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Abstract

We have been developing a new neutrino detector named WAGASCI, to
measure the cross section ratio of neutrino interaction with water and
hydrocarbon by using the J-PARC neutrino beam. The optical crosstalk
suppression type Multi-Pixel Photon Counters (MPPCs) by Hamamatsu is
newly developed to be used in the WAGASCI detector. The new MPPC has
an order of magnitude lower dark noise rate and optical crosstalk than ear-
lier devices, and can be operated with higher over voltage, which results in
higher photon detection efficiency (PDE).

The WAGASCI detector will have a large number of readout channels.
In order to realize a compact readout with a large number of channels, we
developed an array of 32 MPPCs. A characterization system to measure a
large number of MPPCs is being developed. The gain, relative PDE, dark
noise rate, and optical crosstalk will be measured for different temperature
and over voltage. The performance of 64 single channel MPPCs or four ar-
rays of MPPC (i.e. 128 channels) will be simultaneously and automatically
measured by using the characterization system. The measurement of the
gain and relative PDE of 64 MPPCs with operating MPPCs for the reference
already succeeded.

In this thesis, the performance of the optical crosstalk suppression type
MPPC and the development of the characterization system are reported.
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Chapter 1

Introduction

1.1 Neutrino oscillation

Neutrino is one of the elementary particles and classified into neutral leptons in the framework
of the Standard Model. Three types of neutrinos are already discovered and known as electron
neutrino (νe ), muon neutrino (νµ ), and tau neutrino (ντ ). These types or flavors of neutrinos
are related to corresponding charged leptons as the name indicates. These neutrinos are in a
flavor eigenstate and can interact with charged leptons in weak interactions.

A neutrino created with a specific lepton flavor can later be measured to have a different
flavor in a process known as neutrino oscillation. The first evidence for the neutrino oscilla-
tion was found by the Super-Kamiokande experiment [1] and by the SNO (Sudbury Neutrino
Observatory) experiment [2].

The neutrino oscillation assumes that neutrinos have non-zero mass. Let ν1, ν2, and ν3 be
mass eigenstates of neutrinos that have mass of m1, m2, and m3. Neutrino flavor eigenstates
are generally expressed as superposition of the mass eigenstates:

*..,
νe
νµ
ντ

+//- = UPMNS
*..,
ν1
ν2
ν3

+//- , (1.1)

where UPMNS is a 3 × 3 unitary matrix that is referred to as the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [3, 4, 5, 6]. The matrix is expressed in terms of the three mixing angles,
θ12, θ23, θ13, and one complex phase δCP as

UPMNS =
*..,
1 0 0
0 c23 s23
0 −s23 c23

+//-
*..,

c13 0 s13e
−iδCP

0 1 0
−s13eiδCP 0 c13

+//-
*..,
c12 s12 0
−s12 c12 0
0 0 1

+//- , (1.2)

where ci j = cosθi j and si j = sinθi j (i, j = 1, 2, 3). In case of sinδCP , 0, the PMNS matrix
includes the imaginary parts that causes the CP violation in the lepton sector.

The probabilities of να→νβ (α , β = e, µ,τ ) oscillation is derived from Shrödinger equation

11
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295 km

280 m

J-PARC
Near Detector

Super-Kamiokande

Neutrino Beam

Figure 1.1: The overview of the T2K experiment. Neutrinos produced at J-PARC (red dot) fly
through the near detectors (green dot) and arrive at Super-Kamiokande (blue dot) [7].

and expressed as

P (να → νβ ) = δα β − 4
∑
i>j

ℜ(U ∗α iUβ iUα jU
∗
β j ) sin

2 *,
∆m2

i jL

4E
+-

+ 2
∑
i>j

ℑ(U ∗α iUβ iUα jU
∗
β j ) sin *,

∆m2
i jL

2E
+- , (1.3)

where L, E, and ∆m2
i j = m2

i −m2
j are the distance that a neutrino travels, the energy of the

neutrino, and the squared mass difference of neutrinos, respectively.

1.2 T2K experiment

The T2K (Tokai to Kamioka) experiment is a long baseline neutrino oscillation experiment us-
ing neutrino beam produced at J-PARC (Japan Proton Accelerator Research Complex) [7]. The
overview of the T2K experiment is illustrated in Fig 1.1. The T2K experiment sends an intense
beam of muon neutrinos from Tokai to Kamioka at a distance of 295 km. The property of neu-
trinos is measured by near detectors in the J-PARC site and a far detector, Super-Kamiokande
(SK) [8].

Themain goal of T2K is the precisemeasurement of the neutrino oscillation. T2K havemea-
sured the probabilities of νµ → νe appearance and νµ → νµ disappearance by using neutrino
beam since T2K started in 2009 [9, 10]. In addition, the probabilities of ν̄µ → ν̄e appearance
and ν̄µ→ ν̄µ disappearance have been measured by using anti-neutrino beam since 2014 [11].
The further precise measurement of the neutrino oscillation leads to a search for CP viola-
tion in the lepton sector by comparing the probabilities of νµ → νe appearance and ν̄µ → ν̄e
appearance [12].

1.2.1 J-PARC neutrino beam

The J-PARC main ring provides a 30 GeV proton beam which collides with a graphite target
to produce secondary hadrons such as pions and kaons. The secondary hadrons are focused
by magnetic horns and subsequently decay in a 96 m decay volume to produce an intense
neutrino beam, e.g. π → µ + νµ . The polarity of the horn current determines whether positive
or negative meson are focused, which in turn determines whether the neutrino beam is largely
composed of muon neutrino or muon anti-neutrino.
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Table 1.1: Summary of the systematic uncertainties on the predicted rate of νµ CC and νe CC
candidate events with constraint from ND280 measurement [13].

Source of uncertainty νµ CC νe CC
Flux and common cross sections 2.7% 3.2%
Cross sections due to the difference of the target material 5.0% 4.7%
between water and hydrocarbon
SK detector 4.0% 2.7%
Final or secondary hadronic interaction 3.0% 2.5%
Total 7.7% 6.8%

TheT2K experiment employs the off-axis method to generate a narrow-band neutrino beam
due to the kinematics of mesons decay. In this method the neutrino beam is purposely directed
at an angle with respect to the baseline connecting the proton target and the SK detector. The
off-axis angle of the SK detector is set at 2.5 degrees to produce a 600 MeV neutrino flux, which
maximizes muon neutrino oscillation probabilities at the 295 km baseline.

1.2.2 Detectors

The near detector site at 280 m downstream of the production target houses the on-axis and
off-axis detectors. The on-axis detector, INGRID (Interactive Neutrino GRID), measures the
neutrino beam direction and profile. The off-axis detector, ND280, measures the neutrino flux,
energy spectrum, and cross sections in order to characterize signal and background events that
are observed in the far detector. ND280 mainly detects forward scattering muons produced by
neutrino interaction on hydrocarbon.

