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Abstract

The T2K experiment plans to upgrade the near detector aiming at the initial observation of the
CP violation in neutrino oscillation with 3� signi�cance. As one of the upgrade detectors, a new
neutrino target detector, named SuperFGD, is under development. The SuperFGD consists of
two million scintillator cubes, with 1 cm side, each readout with wavelength shifting �bers in
the three orthogonal directions. Thanks to its high granularity and three dimensional readouts,
the SuperFGD is expected to realize the e�cient tracking of charged particles and a full polar
angle acceptance. Those performances are important for the understanding of neutrino-nucleus
interaction to reduce the systematic uncertainties on neutrino oscillation measurement.

The SuperFGD uses 56,384 Multi-Pixel Photon Counters (MPPCs) as its photosensors. The
performance test of all MPPCs will be conducted before installation to assure the qualities of the
MPPCs. To test a large number of MPPCs in a reasonable time frame, we have been developing
a test system that measures 512 MPPCs simultaneously. The gain, breakdown voltage, relative
photon detection e�ciency, dark noise rate, and crosstalk probability of the MPPCs will be
automatically measured in the test system. In this thesis, the development and the performance
of the test system are reported.
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Chapter 1

Introduction

1.1 Neutrino oscillation

The Standard Model of particle physics describes almost all of the experiments that have
been performed so far and is considered as one of the great achievements of physics. However,
there are many mysteries that can not be understood in the framework of the Standard Model.
The problem of matter-antimatter asymmetry, why the universe is composed of matter and there
is almost no antimatter, is one of such mysteries. According to the Sakharov conditions [1], the
CP (charge-conjugation and parity-reversal) violation in fundamental particles is necessary to
explain the observed asymmetry of matter and antimatter. Because the CP violation in leptons
is considered to generate the asymmetry through a process called leptogenesis [2], it is important
to study the CP violation in leptons. The CP violation in leptons can be studied by comparing
neutrino oscillation probabilities of neutrino and antineutrino.

Neutrino is one of the elementary particles and classi�ed into neutral leptons in the Standard
Model. There exist three types or 
avors of neutrinos, electron neutrino (�e), muon neutrino
(��), and tau neutrino (�� ). Each neutrino is coupled to the corresponding charged lepton in the
charged current process of weak interaction. For each neutrino, there also exists a corresponding
antiparticle, called an antineutrino.

Neutrino oscillation is a quantum mechanical phenomenon in which a 
avor of neutrinos
changes during their travel. Neutrino oscillation was �rstly observed by the Super-Kamiokande
experiment [3] and has been �rmly established by multiple experiments.

Neutrino oscillation occurs when neutrinos have non degenerate masses. Let j�ii (i = 1; 2; 3)
be mass eigenstate of neutrinos that has mass of mi. The neutrino 
avor eigenstate j��i (� =
e; �; �) can be expressed as superposition of the mass eigenstates:

j��i =
X
i

U �
�i j�ii ; (1.1)

where U is a 3�3 unitary matrix, called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
[4, 5]. The matrix can be parameterized in terms of the three mixing angles, �12, �23, and �13,
and one complex phase �CP as

U =

0@ 1 0 0
0 c23 s23

0 �s23 c23

1A0@ c13 0 s13e
� i�CP

0 1 0
�s13e

i�CP 0 c13

1A0@ c12 s12 0
�s12 c12 0

0 0 1

1A ; (1.2)

where cij = cos �ij and sij = sin �ij (i; j = 1; 2; 3).
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The probability of �� ! �� oscillation in vacuum is calculated as

P (�� ! ��) = ��� � 4
X
i<j

Re[U�iU
�
�iU

�
�jU�j ] sin2

 
�m2

ijL

4E

!

