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Abstract

T2K is a long baseline neutrino oscillation experiment measuring 3, ;3 and
m§3 from observation of muon neutrino disappearance and electron neutrino
appearance, from which CP violation in lepton sector can be studied. T2K
collaboration is planning to upgrade near detector to better constrain neutrino
interaction systematics.

Super-Fine Grained Detector (SuperFGD) will be a new detector in the up-
graded detector. SuperFGD utilizes 56,384 multi-pixel photon counters (MPPC),
thus it is important to understand their behaviour before installation. A per-
formance test system for those MPPC-PCBs (printed circuit boards) is under
development. The test system aims to measure and analyze their dark noise,
gain, photon detection e ciency, cross talk and operation voltage.

This thesis discusses the development of parallel test setups in the test system
and their systematic performance, as well as measurement results of the rst
batch of MPPC-PCBs.
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Chapter 1

Introduction

1.1 Neutrino oscillation and CP violation

The Standard Model is a fundamental theory of particle physics that de-
scribes how elementary particles interact under three fundamental forces. While
bringing out huge successes in experimental predictions, the Standard Model is
mostly self-consistent but not complete, as it leaves some phenomena unex-
plained [1].

In the framework of the Standard Model, neutrinos are described as mass-
less particles that come in three di erent avours, electron neutrinos ( ), muon
neutrinos (), and tau neutrinos ( ). Each avour is associated with a cor-
responding antiparticle. However, several breakthroughs in neutrino physics
indicate that neutrinos have three mass eigenstates that are not identical to
avour eigenstates. It is experimentally observed that neutrinos change from
one avour to another during their propagation, which indicates that neutrinos
are massive. This phenomenon is called neutrino oscillation and was elaborated
by Bruno Pontecorvo [2] [3], Maki, Nakagawa, and Sakata [4] in the 1960s. Pon-
tecorvo{Maki{Nakagawa{Sakata matrix (PMNS matrix) describes the mixing
of the eigenstates as:

. - X - -
jib= Uij iy (1.1)
. - X - .
joi= Uil (1.2)
i
where:
j i is a neutrino with de nite avor = e (electron), (muon) or (tauon),

j ii is a neutrino with de nite mass m,; with i=1,2,3,
U; represents the PMNS matrix, and U; is its complex conjugate.

The ultrarelativistic limit, jﬁj = p m;, can be applied in calculation
since all currently observed practical neutrinos have mass<1 eV) farther less
than their energy (>1 MeV). Under this limit, the probability that a neutrino



with energy E of avour oscillate to avour after traveling a certain distance
L can be calculated as [5]:

X .mizL 2
P, (LE)=j UjUje'?™] (1.3)
i
X 2 2 L
= 4 Re(Ui Ui Uj Uj )S|n ( mij E) (14)
i>j
X . » L
+2 . Im (U, Ui U] Uj )Sln( mij E), (15)
where
m; =m? m’ (1.6)

is the squared mass di erence of neutrinos. Anti-neutrinos have the same kine-
matical properties as neutrinos, while the mixing matrix should be its complex
conjugation. Thus, the anti-neutrino oscillation probability can be written as:

X .mizL 2
P-, - (LE)=j UjUje ' =] (1.7)
i
X L
— 22 2
= 4i>j Re(Ui Ui UJ UJ )Slﬂ( mij E)
X . , L

i>]

The PMNS matrix is a square matrix of rank three when the standard three-
neutrino theory is considered, but can be larger when more generations are
added. In the three generation case, the PMNS matrix can be parameterized
by three mixing angles ( 12, 23, 13) and one complex phase cp [6]:

2 3
Uel Ue2 Ue3
U=4U, U, US
U U, Ug
2 3 2 P 3 2 3
1 0 0 Ci3 0 sz ©° Co S;p O

=40 cp S0 4 0 1 0 5 4 s, ¢p O (1.9)
20 Sz Cp3 (a) S]_3e| 0 Ci3 (b) 0 0 13((:)

C12C13 S12C13 _ size |

— U .

