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Abstract

It is the main interest in the field of particle physics to search for a clue to new physics.
The MEG II experiment searches for the y — ey decay, which can be observed only under
new physics. High resolution detectors have been developed to measure the decay products
precisely. A liquid xenon scintillator calorimeter measures the direction, energy and timing
of the gamma ray. In order to achieve high resolution, precise calibration of photosensors
and complete understanding of detector response are necessary.

In this thesis three topics on calibration of the gamma ray detector are discussed. First one
is a general study on photosensor calibration methods. Two different methods of monitoring
gain of silicon photomultipliers are discussed. One uses the statistical characteristics of the
charge distribution, which is robust to noise. In the other method, gain variation is monitored
by waveform shapes, which allows calibration without a special setup. The second one is
calibration and monitoring of the photosensors in the liquid xenon calorimeter. The gain
from both methods was confirmed to be correlated to the one obtained from the usual one-
photoelectron method. The response of photomultiplier tubes in the calorimeter in operation
were monitored by alpha rays and LED light with the precision of 4%, which satisfies the
requirement. The problem of aging of the photomultiplier tubes was also solved by lowering
the high voltage. The third one is about calibration of the detector response using gamma
rays. A new pion beam detector is proposed and is being developed for a possible improvement
in the most important calibration method for the liquid xenon calorimeter.
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Chapter 1

Preface

Searching for a clue to new physics is the main interest in the field of particle physics.
One of the most powerful ways of looking for a signature of new physics is the y — ey search,
and its physics overview is explained in Chapter 2. The MEG II experiment is the upgrade
of the MEG experiment, which searched for the decay with the best sensitivity in the world,
and they are explained in Chapter 3.

For the MEG II experiment, high resolution detectors have been developed to measure
the decay products precisely. The dedicated detectors have been developed, and all the
components will be ready in 2020 at the earliest.

The liquid xenon scintillator calorimeter (LXe Calorimeter) measures the direction, energy
and timing of the gamma ray. The detector construction was finished in 2017, and the next
step is to understand the detector response and to evaluate the performance. In order to
achieve high resolution, precise calibration of photosensors and complete understanding of
detector response are necessary. The detector and the calibration are explained in Chapter 4.

This study aims at developing the calibration methods of the MEG II LXe Calorimeter.
In this paper some topics on the calibration are discussed. The first topic is a general study
on photosensor calibration methods, and two different methods of monitoring gain of silicon
photomultipliers are discussed in Chapter 5. The second is the calibration and monitoring of
the photosensors in the LXe Calorimeter. The gain of photomultiplier tubes are monitored
and their sustainability is discussed in Chapter 6. The third is about the overall calibration
of the detector response. A new pion beam detector is proposed and is being developed for
a possible improvement in the most important calibration method for the LXe Calorimeter.
This is reported in Chapter 7.

The study is summarized and concluded in Chapter 8.
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Chapter 2
Physics of i — ey

In this chapter the physics and the motivation of the  — ey search are described. In
Sec. 2.1, the current status of the particle physics and methods of searches for new physics are
introduced. One of the most powerful probes for new physics is the search for charged lepton
flavor violation (cLFV) and it is explained in Sec. 2.2. Among some cLFV modes, the target
of the MEG 1II experiment is y — ey decay, whose physics and experimental characteristics
are discussed in Sec. 2.3

2.1 Standard Model and New Physics

The theory of everything has been explored by particle physicists for years, and they
established the Standard Model (SM). Although the SM explains low energy phenomena
very precisely, it does not seem to be the complete theory. There are some experimental facts
that cannot be explained by the SM such as the neutrino oscillation [1]. From the theoretical
point of view, it contains some unnatural properties in itself such as the light Higgs mass
and three generations of the fermion. Moreover, cosmological mysteries such as baryogenesis,
dark matter and dark energy still remain to be solved.

Theorists have been trying to construct an improved theory which compensates for some
cracks of the SM. Most of the new physics models contain some new particles, which have
not been observed owing to their high energy scale or their small coupling to SM particles.

All we experimentalists have to do is to find the evidence of the new physics, or the
non SM particles. One major approach is to search for the new particles directly, either
by achieving the ultra low background from SM particles, or by producing a new particle
artificially by colliding SM particles in very high energy. The other approach is to search
for a small discrepancy of an observable from the prediction of the SM. Loop effects from a
new particle can induce a deviation, or even bring about a prohibited reaction in the SM.
A violation of a conservation law of the SM is one of the most effective tools because the
SM background is highly suppressed. Lepton flavor conservation is such a representative
conservation law of the SM and explained in detail in the next section.
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Higgs boson

Figure 2.1: Elementary particles in the SM [2]. The particles in the left side are those which
compose matter. Those in the left bottom are not subject to the strong interaction and called
leptons.