The far detector, Super-Kamiokande, is a 50 kton water Cherenkov detector located in
the Kamioka Observatory. The detector contains approximately 13,000 photomultiplier tubes
(PMTs) that image neutrino interaction on water. The 20-inch PMTs cover inside the water
tank with 4π angular acceptance.

1.2.3 Current status and future prospects

TheT2K experiment has observed the νe appearancewithmore than 7.3σ significance andmea-
sured the mixing angle sin2 2θ13 = 0.140+0.038−0.032 (0.170

+0.045
−0.037) assuming normal (inverted) hierar-

chy [14]. In addition, the mixing angle sin2 θ23 = 0.514+0.055−0.056 (0.511 ± 0.055) is obtained by the
measurement of νµ disappearance. The part of the region of the CP phase δCP = [0.15, 0.83]π
([−0.08, 1.09]π ) is excluded at 90% confidence level by combining the result of T2K and the
reactor experiments [13].

T2K aims for the more precise measurement of the neutrino oscillation. It is important
to reduce not only the statistical uncertainty but also the systematic uncertainty. Table 1.1
summarizes the systematic uncertainties on the predicted rate of charged current (CC) events.
The use of different target materials between the SK detector and ND280 causes the largest
systematic uncertainty in both of νµ and νe CC events. Moreover, the difference of the angular
acceptance between the SK detector and ND280 also contributes to the systematic uncertainty.
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Figure 1.2: A candidate site of the WAGASCI detector. The left figure shows the neutrino
monitor hall at J-PARC, where ND280 and INGRID are located. The right figure is a top view
of the B2 floor [16].

The reduction of these systematic uncertainties leads to the further precise measurement of the
neutrino oscillation.

1.3 WAGASCI experiment

1.3.1 Motivation

In order to reduce the uncertainties of neutrino cross section due to the difference of the target
material in T2K, we have been developing a new neutrino detector named WAGASCI (WAter
Grid And SCIntillator detector). The WAGASCI detector contains targets made of water (H2O)
and hydrocarbon (CH) to measure neutrino cross section on both materials. The WAGASCI
experiment aims to measure the charged current cross section ratio between H2O and CHwith
3% accuracy by using the J-PARC neutrino beam [15, 16]. The uncertainty of neutrino flux leads
to the large uncertainty in the measurement of absolute cross section. Taking the ratio of cross
sections by using the same neutrino flux, however, the flux uncertainty could be canceled and
the precise measurement would be achieved [17].

1.3.2 Location of the detector

TheWAGASCI detector will be installed at the B2 floor of the neutrino monitor hall in J-PARC.
Figure 1.2 shows a candidate site of the WAGASCI detector. The location of the detector will
be at 1.6 degrees off-axis, where the neutrino energy spectrum is similar to that in T2K, at 2.5
degrees off-axis. Figure 1.3 shows the expected neutrino energy spectrum that peaks at around
600 MeV.

1.3.3 Detector design

The WAGASCI detector consists of two parts, a central detector and surrounding muon range
detectors (MRDs) as shown in Fig. 1.4. The central detector is a neutrino interaction target made
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Figure 1.3: The expected neutrino energy spectrum at the candidate site of the WAGASCI de-
tector (red line) and at the site of ND280 (black line) [16].

(a) 3D view (b) Top view

Figure 1.4: The configuration of WAGASCI detector.
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x grid y grid . . . layers

Figure 1.5: The 3D grid-like structure of the 3-mm thick scintillators.

of H2O and CH. The mass of the H2O and CH targets is 1 ton each, and the outer dimension of
the central detector is 1×1×2m3. TheH2O and CH targets are arranged in alternating sequence
along the beam axis in order to reduce the difference of the neutrino flux and the acceptance
of MRDs in each target material, because these difference causes systematic uncertainty in the
measurement of cross sections.

The central detector also contains 3-mm thick scintillators assembled into a 3D grid-like
structure as shown in Fig. 1.5. The size of the scintillator is 1000 × 25 × 3 mm3. The grid-like
structure are composed of several layers and arranged in the order of x layer, grid layer,y layer,
and grid layer. Scintillators that have slits in every 50 mm are assembled into a grid layer as the
slits cross each other. When neutrinos interact with the target, charged particles are produced
and detected by scintillators. This structure enables us to reconstruct the track of charged
particles produced by neutrino interaction in the target with a large angular acceptance. The
empty space enclosed by the scintillators is 50×50×25 mm3 and filled with the neutrino target
materials, H2O or CH.

The scintillation light is collected by a wavelength shifting (WLS) fiber (Y-11(200), Kuraray)
that is coupled to a Multi-Pixel Photon Counter (MPPC) from Hamamatsu. The WLS fibers are
used to reduce the attenuation of the scintillation light. Neutrino interactions on scintillators
in the water target causes background events because they are not distinguishable from signal
events of neutrino interactions onwater. The thin scintillators are used in order tomaximize the
ratio of watermass to total mass in a fiducial volume up to 79%. In order to obtain sufficient light
yield, newly developed MPPCs with low optical crosstalk and high photon detection efficiency
(PDE) will be used in the central target.

The MRDs are located on the left side, the right side, and downstream of the central target.
They consist of 3 or 6-cm thick iron plates and 7-mm thick scintillators. The scintillation light
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is collected by a WLS fiber that is coupled to a MPPC as with the central detector. The MRDs
measure the momentum of muons produced by charged current interaction up to 1 GeV/c. A
magnetic option for the downstream MRD, Baby-MIND, is considered to distinguish negative
sign muon produced by neutrinos and positive sign muon produced by anti-neutrinos [18, 19].

The WAGASCI detector will have a large number of readout channels. The total number
of channels will be about 8000. It is important to measure the basic characteristics of MPPCs
before installation in the detector. A characterization system to measure a large number of
MPPCs has been developed.

1.4 Contents of this thesis

This thesis reports the characterization of MPPCs for the WAGASCI detector. Chapter 2 in-
troduces an operation principle and features of MPPC. Recent development and characteristic
measurement of new MPPCs are presented in Chapter 3. Chapter 4 describes the develop-
ment of characterization system for the large number of MPPC. Finally, future prospects and
summary are presented in Chapter 5.
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Chapter 2

Multi-Pixel Photon Counters

TheMulti-Pixel Photon Counter (MPPC), developed by Hamamatsu, is one of the devices called
silicon photomultipliers (SiPM). It is a photon-counting device using multiple avalanche pho-
todiode (APD) pixels operating in the Geiger mode [20]. TheMPPC features high gain and high
photon detection efficiency (PDE), while it has false signals such as dark noise, afterpulse, and
optical crosstalk. In this chapter, an operation principle and features of APD, SiPM, and MPPC
are presented.