=9 S12C23  C12523513€ °  C12Cp3  S12523513€ ° Sp3Ci3 52)

| |
S12S23  C12Cp3S13€8 & Ci2Spz S12Cp3813€ ° C23C13

where s; and ¢; are sin j and cos ; respectively. The compex phase cp
is related to charge-parity (CP) violations. The CP violation is a combined



particle-antiparticle asymmetry of charge conjugation (C) and spatial symmetry
(parity P). The existence ofCP violation is crucial to the plausible explanation
of why matter dominates the universe, but almost no anti-matter exists. The
Standard Model allowsCP violation in weak interaction by adding the complex
phase cp to the PMNS matrix as shown in Equation 1.9. In Equation 1.5, the
oscillation probability of particle and anti-particle di ers only in the imaginary
part. The di erence can be expressed as [7]:

AP (LE —4x | i 2 L.
( X )— m(U, Ui Uj Uj )Sln( mij E), (110)

i>j

suggesting that the CP term can be only measured when 6 . Looking
for CP violation in the lepton sector is very important because that in the
strong sector and quark sector is measured to be not su cient for explaining
the matter-antimatter imbalance in our Universe [8].

As discussed, neutrino oscillation opens a window for determining th€P vi-
olation term in the lepton sector, which requires precise measurements of matrix
parameters. Many experiments are done or ongoing in order to measure those
parameters. In Equation 1.9, the PMNS matrix is factorized into three parts.
The atmospheric term (a) can be determined by atmospheric and long-baseline
accelerator neutrino experiments. The mixed term (b) can be determined by
long-baseline accelerator experiments and short-baseline reactor experiments.
The solar term (c) can be determined by solar and long-baseline reactor ex-
periments [9]. After all, long-baseline experiments played an important role
in con rming neutrino oscillation and measuring parameters. Fixed baselines
and detectors provide good energy resolutions, enabling precise measurements
of L=E for individual events.

1.1.1 Neutrino mass ordering

Current oscillation data is sensitive to neutrino mass in terms of two squared
mass di erences. m%l is known to be positive due to the matter e ects in
the sun. However, the sign of atmospheric mass splitting mél is currently
undetermined because it is measured only via neutrino oscillations in vacuum.
Thus, there are two possible neutrino mass ordering: m%; > 0 asnormal and

m3; < 0 asinverted[10].

1.2 Neutrino interaction

Neutrino interactions are described by the Standard Model without any
deviation discovered so far. Neutrino experiments are detecting products of
neutrino interaction because neutrinos cannot be directly detected due to their
electrical neutrality. Thus, understanding neutrino interactions with matter is
essential in neutrino oscillation measurements. The Charged-Current Quasi-
Elastic (CCQE) is a two-body interaction that dominates the low energy (<



Figure 1.1: Two particle two hole W selfenergy Feynman diagram where the
outgoing gauge boson couples to the second nucleon [14]

1 GeV) CC process in the accelerator-based long-baseline neutrino oscillation
experiments:

tnl T +p; (2.112)
T+p! T+ (1.12)

Well-measured kinematics of the nal state of lepton kinematics can provide the
initial neutrino energy without the reconstruction of nal hadronic energy for
CCQE [11]. CCQE is the dominant interaction for the neutrino energy between
0.3 GeV to 3 GeV.

Two-particle-two-hole (2p2h) excitation is also an important multi-nucleon
interaction e ect in neutrino-nucleus interactions modelling. It has no pions in
the nal state, as shown in Figure 1.1, so 2p2h events can be misidenti ed as
QE events, which also have no pions in the nal states [12]. It can be problem-
atic because neutrino oscillation experiments employ QES (CCQE) to assign
neutrino energies. 2p2h components misidenti ed as QE events will pick up a
bias which is typically 100 MeV below the true neutrino energy [13]. Generally,
low momentum protons can be used as clues to distinguish 2p2h events from
QE events.

1.3 T2K experiment

T2K(\Tokai to Kamioka") experiment is a long-baseline neutrino oscillation
experiment physically based in Japan. T2K uses the o -axis neutrino beam from
Japan Proton Accelerator Research Complex(J-PARC) and takes measurements
by both near detectors and Super-Kamiokande as the far detector. Figure 1.2
is an overview of the T2K experiment.