2.2 Lepton Flavor Violation

Figure 2.1 shows the elementary particles in the SM. The particles in the left tables are
those which compose matter and they are called fermions. They have three generations and
each generation is represented as a column. The quarks are fermions which are subject to the
strong interaction while the leptons do not interact by that interaction. In the SM, quarks
can change between themselves over generations while leptons cannot do so. This property
is called the lepton flavor conservation.

The lepton flavor conservation in the electrically neutral sector was found to be violated
by the discovery of the neutrino oscillation [3]. The oscillation attributes to the existence of
mass of neutral leptons, and it can also originate the violation of the charged lepton flavor
conservation. However, a naive extension of the SM cannot make the charged lepton flavor
violation (cLFV) in an observable scale because the masses of neutrinos are too small to mix
the charged leptons enough, as discussed in the next section.

There are a number of extension models of the SM and some of them predict sizable
violation of charged lepton flavor conservation. Although it depends on the size of the cou-
plings or the details of each model, the search for cLFV can probe up to more than PeV scale
physics as shown in Fig. 2.2. The reach is much higher than the future direct production
experiment using high energy colliders.

The muon is a suitable object for a cLFV search. It can be easily produced becuase it
is not so heavy. The physics processes are simple because it is not subject to the strong
interaction. The most powerful historical search is the search for its rare decay u — e~y, and
explained in the next section.
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Figure 2.2: Reach in the new physics scale of various searches of current and future facilities
estimated from generic six-dimensional operators [4]. The operator coefficients are taken to
be either ~ 1 (plain colored) or suppressed by Minimal Flavor Violation factors (hatch filled).
Light colors correspond to present data. Cancellations among higher-dimension operators or
the effect of one-loop diagram mediated by SM particles are not taken into account. Some
observables combine the insights from other flavor physics.

2.3 Theory of ; — ey Decay

2.3.1 p — ey in Standard Model

In the minimal extended Standard Model, the main contribution to the yu — ey decay
is the one-loop process caused by neutrino oscillation as shown in Fig. 2.3. This process is
severely suppressed owing to the tiny masses of neutrinos, and so the branching ratio is

2

3o . Am? _
B(M — 6’}/) = 327 Z UuiUeiMim/l < 10 50, (21)
1=2,3

where « is fine-structure constant, U;; is the Pontecorvo-Maki-Nakagawa-Sakata matrix,
Am;; is the mass difference of neutrinos, and My is the mass of the W boson [6]. This
branching ratio is quite small compared to the experimental reach, and so the discovery of
this process is direct evidence of the new physics.
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Figure 2.3: Feynman diagram of the y — ey process in the minimal extended Standard
Model [5].

2.3.2 p — ey in New Physics

The SM Lagrangian can be extended as follows using the Effective Field Theory assuming
only that the scale of the new physics is much larger than the electromagnetic scale [7];

_ 1 5) (5 1 6) (6
e= LY 0000+ L+ 22

where Lg\r is the Lagrangian of the SM, A is the energy scale of new degrees of freedom that
give rise to the operators once integrated out, C,gD) are dimensionless coefficients, and Q((ID)
are non-renormalizable operators. Since the operators with D = 5 can induce cLFV only
at the loop level, the effects arise at the dimension-six level. Considering only dimension-six
dipole operators for simplicity, the following expression for the decay rate can be obtained;

m3v?

D(n = e7) = S £ (IO + |C?), (2.3)
where m, is the muon mass and v is the vacuum expectation value of the Higgs field. Thus
1 — ey can occur under new physics where the energy scale is relatively small or the coeffi-
cients of the relevant operators are large.

These parameters depend largely on each model. One of the main theoretical frameworks
which motivates experimental efforts is the Supersymmetry (SUSY) models, which are attrac-
tive because they explain the Higgs naturalness problems. Under some of the SUSY models
three kinds of (electromagetic, weak and strong) interactions are unified. SUSY combined
with the seesaw mechanism can explain the origin of the observed small neutrino masses.