2.1 Avalanche Photodiode

The APD is a highly sensitive photodiode using avalanche multiplication. It is one of the semi-
conductor photon detectors that exploits photoelectric effect to convert light into current. By
applying a reverse bias voltage, the APD operates at high speed and features high gain, high
sensitivity, and higher S/N than PIN photodiodes.

2.1.1 Principle of avalanche multiplication

A photodiode has a PN junction or PIN structure. The intrinsic region at the junction between
the P-layer and N-layer is known as the depletion layer. When a photon of higher energy
than the band gap energy strikes the photodiode, the valence band electrons are excited to
the conduction band, leaving holes in their place in the valence band as shown in Fig 2.1.
In the depletion layer the electric field accelerates these electron-hole pairs in the opposite
directions and generates a photocurrent. These electrons and holes generating a current flow in
a semiconductor are called the carriers. A normal photodiode does not multiply photocurrent.
When one photon is absorbed, only one electron-hole pair is created and small photocurrent
is extracted. Therefore it is difficult for the normal photodiode to detect a weak light.

The APD has the same mechanism of photocurrent generation as that of a normal photodi-
ode. A reverse bias voltage applied to the APD creates the electric field across the PN junction.
The higher the electric field strength, the higher the drift speed of these accelerated carriers.
When the electric field reaches a certain level, however, the carriers are more likely to collide
with the crystal lattice and create new electron-hole pairs. These electron-hole pairs then cre-
ate additional electron-hole pairs, which generate a chain reaction of ionization that is called
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Figure 2.1: PN junction state of photodiodes [21].

Figure 2.2: Schematic diagram of avalanche multiplication [21].



2.1. AVALANCHE PHOTODIODE 21

Table 2.1: The characteristics of the APD operating in normal mode and Geiger mode.

Normal mode Geiger mode
Operation voltage Lower than the breakdown Higher than the breakdown
Gain 10 ∼ 100 105 ∼ 106
Photocurrent In proportion to the number of

detected photons
Independent on the number of
detected photons

avalanche multiplication. The number of carriers increases in a geometrical progression when
the carriers move through the avalanche layer as shown in Fig 2.2.

2.1.2 Geiger mode

The gain of APD strongly depends on the electric field across the depletion layer. In the normal
operation range that is called normal mode, the gain increases as applied bias voltage increases,
and the photocurrent increases as the number of detected photons increases. The gain is 10 ∼
100, thus it is difficult to detect one photon signal. As the bias voltage is increased more,
however, the APD eventually reaches the breakdown voltage and operates in the Geiger mode.
The gain of about 106 is achieved, and the photocurrent is saturated to be independent on the
number of detected photons. The characteristics of the APD operating in normal mode and
Geiger mode is summarized in Table 2.1.

The number of electron-hole pairs generated during the time that a carriers moves a unit
distance is referred to as the ionization rate. These ionization rate are important factors in
determining the multiplication mechanism. Because the ionization rate of electron in silicon
is larger than that of holes, accelerated electrons mainly cause the avalanche multiplication
in normal mode. The avalanche multiplication stops when all electrons move outside of the
avalanche layer. Yet in the Geiger mode, holes also create electron-hole pairs and cause the
avalanche multiplication. Both of electrons and holes cause the avalanche multiplication again
and again, therefore high gain is achieved.

The APD operating in the Geiger mode generates a large output by the discharge even
when detecting a single photon. Once the Geiger discharge begins, it continues as long as the
electric field in the APD is maintained. In order to halt the Geiger discharge and detect the next
photon, a quenching resistor is usually connected in series with the APD. Figure 2.3 shows the
basic operation process of a combination of the APD operating in the Geiger mode and the
quenching resistor. When the APD with the bias voltage applied at the operation voltage (Vop)
detects photons, the Geiger discharge begins and generates a current. The quenching resistor
reduces the operating voltage of the APD when the Geiger discharge flows in the resistor. The
operating voltage decreases to the breakdown voltage (Vbr), then 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. Output signal of the APD shapes a pulse that rises as the Geiger
discharge and falls as quenching.
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Bias voltage

Current

Vbr Vop

Discharge

Charge

Quenching

Normal
mode

Geiger
mode

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

Figure 2.4: Structure of the SiPM.

2.2 Silicon Photomultiplier

TheAPD operating in the Geiger mode generates a saturated photocurrent independent on the
number of detected photons while it features high gain. It cannot provide proportional infor-
mation regarding the intensity of incident photons. Therefore, a silicon-based photomultiplier
called SiPM is developed to have capability to count the number of detected photons by using
multiple APD pixels operating in the Geiger mode. The SiPM is also called Pixelated Photon
Detector.

Figure 2.4 shows a structure of the SiPM. One pixel of the SiPM is a combination of the APD
operating in Geiger mode and the quenching resistor. A large number of pixels are connected
in parallel and arranged in two dimensions. Each pixel in the SiPM generates a pulse at the
same amplitude when it detects a photon. The pulses generated in multiple pixels are read
out in the superposition. For example, when three photons are injected to different pixels and
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Figure 2.5: Picture of ceramic packaged MPPC.

detected at the same time, the SiPM generates a signal with three times amplitude as the SiPM
detects one photon. The SiPM is able to count the number of detected photons by measuring
amplitude of output signal or amount of generated charge.

2.3 Characteristics of MPPC

While various SiPMs have been developed around the world and used for a lot of applications,
we focus on the MPPC developed by Hamamatsu, in Japan. Figure 2.5 shows the conventional
ceramic packaged MPPC. The MPPC operates on a low voltage of around 50 V and features
a high gain, high PDE, fast response, good time resolution, and wide spectral response range.
These features provide the high performance for photon counting. The MPPC is also immune
to magnetic fields and highly resistant to mechanical shocks, which are advantages unique to
solid-state devices.

The MPPC is able to count the number of detected photon by measuring output signal.
When the MPPC detects n photons, the output is called n photon equivalent (p.e.) signal.