Figure 1.2: T2K Overview [15]

T2K experiment measures ,3, 13 and m3; from observation of muon neu-
trino disappearance and electron neutrino appearance. In a simple case, the
oscillation probability of muon neutrino oscillate to electron neutrino can be
approximated as following in the vacuum [16]:

P( ! Q)" 4T.0j%sin® 5 +4jT,° j2sin?
o Pl I@l s lle 1AW o
atmospheric solar
+?sze iiT5® jsin 31{§i” 21COS( 32 + g; (1.13)
interface
where
j = mjiL=4E; (1.14)
1 . . i
T;° = Esm2 13Sin ,3€ <P ; (1.15)
1 .
T,® és|n2 12 COS 13C0S ,3: (1.16)

While solar term sin® ,; is small at T2K's L/E, the resulting oscillation
mainly comes from atmospheric term and interface term. TheCP -independent
atmospheric term provides ve times the amplitude than the interface term
and thus dominates oscillating results. It is still possible to bring up direct
measurement of phaseCP from the interface term [16]. In Equation 1.13, the
CP violation term sin p takes a negative sign for neutrinos and a positive
sign for anti-neutrinos, so the CP phase can be tted from the di erence of
neutrino and anti-neutrino appearance probability. For T2K, the matter e ect
dominates the solar term when added into the calculation but provides relatively
small perturbations to atmospheric and interface term. This perturbation e ect
gives T2K some sensitivity to neutrino mass ordering.

1.3.1 T2K neutrino beam

T2K experiment uses the muon neutrino beam produced in J-PARC. Pri-
mary proton beam is accelerated by J-PARC main ring accelerator then hits on



Figure 1.3: Muon neutrino survival probability at 295 km and neutrino uxes
for di erent o -axis angles [17]

graphite target and generates secondary hadrons. Those hadrons, mainly pions
and kaons, are focused and selected by the sign of charge in three electromag-
netic horns. Those horns operate at a current of +250 kA in mode or -250 kA
for ~ mode. Then the selected ones travel to a decay volume and decay through
the reaction:

o+ O (1.17)

Finally, a beam dump stops remaining protons and hadrons, and the resulting
beam goes through the muon monitor (MUMON), which detects muon above 5
GeV and checks the beam stability.

As mentioned, T2K uses the o -axis beam technique to narrow the peak
at about 0.6 GeV in the neutrino energy spectrum at the far detector (SK)
[17]. The angle is tuned to be 2.5s0 that SK can have an expected oscillation
maximum. The prediction of the neutrino ux at the far detector is shown in
Figure 1.3 [16].

A typical main ring beam power during T2K operation in March 2021 is
510 kW. J-PARC main ring accelerator will shut down for one year in 2021 to
upgrade beam power and should reach 750 kW in 2022 [18].

1.3.2 Near Detector Complex

T2K near detector complex locates nearly 280 meters away from the produc-
tion target. It directly measures neutrino property and neutrino interaction rate
before oscillation and allows a prediction of the expected spectra at the far de-



tector to reduce model-based uncertainties in analysis for precise measurement
[19].

INGRID

INGRID is an on-axis detector designed to be a separate array of iron/scintillator
and measures the neutrino beam direction and prole. Figure 1.4 shows the
structure of the INGRID module.

Figure 1.4: A INGRID module [20]

ND280 Complex

ND280 is an o -axis detector placed at the same azimuthal angle as the di-
rection of Super-Kamiokande to mitigate the directional e ect. It measures ux
and properties of neutrino interactions and constrain the neutrino interaction
systematic. ND280 is also designed to be immersed in a magnetic eld, enabling
the detection and identi cation of leptons and measures intrinsic electron neu-
trino contamination in the beam. The T2K collaboration is planning to upgrade
ND280 to reduce systematic uncertainty, which is discussed in Section 1.4.

WAGASCI-Baby MIND

WAGASCI-Baby MIND is a new detector devoted to neutrino interaction
studies, located next to the INGRID and ND280 detectors [21].

1.3.3 Far Detector

T2K uses Super-Kamiokande (SK), a large underground water Cherenkov
detector 295 km away from J-PARC, as the far detector. SK uses water as
the target and introduces gadolinium to improve detection ability. The wall
of the water tank is covered by 20-inch photo-multiplier tubes (PMTSs), which
are very sensitive to Cherenkov photons from the leptons generated in neutrino
interactions. Figure 1.5 shows the inner look of the SK water tank and PMTs
used in SK [22].
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(@) (b)

Figure 1.5: (a):Inner look of the SK Water Tank;(b) SK PMTs under inspection
and covering

1.3.4 Latest results of T2K

By May/10/2021, T2K has analyzed the data set collected from an expo-
sure of 149(16:4) 10%° protons on target in (anti)neutrino mode, collected be-
tween 2010 and 2018. Assuming normal mass ordering, T2K reports €in,; =
053952 and m3, =(2:45 0:07) 10 %ev?c *, and also excludesCP con-
servation in neutrino oscillation at the 2 level. T2K has disfavoured half of
the possible values of theCP violation phase in the lepton sector at the con -
dence level of 99.7%(3). In the future, T2K will collect more data and include
more complex event topologies in the analyses. Future joint analyses with SK
and NO A, the NuMI O -axis . Appearance experiment at Fermilab, are also
planned. Detailed information can be found in [16].