SUSY models enhance the u — ey decay because neutrinos in the Fig. 2.3 can be replaced
by SUSY particles and W bosons, and the suppression caused by the separation between the
electromagnetic scale and the neutrino mass scale now disappears. The size of the cLFV
effect caused by the SUSY has been studied in various models. Figure 2.4 shows branching
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Figure 2.4: Rates of 1 — e processes predicted in a SUSY seesaw with large slepton mixing [7].
The orange line is the branching ratio of the 4 — ey decay. The purple and green lines are
the branching ratio of the y — eee and the conversion rate of u/N — eN, respectively. The
parameters are chosen aiming at maximising the cLFV effects.

ratios expected from one of the SUSY models, SUSY-seesaw under SO(10) gauge symmetry.
When choosing some parameters to maximize the cLFV effect, the MEG experiment has
already explored new physics up to the SUSY scale of a few TeV, and the u — ey decay can
be observed at anytime by succeeding experiments. It shows the importance of increasing
the precision of the u — ey search to find the new physics.

2.4 yu — ey Search

2.4.1 Signal

Since p — ey is a two-body decay, the decay products have the following signatures in
the rest frame of the muon:

e coming out in the opposite directions
e being produced at the same timing
e having the same amount of momentum (m,/2)

as shown in Fig. 2.5. These distinctive characteristics make it possible to distinguish a signal
from SM decays of the muon.
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Figure 2.5: Kinematics of the signal event [5]. The decay particles are generated at the same
timing and go to the opposite directions having the same amount of momentum.

2.4.2 Background

There are two kinds of backgrounds, a physical background and an accidental background.

Physics Background

The muon has a decay mode which emits both a gamma ray and an electron, y — evi~y
(Fig. 2.6), which is called the Radiative Muon Decay (RMD). When the energy of the two
neutrinos are small, this decay looks similar to the two-body decay signal. The branching
ratio of the RMD is (6.0 & 0.5) x 10~® when looking at the energy range of E, > 45 MeV
and E, > 40 MeV [8].

Accidental Background

Even when a gamma ray and an electron are not generated from a single source, they can
imitate the signal when they accidentally fly in the opposite directions with the same amount
of momentum at the same time. The most common source of an electron is the Michel
decay of muons, which accounts for almost 100% of the muon decay branching ratio [9]. The
gamma ray comes mainly from the following two sources. One is the RMD, which is also a
source of the physics background. The other is the annihilation of positrons in flight of a
positron generated by the Michel decay, which is depicted in Fig. 2.7. The decay positron
can annihilate combining with an electron and generate a gamma ray in material such as a
muon stopping target, detectors or beamline components.
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Figure 2.6: Kinematics of the physics back- .Figl'lre 2.7: Kine@atics of the a?nihilation
ground, the Radiative Muon Decay [5]. It in flight of the positron from a Michel decay
can also be a gamma ray source of an acci- [5]-

dental background.

The number of the accidental backgrounds Npg can be written as follows [10];
Npg « R - AE2 - Ape - AG2, - Aty (2.4)

where R, is the number of the muons decayed in unit time, E, is the energy of the gamma ray,
PDe is the momentum of the positron, 6., is the opening angle of the two decay particles, t, is
the generation time difference between the gamma ray and the positron, and A represents the
resolution of detectors for each variable. It is necessary to increase the statistics to improve
the sensitivity with limited time, but the number of the background events increases with
the square of the beam rate. Thus, detectors which have very high resolution are needed to
effectively increase the statistics by utilizing a high rate beam.



Chapter 3

MEG II Experiment

3.1 MEG Experiment

The current best limit of the branching ratio of the u — ey decay is set by the MEG exper-
iment, which was operated from 2008 to 2013 at Paul Scherrer Institute (PSI) in Switzerland.

Figure 3.1 shows a schematic view of the experiment. Right-handed coordinate was
defined so that the z axis coincided with the muon beam direction, and the y axis directed
upward vertically. An antimuon beam was generated by a proton accelerator complex at PSI.
An antimuon stopped at a plastic target and it decayed into some particles: positrons, gamma
rays and neutrinos. Positrons flew in a spiral trajectory due to a gradient magnetic field
created by the constant bending radius (COBRA) magnet. Positron tracks were recorded
by the Drift Chamber and the timing is measured by the Timing Counter. Gamma rays
were detected by the LXe Calorimeter after going through a thin aluminum window on the
COBRA wall. All waveforms were recorded using waveform digitizers. Each component is
briefly described below.