+ 2
X
i<j

Im[U�iU
�
�iU

�
�jU�j ] sin2

 
�m2

ijL

2E

!
; (1.3)

where E, L, and �m2
ij = m2

i �m2
j is the energy of the neutrino, the distance that the neutrino

travels, and the squared mass di�erence of neutrinos, respectively.
For accelerator-based neutrino oscillation experiments, �� ! �� and �� ! �e oscillation

probability are mainly measured. Because �m2
21 is much smaller than j�m2

32j, the dominant
term of �� survival probability is written as

P (�� ! ��) ’ 1� sin2 2�23 sin2

�
1:27 �m2

32 [eV2] L [km]

E [GeV]

�
: (1.4)

From this channel, sin2 �23 and the absolute value of �m2
32 can be measured. The �e appearance

probability is dominated by

P (�� ! �e) ’ sin2 2�13 sin2 �23 sin2

�
1:27 �m2

32 [eV2] L [km]

E [GeV]

�
: (1.5)

From this channel, sin2 2�13 can be measured.
It is possible to study the CP violation in neutrino oscillation by comparing the appearance

probability of �e and �e. The antineurtino oscillation probability is obtained by changing U to
U � in equation (1.3). Then the di�erence of the oscillation probability between �� ! �e and
�� ! �e, �P = P (�� ! �e)� P (�� ! �e), is written as

�P = �2 cos �13 sin 2�12 sin 2�13 sin 2�23 sin �CP

� sin2

�
�m2

32L

4E

�
sin2

�
�m2

31L

4E

�
sin2

�
�m2

21L

4E

�
: (1.6)

Because all the mixing angles and the squared mass di�erences are measured as nonzero, the
requirement for the CP violation in the PMNS framework is

sin �CP 6= 0 ∴ �CP 6= 0; �: (1.7)

The search for the CP violation in lepton sector is the most important topic for long-baseline
neutrino oscillation experiments.
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Figure 1.1: The overview of the T2K experiment.

1.2 T2K experiment

The T2K (Tokai to Kamioka) experiment is a long-baseline neutrino oscillation experiment.
An intense muon neutrino beam is produced in Japan Proton Accelerator Research Complex (J-
PARC) in Tokai and measured by several near detectors and a far detector (Super-Kamiokande).
Figure 1.1 shows an overview of the T2K experiment. The main purpose of T2K is precise
measurement of oscillation parameters �23; �13; �m2

32 and the search for the CP violation in
lepton sector.

1.2.1 J-PARC neutrino beam

The J-PARC main ring provides a 30 GeV proton beam that strikes a graphite target to
produce secondary hadrons such as pions. The secondary hadrons are then focused and selected
by charge with a system of magnetic horns. The hadrons decay in a 96-m-long decay volume,
producing an intense muon neutrino beam:

�+ ! �+ + ��; (1.8)

�� ! �� + ��: (1.9)

A beam predominantly composed of neutrinos or antineutrinos can be produced by choosing the
polarity of the horn current.

T2K adopts the so-called o�-axis method to generate a narrow-band neutrino beam. The
beam axis is directed 2.5� away from the far detector and the 
ux is peaked at an energy of 600
MeV, where the e�ect of neutrino oscillation is maximum for a baseline of 295 km as shown in
Figure 1.2.

1.2.2 Detectors

ND280

A near detector, ND280 is placed at 280 m downstream of the production target. The purpose
of the ND280 is to reduce the uncertainties on neutrino 
ux and neutrino interaction models by
measuring the neutrino interaction rates before oscillation. The ND280 is composed of a set
of subdetectors, placed in a 0.2 T magnet �eld as shown in Figure 1.3. A tracker region of the
ND280 consists of two �ne-grained detectors (FGDs) interleaving three time projection chambers
(TPCs). The FGDs are mainly composed of plastic scintillator bars with dimensions of 1 cm�1
cm�184 cm, and provide target mass for neutrino interactions.
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Figure 1.2: The oscillation probability of muon neutrino as a function of energy (top) and the
neutrino 
uxes for di�erent o�-axis angles [6].

Super-Kamiokande

The far detector, Super-Kamiokande (SK), is a 50 kt pure water Cherenkov detector, located
in the Kamioka Observatory. The water tank is covered with a large number of 20-inch pho-
tomultiplier tubes (PMTs). SK observes neutrino interactions with 4� angular acceptance by
measuring Cherenkov lights emitted by charged particles produced in neutrino interactions.