2.3.1 Gain

The gain of the MPPC is defined as the output charge when one pixel detects a photon, divided
by the elementary charge. Let M , Q , and e = 1.602 × 10−19 C be the gain, the output charge of
the MPPC, and the elementary charge, respectively. The gain is expressed as

M =
Q

e
. (2.1)

The output charge depends on the operation voltage (Vop) and breakdown voltage (Vbr) as

Q = C (Vop −Vbr)
= CVover , (2.2)

whereC is capacitance of one pixel, andVover = Vop−Vbr is called the over voltage. The gain has
good linearity to the over voltage. The PDE, dark noise, and so on also increase as the applied
over voltage increases. The over voltage dependence of each characteristics is important in
application of the MPPC.
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The temperature dependence of the breakdown voltage has an effect on the gain when the
constant operation voltage is applied. As the temperature rises, the crystal lattice vibrations
become stronger. These vibration in lattice obstruct the carriers and decreases the probabil-
ity of ionization. The high operation voltage is needed to make the MPPC reach the break-
down at high temperature. The temperature dependence of the breakdown voltage is typically
60 mV/degree.

2.3.2 Photon detection efficiency

The PDE is defined as the ratio of the number of detected photons to the number of incident
photons. The PDE is expressed by the product of a geometrical fill factor, quantum efficiency
(QE), and avalanche probability as

PDE = Fill factor × QE × Avalanche probability. (2.3)

The geometrical fill factor is the ratio of the effective photosensitive area to the total photosen-
sitive area. It is around 60% for the MPPC whose pixel pitch is 50 µm, which is used in the T2K
experiment and WAGASCI experiment. The quantum efficiency is the ratio of the number of
generated electron-hole pairs to the number of detected photons. It depends on the wavelength
of detected photons. The avalanche probability is the probability that carriers cause ionization
in avalanche layer. The PDE increases as applied over voltage increases due to the over voltage
dependence of the avalanche probability.

2.3.3 Dark noise

The MPPC produce pulses not only by incident photons but also by thermal excitation. The
pulses produced by the thermal excitation are called the dark noise. The dark noise is not
distinguishable from the signal produced by incident photons because the dark noise is also
multiplied to a 1 p.e. signal level. The dark noise rate can be measured by counting the number
of output signals that exceed a threshold of 0.5 p.e. signal level, without incident photons.

The dark noise rate increases in proportion to the photosensitive area, as the applied over
voltage increases, and as the temperature rises. The temperature dependence of the dark noise
rate is expressed as

Dark noise rate ∝ T 3
2 exp

(
Eg

2kBT

)
, (2.4)

whereT , kB, and Eg are the absolute temperature, Boltzmann’s constant, and band gap energy
of silicon, respectively.

2.3.4 Optical crosstalk

The avalanche multiplication occurring by either a detected photon or a thermal excitation
in one pixel may emit secondary photons due to bremsstrahlung or recombination. When a
secondary photon is detected by other pixels, Geiger discharge also occur in this pixel. This
process is called optical crosstalk, and its probability increases as the over voltage increases. It
takes less than 1 ns that a secondary photon is emitted from one pixel and detected by the other
pixels. The pulse output from the pixel that detects a secondary photon is not distinguishable
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from the pulse output from the pixel that emits a secondary photon. The optical crosstalk
affects pulse linearity, dynamic range, and photon counting resolution.

2.3.5 Afterpulse

In the avalanche multiplication a carrier may be trapped by lattice defect temporary and re-
leased from a few ns to hundreds ns after to cause the avalanchemultiplication again. The pulse
caused by trapped carrier is called afterpulse, and its probability increases as the over voltage
increases. Because the output signal of MPPCs in the application is shaped or integrated in cer-
tain time window, the afterpulse occurring in the time window makes the signal be larger than
the original. The afterpulse also affects pulse linearity, dynamic range, and photon counting
resolution.
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Chapter 3

Development of MPPC

3.1 History of MPPC development

The first generation MPPC, the S10362 type by Hamamatsu, was released in 2006 as a newly
developed semiconductor photosensor [22]. The T2K experiment has been using around 56000
first generation MPPCs in their near detectors since 2009 [23]. Since then, the performance of
MPPC has been significantly improved. Various MPPCs have been developed and used for a
lot of applications in a wide range of fields. Some have large photosensitive area and others
have UV-sensitivity.

In this study, we focus on newMPPCs that are successors to the S10362 type with low dark
noise, low optical crosstalk, and high PDE. The afterpulse and dark noise suppression type
(S12825) was released in summer 2013. Then, the optical crosstalk suppression type (S13081)
was released in winter 2014. Table 3.1 summarizes some features of these three types ofMPPCs,
which we measured in this study. Each device is ceramic packaged type and single channel
MPPC. The pixel size is 50 × 50 µm2 for all types. The newest MPPC, S13081 type, will be used
for the WAGASCI detector.

3.2 Performance of MPPC

The characteristics of newMPPCs are measured in comparison with the first generationMPPC.
One device of each MPPC in Table 3.1 is measured in this study. Figure 3.1 shows a readout
circuit used for performance test of MPPCs. A reverse bias voltage is applied to the measured
MPPC by using a DC power supply. An output is amplified and connected to an oscilloscope,

Table 3.1: Three types of MPPC measured in this study. The size of pixel is 50 µm for all types.

Type number Features Number of pixels Photosensitive area
S10362-11-050C First generation MPPC1 400 1 × 1 mm2

S12825-050C Afterpulse suppression 667 1.3 × 1.3 mm2

S13081-050CS(X1) Crosstalk suppression 667 1.3 × 1.3 mm2

1It is same type as used in T2K near detectors (S10362-13-050C) but has different photosensitive area.
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Figure 3.1: Readout circuit used for performance test of MPPCs.

a discriminator, or an ADC. The following characteristics of MPPCs are measured; dark noise
rate, optical crosstalk, gain, and relative PDE. The measurements are carried out at 20◦C.

Figure 3.2 shows the waveforms of the MPPCs measured with an oscilloscope. These wave-
forms are due to dark noise of MPPCs with 2.0 V over voltage applied. Waveforms correspond-
ing to 1 p.e. pulse, 2 p.e. pulse, and so on can be clearly identified. More than 2 p.e. pulses in
the dark noise are assumed to be caused by optical crosstalk. The waveform of the S12825 type
MPPC shows a significant decrease of afterpulsing compared with the S10362 type MPPC. The
waveform of the S13081 type MPPC shows a significant decrease of optical crosstalk compared
with the earlier devices. Figure 3.3 shows micrographs of the MPPC pixel. A trench to prevent
crosstalk features the S13081 type MPPC, while the S10362 type and S12825 type MPPC look
similar.

3.2.1 Dark noise rate

Figure 3.4 shows the diagram of setup for measuring dark noise rate and optical crosstalk. No
light source is used in this measurement. The dark noise rate is measured by counting the rate
of discriminated signals with a 0.5 p.e. threshold level. The threshold voltage is determined
by measuring the voltage of pulse height corresponding to 1 p.e. signal with the oscilloscope.
The dark noise rates normalized to 1 mm2 active area are shown as a function of applied over
voltage in Fig. 3.5a. The S12825 type and the S13081 type MPPCs have an order of magnitude
lower dark noise rate than the S10362 type MPPC. The significant decrease of the dark noise
enables us to operate the new MPPCs with higher over voltage.