3.1.1 Beam

PST has provided 590 MeV proton beam accelerated by the large proton cyclotron (Fig. 3.2).
The current of the proton was 2.2 mA at maximum. The protons collided into a graphite
target and generated positive pions. The pions decayed into antimuons through the reaction
7t — ut 4+ v,. When the pion was at rest when it decays, a completely polarized muon
(P, = —1) was generated whose momentum was 29.8 MeV /c. Those produced around the
surface of the target selectively went into the mE5 beamline, and went through a separator
and the Beam Transport Solenoid (BTS), and finally were stopped by a plastic target. They
were unpolarized during this transportation, and their polarization became P, ~ —0.85 at
the target [13]. Figure 3.3 shows a schematic view of the MEG beamline.

At the 7E5 beamline the world’s highest DC muon beam intensity was available. However,
beam rate was reduced because the number of accidental backgrounds increases proportional
to the square of the beam rate as discussed in Sec. 2.4.2, and it was better to operate at lower
intensity considering the detector performance.

10
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Figure 3.1: Schematic view of the MEG experiment [11]. Positrons and gamma rays generated
from muons were detected using three different detectors: the Drift Chamber, the Timing
Counter and the LXe Calorimeter.
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Figure 3.2: Large proton cyclotron at PSI. [12] It produces protons of which energy is 590
MeV and the current is 2.2 mA at maximum.
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Figure 3.3: Schematic view of the MEG beamline [10]. Protons generated from a cyclotron
were converted into pions and they decayed into muons. The muons were transported to the
target through the mE5 beamline, a separator and the BTS.

3.1.2 Target

The target was 205 pm thick and has an elliptical shape. It was tilted by 20° to the beam
axis in order to increase the muon stopping efficiency while suppressing interactions with the
decay products.

3.1.3 COBRA Magnet

The COnstant Bending RAdius (COBRA) magnet was designed to make a gradient mag-
netic field which kept the radius of the positron constant independent of the emission angle
at the target as schematically depicted in Fig. 3.4. Thus, the radius only depended on the
positron momentum, and only those with the momentum around that of signal (52.8MeV/c)
could reach the detectors. Positrons emitted almost perpendicular to the beam axis did not
stay in the spectrometer and they were quickly swept away. This mechanism reduced the
pileup in the spectrometer caused by the large number of Michel positron backgrounds.

The magnetic field strength was 1.27 T at the center and 0.5 T at each end. The photomul-
tiplier tubes (PMTs) used in the LXe Calorimeter were affected by the magnetic field. There-
fore there were compensation coils which reduced the magnetic field around the calorimeter
to under 5 mT.

3.1.4 Drift Chamber

Positron tracks were recorded by the Drift Chamber. Gas in the chamber was ionized by
a positron and charge was induced to wires. Sixteen drift chambers were installed inside the
COBRA magnet and wires were stretched parallel to the beam axis. The signals were read
out by anode wires and zigzag-shaped cathode pads.

The chambers are placed a little away from the beam axis in order to avoid pileups from
low momentum Michel positrons which flew in a small radius region.
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Figure 3.4: Schematic view of the cross section of the COBRA magnet and the positron spec-
trometer [14]. The gradient magnetic field made the radius of the positron track independent
of the emission angle.

3.1.5 Timing Counter

The time of the positron was measured by the Timing Counter. It was made of 80 cm long
plastic scintillator bars. The scintillation photons were read out by fine-mesh PMTs attached
at either side of the scintillator bars. Thirty bars were installed just outside the Drift Chamber
and inside COBRA magnet, and the bars measured the azimuthal angle of a positron hit
discretely. The position in the beam direction was measured by the time difference between
the PMTs at either side. The information about the reconstructed positions was used to
match each hit with the Drift Chamber track.

3.1.6 LXe Calorimeter

The gamma ray detection is the key for the background reduction because the number of
accidental backgrounds is proportional to the square of the energy and position resolution of
the gamma ray as shown in Eq. (2.4). In the MEG experiment, LXe was used as a scintillator
and PMTs detected the scintillation photons. The main component of the calorimeter was
900 L LXe and it was stored in a C-shaped cryostat shown in Fig. 3.5, which covered 11%
of the solid angle from the target. The PMTs are on all of the 6 inner faces: inner, outer,
lateral (upstream and downstream), top and bottom. The detail will be explained in Chap. 4
because the gamma ray detector of the MEG II experiment, which is the main topic of this
thesis, is based on this MEG LXe Calorimeter.