1.4 ND280 upgrade
1.4.1 Current ND280 and its weakness

ND280 is very important in understanding the neutrino beam sent to SK, as
discussed in Section 1.3.2. It is designed to have the capacity of reconstructing
exclusive neutrino CCQE, CC inelastic, neutral current events and measuring
inclusive events rate [20]. Current ND280 consists of several components as
shown in Figure 1.6. The P, D(pi-zero detector) is located upstream inside the
metal frame, followed by the TPC (time projection chamber)/FGD ( ne-grained
detector) sandwich. The metal container is called a \basket" and surrounded by
Ecal (electromagnetic calorimeters). ND280 utilizes the recycled UA1 magnet
to provide the 0.2T magnetic eld and instrumented with scintillator planes
as the SMRD (side muon range detector). Speci cally, those detectors serve
di erent purposes.

P; D measures the neutral current process on a water target. TPC measures
the number, direction, momentum and ionization of traversing and generated
charged particles in detectors, providing some degrees of particle identi cation.
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Figure 1.6: ND280 Detector [20]

FGDs serves both as target mass and a particle tracking detector. Ecals func-
tion to measure photon energy and direction and collect information of charged
particles for identi cation. Finally, SMRD records muons escaping with high
angles and cosmic-ray muons that enter or penetrate the ND280 detector.

In general, ND280 is very powerful in selecting clean samples of muon neutri-
nos and muon anti-neutrinos. The main strength of the ND280 is that its mag-
netization allows the determination of lepton charge and momentum produced
by neutrino interactions. Moreover, ND280 can perform particle identi cation,
particularly between muons and electrons, because of TPCs and Ecals. ND280
data has been used for all the T2K oscillation analyses and reduced uncertainties
due to neutrino uxes and cross-sections from aboout 15% to 6% uncertainties
[23]. Powerful as it is, the current ND280 still leaves some weakness to be
improved.

The main limitation of the current ND280 is that the detection e ciency
drops signi cantly when the scattering angles is larger than about 40 degrees
with respect to the beam direction because of the vertical arrangement and
sandwiched structure of TPC and FGD, as shown in Figure 1.7. In contrast,
Super-Kamiokande provides a full angle detection with respect to the beam
direction. Thus, improvements in the near detector sensitive angle should be
considered. Moreover, short tracks that end in FGD can only be seen in two
dimensions so that the tracking e ciency is bad at low momentum, especially for
protons. Figure 1.8 shows the reconstruction e ciency in the ND280. Another
weakness is that it does poorly in selecting electron neutrino interactions below
1 GeV. This low e ciency, coming with the large photon background, limits
T2K's ability on electron neutrino cross-section measurement [23].
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Figure 1.7: FGD structure [24]

Figure 1.8: Proton reconstruction e ciency in ND280. The grey histogram
corresponds to spectrum of generated protons accting to NEUT MC [25]

1.4.2 Design of upgraded ND280

In general, the goal of ND280 upgrade is to lower the ND280-led systematic
errors, currently of the order of 6%, to about 4% for T2K-Il and to about 3%
for Hyper-Kamiokande. In order to improve the performance of ND280, T2K
is planning to add a new highly granular 3D scintillator detector SuperFGD
and two high-angle atmospheric pressure TPCs (HA-TPC) in the upstream
direction of the current TPC/FGD array. These detectors are surrounded by six
large TOF (time-of- ight) planes to determine the track direction and improve
particle identi cation. Figure 1.9 gives a designed con guration of the upgrade
detector. This new con guration provides more targets and enables the full
polar angle acceptance for muons produced in neutrino interactions[25].

SuperFGD

As both target and detector to reconstruct near-vertex tracks, scintillator
detectors should be massive enough to provide enough target, as well as able
to accept charge lepton and reconstruct short tracks of low energy hadrons.
Figure 1.10 shows a schematic concept of the SuperFGD structure. SuperFGD
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Figure 1.9: Upgrade ND280 detector. SuperFGD is labelled as A. High-Angle
TPCs are labelled as B.[23]

Figure 1.10: Schematic concept of SuperFGD structure.[25]

consists of 192 184 56 optically independent lcn? plastic scintillator cubes.