3.2.2 Optical crosstalk

The optical crosstalk probability is calculated as the ratio of the rate of discriminated signals
with 0.5 p.e. and 1.5 p.e. threshold level:

Optical crosstalk probability =
The rate of dark noise over 1.5 p.e. threshold
The rate of dark noise over 0.5 p.e. threshold

. (3.1)

Figure 3.5b shows the measured optical crosstalk. Compared to the S10362 type MPPC, the
S13081 type MPPC has one tenth optical crosstalk, while the S12825 type MPPC has slightly
higher optical crosstalk. The substantial suppression of optical crosstalk enables us to lower
the signal threshold level in our application.
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(a) First generation MPPC. (b) Afterpulse suppression
type.

(c) Crosstalk suppression type.

Figure 3.2: The waveforms of the three different MPPCs. Compared with figure (a) afterpulsing
is decreased in figure (b), and compared with figure (a) and (b) optical crosstalk is decreased in
figure (c).

(a) First generation MPPC. (b) Afterpulse suppression
type.

(c) Crosstalk suppression type.

Figure 3.3: The micrographs of MPPCs. There is a trench to prevent crosstalk in the S13081
type MPPC (red box).

MPPC

Black box

Amplifier
×100

Discriminator Scaler

Oscilloscope

25 ns width

Figure 3.4: The diagram of setup for measuring dark noise rate and optical crosstalk.
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Figure 3.5: The results of the performance test for each MPPCs.
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Figure 3.6: The diagram of setup for measuring gain and relative PDE.
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Figure 3.7: A typical charge distribution of MPPC. Blue line shows measured charge distribu-
tion of MPPC and red line shows fitted Gaussian functions. The most left peak corresponds to
pedestal events and the right peak next to pedestal corresponds to 1 p.e. events.

3.2.3 Gain

Figure 3.6 shows the diagram of setup for measuring gain and relative PDE. Light emitted
from an LED with a wavelength of 470 nm is injected to the MPPCs because WLS fibers used
in our application emits light with spectrum peak around 470 nm. A piece of white paper is
used to cover the LED and diffuse emitted light uniformly. The MPPC signals are amplified and
recorded with a charge integrating ADC. A 1 kHz clock signal is used to flash the LED and to
generate a 120-ns wide ADC gate. A typical charge distribution of MPPC is shown in Fig. 3.7.
Peaks corresponding to 0 p.e. (pedestal) events, 1 p.e. events and so on can be clearly identified
and are fitted with a sum of two Gaussian functions. The gain is calculated from the difference
of ADC counts between pedestal events and 1 p.e. level events as

Gain = (ADC counts of 1 p.e. events) − (ADC counts of pedestal events) . (3.2)
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Figure 3.8: A picture of setup for measuring relative PDE.
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Figure 3.9: Variation of measured relative PDE due to MPPC replacement.

Figure 3.5c shows themeasured gain. The gain of eachMPPC is the same order of magnitude for
the same over voltage, but the newer MPPCs can be operated over a wider range of operation
voltages. With higher over voltage applied, the new MPPC can achieve higher gain and is
relatively immune to temperature changes.

3.2.4 Relative PDE

Whenmeasuring the relative PDE, twoMPPCs aremeasured at the same time in order to reduce
the uncertainty of light intensity of LED. One is a measured MPPC and the other is a reference
MPPC as shown in Fig. 3.8. The S10362 type MPPC is used as the reference in this study. The
relative PDE is calculated as the ratio of the number of photons detected by each MPPCs to the
number of photons detected by the reference MPPC with 1.0 V over voltage:

Relative PDE =
Number of photons detected by each MPPC

Number of photons detected by the reference MPPC with 1.0 V over voltage
.

(3.3)
The number of photons detected by the MPPC is calculated as − ln(P0), where P0 is the

fraction of events in which no photon is detected. This method is commonly applied when
measuring MPPCs and avoids a bias due to afterpulse and optical crosstalk because afterpulse
and optical crosstalk only affect the number of events in which one or more photons are de-
tected. Let Pn be probability that n photons are detected by the MPPC. Assuming the true
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Table 3.2: The comparison of the performance of MPPC. The values are normalized by that of
the S10362 type MPPC.

Type number Applied Dark noise Optical Gain Relative
over voltage rate crosstalk PDE

S10362-11-050C 1.1 V2 1 1 1 1
S13081-050CS(X1) 1.1 V 0.077 <0.03 1.1 0.87
S13081-050CS(X1) 4.0 V 0.25 0.21 3.6 1.9

number of detected photons follow the Poisson distribution, Pn is represented as

Pn =
λne−λ

n!
, (3.4)

where λ is the mean of the number of detected photons. Then, λ can be calculated by using P0
as

P0 = e−λ , (3.5)
∴ λ = − ln(P0). (3.6)

An effect of dark noise is subtracted from λ, which is calculated by using measured dark noise
rate for eachMPPC andwidth of ADC gate signal. The effect of dark noise is typically evaluated
as about 0.06 in units of the number of detected photons by using the gate width of 120 ns and
the typical dark noise rate of 50 kHz for the optical crosstalk suppression type.

Attaching and detaching MPPCs to change the measured device may cause the uncertainty
in themeasurement of the relative PDE. A systematic error due to replacingMPPCs is estimated
by measuring the relative PDE of the same MPPC five times, attaching and detaching MPPCs
in every measurement. Figure 3.9 show the result of five measurements. The systematic error
of measuring the relative PDE is assumed to be about 3%, that is deviation of the relative PDE
in these measurements. Finally, the relative PDE of each MPPC is shown in the Fig. 3.5d. The
newer MPPCs have slightly lower PDE than the S10362 type MPPC for the same over voltage.
With higher over voltage applied, however, the newer MPPCs can achieve higher PDE.

3.2.5 Summary

Theperformance of theMPPC is summarized in Table 3.2. The newMPPC can achieve ten times
lower dark noise rate, more than ten times lower optical crosstalk, higher gain, and higher PDE
when higher over voltage is applied. Therefore, the MPPCs used in theWAGASCI detector will
be operated with about 4.0 V over voltage.

2The value of 1.1 V over voltage is used in the INGRID, one of the T2K near detectors, to operate MPPCs.
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Chapter 4

Development of MPPC
characterization system

TheWAGASCI detector will have a large number of readout channels. A characterization sys-
tem to measure a large number of MPPCs has been developed. The gain, relative PDE, dark
noise rate, and optical crosstalk will be measured for different temperature and over voltage.