3.1.7 Data Acquisition

A fast waveform digitizer was utilized in the MEG experiment, because pileup identifi-
cation was important under the high intensity muon beam. The digitizer is named Domino
Ring Sampler (DRS).



Chapter 3. MEG II Experiment 14

Lateral (Upstream) face

- Muon target
LA

" Hmer face

Ialeral(ﬁownsueam) face

Figure 3.5: Outlook of the LXe Calorimeter [14]. It has a unique C-shape to cover a large
solid angle.

Fig. 3.6 shows the principle of the DRS. The voltage information is sampled in high speed
and the sampling signals transfer through the inverter delay chain circle. When a trigger
signal is input, the rotation of the signals stops and the voltage value is sequently read out
by a shift resister. The sampling frequency can be chosen from 0.5 GHz to 5 GHz. The LXe
Calorimeter and the Timing Counter, which were responsible for the timing measurement,
used 1.6 GHz sampling, and the Drift Chamber used 0.8 GHz.

The MIDAS system [16] was used as a data acquisition system.

3.1.8 Result

During the physics run period from 2008 to 2013, 7.5 x 10'* muons were stopped at the
target [11]. A blind and maximum likelihood analysis resulted in the null consistent number
of signals, and the world best upper limit was set on the branching ratio: B(u — ey) <
4.2 x 1071 (90% C.L.) [11], while the sensitivity was estimated to be 5.3 x 10713, The main
source of the systematic uncertainty was the target deformation. It degraded the sensitivity
by about 13% while the total contribution of the other systematics were less than 1%.

3.2 MEG II Experiment

The MEG collaboration decided to terminate the MEG experiment in 2013 and to con-
centrate on the upgrade of the experiment because they considered it inefficient to continue
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Figure 3.6: Principle of DRS [15]. Rotating inverter chain stores the voltage in condensers,
and it is read out by a shift resister.

it with the reduced muon beam rate. The upgraded experiment was named the MEG II
experiment and the key point of this upgrade is to utilize the full muon beam intensity. The
muon stopping rate at the target will reach 7 x 107 i1/s, which is more than twice larger than
that in the MEG experiment. As discussed in Sec. 2.4.2, the number of accidental back-
ground is proportional to the square of the beam rate. In order to overcome this problem,
the resolution of each measured variable is supposed to be twice better than in the MEG
experiment. The detectors also have to become robust aginst the increase of pileup events.
The upgrade of each components is summarized below.

3.2.1 Target

The MEG II stopping target is made of a scintillating plastic film with the average thick-
ness of 174 pum, and it is placed at 15.0° to the beam axis. The smaller thickness and angle
reduce the material budget. Stopping efficiency is maximized by adjusting the beam degrader
thickness.

The main source of the systematic uncertainty of the MEG experiment was the vertex
estimation resulting from the target distortion. Therefore, two cameras are installed for
the monitoring of the target shape in the MEG II experiment, and the deformation will be
monitored by the dots printed on the target. Figure 3.7 is the picture of the target and the
two cameras in the beamline.

3.2.2 Cylindrical Drift Chamber

In the MEG experiment, positron detection efficiency was reduced by scattering of the
positrons by the mechanical frame or the electronics of the Drift Chamber before entering
the Timing Counter. For the MEG II experiment a single-volume drift chamber, the Cylin-
drical Drift Chamber, has been developed and there is no unnecessary material between the
Cylindrical Drift Chamber and the timing counter. The length of the chamber is 193 cm and
the inner (outer) radius is 17 cm (29 cm). The stereo angle structure of the wires provides
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Figure 3.7: Picture of the target and the two cameras installed in the beamline [17].

the position information along the beam axis. The hyperbolic shape due to the stereo angle
wiring is visible in Fig. 3.8. It can endure the high rate backgrounds owing to the small
drift cells (6.6-9 mm). In a cell a 20 pm-diameter gold-plated W sense wire is surrounded by
40 pm-diameter silver-plated Al field wires. A radiation length per track turn is 1.58 x 1073 X
when the chamber is filled with a gas mixture of helium and isobutane in the ratio 90:10,
compared to 2.0 x 1073X( in the MEG experiment.

It was mounted inside COBRA magnet in 2018, and the stability of the current under
the intense muon beam is studied with the limited number of readout channels in 2019.

3.2.3 Pixelated Timing Counter

The scintillators used for the Timing Counter of the MEG experiment was so large that
there was large variation of the optical photon paths, leading to worse resolution. It would
also lead to more pileups if it was used in the higher rate environment.

