and black sheets.

The Hyper-K detector will be calibrated based on the calibration techniques
that have been done for the Super-K detector. Table 4.1 summarizes the examples
of calibration items in Super-K and their calibration sources. Calibration of these
items is just as important in Hyper-K calibration. In the following, we will discuss
in particular the calibration of "photo-detection efficiency", "single photo-electron
charge (gain)", and "light transparency of water (absorption, scattering)" in Super-

K. This chapter is based on [18, 19, 20].

Table 4.1. Calibration items and calibration sources used in Super-K.

Calibration items Calibration sources
Photo-detection efficiency NiCf source
Gain NiCf source
High-voltage tuning Xe flash lamp
Timing resolution Nitrogen-dye laser
Light transparency of water Nitrogen laser, laser diodes,
(absorption, scattering) Xe flash lamp

4.1.1 Photo-Detection Efficiency

Most low energy physics events such as solar neutrinos and diffuse supernova back-
ground neutrinos consist of 1 photoelectron (p.e.) hits. Therefore, the calibration
of relative photo detection efficiency is important in the analysis of low energy
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physics. As shown in Table 4.1, photo detection efficiency is calibrated using a
Nickel-Calfornium(NiCf) source. This nickel source is a ball made of nickel oxide
and polyethylene with californium 252 (?*2Cf) placed in the center of it, as shown
in Figure 4.1.

This NiCf source uses 2°2Cf as a neutron source. The neutrons are captured by
a neutron capture reaction (**Ni(n, 7)%Ni), and gamma rays of about 9 MeV are
isotropically emitted. This gamma ray induces electron-positron pair production
and Compton scattering, resulting in the emission of a single photoelectron level
of Cherenkov light in water. Since this Cherenkov light is emitted isotropically,
the relative photo detection efficiency (quantum efficiency x collection efficiency)
of each PMT can be calibrated by comparing the difference in hit rates between
PMTs.

4.1.2 Single Photo-electron Charge (Gain)

Gain calibration is performed in two steps. First, the relative differences between
PMTs are measured. This relative gain correction is then applied to obtain the
average gain of the entire detector. Once the average gain and the deviation of
each PMT from that average are known, the gain of each individual PMT can be
obtained.

A nitrogen-laser-driven dye laser is used as the light source to measure the
relative gain. The measurement is done in two steps. First, a high-intensity flashes
are used to ensure that all PMTs receive a sufficient number of photons. The
average value of the charge of the PMT 1 is denoted as Qups(7). In the subsequent
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measurement, a low-intensity flashes are used so that the PMTs receive only a very
small number of photons. Let Ny(i) be the number of times the PMT i records
a charge above the threshold. These two measurements are performed with the
same light source and at the same position in the tank.

Qups (7)o I, % ali) % eqeli) x G(i), (4.1)
Nops (1) 0¢ Ty % ali) X ege(i). (4.2)

Here, I, and I, are the average intensity of high-intensity and low-intensity flashes,
respectively, a(i) is the acceptance of PMT 4, €,.(7) is its QE, and G(7) is its gain.
The gain of each PMT can be calculated from the ratio of equations 4.1 and 4.2.

. Qobs(i)

G(i) x Nopa() (4.3)
The relative gain of each PMT can then be obtained by normalizing by the aver-
age gain of over all PMTs. By using the continuous distribution of relative gain
corrections obtained here, the cumulative single-photoelectron distribution for all
PMTs can be created. This distribution approximately represents the average
single-photoelectron response of the detector. From this, it is then possible to
extract the absolute gain of all PMTs. The NiCf source, described in the previous
section, is used to create this cumulative single-photoelectron distribution. This
source is located in the center of the tank, and more than 99% of the observed
signals are at the single-photoelectron level.

4.1.3 Light Transparency of Water

In the simulation of the transport of photons by MC, effects such as scattering
and absorption by water in the tank must be taken into account. In this section,
we discuss the measurement of water transmittance. It should be noted that
the following is the model used in the Super-K experiment, and it is not certain
whether it can be applied in the Hyper-K experiment in the same way.