1.2.3 Current status and future prospects of T2K

Since the start of the physics run in 2010, the T2K experiment has accumulated data. The
accumulated protons on target (POT) from Jan 2010 to Feb 2020 is shown in Figure 1.5. The
recent result with 3:13 � 1021 POT indicates the CP violation in lepton sector with 95% C.L.
[9]. To observe the CP violation with 3� signi�cance, T2K plans to accumulate 10� 1021 POT
until 2026. Due to the increase of statistics, it will become more important to reduce systematic
uncertainties by understanding the neutrino 
ux and interaction model more precisely.

1.3 ND280 upgrade

The T2K experiment plans to upgrade the near detector ND280 to reduce systematic un-
certainties. While the present con�guration of ND280 leads to systematic errors of the order of
6%, the goal of the upgrade is to bring it down to 4% level. The project aims to improve the
performance of ND280 by adding a new highly granular scintillator detector (SuperFGD) and
two high-angle time projection chambers (HA-TPC). These detectors achieve higher granularity
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Figure 1.3: The ND280 detectors [7].
Figure 1.4: The Super-Kamiokande detector
[8].

Figure 1.5: Accumulated POT from Jan 2010 to Feb 2020.
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Figure 1.6: The structure of an FGD [10].

and larger angular acceptance and reduce uncertainties on the neutrino interaction model. The
upgrade detectors will be installed in 2022.

1.3.1 Weaknesses of the current ND280

As shown in Figure 1.3, the tracker region of the ND280 consists of two FGDs interleaving
three TPCs. Figure 1.6 shows the structure of an FGD. An FGD is composed of planes of
scintillator bars (1 cm�1 cm�184 cm) which are oriented in either x or y direction, perpendicular
to the beam direction (z direction). Scintillation light emitted in a bar is read out along the bar
by a wavelength-shifting (WLS) �ber and is detected by Multi-Pixel Photon Counter (MPPC).
FGD provides projections of charged particle trajectories onto xz and yz planes.

One of the limitations of the current ND280 is low detection e�ciency for charged particles
with large scattering angles with respect to the beam direction. One reason is that the TPCs do
not cover large angle direction, and the other reason is that the track can not be reconstructed
in FGD when the trajectory of the particle is along the scintillator bar as schematically shown
in Figure 1.7. Because the e�ciency is uniform with respect to the beam direction at SK, the
di�erence causes uncertainties on the predicted event rates at SK.

Another weakness is low detection e�ciency for low momentum particles such as protons.
For example, a proton with 300 MeV/c momentum has a range of 2-3 cm. However, such a
short track generates only one or two hits in each readout plane and can not be reconstructed.
Therefore, to reconstruct a proton in FGD, at least a range of 4-5 cm which corresponds to �500
MeV/c momentum is needed. Because the reconstruction of low momentum protons is important
to understand neutrino-nucleus interactions, it is a problem.

1.3.2 Design of the upgrade detector

The upgrade detectors are designed to solve the problems of the current ND280. The upgrade
detector will be installed in the upstream part of the current detector as shown in Figure 1.8.
In the upstream part, a new highly granular scintillator detector, SuperFGD is installed as a
neutrino target. Two TPCs, called High-Angle TPCs, are placed above and below SuperFGD.
These three detectors form approximately a cube with 2-m-long sides. The downstream part of
ND280, which consists of two FGDs and three TPCs remains unchanged. These detectors are
installed inside a magnet which provides a 0.2 T magnetic �eld.
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Figure 1.7: The di�cult cases of the reconstruction in the current ND280.

Figure 1.8: The design of the ND280 upgrade detector [11].
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Figure 1.9: Left : the schematic view of SuperFGD [11]. Right : a scintillator cube with three
WLS �bers inserted.