The timing of the positron is measured by the Pixelated Timing Counter in the MEG II
experiment. Each counter is made of a small plastic scintillator read out by series-connected
6 SiPMs at either side. The size of each counter is (40 or 50) x 120 x 5 mm?. The timing
resolution of a single counter is about 80 ps [10]. One module consists of 256 counters as
shown in 3.9 and it was placed at each of the upstream and the downstream side of the target.
By measuring the timing by 9 counters per track on average, even better timing resolution
can be achieved. The measured resolution at a pilot run in 2017 was 38.5 ps [18]. The
pixelated structure also enables the operation under a large number of backgrounds because
there are a small number of pileups at each counter. This structure also enables the tracking
of the positron only by the Timing Counter itself, possibly resulting in the improvement of
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Figure 3.8: Cylindrical Drift Chamber of the MEG II experiment [10]. There is no unneces-
sary material in the path to the Pixelated Timing Counter.

the matching efficiency with the Cylindrical Drift Chamber.

3.2.4 LXe Calorimeter

The largest change of the gamma ray detector from the MEG experiment is the photosen-
sors at the gamma ray incident face. In the MEG experiment, gamma rays which converted
in the shallow region had worse resolution than those in the deep region on account of the
non-uniformity caused by large PMTs. The MEG II experiment employs smaller sensors,
silicon photomultipliers (SiPMs), at the incident face. The sizes can be compared with each
other in Fig. 3.10 which shows inside the calorimeter. The SiPM is only 15 x 15 mm? while
the PMT is 57 mm in diameter. The uniformity improves by placing sensors with smaller
gaps, which leads to the better energy resolution for shallow events and twice better position
resolution. Furthermore, the high granularity will also improve the performance of the pileup
identification. Owing to the decrease of the amount of material at the incident face, the
detection efficiency of the gamma rays is expected to become higher by absolutely about 5%
than the MEG experiment.

Another upgrade is the change in the placement of the photosensors. The incident face
has become wider by 10% in the beam direction, which reduces the energy leakage for events
near the lateral face. The PMTs on the lateral faces are tilted so that all the photocathodes
will lie in the same plane, which minimizes the effect of the fluctuation in the electromagnetic
shower development.
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Figure 3.9: Pixelated Timing Counter of the MEG II experiment. The pixelated configuration
reduces the pileups, improves the resolution, and enables the self tracking.

Figure 3.10: Inside of the LXe Calorimeter of the MEG II experiment. The PMTs on the
incident face (bottom of this picture) are replaced with small SiPMs.
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Figure 3.11: Concept of the RMD active detection [10]. The low energy positron from the
RMD is be detected by a counter put on the beam axis.

3.2.5 Radiative Decay Counter

A radiative decay counter is newly introduced in the MEG II experiment for the purpose
of the active detection of the RMD background events, which are the main source of a gamma
ray background. RMD emits a positron whose energy is around 3 MeV, corresponding to the
gamma ray which has energy similar to that of the signal (52.8 MeV). This low energy positron
is trapped around the beam axis owing to the magnetic field produced by the COBRA magnet.
Therefore, a detector put on the beam axis can detect the RMD positrons selectively as
schematically depicted in Fig. 3.11. A low energy positron detected simultaneously with a
gamma ray will be recognized as the RMD positron.

The half of the RMD positrons go toward upstream. The upstream counter must be
put on the muon beam path in order to detect low energy positrons. On account of the
difficulty in avoiding the interaction with muon beam, development of only the downstream
side counter has been already finished. It consists of two parts, a timing counter made of 12
plastic scintillators, and a calorimeter made of 76 Lutetium Yttrium Orthosilicate (LYSO)
crystals, as shown in Fig. 3.12. The photons are read out by SiPMs. The timing information
is used to take a coincidence with the gamma ray signal, and the energy information is used
to distinguish lower energy RMD events from higher energy Michel events.

3.2.6 Trigger and Data Acquisition

Owing to the higher segmentation of each detector, signals from about 9000 channels must
be read out, which are three times more than those in the MEG experiment. Channels for
SiPMs should have the function of a high voltage supply. In addition, a flexible amplification
was necessary for SiPMs because small gain is used to observe gamma ray signals without
saturation while large gain is needed for calibration by a single-photoelectron peak explained
in Sec. 4.3.1.