The light in the water with a wavelength()\) attenuates according to:

() = To(Vexp (-L) | (4.4)

L(A)
where [ is the length of light travel, Io(\) is the initial intensity, and L()) is the
total attenuation length due to scattering and absorption, which is called the water
transparency. L()) is defined in MC as follows:

1

Ly = Qabs(A) + sy (N) + Qasym(N)’ (4.5)

where agps(A), Qsym(A), and agsym (M) are the attenuation coefficients for ab-
sorption, symmetric scattering, and asymmetric scattering, respectively. gy, ()
is used to introduce symmetric components of Rayleigh and Mie scattering, and
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Qasym(A) to introduce forward Mie scattering. agps(A), sym(A), and agsym (A) are
expressed by the following equations based on experiments:

P
Qaps(A) = Py X A—;+(J, (4.6)
A\
C:P(]XPQX(ﬁ) s (47)
P P

asym()\) = )\_j X <1O+)\_2 ) (48)
N =P x 410+ 2 5 (A= B2 4.9
aasym(>— 6 X -+FX(_8> . (4.9)

To determine the respective attenuation coefficients, laser light of five different
wavelengths (337, 375, 405, 445, and 473 nm) is injected into the tank and hit time
to the PMT is measured. The attenuation coefficients are determined by comparing
the hit time distribution of the MC created by varying these 9 parameters (PO to
P8) with the hit time distribution of the measured data, so that y? is minimized.
Figure 4.2 shows the typical fitted water coefficient functions used in the SK-MC.
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Figure 4.2. Typical fitted water coefficient function used in SK-MC. This data was
obtained in April 2009. Each line through the absorption, symmetric scattering,
and asymmetric scattering points represents a fitted function, and the top line
shows the total of all fitted functions added together [18].
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4.2 Pre-Calibration

The previous section shows calibration of PMT properties and the water in the
tank in the Super-K experiment. Although many of the PMT properties and water
quality can be measured and calibrated by employing multiple calibration sources
inside the tank (in-situ), there are several items cannot be adequately measured.
In this section, we describe measurements, called pre-calibrations, performed out-
side the tank (ez-situ) to investigate the more detailed performance of PMTs to
complement in-situ measurements.

4.2.1 DMotivation of the pre-calibration

Multiple parameters such as light detection efficiency vs. water transmittance,
timing offset vs. PMT position can be often degenerate due to limitations of
the location and type of light sources in in-situ calibration. Therefore, we will
conduct a detailed ex-situ measurements for about 2% of all PMTs in advance.
These calibrated PMTs will be then placed in a pre-determined locations in the
tank as reference PMTs (Figure 4.3), and the degeneracy will be solved based on
the performance of these reference PMTs.

As an example, in the Super-K calibration, these reference PMTs were used
when determining the high voltage to be applied to each ID PMTs and ensuring
that all ID PMTs output the same amount of charge. Figure 4.3 shows the location
of the reference PMTs and the grouping of PMTs in the vicinity of the reference
PMTs. The applied high voltage of a PMT other than reference PMTs was set so
that the amount of charge obtained by that PMT matches the average amount of
charge obtained by the reference PMTs belonging to that group.
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Figure 4.3. The location of the reference PMTs (left) and the schematic diagram
of PMT grouping (right) in the Super-K water tank, the red points indicate the
location of the reference PMTs [18|.

4.2.2 Measurement Items of the pre-calibration

The items to be measured in the pre-calibration must focus on PMT performance,
which has dependencies that are difficult to control in the tank (Table 4.2). For
example, the dependence of quantum efficiency (QE) and collection efficiency (CE)
and gain on the position of light incidence, and the dependence of QE on the light
incidence angle and on the wavelength of light. The environmental difference
between in-situ and ex-situ should also be carefully investigated. Temperature,
magnetic field, time required for stabilization, and availability of water can vary
between in-situ and ex-situ.

Table 4.2. Candidates for pre-calibration parameters.

Response Parameter || Dependent Variables difficult to control in-situ
QE light incidence position and angle, light wavelength
CE light incidence position

Gain light incidence position

Since pre-calibration is performed in air and the actual 50-cm PMT operation
is in water, it is important to evaluate PMT performance in both air and water.
In addition, it is necessary to evaluate the temperature dependence of the PMT
performances in advance because most of the pre-calibration will be done at room
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temperature, whereas the water temperature in the tank is planned to be around
13 °C.