4.1 Requirements

4.1.1 Outline

The process of measurement will be automated to reduce the burden and mistakes. The mea-
surements are carried out at 15, 20, and 25◦C in a temperature controlled chamber. These
temperatures are determined because the temperature of the neutrino monitor hall is around
20◦C. The gain and relative PDE are measured with a light source, while the dark noise rate and
optical crosstalk are measured without a light source. It is required that the characterization
system is able to monitor light intensity by each measurements and to switch the light source
on and off.

4.1.2 MPPCs used for the WAGASCI detector

In order to realize a compact readout with a large number of channels, we developed an array
of MPPCs for the central target of the WAGASCI detector as shown in Fig. 4.1. The array
consists of 32 MPPCs that are crosstalk suppression type. Each MPPC has 1.5 mm diameter
photosensitive area and 716 pixels of 50 × 50 µm2 pixel size. The signals of MPPC are read out
via flexible printed circuit (FPC) cables. The array of MPPCs will be used in the central target,
while the single channel MPPCs will be used in the MRDs. The total number of channels used
in the WAGASCI detector will be 8126 including 5376 in the arrays of MPPCs and 2750 in the
single channel MPPCs. It is required that the characterization system enables us to measure
both of the array of MPPCs and single channel MPPC; a large number of channel of MPPC
simultaneously; and automatically as far as possible.

Two types of MPPC arrays will be measured. One is a common cathode array (S10943-
4156(X)) that has common cathode for each 16 channels. The other is a independent cathode
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(a) An array of MPPCs (S13660(ES1)) (b) The circular photosensitive area of the
array of MPPCs

Figure 4.1: An array of MPPCs.

MPPC

Light source

EASIROC PC

Temperature controlled chamber

photon

Figure 4.2: The basic concept of characterization system.

array (S13660(ES1)) that has independent cathode channel by channel. A type number of single
channel MPPC is S13081-050CS(X1), which is the conventional ceramic packaged type and
crosstalk suppression type as mentioned in section 3.2.

4.2 Design of the characterization system

Figure 4.2 shows the basic concept of characterization system. MPPCs and a light source are
placed in a temperature controlled chamber. Photons are emitted from the light source and
detected by the MPPCs. The signals from the MPPCs are read out by using NIM EASIROC
module controlled via a PC.

4.2.1 NIM EASIROC module

NIM EASIROC module is general purpose MPPC readout module [24] as shown in Fig 4.3.
A front-end ASIC named Extended Analogue SiPM Read Out Chip (EASIROC) developed by
Omega/IN2P3 in France is used in this module. An EASIROC chip has 32 MPPC inputs and all
essential functions to operate many MPPCs such as amplifier, discriminator, and bias voltage
adjustment. Figure 4.4 shows a schematic of one channel in EASIROC chip. The bias voltage
applied to each MPPC channels is individually adjustable up to 4.5 V by using 8-bit input DAC.
An EASIROC chip has two amplifiers with high and low gain with a factor 10 of gain difference.
The amplified signals are shaped by the slow and fast shapers. The pulse height of the slow
shaper output is stored to the analogue buffer by using a sample and hold circuit. The external
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Figure 4.3: Picture of NIM EASIROC module.

 

Figure 4.4: A schematic of one channel in EASIROC chip [24].
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Table 4.1: Digital inputs and outputs of NIM EASIROC module

Type Name Note
Input HOLD Determine the timing of holding the shaper output

T STOP Reset the counts of scaler, 100 ns after HOLD signal
ACCEPT Send the data to PC, 4 µs after HOLD signal

Output SYNC OUT Output clock signal

Figure 4.5: Temperature controlled chamber.

hold signal of NIM level determines the timing of sampling the voltage. The stored voltage is
read via the read register serially in readout period. The discriminated signal from fast shaper
is read out individually. The bias voltage, the voltage of input DAC, the gain of amplifiers, the
shaping time of shapers, and the threshold voltage of discriminator are controllable via text
files.

Two EASIROC chips, an FPGA, two ADCs, and a bias voltage supplier are used in a module.
The FPGA controls the configuration of EASIROC and data acquisition by using an ADC, TDC,
and scaler. An adjustable bias voltage of 0–90 V is commonly supplied to all MPPC channels.

A NIM EASIROC module has several inputs and outputs of NIM level signal. Table 4.1
summarizes these inputs and outputs that are used in the characterization system. Three inputs,
HOLD, T STOP, and ACCEPT, determine the timing of readout sequence such as sampling the
voltage. The output named SYNC OUT controlled by FPGA outputs 0/1 NIM logic signal or a
square wave of the specified frequency. We will use the 0/1 NIM logic signal to synchronize
multiple EASIROC modules or to switch the light source on and off.

4.2.2 Temperature controlled chamber

Figure 4.5 shows the temperature controlled chamber (FMU-204l, Fukushima) used in the char-
acterization system. It is able to programmably control the temperature inside the chamber.
We can set the temperature in steps of 0.5◦C and the time interval in steps of five minutes. The
temperature is measured by using an external temperature recorder (TR-71Ui, T&D) read out
via a PC. It takes about 30 minutes that the temperature inside the chamber becomes stable.
The camber will operate at 15◦C for one hour, 20◦C for one hour, and 25◦C for one hour in the
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(a) PCB for single channel MPPC. (See Ap-
pendix A for the detail of the wiring.)

(b) PCB for MPPC array.

Figure 4.6: Pictures of PCB for MPPCs.

measurement of MPPCs.

4.2.3 Printed circuit board fixing MPPCs

Printed circuit board (PCB) is newly designed and used to fix MPPCs in the chamber. The PCBs
have connectors for flat cables to read out signal of MPPC by using EASIROC module. The
pictures of PCB are shown in Fig 4.6. Figure 4.6a shows a PCB on which 32 single channel
MPPCs can be attached. Sleeves (PD-13, Mac8) are mounted on the PCB, where leads of MPPC
are inserted. The signals of single channelMPPC are read out via IDC connector (HIF3BA-34PA-
2.54DS, Hirose). Figure 4.6b shows a PCB on which array of 32 channel MPPCs can be attached.
Connectors (from Hirose, FH12A-30S-0.5SH for common cathode array and FH12A-36S-0.5SH
for independent cathode array, respectively) are mounted on the PCB, where FPC cables of
MPPC are inserted. The signals of MPPC array are read out via IDC connector (HIF3BA-34PA-
2.54DSA, Hirose).

4.2.4 Light source

A light source is used in themeasurement of the gain and relative PDE. Chip LEDs (VLMB1300-
GS08, Vishay) are used for the light source to make light intensity uniform. Figure 4.7 shows
a schematic of the light source. A NIM level signal is amplified by an LED driver and used to
flash LEDs. Figure 4.8 shows a schematic of the LED driver. The light intensity is adjustable by
changing the width of the NIM level signal.