Wavelength shifting(WLS) bers run through the volume to read out light
signals generated in the volume can be along three orthogonal directions. Fig-
ure 1.11 shows the direction of the signal ow designed in SuperFGD.

Multi-Pixel Photon Counters(MPPC) will be used for scintillation light de-
tection, instrumented at ends of WLS bers. They will be placed on the up-
stream, top, left and right side of the detector. Fronted electronics will be placed
on the left and right sides of the detector.

With these designs, the SuperFGD can detect signals along three axis and
thus enables 3D reconstruction.

High-Angle TPC

TPCs in the current ND280 has been proved to be very useful. Thus, up-
graded High-Angle TPCs is designed to perform substantially similar to existing
TPCs. The main structure of TPC is a TPC eld cage which provides a highly
uniform electrostatic eld containing high-purity mixed gas as shown in Fig-
ure 1.12. Charges generated from the ionization of gas will be drifted along
the magnetic eld direction towards the readout anodes. Similar to the existing

14



Figure 1.11: SuperFGD signal ow.[25]

Figure 1.12: Schematic concept of HA-TPC.[25]

TPC, HA-TPC will enable charge and momentum measurement and 3D track
reconstruction. When combined with energy deposit measurement, HA-TPC is
also possible to perform particle identi cation.

TOF

Time of ght detector is a full closure for SuperFGD and HA-TPCs, as
shown in Figure 1.13, aiming to precisely measure the crossing time of charged
particles in ND280. TOF can distinguish the neutrino interaction in the target
from backgrounds originating events, and help particle identi cation.

1.5 Expectation of upgrade detectors

In general, because the ND280 upgrade detector is under construction, the
performance of the ND280 Upgrade detector is evaluated from data rendered
simulations. The detector geometry and particle trajectory in the detector
are simulated by GEANT4. The neutrino beam prediction is obtained by

15



Figure 1.13: Schematic concept of TOF.[25]

JNUBEAM simulation for both neutrino mode and anti-neutrino mode [23].

1.5.1 SuperFGD detector response

The track reconstruction e ciency in the SuperFGD has been studied for
pion, proton and muon. Figure 1.14 shows the reconstruction e ciency for
muons, pions and protons as a function of momentum and angle of the particle
track with respect to the beam direction, demonstrating both calculations down
by three-dimensional information and two-dimensional information. The bene t
of the three-dimensional reconstruction is quite apparent.

Compared to FGD, SuperFGD can reconstruct particle tracks with higher
e ciencies for all angles and have a lower momentum threshold. The left plot
in Figure 1.15 demonstrates the reconstruction e ciency for muons generated
by GENIE, a neutrino Monte Carlo Generator, and the right plot demonstrates
reconstruction e ciency for GENIE generated protons.

The SuperFGD prototype beam test has been performed at CERN in 2018,
showing a clear separation of the energy deposit spectrum for proton and muon/pion
samples. Electron-gamma separation and particle identi cation methods are
also under development[23].

1.5.2 Improvements of upgraded ND280 in neutrino event
selection e ciencies and interaction constraints

The upgraded ND280 has an more uniformed coverage of the high angle and
backward region thanks to the upgraded detector[23]. The improvement in the
event selection e ciency for charged-current inclusive muon neutrino events can
be clearly seen in Figure 1.16[23].
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Figure 1.14: Track reconstruction e ciencies for muons and protons in Super-
FGD compared to FGDXZ)[25]

Due to the large target mass, the upgraded ND280 provides about twice the
selected numbers of events compared to the current con guration when the same
amount of protons on target. The probability of rejecting an Out-of-Fiducial-
Volume (OOFV) background event, the interaction that happened outside the
ducial volume, was estimated to be better than 95% with the TOF detector.
Moreover, the purity of the selections according to nal-state topologies of CC
events is slightly improved.

Upgraded ND280 also aims to measure the electron neutrino cross-section,
S0 a selection e ciency study is also done for CC electron neutrino events. The
upgraded ND280 is able to detect many more electrons produced at high angles
with respect to the neutrino direction, but electrons in the forward direction are
less e ciently detected because they produce showers and tend to stop inside
the target, as shown in Figure 1.17. Thus, the total number of selected CC
electron neutrino events increases thanks to SuperFGD[23].