Therefore, in this study, we constructed a setup that allows for underwater

measurements and temperature control using a water tub, a circulator, and a
chiller.
This study was designed to evaluate the effect of the presence of water on PMT
performance and to investigate the temperature dependence of dark rate, gain,
and relative QE by varying the water temperature. The details are given in the
next chapter.
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Chapter 5

Performance evaluation of 50-cm
PMT in an underwater environment

5.1 Overview

As mentioned in the previous chapters, the Hyper-K detector will have approx-
imately 20,000 50-cm PMTs in the inner detector. For the Hyper-K detector
calibration, it is necessary to understand the PMTs’ response and establish meth-
ods to evaluate their performance before installing them (pre-calibration). Pre-
calibration of 50-cmm PMTs will be performed at room temperature (around 25 °C).
On the other hand, the 50cm PMT will be operated at approximately 13 °C dur-
ing actual operation in the Hyper-K detector. Therefore, for the calibration of
the Hyper-K detector, it is necessary to predict the performance at the actual
operating temperature from the measurement at room temperature, and we are
currently trying to achieve this with an accuracy of better than 1%. In addition,
the possible performance difference with and without water must also be evaluated
in advance.

In this study, we first constructed a setup that allows underwater measurements
and temperature control. Using this setup, we measured the gain, relative QE,
and dark rate of the 50-cm PMT at multiple temperature points and evaluated
their temperature dependence. The temperature dependence of these properties
has not been measured in water before, and this study is the first result. In this
chapter, we discuss these measurements and results.

5.2 Setup

This section describes the measurement setup. The equipment for the measure-
ment includes a water tub to house the 50-cm PMT, a water purification system,
a chiller, an optical system to illuminate the PMT, and various measurement in-
struments to acquire data such as PMT signal and temperature. Figure 5.1 is a
schematic diagram of the setup for this measurement. Table 5.1 summarizes the
items used in the measurements.
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Figure 5.1. Schematic diagram of the setup. The water tub is connected to a

circulation system by hoses.

Table 5.1. List of instruments used in the measurement

Use

H

Manufacturer Model Number

HV (for HK PMT) HAYASHI-REPIC RPH-011
HV (for monitor PMT) || Stanford Research Systems PS350/5000V
ADC CAEN DT5761
NIM crate HAYASHI-REPIC RPN-005-153
AMP HAYASHI-REPIC RPN-093
Function generator Agilent 33250A
1 inch PMT HAMAMATSU R7378A
Laser diode head HAMAMATSU M10306-29
Oscilloscope TELEDYNE LECROY Wavesurfer 3034z
thermometer T and D TR-T2nw
T and D TR-71nw
thermometer Probe T and D TR 1220
Half mirror Edmund polkadot 50R/50T 46459
Gauss meter Lutron GU-3001

5.2.1 Dark Tub

Our measurements were conducted using a specially designed stainless steel water
tub (hereinafter referred to as "dark tub"). The tub is equipped with posts and
rubber bands to securely hold the PMT, and a pedestal for placing light sources
(Figure 5.2a). The tub has a capacity of up to 525 liters. Magnetic shield panels
are attached to each side of the tub. The specifications for this tub are listed in

Table 5.2.

The inside of the tub is covered with black sheets to suppress light reflec-

tion(5.2b).
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Table 5.2. Specifications of dark tub

Size
external dimensions 1102x 852x HI982 [mm]
internal dimensions 1004x 754x H822 [mm]
Mass
tub 230 [kg]
with full of water 730 |kg|
Material
inside tub SUS304
outside and lid SUS304 and anodized aluminum
shield soft magnetic alloys (Permalloy PC)
Capacity 525 [L]
Magnetic Shielding Effect
geomagnetism 1/5-1/10

(a) PMT mounted on the dark tub. (b) Black sheets and thermometers.

Figure 5.2. Inside the dark tub

PMTs with a large-aperture photocathode, such as the 50-cmm PMT, are easily
affected by magnetic fields, which bend the trajectory of the photons. Therefore,
it is necessary to consider the effect of even geomagnetic-level magnetic fields on
the photoelectron collection. We measured the residual geomagnetic field near the
PMT photocathode and the results are shown in Table 5.3. It was confirmed that
the total magnetic field is suppressed to less than 100 mG. Directions of =, y, z are
defined as shown in Figure 5.3. This value is within the performance guarantee
range of this 50-cm PMT.

5.2.2 Water circulation system

To reproduce the actual conditions in the Hyper-K tank, the water in the tub must
be pure. In this measurement, we adopted a water purification system and used
it to recirculate the water in the tub. Figure 5.4 is a picture of the purification
system, and Figure 5.5 is a schematic diagram of the whole water circulation sys-
tem, including the purification system. This water purification system consists of
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@ Table 5.3. Measured residual geomag-
N netic field, the directions are shown in
z Figure 5.3.
y
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Figure 5.3. View of 50-cm PMT and total 78

the dark tub from the top.

multiple filters, ion exchange resins, and organic matter decomposers. The sys-
tem is equipped with sensors at several locations, and the water temperature and
conductivity at each location are monitored. In addition, this system incorporates
a chiller, which control the water temperature while circulating the water. The
water temperature can be set freely between 12 °C and 30 °C. The dark tub is
connected to this water purification system by hoses. To avoid being affected by
outside temperatures, the dark tub and hoses are each covered with insulation
material.