4.2.5 Support structure

A support structure is designed to fix PCBs for MPPC and the light source as shown in Fig. 4.9.
The size of whole structure is 540× 300× 390 mm3. Some parts are made of aluminum and the
others are made of polyoxymethylene. The PCBs are attached on the bottom part, and the light
source is attached on the top part. The support structure can be used when measuring both
single channel and array of MPPC by replacing some parts on the bottom. Two single channel
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Figure 4.7: A Schematic of the light source. (It is the first version and modified later. See
Section 4.4.1.)

Figure 4.8: A schematic of the LED driver.
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(a) For single channel MPPC. (b) For MPPC array.

Figure 4.9: Design of the support structure.

Figure 4.10: Picture when measuring single channel MPPCs.

MPPCs for the reference are placed beside of the MPPCs for the measurement. The MPPC for
the reference are also read out by using EASIROC module via a flat cable.

Whenmeasuring single channel MPPCs, two PCBs for single channel MPPC are placed and
64 channels are measured simultaneously. WhenmeasuringMPPC arrays, four PCBs forMPPC
array are place and 128 channels are measured simultaneously. The number of channels mea-
sured simultaneously are limited by the size of the temperature chamber and the uniformity
of the light source.

4.3 Measurement method

The procedure of the data acquisition (DAQ) is following.

1. Set MPPCs for the measurement on the corresponding PCB

2. Set the PCBs on the bottom of the support structure

3. Connect the PCBs and EASIROC modules via flat cables
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Figure 4.11: Diagram of digital signals when operating characterization system with multiple
EASIROC modules.

4. Launch a program of the temperature recorder

5. Launch a test program of DAQ and confirm whether the system works well

6. Launch a main program of DAQ and operation program of the temperature chamber
simultaneously

7. Take MPPCs for the measurement out of the temperature chamber

Figure 4.10 shows setting of the MPPCs and the PCBs described in procedure 1 and 2.
Three EASIROCmodules are used; one called EASIROC 0 operates MPPCs for the reference

and the others called EASIROC 1 and 2 operates MPPCs for the measurement. The EASIROC
2 is not used when measuring single channel MPPCs, since only 64 channels are measured
simultaneously. The SYNC OUT output of EASIROC 0 switches on and off of HOLD, T STOP,
and ACCEPT signal input in order to synchronize DAQ of each EASIROC module. The SYNC
OUT output of EASIROC 1 switches on and off of the light source. The diagram of digital
signals when operating the system is shown in Fig. 4.11. The bias voltage applied to MPPCs for
the measurement changes ten times in steps of 0.2 V, while the constant over voltage of 3.5 V
is applied to MPPCs for the reference. The flow of the DAQ program described in procedure 6
is following.

1. Wait until the temperature inside the chamber becomes stable
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2. Increase the bias voltage applied to MPPCs

3. Set the bias voltage

4. Make EASIROC 1 switch on the light source

5. Make EASIROC 1 and 2 enter DAQmode and push queue to make EASIROC 0 switch on
SYNC OUT output

6. Make EASIROC 0 pop queue, enter DAQ mode, and switch on SYNC OUT output to let
DAQ start

7. Make EASIROC 1 switch off the light source and take DAQ in the same way as 5 and 6

8. Return to 3, set the bias voltage to next value, and repeat ten times

9. Return to 1, wait until the temperature inside the chamber becomes next value, and
repeat three times

4.4 Performance of the characterization system

4.4.1 Light intensity

Uniformity of the light intensity

It is important that the light intensity is uniform and stable for the measurement of the PDE.
The spacial distribution of the light intensity was measured by using 64 single channel MPPCs.
The layout mapping of 64 single channel MPPCs is shown in Fig. 4.12. First, the gain and
the number of detected photons were measured by using the first version of the light source
following the method described in Section 4.3. 30,000 events were taken in each over voltage
at 20◦C. The gain and the number of detected photons of one MPPC are shown in Fig. 4.13.
Then, let the light intensity at the position of each MPPC be the number of photons detected
by each MPPC with 3.5 V over voltage applied, which is calculated by using a fitted linear
function. Figure 4.14 shows the distribution of the light intensity. As shown in Fig. 4.14a, more
than 20% asymmetry of the light intensity is seen in the direction of the x axis. After some
investigation, it was found that the difference of path length of the circuit from pulse input to
each LED causes the difference of pulse shape at each LED, which resulted in the asymmetry
of the light intensity. We redesigned the light source based on this result.

The second version of the light source was designed to have four chip LEDs and the same
path length of the circuit. Figure 4.15 shows the spacial distribution of the light intensity when
using the second version of the light source. The better uniformity of the light intensity was
achieved than the first version of the light source. The ratio of the root mean square (RMS) to
the mean value is 2.1%, which includes an individual difference of 64 MPPCs.

Stability of the light intensity

The stability of the light intensity was measured by using the second version of the light source.
The gain and the number of detected photons were measured ten times at interval of 30 sec-
onds. In this study, we analyzed the data with and without the correction by using MPPCs for
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Figure 4.12: The layout mapping of 64 single channel MPPCs. The x and y axes correspond to
plots of the spacial distribution. The positions of y = 3 and y = 4 are at a distance of 24 mm
because the MPPCs of y = 0, 1, 2, 3 are set in one PCB and the MPPCs of y = 4, 5, 6, 7 are set
in another PCB. Gray squares are photosensitive area of 1.3 × 1.3 mm2. Blue texts are readout
channels of the EASIROC module.
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(a) The gain in units of ADC counts of the
EASIROC module.

(b) The number of detected photons.

Figure 4.13: The gain and the number of detected photons of one MPPC. Red dots are the
measured data and blue lines are fitted function.

1.127 1.204 1.239 1.278 1.323 1.395 1.415 1.437

1.134 1.220 1.278 1.304 1.351 1.391 1.445 1.470

1.162 1.234 1.295 1.315 1.354 1.412 1.462 1.483

1.187 1.234 1.286 1.343 1.401 1.411 1.476 1.476

1.184 1.210 1.272 1.321 1.387 1.419 1.446 1.489

1.185 1.225 1.256 1.307 1.358 1.414 1.426 1.461

1.168 1.205 1.254 1.308 1.334 1.393 1.450 1.454

1.141 1.182 1.214 1.268 1.340 1.356 1.393 1.423

 X
0 2 4 6 8

 Y

0

2

4

6

8

1.1

1.15

1.2

1.25

1.3

1.35

1.4

1.45

1.5

PDE distribution

(a) The spacial distribution of the light intensity.

h2
Entries  64

Mean    1.325

RMS    0.1034

Relative PDE
0.5 1 1.5 2 2.5

C
ou

nt
s

0

5

10

h2
Entries  64

Mean    1.325

RMS    0.1034

Relative PDE

(b) The histogram of the light intensity.