SuperFGD

SuperFGD consists of 192�184�56 plastic scintillator cubes, with 1 cm side as shown in
Figure 1.9. Each scintillator cube is covered with a re
ecting layer to be optically separated from
each other. Each cube also has three cylindrical through holes with 1.5 mm diameters in x, y, and
z directions, where WLS �bers are inserted. Scintillation light emitted along the trajectory of a
charged particle produced in a neutrino interaction is read out along three orthogonal directions
by the WLS �bers. One end of each WLS �ber is instrumented with an MPPC. The total number
of readout channels is 56,384. SuperFGD provides projections of charged particle trajectories
onto three planes.

High-Angle TPC

High-Angle TPC consists of a �eld cage �lled with Ar-based gas. The electrons released in
the ionization of the gas by a charged particle are drifted to the anode of the �eld cage and
read out by Micromegas detectors. TPC provides a three dimensional reconstruction of charged
particles. Thanks to the existence of the magnetic �eld, TPC measures charge and momentum
of a charged particle. By combining dE/dx with momentum measurement, TPC is also capable
of particle identi�cation.

1.3.3 Expected performances of the upgrade detectors

One of the expected performances of the upgrade detectors is larger angular acceptance. The
charged particles scattered at a large angle can be reconstructed by the High-Angle TPCs and
also in SuperFGD thanks to its isotropic structure as schematically shown in Figure 1.10. Figure
1.11 shows a simulation result of the selection e�ciency of muon as a function of the muon
polar angle with respect to the beam direction. The upgrade con�guration clearly improves the
angular acceptance for high-angle muons thanks to the HA-TPCs and SuperFGD.

Another expected performance of SuperFGD is lower momentum threshold for protons. While
a proton with 300 MeV/c momentum can not be reconstructed in FGD, a track of 2-3 cm
generates about two or three hits in three readout planes in SuperFGD and it can be recon-
structed. Figure 1.12 shows a simulation result of reconstruction e�ciency for protons stopping
in SuperFGD. A proton with 300 MeV/c momentum can be reconstructed in SuperFGD. This
performance is important for understanding neutrino-nucleus interaction precisely and reducing
systematic uncertainties for predicted event rates at SK.
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Figure 1.10: The advantage of the upgrade detectors in the reconstruction of particles with high
angle and low momentum.

Figure 1.11: The selection e�ciency for muon as a function of the muon polar angle [12]. The
purple line shows the e�ciency for the current ND280. The blue and green lines show the
e�ciency for the upgrade con�guration. The blue one shows the e�ciency for events in which a
muon is reconstructed in a TPC. The green one shows the e�ciency for events in which a muon
stops and is reconstructed in SuperFGD in addition to the events in TPC.

11



Figure 1.12: Track reconstruction e�ciency for protons stopping in SuperFGD (red line) and
FGD (black dashed line) [12].

The SuperFGD particle identi�cation performance is also important especially for the parti-
cles which do not enter a TPC. The performance was studied in a beam test of a prototype of
SuperFGD at CERN in 2018 [13]. Figure 1.13 shows the average energy deposit per unit length
for a sample of a mix of muons and pions and a sample of protons. The muon/pion and the
proton are clearly distinguishable. The capability of electron gamma separation is also being
studied. It is important to separate the electron neutrino events from the background events
caused by converted gammas.

1.4 Subject of this thesis

As presented above, we adopt MPPC as the photosensors for SuperFGD. The total number of
channels is 56,384 and it is one of the largest numbers of MPPCs used in a single detector. The
stable and uniform operation of all MPPCs is important for the good performance of SuperFGD.
In order to assure the performance of the MPPCs, we test all MPPCs before installation to
SuperFGD. To test a large number of MPPCs in a reasonable time frame, we have been developing
a test system that can measure 512 MPPCs simultaneously.