First, about 500 liters of tap water was filled into the tab. The water was then
circulated and purified at a flow rate of 5 liters per minute using the purification
system. Since we aim to measure the temperature dependence of various PMT
performances by varying the water temperature, the water temperature must be
properly controlled. As mentioned above, the water temperature is controlled by
a chiller built into the circulation system.

Then, we tested how the water temperature in the tub changes when the chiller
temperature is changed, and whether the water temperature is stable while the
chiller temperature is fixed. A water-resistant thermometer Ondotori TR-1220
was used to measure temperature in water. We placed this thermometer in two
locations: one (Ch.1) at the height of the bottom of the photocathode and the
other (Ch.2) at the height of the top of the photocathode as shown in Figure 5.6.
Figure 5.7 shows the water temperature transition. The point of rapid temperature
change was at the point where the chiller setting was changed. It was found that
while the chiller temperature was fixed, the temperature at each height was stable
within £0.1 °C and the maximum temperature difference between the top and
bottom of the photocathode was 0.2 °C. Similarly, while the water temperature
was changing, temperature difference of up to 0.2 °C between the top and bottom.
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Figure 5.4. Water purification system.
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Figure 5.7. Water temperature transition.

5.2.3 Light injection system

Laser light with a wavelength of 410 nm and a pulse width of less than 50 ps was
used as the light source. In this measurement, the laser beam is divided into two;
one is to be injected to the 50-cmm PMT, and the other is for monitoring the light
yield. To transport the laser light, an FC-FC fiber was used.

Figure 5.8 shows the schematic of light injection system. First, the light emitted
from the laser source is guided through the fiber and onto the optical table. On
the optical table, the laser beam first passes through a collimator lens to prevent it
from diffusing, and then the laser beam is split in two by passing through a beam
splitter. One of the beams is then irradiated onto the 1-inch PMT, and the other
is focused by another collimator lens and again injected to a fiber. This entire
optical system is installed in a dark box (Figure 5.9).

v

Collimator

Dark

Jig | tub
20inch
O

| Laser light source |

ADC

Figure 5.8. Schematic of light injection system.
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Figure 5.9. Optical table, optical equipment, and optical components in a dark
box.

The fiber exiting the dark box is introduced into the dark tub through a window
on the side of the tub. The fiber ends are attached to specially designed jigs
(Figure 5.10). This jig was created with a 3D-printer, and can secure the fiber to
the pedestal inside the tub. Figure 5.11 shows the inside of the tub.

Figure 5.10. 3D data of jig. Figure 5.11. Fiber fixed to pedestal.

5.2.4 DAQ system

A schematic diagram of the entire DAQ is shown in Figure 5.12. Throughout
this measurement, a voltage of 1840 V is applied to the 50-cm PMT so that

its gain is approximately 1x107. Signals from 50-cm PMT were acquired using
a flash ADC, CAEN DT5761 (Figure 5.13) [21]. This flash ADC is a desktop
module housing 1 Channel 10 bit 4 GS/s digitizer with 1 Vpp dynamic range. The
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ADC was controlled by WaveDump [22]. WaveDump is a console application for
data acquisition of CAEN digitizers with waveform recording firmware. Waveform
information can be recorded with a set of configurable parameters defined by a
external text file. For 50-cm PMT signal acquisition, a x10 signal amplifier was
used just before the digitizer. This was done to improve the charge resolution.

wavelength:410nm

waveform pulse width < 50ps
PC information L
Wave dump ADC 1” PMT “ aser
waveform command trigger signal Optical table
information
trigger signal ext. trigger
Flash ADC Pulse generator
|
Amplifier
HV Dark tub

Figure 5.12. DAQ schematic

Figure 5.13. CAEN DT5761. Figure 5.14. Wavesurfer 3034z.

To read out signals from monitor 1-inch PMT, we employed Teledyne’s wavesurfer
3034z as the ADC (Figure 5.14). This is an oscilloscope capable of recording wave-
forms, with a sampling rate of up to 4GS/s, and the vertical resolution of 8bits
with 17 mVpp dynamic range.

A pulse generator was used as an external trigger for the emission of the laser.
Signals synchronized with the emission timing of this laser were then used as the
trigger for the two waveform digitizers. The frequency of the pulse generator was
4000 Hz.