Based on these improvements in selection e ciencies, the upgraded ND280
is estimated to be more sensitive to SK ux normalization and better constraint
cross-section parameters of interest, as shown in Table 1.1. Figure 1.18 shows
the main systematic uncertainties with and without upgrade ND280. After all,
we can conclude that the ND280 upgrade can lower the uncertainty for neutrino
oscillation measurement.
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Figure 1.15: Track reconstruction e ciencies for muons, pions and protons in
SuperFGD by three readout views or with two. Left plot: the reconstruction
e ciency for GENIE generated muons; right plot: reconstruction e ciency for
GENIE generated protons[23].

Table 1.1: Sensitivity to some ux and cross-section parameters of interest for
the current ND280 and the upgrade con guration

Parameter Current ND280(%) | Upgrade ND280(%)
SK ux normalization 3.1 24
(0.6<E <0.7GeV) MAge | 2.6 1.8
2p2h normalization 9.5 5.9
2p2h shape on Carbon 15.6 9.4

1.6 Subject of thesis

The ND280 Upgrade detectors are currently under construction and planned
to be installed in 2022. SuperFGD will utilize 56384 Multi-Pixel Photon Coun-
ters (MPPCs). Thus it is essential to check each quality before installation.
Among them, 50688 MPPCs will be tested in Japan. A single setup of the test
system was developed before this work as reported in [26]. In order to test a
large number of MPPCs, we need to simultaneously operate multiple setups.
We are planning to have eight setups in the system, and now established ve
of them. This thesis will report the development of ve setups in the multipro-
cessing system and their performances.

In addition, twelve rst batch of MPPC-PCBs have arrived at the University
of Tokyo. We did a quality inspection on those MPPCs to check their behaviour
before the mass production of MPPC-PCBs can nally start. It is a crucial step
to ensure MPPC-PCBs will be expected to meet the requirement for SuperFGD.
This thesis will report measurements of these MPPCs.
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Figure 1.16: The -CC event selection e ciency as a function of the true muon
angle with respect to the z direction(left) and the true muon momentum(right)
for both current and upgraded ND280 con gurations[23]

Figure 1.17: The .-CC event selection e ciency with an electron detected in
a TPC, as a function of the electron angle with respect to the Z direction (left)
and the true electron momentum (right) for both current and upgraded ND280

con gurations[23]
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Figure 1.18: The post-t errors on the main systematic parameters are shown
for both the ND280 upgrade (blue dots) and the current ND280 con guration
(red bars) [25]
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Chapter 2

Multi-Pixel Photon
Counter

Multi-Pixel Photon Counter(MPPC) is a type of silicon photomultiplier
(SiPM), which has been widely used in high energy physics experiments. It
is a solid-state photodetector that uses multiple avalanche photodiode (APD)
pixels operating in Geiger mode [27]. Sixty thousand MPPC is designed to be
equipped to the end of wavelength-shifting bers for readout in the SuperFGD.
T2K experiment has already established the technology to use MPPCs coupled
with WLS bers in ND280. MPPC S13360-1325PE [28], a commercial product
produced by Hamamatsu Photonics K.K, is adopted for the SuperFGD [29].
The con guration of the upgrades detector requires MPPCs and their optical
interfaces to be compactly arranged. Thus, T2K has developed a type of arrayed
MPPCs on printed circuit board (PCB) and optical interface.

2.1 Semiconductor photon detectors
2.1.1 Photodiode

Photodiode is a semiconductor PN junction device that generates current
when irradiated by light.

P-N junction

A PN junction is fabricated when negative(N) type semiconductor and pos-
itive(P) type semiconductor materials contacting with each other and creates a
di erence in electrical potential at the boundary [30], as shown in Figure 2.1.
The region at boundaries between N-side and P-side, called depletion layer, has
no electrons or holes but has an internal electric eld. Intrinsically, electrons can
oat from the electron-excess N side to hole-excess P side. Thus, the photodiode
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allows one direction electric current when valence electrons in the semiconductor
activated by light and di use to the depletion layer, as shown in Figure 17(b).

@ (b)

Figure 2.1: (a):PN conjunction;(b):Schematic of a photodiode cross section[30]

In general, Si photodiodes are widely used in photon detection because its
excellent linearity with respect to incident light, low noise and long life.

2.1.2 Avalanche photodiode

The avalanche photodiode(APD) is a highly sensitive semiconductor photo-
diode that internally multiplies photocurrent during a process called avalanche
multiplication. The avalanche multiplication process greatly increases the sen-
sitivity of a p-n junction used as a photosensor and enables the measurement of
low-level light signals with excellent linearity. However, Avalanche photodiodes
still need some 20 photons for a detectable light pulse [31].