For these reasons, the WaveDAQ system has been developed for the MEG II experiment.
It is an integrated system of triggering and data acquisition. The DRS4 based readout module
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Figure 3.12: Schematic image of the radiative decay counter in the downstream side [10].
A timing counter made of plastic scintillators is in front of a calorimeter which consists of
LYSO crystals.

(WaveDREAM) boards are used for data acquisition, and they have several components such
as amplifiers, DRS chips, shapers and a high voltage source. The gain of the amplifier can
be chosen from 0.5 to 100. Sixteen channels are read out by one board, and 16 boards are
put in one crate. They are synchronized within 20 ps over different crate modules [19]. The
MIDAS system [16] is used as a data acquisition system.

3.2.7 Expected Sensitivity

The expected performance of the MEG II detector is shown in Tab. 3.1. Based on this
performance evaluation, the 90% confidence level sensitivity of the y — ey branching ratio is
calculated as a function of the data acquisition time as shown in Fig. 3.13. After three years
operation, the sensitivity will reach 6 x 1074,
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Table 3.1: Expected performance of the MEG II detectors [10].

parameter MEG MEG IT

energy resolution of e™ OE, 306 keV 130 keV

angular resolution of et at target 09y Te, 9.4 mrad, 8.7 mrad 5.3 mrad, 3.7 mrad
position resolution of e™ at target Ox, 1.2 mm, 2.4 mm 0.7 mm, 1.6 mm
energy resolution of y (at deep, at shallow) op /E, 1.7%, 2.4% 1.0%, 1.1%

position resolution of - conversion point Oy, Oy, Oy D mm, 5 mm, 6 mm 2.6 mm, 2.2 mm, 5 mm
resolution of decay time difference Ote,y 122 ps 84 ps

detection efficiency of v €y 63% 69%

detection efficiency of e™ €t 30% 70%

Branghin Ratio
=]

EG final res
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MEG il in 3 years
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weeks

Figure 3.13: Sensitivity for the branching ratio of u — ey decay [10]. 6 x 107* is expected
after three years operation.
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LXe Calorimeter

Since the studies in this thesis aims at the improvement of the performance of the gamma
ray reconstruction, the gamma ray detector is explained in more detail here. The first section
is about the hardware. The event reconstruction is explained in the next section. The
calibration, which is necessary for the proper reconstruction and is the main topic of this
study, is explained in the third section.

4.1 Hardware

The gamma ray detector of the MEG II experiment is a LXe scintillation calorimeter,
and scintillation photons are read out by PMTs and SiPMs located on the inner wall.

4.1.1 Characteristics of LXe

LXe is an optimal scintillator for the MEG experiment. The basic properties of LXe is
summarized in Tab. 4.1.
The advantages of LXe as a scintillator are as follows;

e uniformity

e no self absorption

Table 4.1: Characteristics of LXe.

atomic number 54

atomic weight 131.293 [9]

density 2.98 g/cm? [20]
radiative length 2.77 cm [9]

W value for electron 21.6 eV /photon [21]
W value for o particle 19.6 eV /photon [22]
wavelength of scintillation light 174.8 nm [23]
Rayleigh scattering length 45 cm [24]

22
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Figure 4.1: Phase diagram of the LXe [25]. A careful operation is needed to keep the liquid
phase.

e short radiation length (2.77 cm)
e short time constant for gamma ray (45 ns)
e particle identification by waveforms
In contrast, following concerns should be carefully treated;
e necessity of being kept in low temperature (165 K)
e short wavelength of the scintillation photon (175 nm)
e short Rayleigh scattering length (45 cm)
e change of properties such as a light yield and light propagation by impurity

As shown in Fig. 4.1 the pressure and the temperature must be kept in a quite narrow region
in the phase diagram in order to keep the liquid phase. For example, the temperature should
be kept between 161 K and 165 K at 1 atom. Figure 4.2 shows that the absorption length is
quite sensitive to the impurity.

When an energetic particle interacts with xenon, xenon atoms can be excited or ion-
ized [27]. The excitation leads to fast scintillation. The excited xenon atom combines to
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Figure 4.2: Effect of impurity on the absorption length of LXe [26]. The absorption length
becomes comparable with the detector size especially when large amount of HoO is contam-
inated.
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Table 4.2: Basic properties of the PMT used in the MEG II experiment (R9869) [29].

size 57 mme

size of sensitive area 45 mmeo
length 32 mm
material of photocathode K-Cs-Sb

type of dynode metal channel
number of dynode 12

another atom to make excited molecular state. This state immediately de-excites and emits
a scintillation photon;

Xe* 4+ Xe + Xe — Xe; + Xe, (4.1a)
Xe5 — 2Xe + hv. (4.1b)

On the other hand, the ionization leads to slow scintillation. Although the ionized xenon also
finally results in the emission of a scintillation photon, the process chain is more complicated
than that of the excited xenon atom.