Figure 4.14: The distribution of the light intensity in units of the number of detected photons
when using the first version of light source.
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(b) The histogram of the light intensity.

Figure 4.15: The distribution of the light intensity in units of the number of detected photons
when using the second version of light source.
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Figure 4.16: The fluctuation of the mean of the number of photons detected by two MPPCs for
the reference. The ratio of RMS to mean of ten times measurement is 4.0%.

the reference. When applying the correction, the light intensity is calculated as the ratio the
number of photons detected by the MPPC for the measurement to the light intensity for the
reference:

Light intensity with the correction =
The number of photons detected by the MPPC for the measurement

The light intensity for the reference
, (4.1)

in order to avoid the fluctuation of the light intensity. Let the fluctuation of the light intensity
be the ration of RMS to the mean of ten times measurement.

TwoMPPCs were used for the reference with 3.5 V over voltage applied. The light intensity
for the reference is calculated as the mean of the number of photons detected by each of two
MPPCs for the reference. Figure 4.16 shows the mean of the light intensity for the reference.
The fluctuation of the light intensity for the reference is 4.0%.

The stability of the light intensity at the position ofMPPCs for themeasurement is shown in
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Figure 4.17: The light intensity distribution of ten times measurement without the correction
by using the light intensity for the reference. Figure 4.17a shows the mean of ten times mea-
surement in each channel. Figure 4.17b shows the ratio of RMS to the mean of ten times mea-
surement in each channel.
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Figure 4.18: The light intensity distribution of ten timesmeasurementwith the correction by us-
ing the light intensity for the reference. Figure 4.18a shows the mean of ten times measurement
in each channel. Figure 4.18b shows the ratio of RMS to the mean of ten times measurement
in each channel.
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(c) The number of photons detected by MPPCs
with 3.5 V over voltage applied.

Figure 4.19: Performance of 64 MPPCs.

Fig. 4.17 and 4.18. Figure 4.17 shows the light intensity distribution of ten times measurement
without the correction by using the light intensity for the reference. The fluctuation of the
light intensity for the measurement without the correction is 3.8%. Figure 4.18 shows the light
intensity distribution of ten times measurement with the correction by using the light intensity
for the reference. The fluctuation of the light intensity for the measurement with the correction
is 3.1%. The correction by using the light intensity for the reference reduces the fluctuation
of the light intensity from 3.8% to 3.1%. Meanwhile, the cause of the fluctuation of the light
intensity is unknown so far. It can be uncertainty whenmeasuring the large number of MPPCs.
The further improvement of uniformity and stability of the light intensity is desired.

4.4.2 Performance of 64 MPPCs

Figure 4.19 shows the performance of 64 single channel MPPCs. The gain and the number of
detected photons of 64 MPPCs are successfully measured simultaneously. The performance of
64 MPPCs are uniform as the ratio of the RMS to the mean value of the gain is 1.7% and that
of the number of detected photons is 2.0%.



Chapter 5

Future prospects and summary

5.1 Future prospects

The characterization system described in the previous chapter is still under development. Sev-
eral works need to be completed before we can start the characterization of MPPCs. In the
following, prospects of future work are explained.

5.1.1 Light intensity

The uniformity of the light intensity of 2.0% was achieved including individual difference of
64 MPPCs. The stability was evaluated to be around 3% by repeating the measurement ten
times. The further improvement of uniformity and stability of the light intensity is desired. In
addition, the uniformity of the light intensity should be measured by using the same MPPC in
different positions.

5.1.2 Dark noise and optical crosstalk

The method of measuring the dark noise rate and optical crosstalk by using the scaler in the
EASIROC module is not established yet. The idea of measuring the dark noise rate and optical
crosstalk is following.

1. Measure the gain with the light source on

2. Set the threshold of the discriminator to 0.5 p.e. level calculated from the measured gain

3. Take data with the light source off

4. Set the threshold of the discriminator to 1.5 p.e. level calculated from the measured gain

5. Take data with the light source off

It is necessary that the relationship between the gain and the threshold of the discriminator is
measured in advance. Once the method is established, the dark noise and optical crosstalk are
measured following the measurement of the gain and relative PDE.
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5.1.3 Temperature scan

The main program of DAQ is not adopted to temperature scan yet. The function will be imple-
mented to synchronize the DAQ programwith the program of temperature controlled chamber
in the way that the DAQ program starts DAQ after the specified time has passed.

5.1.4 Measurement of the MPPCs used in the WAGASCI detector

The performance of the MPPCs used in the WAGASCI detector will be measured successively
once the whole required function is implemented in the characterization system. We will con-
firm whether the MPPCs have good performance to be used in the WAGASCI detector.

It takes three hours to run the whole measurement, which is determined by the perfor-
mance of the temperature controlled chamber. We assume that the measurement is carried out
three times a day. In this case, it takes 15 days to measure 2750 single channel MPPCs and
14 days to measure 168 arrays of MPPC (i.e. 5376 channels). In total, 29 days are necessary to
complete the measurement of MPPCs used in the WAGASCI detector.

5.2 Summary

The WAGASCI experiment aims to measure the charged current cross section ratio between
H2O and CH with 3% accuracy by using the J-PARC neutrino beam. The performance of the
newly developed MPPC has been measured. The optical crosstalk suppression type MPPCs
used in the WAGASCI detector have an order of magnitude lower dark noise rate and optical
crosstalk than earlier devices, and can be operated with higher over voltage, which also results
in higher PDE. We developed an array of 32 MPPCs for a compact readout with a large number
of channels.

A characterization system to measure a large number of MPPCs has been developed be-
cause the WAGASCI detector will have a large number of readout channels to be 8000. The
gain, relative PDE, dark noise rate, and optical crosstalk will be measured for different temper-
ature and over voltage. The performance of 64 single channel MPPCs or four arrays of MPPC
(i.e. 128 channels) will be simultaneously and automatically measured by using the character-
ization system. The measurement of the gain and relative PDE of 64 MPPCs with operating
MPPCs for the reference already succeeded. Once the DAQ program and the light source are
improved, the performance of all MPPCs used in the WAGASCI detector will be measured in
the future.



Appendix A

Wiring of the PCB for single channel
MPPC

This appendix presents the wiring of the PCB for single channel MPPC described in Sec-
tion 4.2.3. Figure A.1 shows the wiring of anodes. Figure A.2 shows the wiring of cathodes.
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Figure A.1: The wiring of anodes.

Figure A.2: The wiring of cathodes.
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