Figures 5.15a and 5.15b show examples of 50-cm PMT and 1-inch PMT wave-
forms, respectively. For 50-cm PMT, waveform information was recorded for 1000
ns per trigger event, and WaveDump was set so that the PMT signal originating
from the laser light would be around 850 ns of the time window.
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Figure 5.15. Examples of Waveform

5.3 Data taking

This section describes the data common to all gain, relative QE, dark rate mea-
surements. These data were acquired from December 21 to 30, 2023.

5.3.1 50-cm PMT operation and data taking

Figure 5.16 plots the water temperature and applied high voltage to 50-cmm PMT
for the measurement period, and each point is the average of the data for every 15
minutes.

Sj 25 : Water temp.
20F f\
Y = ¢ F —\_—
15 y
12/21 21:00 12/25 09:00 12/28 21:00
= 1040
2 i Applied HV .
1844 Y
i SN g Yoy .
1841 12/21 21:00 12/25 09:00 12/28 21:00

Figure 5.16. Water temperature (upper) and applied high voltage to 50-cm PMT
(lower) during the data taking.

The chiller setting was changed in the order of 13 °C, 17 °C, 21 °C, 23 °C,
19 °C, and 15 °C. After the 23 °C underwater measurement, the water was once
drained from the tub and the gain measurement was taken in the air, then the
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water was filled again and the underwater measurements were taken. All under-
water measurements were taken at least 12 hours after the water temperature had
stabilized. Measurement duration at each temperature is summarized in Table
5.4. The temperatures in Table 5.4 are the values of the thermometer in the tub
(except for the measurement in air).

Table 5.4. Measurement duration at each temperature

temp. [°C| || 13.5 | 15.1 | 17.5 | 19.3 | 21.1 | 22.9 (in water) | 23 (in air)
time |hour| || 5.5 | 4.5 | 2.5 | 2.0 | 5.0 3.0 1.75

The applied voltage is one of the factors that affect gain. As shown in Figure
5.16, we observed a fluctuation of the applied voltage of £2 V. In general, the gain
1 is proportional to the kn power of the applied voltage V. Here, k is determined
by the structure and material of the dynode and takes the value of 0.7 - 0.8, and
n is the number of dynodes.

poc VA (5.1)

Hereinafter, with £ = 0.8 and n = 10, measured 50-cm PMT gain is corrected to
that of 1843.5V using Equation 5.1.

In addition to the correction of applied voltage, for more accurate measure-
ments, the influence of the surrounding environment on the measurement must
also be considered. First, we investigated the relationship between the ambient
temperature of the digitizer and gain variation. Figure 5.17 plots the variation
of gain versus the ambient temperature around the digitizer at a certain water
temperature along a time series. It was observed that as the digitizer’s ambi-
ent temperature decreased, the gain decreased accordingly, and as the former in-
creased, the latter increased as well. We therefore took a countermeasure using
the calibration function of digitizer.

This CAEN’s digitizer is automatically calibrated for temperature changes at
startup. However, since this calibration is performed only at startup, if a temper-
ature change occurs during the measurement, the measurement may be performed
without being properly calibrated. Then, we changed the data taking procedure
to restart the digitizer every 30 minutes during the measurement to minimize the
effect of temperature change.
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Figure 5.17. Gain change and temperature change of the digitizer.

5.3.2 Laser light intensity monitoring

The light yield of the monitor PMT is defined and derived as follows;

1. Figure 5.18 shows an example of monitor PMT signal.

For every single

waveform data, the ADC values between 0 - 120 ns are added together and
averaged, which is defined as the baseline. Then, for the ADC values of the
125 - 150 ns waveform, 3(ADC value - baseline) is calculated to obtain the

integral value of the charge.

integral interval

= ) osc_ch1
£ : © [Entries 2400
s 0 = e e ety JWhe Apdd Mean  1.93e-07
g E " Baseline | ‘l ;“ ""lRMs  9.478¢-08
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Figure 5.18. Monitor PMT Signal with baseline and integral interval.
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2. The distribution of the charges obtained in 1. is shown in Figure 5.19. The
signals with integral values greater than 100 mV were eliminated to remove
events with direct cosmic ray incidence on the PMT. The amount of events at
around 0 is consistent with the expectation assuming the Poisson distribution
with the average of 3 photoelectrons. The average value of this distribution
is defined as the light yield of the monitor PMT and hereafter referred to as
the "monitor light yield".