Avalanche multiplication

Avalanche multiplication is based on the phenomenon that high energy elec-
tron can generate further electron-hole pairs by impacting ionization when col-
liding with the crystal lattice. In APD, The process is based on high electric
eld on the order of several volts per micrometer to accelerates electrons [32].
The ionization probability is propositional to the electric eld.

The way of generating primary electrons in the APD is same as in photodi-
ode. In addition electric eld in APD can accelerate the electron to a certain
energy level that avalanche multiplication occurs, as shown in Figure 2.2.

2.1.3 Geiger-mode avalanche photodiodes

Geiger-mode avalanche photodiodes have been developed during recent years,
being an alternative to photomultiplier tubes. They enable single-photon re-
sponse, and thus high detection e ciency, and also high gain at low bias voltage.
However, they also have features that might cause problems, such as the dark
count rate [31].

22



Figure 2.2: Schematic diagram of avalanche multiplication(near infrared type)
[33]

Geiger mode and quenching circuit

The Geiger mode avalanche photodiodes have a structure allowing operation
without damage under a bias voltage which is well above its reverse-bias break-
down voltage. Thus the ionization level in the photodiodes is high and thus
enable one photon detection. Its output pulses indicate a trigger and can be
likened to Geiger-counter and therefore called \Geiger-mode". At the operation
bias, the electric eld is so high that a single charge carrier injected into the
depletion layer can trigger a self-sustaining avalanche [34]. The current rises
swiftly and continues to ow as long as the electric eld keeps still. Thus, the
avalanche should be quenched in order to halt the Geiger discharge, which can
be done by an external circuit lowering the bias voltage. And then, a second
photon can be detected when the bias voltage to being restored.

2.2 Multi-pixel photon counter

As discussed, the multi-pixel photon counter(MPPC) uses multiple APD
pixels operating in Geiger mode, as shown in Figure 2.3. It can be used for
detecting extremely weak light at the photon counting level with excellent time
resolution [33]. Each pixel in the MPPC outputs a signal at the same amplitude
when detecting a photon, and pulses generated by multiple pixels are superim-
posed onto each other. Thus the height of output pulses demonstrates the
number of detected photons. For example, four photons result in a pulse height
equal to four times a single-photon pulse height. On the other hand, each pixel
of the MPPC cannot distinguish the number of the entering photons. Thus, the
linearity of the MPPC get worse when confronting more arriving photons, so
it is essential to have enough pixels to match its designed usage. Intrinsically,
the number of the incident photons can be estimated from observing the pulse
height on the oscilloscope, shown in 2.4a, and measuring the output charge,
which can be integrated and plotted as a \ nger plot", as indicated in 2.4b
[33].
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Figure 2.3: Schematic of Geiger Mode acalanche photodiodes and quenching
circuit)[33]

(@) (b)

Figure 2.4: (a): Pulse waveforms when using a Inear amplier(120
times)(S12571 050C M=1:25 106);(b): Pulse height spectrum when using
charge ampli er (S12571-050C M=125 10°)[33]

2.2.1 Characteristics
Gain

The MPPC gain is de ned as the ratio between output charge(Q) of one
photon to the electric charge@=1:602 10 '°C), as

M= 9. 2.1)

q

The charge Q is linearly proportional to the over voltage, de ned as the di er-
ence between bias voltage and breakdown voltage.

Q =C (Vbias Vbr) =C Vover; (2-2)
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where C as the capacitance of one pixelV,,s as the bias voltage,V,, as the
breakdown voltage, and the over voltage de ned asVoyer = Voias  Vor-

Making use of the APD, the MPPC also has a temperature dependence. The
crystal lattice vibrates stronger at the higher temperature, increasing the prob-
ability of carriers striking the crystal before the energy reaches the ionization
level, thus suppressing ionization. Typically, in order to attain constant gain,
bias voltage should rise linearly as ambient temperature increase. The temper-
ature dependence of the breakdown voltage is typically about 50 mV/degree.

Dark noise

In the MPPC operation, pulses can be generated by both photon-generated
electrons and thermally-generated electrons. The thermally generated electron
pulse, called dark pulse, are unwanted in photon detection and causing errors.
However, those dark pulses undergo the same procedure as photon-generated
ones and cannot be distinguished. The thermally-generated pulse has a tem-
perature as suggested by its cause, which can be described as:

E
Nospe:(T) AT Zezd; (2.3)

where:

No:spe: @s the dark count rate, the number of dark pulse generated in a dark
state and exceed a threshold of 0.5p.e in one second;

T as the absolute temperature[K];

A as arbitrary constant;

Eg4 as band gap energy[eV];

k as Boltzmann's constant[eV/K].