In this thesis, the performance of MPPC used in SuperFGD and the development of the
performance test system are reported. Chapter 2 describes the operation principle of MPPC
and the details of MPPC used in SuperFGD. The design and the measurement method of the
performance test system are presented in Chapter 3. Chapter 4 describes the performance of the
test system. Finally, summary and future prospects are presented in Chapter 5.
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Figure 1.13: Average energy deposit per unit length for a sample of a mix of muons and pions
(red) and a sample of protons (blue) [13].
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Chapter 2

Multi-Pixel Photon Counter

The Multi-Pixel Photon Counter (MPPC), developed by Hamamatsu Photonics K.K., is one
of the devices called silicon photomultipliers (SiPM) [14]. It is a photon-counting device using
multiple avalanche photodiode (APD) pixels operating in the Geiger mode. So far the MPPC
has been used for T2K near detectors with good performance and will be used as photosensors
of SuperFGD. In this chapter, an operation principle and features of MPPC and the details of
the MPPC used for SuperFGD are presented.

2.1 Avalanche Photodiode

As described above, MPPC consists of multiple APD pixels. The operation principle of
photodiode and APD is presented in this section.

2.1.1 Photodiode

A photodiode is a photosensor that generates a current when it is illuminated by light. Figure
2.1(a) shows a schematic cross section of a photodiode. A photodiode has a P-layer and an N-
layer and they form a PN junction that operates as a photoelectric converter. The intrinsic region
at the junction between the P-layer and the N-layer is known as the depletion layer. Because
the junction makes the N-layer positive and the P-layer negative, an electric �eld from N-layer
to P-layer is created in the depletion layer.

When a photodiode is illuminated by light and if the light energy is greater than the band
gap energy, the valence band electrons are excited to the conduction band and leave holes in their
place in the valence band as described in Figure 2.1(b). In the depletion layer, the electric �eld
accelerates these electrons toward the N-layer and the holes toward the P-layer. These electrons
and holes, which are also called carriers, generate an electrical current. However, because a
normal photodiode does not have a function to multiply the current, it is di�cult to detect a
weak light such as a few photons.

2.1.2 Principle of avalanche multiplication

The avalanche photodiode (APD) is a photodiode that can internally multiply photocurrent
by a mechanism called avalanche multiplication. Figure 2.2 shows the schematic diagram of
avalanche multiplication. The mechanism by which carriers are generated inside an APD is the
same as in a photodiode. A reverse bias voltage applied to an APD creates an electric �eld
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(a) Schematic of a photodiode cross section. (b) PN junction state of photodiode.

Figure 2.1: The operation principle of photodiode [15].

Figure 2.2: Schematic diagram of avalanche multiplication [15].

across the PN junction. It causes the electrons to drift toward the N-layer and the holes to
drift toward the P-layer. As the electric �eld becomes stronger, the drift speed of these carriers
increases. However, when the electric �eld reaches a certain level, the carriers are more likely
to collide with the crystal lattice and create new electron-hole pairs. This phenomenon is called
ionization. These electron-hole pairs then create additional electron-hole pairs, which generate
a chain reaction of ionization that is called avalanche multiplication.

2.1.3 Geiger mode

The gain of APD depends on the electric �eld across the PN junction. In the normal operation
range where the applied bias voltage is lower than the breakdown voltage, the gain increases
as the bias voltage increases and the photocurrent increases as the number of detected photons
increases. The gain in the normal mode is 10 � 100, thus it is di�cult to detect one photon signal.
As the bias voltage increases, the APD eventually reaches the breakdown voltage and operates
in the Geiger mode. The gain is about 105 � 106 in the Geiger mode and the photocurrent is
saturated to be independent of the number of detected photons.

The Geiger mode allows obtaining a large output even when detecting a single photon. Once
the Geiger discharge begins, it continues as long as the electric �eld in the APD is maintained. To
halt the Geiger discharge and detect the next photon, a so-called quenching resistor is connected
in series with the APD as shown in Figure 2.3(a). Figure 2.3(b) shows the basic operation process
of a combination of the APD operating in the Geiger mode and the quenching resistor. When
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(a) A circuit of a Geiger mode APD and
a quenching resistor.

(b) The operation process.

Figure 2.3: The operation process of a combination of the Geiger mode APD and the quenching
resistor.