1inch_PMT_avg
Entries 140000
Mean -0.181
Std Dev -0.118
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Figure 5.19. Charge distribution of monitor PMT.

In monitor light yield measurement, the laser’s ambient temperature was mon-
itored by a thermometer, Ondotori TR-72nw. Figure 5.20 plots the laser’s ambient
temperature data and monitor light yield for the measurement period, and each
point is the average of the data for every 15 minutes.
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Figure 5.20. The upper is the laser’s ambient temperature and the lower is the
monitor light yield.

Figure 5.21 plots the average laser’s ambient temperature on the horizontal
axis and the average monitor light yield on the vertical axis during each water
temperature measurement period. This result shows that the monitor light yield
was stable in the range of +1% during the measurement period. Since the monitor
light yield was stable at 1%, we concluded that the laser light intensity itself was
also stable within +1%.
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Figure 5.21. Comparison of monitor light yield at different laser’s ambient tem-
peratures.
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5.4 Results

5.4.1 Temperature dependence of gain

To determine the gain, the integral value of the charge is calculated from the ob-
tained waveform. Figure 5.22 shows an example of laser-derived signal waveform.
The current setup is adjusted so that the laser-derived signal is in the 850 - 950 ns
range. For every single waveform data, the ADC values between 750 - 850 ns are
added together and averaged, which is defined as the "baseline". Then, for the
ADC values of the 850 - 950 ns waveform,

Y (baseline -ADC value) [mV] x 0.25 [ns]/ 50 [2]/ 10

is calculated to obtain the integral value of the charge. Here, 0.25 ns comes from
the digitizer’s sampling rate (4 GS/S), and 50 €2 comes from the digitizer’s input
impedance, and 10 is the amplification factor of the amplifier.

Waveform integral interval

ADC

Base line

Figure 5.22. Laser-derived signal waveform

A single photoelectron charge distribution (SPE distribution) is then created
from the calculated charge. The obtained histogram was fitted with the following
equation:

f(x) = {poe(zmplf —|—p106(zm’il)2} —|—p3@7<z;5p4)2 —|—p6ei(I;§7>2

~+ P {erfc (x —p4) — erfc (w —P1)}
Ds D2

(5.2)

where p; for i = {0, 11} is the fitting parameter and erfc stands for the Gaussian
complementary error function. The first two terms fit the pedestal, and the third
and fourth terms perform single-photon and two-photon peak fitting, respectively.
The error function terms were used to fit the "valley" between the pedestal and
the one-photon peak. An example of this fitting results is shown in Figure 5.23.
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Figure 5.23. An example of fitting of SPE distribution Magenta represents the
pedestal fit, and green and blue represent the fit of the single-photon and two-
photon peaks, respectively. Histograms of charges are normalized.

The gain is defined as the average charge corresponding to a single photoelec-
tron (in this case ps — p;) divided by the elementary charge e (1.6x107' C).

Pa— D1

BN = e 1019

(5.3)

We measured at six temperature points in a range from 13 °C (close to the HK
water temperature) to 25 °C (room temperature). For each temperature, every
15 minutes against the measurement time, a histogram of charges was made and
fitted, and then the gain was calculated for each histogram. Figure 5.24 shows the
distribution of gain for every 15 minutes at 15 °C.
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Figure 5.24. Gain distribution for every 15 minutes at 15 °C.

The mean of the obtained gains and the standard error of the mean (SEM)
are plotted by temperature in Figure 5.25. The standard error of the mean is
expressed using the standard deviation o and the number of samples n as follows;

o

SEM = NG (5.4)

Red points are those with correction by HV and black points are those without
correction.
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Figure 5.25. Measured gain at each water temperature. Red points are those with
correction by HV and black points are those without correction.

Figure 5.26 shows each gain in Figure 5.25 divided by the mean and standard
deviation of the gains for all temperatures.
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Figure 5.26. Measured gain divided by the mean.

From this result, it was found that the gain was constant within a range of
+1% between 13 °C and 23 °C.

5.4.2 Relative change in QE at different temperatures

This section discusses the relative changes in QE of 50-cm PMT at different tem-
peratures. First, the "50-cm PMT light yield" at each temperature point is calcu-

lated,

and then we define "relative QE" as their ratio.

The 50-cm PMT light yield is defined and derived as follows;

1.

2.