Cross talk

Optical crosstalk happens when secondary photons are generated in the
avalanche multiplication process and detected by other pixels. It causes a pulse
of 2 p.e. or higher when photons enter only one MPPC pixel. The cross-talk
probability can be de ned as the ratio of the dark noise rate measured with a
1.5 p.e. threshold to that measured with 0.5 p.e. threshold, as

N1:5 e
Pcross tak ~ N05pe : (2-4)
:5pe:

The crosstalk probability has very low dependence on the temperature at
xed bias voltage within the range of operating temperature, but increase as
the over voltage increase.

Afterpulse

Afterpulse happens when the generated carrier gets trapped by lattice de-
fects and then released and multiplied in avalanche processes. It cannot be
distinguished from the photon-generated pulse.
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Photosensitivity and photon detection e ciency

Photosensitivity and photon detection e ciency describe MPPC's ability to
detect light.

Photosensitivity (S) can be expressed as the ratio of the MPPC output
current (Iyppc : photocurrent[A]) to the amount of continuous light incident
on MPPC

I mppc
= : 2.

Incident light level (2:5)
The photosensitivity is proportional to the gain and thus a higher bias voltage
results in higher photosensitivity, which does not exclude crosstalk and after-
pulse.

Photon detection e ciency(PDE) is the ratio of the number of detected
photons to the number of incident photons when light enters the MPPC:

Number of detected photons
Number of incident photons’

PDE = (2.6)

PDE can be expressed as:
PDE = Fg QE Pag; (2.7)

where:

Fg is the |l factor which is the ratio of the light detectable area to the entire
pixel area of an MPPC, as MPPC photon-sensitive area contains sections such
as the inter-pixel wiring that cannot detect light;

QE is the quantum e ciency, de ned as the probability that carriers being gen-
erated by light incident on a pixel, which depends on light wavelength;

Pa is the avalanche probability that generated carriers cause avalanche multi-
plications, which gets higher when bias voltage increases.

2.3 MPPC adopted for SuperFGD

As discussed before, the upgraded detector will be installed in the upstream
of TPC/FGDs, replacing POD. Thus, to t in the space, the MPPC and elec-
tronics need to have a compact design. ND280 upgrade group chooses to adopt
surface-mount type MPPC S13360 1325PE, produced by Hamamatsu Photon-
ics K.K to superFGD. Dimension of the photosensor is 2.625 mm 2.1 mm
0.85 mm and size of the photosensitive area 1.3 mm 1.3 mm. Compared to
the current ceramic type used in ND280, this type has a smaller package size
and thus mechanically enables compactness and enough optical coupling with
1 mm diameter WLS ber. Besides, the dark count rate and cross-talk proba-
bility are much lower than the MPPC currently used in ND280. This type of
MPPC operates at room temperature and operate under low voltage operation.
A typical breakdown voltage is 51 volt. It is recommended to work under the
overvoltage equals to 5V. Other characteristics can be seen in Table 2.1.
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Table 2.1: MPPC(S13360-1325PE) Characteristics [28]

Item Speci cation
Photosensitive area 1.3mm 1.3 mm
Pixel pitch 25 m

Number of pixels 2668

Fill factor 47%

Package Surface mount
Breakdown voltage 53 5V

Peak sensitivity wavelength | 450 nm
Photon detection e ciency | 25%

Gain 70 10°
Dark Noise rate 70 kHz
Crosstalk probability 1%
Operating temperature -20to 60 C
Storage temperature -20t0 80 C

MPPCs are designed to be installed on the SuperFGD box, the support-
ing structure that holds SuperFGD. WLS bers are individually inserted into
scintillator cubes from holes in the box. Figure 2.5 gives the design of the
SuperFGD MPPC-PCB and the optical interface.

Figure 2.5: Design of MPPC-PCB and the optical interface. [29]

2.3.1 MPPC-PCB

MPPCs are 8 8 arrayed on 8 cm 8 cm PCB boards. MPPCs are integrated
into front sides of PCBs, as shown in Figure 2.6(a). For each MPPC, a 1k
resistor and a 0.1F capacitor are installed as a low-pass Iter on the backside
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