MPPC PMT
Gain 105 � 106 106 � 107

Operation voltage 50 � 80 V 1 � 2 kV
Active area � 1 mm2 10 � 1000 cm2

Dark count � 100 kHz � 1 kHz
PDE (� � 400 nm) 20 � 50% 20 � 30%
Use in magnetic �eld Yes No

Table 2.1: Comparison of photo sensors.

the APD with the bias voltage applied at the operation voltage (Vop) detects photons, the Geiger
discharge begins and generates an electric current. The quenching resistor reduces the operating
voltage of the APD when the Geiger discharge 
ows in the resistor. When the operating voltage
decreases to the breakdown voltage (Vbr ), the avalanche multiplication calms down. When the
current stops, the APD begins to charge again and becomes to be able to detect the next photon.

2.2 Multi-Pixel Photon Counter

The multi-pixel photon counter (MPPC), which is developed by Hamamatsu Photonics, is
one of the devices called silicon photomultiplier. It is a photon-counting device using multiple
APD pixels operated in the Geiger mode. The main features of the MPPC compared to those
of the photomultiplier tube (PMT) are summarized in Table 2.1. The MPPC has features such
as high gain and high photon detection e�ciency compatible to a PMT and operates at a low
voltage. The small size of the MPPC enables us to use it in small spaces and it can also be used
in a magnetic �eld. On the other hand, the MPPC has a relatively high dark noise rate and
some features such as gain and dark noise rate are a�ected by temperature.

Figure 2.4(a) shows a schematic view of an MPPC. The basic element (one pixel) of an MPPC
is a combination of a Geiger mode APD and a quenching resistor. A large number of these pixels
are electrically connected and arranged in a 2D plane. Each pixel in the MPPC outputs a pulse
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(a) The structure of the MPPC. (b) Image of MPPC’s photon counting.

Figure 2.4: The operating principle of the MPPC [15].

at the same amplitude when it detects a photon. Pulses generated by multiple pixels are output
as the sum of those pulses. Therefore, the MPPC can count the number of detected photons by
measuring the amplitude of the output signal or the amount of generated charge as described in
Figure 2.4(b). When the MPPC detects n photons, the output is called n photoelectron (p.e.)
signal.

In the following sections, the basic properties of MPPC such as gain, PDE, dark noise rate,
and optical crosstalk are described.

2.2.1 Gain

The MPPC gain M as a multiplication factor is de�ned as

M =
Q

e
; (2.1)

where Q is output charge of the MPPC when one pixel detects one photon and e = 1:602�10� 19

C is the elementary charge. The output charge depends on the applied bias voltage Vbias and
breakdown voltage Vbr and it is expressed by the following equation

Q = C(Vbias � Vbr ) = CVover ; (2.2)

where C is the capacitance of one pixel, and Vover = Vbias � Vbr is called overvoltage. The gain
increases linearly as the overvoltage increases.

It is known that the breakdown voltage of an MPPC depends on its temperature. As the
temperature rises, the crystal lattice vibrations become larger. This increases the probability
that carriers may collide with the vibrating crystal before it is accelerated to obtain enough
energy to ionize other carriers. It decreases the probability of the Geiger discharge. Therefore,
at high temperatures, the high bias voltage is needed to make the MPPC reach the breakdown
voltage. To keep the gain constant, the bias voltage must be adjusted to match the temperature
or the element temperature must be kept stable. The temperature dependence of the breakdown
voltage is typically about 50 mV/degree.
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2.2.2 Photon detection e�ciency

The photon detection e�ciency (PDE) is de�ned as a ratio of the number of detected photons
to the number of incident photons:

PDE =
Number of detected photons

Number of incident photons
: (2.3)

The PDE can be expressed by the product of a �ll factor, quantum e�ciency (QE) and avalanche
probability:

PDE = Fill Factor�QE�Avalanche probability: (2.4)

The �ll factor is the ratio of the light detectable area to the entire pixel area of an MPPC. The
MPPC photosensitive area contains sections such as the inter-pixel wiring that cannot detect
light, so some photons incident on the photosensitive area are not detected. Generally, when the
pixel size is smaller, the �ll factor is lower.