Assume that the SPE distribution created in the previous section follows a
Poisson distribution. If the random variable X follows a Poisson distribution
with the expectation of A, the probability of £ events in the same interval is
expressed as follows;

e ANk

(5.5)

When k =0,



This P(X = 0) is also expressed using the number of entries in the pedestal
and the number of entries in the entire histogram as follows:

Pedestal entries (red area in Figure 5.27)

P(X =0) =
( ) Entire histogram entries (blue area in Figure 5.27)

e (5.7)

|| T |||||II| T |I|l|||| T ||||||I| T |||||II| T

1|
5

Charge[pC]

Figure 5.27. SPE distribution, blue area represents all entries, red area represents
pedestal entries.

3. From above 1. and 2., the following can be obtained:

e =po
A = —log po (5.8)

We defined this A as the 50-cm PMT light yield.

Figure 5.28 plots the relative QE for each water temperature, assuming that
the laser light intensity had been constant. Here, relative QE is defined as the 50-
cm PMT light yield at each water temperature divided by their average value. The
SEM of the relative QE was about 0.1-0.2%, and the uncertainty of the monitored
light yield was +1%. Therefore, the error of each measurement is considered to
be dominated by the variation of the monitor light yield, and this variations are
plotted as the error.
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Figure 5.28. Relative change in QE at different temperatures.

From this result, we found that the relative QE is constant in this 13 - 23 °C
range with an accuracy of £1%.

5.4.3 Temperature dependence of dark rate

In the dark rate measurement, the baseline was first calculated as in the gain and
monitor light yield. The ADC values between 100 - 850 ns are added together and
averaged, which is defined as the baseline. Then, among the acquired waveforms,
the number of waveforms that exceeded the "threshold" between 100 - 800 ns
was counted. Most dark rate signals are approximately 1 photon level, and the
threshold was set to 1/6 photon level. Since the output voltage corresponding to
one photon of 50-cm PMT is roughly 6 mV, the threshold here was 1 mV (10 mV
with amplifier). To verify whether this threshold is appropriate, a threshold scan
was performed and the results are shown in Figure 5.30. This shows that the
threshold value of 1 mV is reasonable.

g Baseliné

Equivalent to 1/6 p;hoton

Figure 5.29. An example of dark pulse.
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Figure 5.30. Threshold scan.

The dark rate results measured at 13, 17, 21, and 23 °C are shown in Figure
5.31. Each plot shows an average value every 30 minutes and its SEM. It was
found that the dark rate fluctuation within this temperature range was within 5%.
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Figure 5.31. Measured dark rate at 13, 17, 21, and 23 °C.

Figure 5.32 shows the transition of the water temperature and dark rate when
the water temperature was changed from 17 to 21 °C. The change in dark rate after
the water temperature became constant was fitted using an exponential function;

(z—c)
fdark rate it = a€ 7+ 7800 (59)

where a and ¢ are constants, 7 represents the time constant, and the dark rate is
assumed to be constant at 7800 Hz, and the constant term is set to 7800. The
fit results show that the time constant is 9.9 hours. Therefore, it was found that
it takes at least 10 hours for the dark rate to become constant, i.e., for the PMT
glass temperature to become constant. Since the change in QE with temperature
is considered to be mainly derived from the temperature change of the glass, this
result is also applicable to the time required for QE stabilization.
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Figure 5.32. Change in water temperature and dark rate over time. The dark rate
is fitted as an exponential function.

5.4.4 Gain in the air and in the water

Finally, the results of the gain measurements in air and in water are discussed.
After the measurement in water at 23 °C, the water was drained from the tub and
the gain was measured in the air. Because of the vacuum inside the PMT, heat
conduction to the inside of the tube is poor. Therefore, the temperature of the
dynode was assumed to be constant at 23 °C in the measurement within 4 hours
after the water was drained. The results of the measurements are shown in Table
5.5.

Table 5.5. Comparison of gains in air and in water

water alr
gain [>< 107] 1.134 + 0.002 | 1.116 £ 0.004

A difference of about 1.4% was measured between gains in the air and in the
water. The causes of this gap and countermeasures are discussed in Chapter 6.

5.4.5 Summary

We made the first measurement of the temperature dependence of the gain, relative
QE, and dark rate of the R12860 PMT in water. In this measurement, it was
confirmed that both the gain and relative QE were constant within a range of
+1%. Regarding the dark rate, it was found that the dark rate fluctuation in 13
to 23 °C was within 5%, and the time constant of the dark rate change was about
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10 hours. The gain in air and in air were also measured. In this measurement, a
difference of 1.4% was observed between the two.
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Chapter 6

Discussion

6.1 Impact on pre-calibration

For the Hyper-K detector calibration, it is required to be able to predict the per-
formance of the 50 cma PMT at around 13 °C in water based on the pre-calibrated
performance measured at room temperature in air. For this purpose, the tempera-
ture dependence of PMT performance must be evaluated, as well as the differences
in PMT operation in water and air.