The quantum e�ciency is de�ned as the probability that carriers will be generated by light
incident on a pixel. It depends on the wavelength of detected photons.

The avalanche probability is the probability that the carriers cause avalanche multiplication.
The PDE increases as applied overvoltage increases due to the overvoltage dependence of the
avalanche probability.

2.2.3 Dark noise

In the MPPC operation, pulses are produced not only by incident photons but also by
thermally-exited carriers. The pulses produced by the thermal excitation is called the dark
noise. The dark noise is observed along with the signal pulses and causes detection errors.
Thermally-exited carriers are also multiplied to a constant signal level (1 p.e.). These dark
noises are indistinguishable from photon-generated pulses.

The number of dark noises per second is called the dark noise rate. The dark noise rate
is measured by counting the number of pulses that exceed a threshold of 0.5 p.e. signal level,
without incident photons.

Because dark noises are produced by thermally-exited carriers, the dark noise rate varies with
the temperature. The temperature dependence of dark noise rate is expressed as

Dark noise rate / T 3=2 exp

�
Eg

2kBT

�
; (2.5)

where T , kB and Eg are the absolute temperature, Boltzman’s constant, and band gap energy
of silicon, respectively.

2.2.4 Optical crosstalk

When light enters one MPPC pixel, a pulse of 2 p.e. or higher is sometimes observed. This is
because secondary photons are generated in the avalanche multiplication process of the MPPC
pixel and those photons are detected by other pixels. This phenomenon is called optical crosstalk.
Since the overestimation of a signal is caused by the phenomenon, it a�ects pulse linearity and
dynamic range.

Because the optical crosstalk is also caused by a dark noise, the crosstalk probability can be
obtained by measuring dark noise. The crosstalk probability is de�ned as a ratio of the dark noise
rate measured with a 1.5 p.e. threshold to that measured with 0.5 p.e. threshold. The crosstalk
probability increases as the overvoltage increases. When the applied overvoltage is constant, it
has almost no dependence on the temperature.
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Figure 2.5: Left:picture of the MPPC S13360-1325PE. Right:dimensional speci�cations of
S13360-1325PE [17].

2.3 MPPC used for SuperFGD

The MPPCs have been successfully used in all plastic scintillator detectors of the current near
detectors of T2K. We also adopt the MPPC for newly developed scintillator detector SuperFGD
[16].

2.3.1 Speci�cation

The MPPC type used for SuperFGD is S13360-1325PE [17]. Figure 2.5 shows a picture and
a drawing of this type of MPPC. The speci�cations of the S13360-1325PE are summarized in
Table 2.2. Its sensitive area is 1.3 mm � 1.3 mm, providing enough optical coupling with 1
mm diameter of the WLS �ber. It has 2668 pixels with 25 �m pixel pitch which provide a wide
dynamic range. It is needed because the expected light yield in SuperFGD varies from an order
of 10 p.e. which is emitted by a minimum ionizing particle to an order of hundred p.e. which is
emitted by a stopping proton. The surface mount package was chosen to minimize space and cost.
The typical breakdown voltage at 25 � C is 53 V and the recommended operation voltage is 5 V
above the breakdown voltage. The peak wavelength of 450 nm matches the emission wavelength
of the WLS �ber. Its gain and PDE is enough for measuring a few p.e. level signal. Thanks
to the development over the past 10 years, the dark noise rate and the crosstalk probability are
much smaller compared to the MPPC used in the current near detectors.

2.3.2 MPPC-PCB

Every 64 MPPCs will be mounted on a print circuit board (PCB). Figure 2.6 shows pictures
of an MPPC-PCB prototype. On the front side, 8�8 MPPCs are placed with a 10.30 mm pitch.
On the back side, a 1 k
 resistor and a 0.1 �F capacitor are mounted as a low-pass �lter for
each MPPC, and two temperature sensors (103KT-1608T-1P) are also mounted for monitoring
temperature in in-situ operation. The connector (LSHM-140-02.5-L-DV-A-S-K-TR) has 80 pins
which are used to supply bias voltage both to MPPCs and temperature sensors and to read out
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