In this study, we constructed a setup that allows measurement in water and
control of water temperature, and for the first time, measured the temperature
dependence of the gain and relative QE of the 50-cm PMT and evaluated them
with an accuracy of £1%. In addition, the temperature dependence of the dark
rate was measured for the first time in water, and the time required for temperature
stabilization of the glass was estimated from the change of the dark rate.

However, as an accuracy of better than 1% is required to achieve the physics
goal of Hyper-K, this measurement also needs to be performed with even better
accuracy. Besides, since this measurement was performed at only one light incident
position, it is necessary to increase the number of incident positions and evaluate
the position dependence of the 50-cm PMT performance. Evaluation of individual
differences in PMTs and more detailed comparisons of the measurement in air and
water are also important.

6.2 Future challenges

Ideas for improvements of this measurement and future prospects are listed below.

The first is to improve the measurement of relative QE. The error in the relative
QE of this measurement originates from the measurement accuracy of the monitor
light yield. More accurate measurement of the monitor light yield can be achieved
by an improved temperature control of the measurement instruments. Looking at
Figure 6.1, there appears to be a slight correlation between the laser’s ambient
temperature and the monitor light yield. To make measurements with better than
1% accuracy, it must be investigated whether the variation in monitor light yield
originates from the laser source, the ADC, monitor PMT, or a combination of
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Figure 6.1. Measured laser’s ambient temperature (top), monitor light yield (cen-
ter), and 50cm-PMT light yield (bottom). The light yield is expressed as a ratio
to the average of this range.

In addition, the time constant was estimated to be about 10 hours based on
the change in dark rate, so a precise measurement of relative QE would require
about 20 to 30 hours for QE stabilization.

The difference between gain in the air and the water also must be further
investigated. There was a difference of 1.4% (more than 30) between the two.
One of the factors that can differ between air and water is the surface potential
of the photocathode, which is assumed to be 0 V for 50-cm PMT. If this value
differs between air and water, it can affect the gain measurement. In our setup,
using Equation 5.1, a 3.3 V difference between the two could result in a gain
change of about 1.4%. Therefore, it is necessary to evaluate the surface potential
of photocathode in water and air in the future.
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Chapter 7

Summary

The Hyper-K experiment is a next-generation project that succeeds the Super-
K experiment. With its large fiducial volume and approximately 20,000 newly
developed high-performance 50-cm PMTs, Hyper-K aims to measure leptonic C'P
violation precisely, search for proton decay, observe astrophysical neutrinos and de-
termine neutrino mass ordering. The achievement of these physics goals requires
that the systematic error of the detectors be kept below 1%, which requires that all
potential sources of systematic error, such as PMTs, electronics, and water, be cal-
ibrated with better than 1% accuracy before the observation begin. Among these
calibrations, some 50-cm PMTs are measured their performance before their intro-
duction into the tank to understand their response and to establish a method for
evaluating their performance (pre-calibration). This pre-calibration is performed
at a room temperature in air, whereas the actual operation of the 50-cm PMTs are
in water at approximately 13 °C. Therefore, it is necessary to measure and evaluate
in advance the effect of these environmental differences on the performance of the
PMT.

In this study, a dark tub was used to construct a setup that allows underwa-
ter measurements and water temperature control. We made the first underwater
measurement of the temperature dependence of gain, relative quantum efficiency
(QE), and dark rate of the 50-cm PMT. The gain and the relative QE were mea-
sured to be constant with an accuracy of +1% over the measured temperature
range (13 - 23 °C). It was found that the dark rate fluctuation in this temperature
range was within 5%, and the time constant of the dark rate change was about
10 hours. On the other hand, since Hyper-K requires to predict performance with
better than 1% accuracy, more precise measurements are needed. In particular,
the relative QE measurement was found to require a more temperature-controlled
environment. The gains were measured both in air and in water and compared.
As a result, there was a difference of about 1.4% between the two in this measure-
ment. This also needs to be investigated further, for example by measuring the
surface potential of the photocathode.

This study provides an important guideline for the pre-calibration measurement
for the Hyper-Kamiokande experiment. Our results showed that the gain and rela-
tive QE of 50-cm PMT at 13 °C can be predicted with at least 1% accuracy from
those performances measured at a room temperature during the pre-calibration.
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In addition, improvements for future measurements were discussed.
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