Xet + Xe — Xey, (4.2a)
Xeot +e7 — Xe** + Xe, (4.2b)
Xe*™ — Xe* + heat, (4.2¢)

Xe* 4+ Xe + Xe — Xej + Xe, (4.2d)
Xe; — 2Xe + hv. (4.2e)

The fraction of these processes depends on the size of the energy deposit in unit volume,
and different depending on the particle as shown in Fig. 4.3. The alpha ray deposits large
energy in unit volume and it makes fast scintillation, whose time constant is 4.2 ns or 22 ns.
The gamma ray generates electrons in LXe and they deposit smaller energy in unit volume.
It makes slow scintillation, whose time constant is 45 ns. This difference in the scintillation
time constant enables particle identification. Since the final process is the same as that of
the excitation case, the wavelength of the scintillation light is the same.

4.1.2 Photomultiplier Tube

The photomultiplier tubes (PMTs) for the MEG experiment were developed with Hama-
matsu photonics [28] to have enough sensitivity for the scintillation photons from xenon whose
wavelength is around 175 nm. The basic properties is shown in Tab. 4.2. The window of the
PMT is synthetic quartz glass and it is transparent for the wavelength down to 160 nm. The
transmittance for the xenon scintillation wavelength (175 nm) is about 80%. To keep high
quantum efficiency even at LXe temperature (165 K), an aluminum strip pattern is printed
on the photocathode as can be seen in Fig. 4.4, which keeps low surface resistance. The metal
channel dynode structure realizes the fast response and the compactness, and it enables the
operation under the COBRA magnetic field (50 Gauss).
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Figure 4.3: Time constant of the scintillation of LXe [27]. The response to alpha particles is
fast while that to electrons are slow.
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Figure 4.4: PMT used in the LXe Calorimeter (R9869). An Aluminum strip pattern main-
tains high quantum efficiency even at low temperature.

The divider circuit is shown in Fig. 4.5. Two Zener diodes play a role in keeping the
voltage applied to the latter dynodes constant. It prevents from the voltage drop caused by
large current, and the uniform distribution of the voltage between the dynodes is secured
even under high rate signals.

4.1.3 Silicon Photomultiplier

In the MEG II experiment, silicon photomultipliers are newly introduced to increase the
granularity and the uniformity of the photon detection on the gamma ray incident face.

Operating Principle

A SiPM is a kind of semiconductor photon detector. By applying inverse bias voltage on
p-n junction, a depletion layer is made. The photon entering the layer makes an electron-
hole pair and it works as the seed of the signal. This electron is also called photoelectron.
The photoelectron is accelerated by the electric field and make an avalanche multiplication.
During the multiplication process, electrons and holes collide with the lattice of the silicon
crystal, and new electron-hole pairs are sequently produced. SiPMs work in the Geiger mode
and the operating voltage is larger than the breakdown voltage. The operation under the
Geiger mode results in multiplication whose gain is about 10°, and it is called a Geiger
discharge. The principle of an avalanche multiplication is schematically depicted in Fig. 4.6.

In order to control the multiplication, each pixel is connected in series to a quenching
resister (Fig. 4.7), which makes the voltage drop and finishes the multiplication. Since each
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Figure 4.7: Quenching resisters in a SiPM [30]. The voltage drop caused by them finishes
the avalanche multiplication.

pixel can detect a photon digitally, the SIPM can count the number of incident photons by
connecting pixels in parallel.
Characteristics

The SiPM has the following advantages compared to the PMT.

e good single photon counting ability

e can be operated under a magnetic field

e low bias voltage

e small
On the other hand, the following properties must be carefully treated.
Dark Count Thermal excitation or tunneling effect can generate a one-photoelectron sig-
nal even when no photon enters the SiPM. It can be reduced by keeping the SiPM at low

temperature as shown in Fig. 4.8. The dark count rate at the LXe temperature is known to
be low enough to neglect.

Crosstalk Even when only one pixel makes a Geiger discharge primarily, a photon gener-
ated in the avalanche process can cause another Geiger discharge at another pixel, resulting
in a two-photoelectron signal. It is called a prompt crosstalk. Sometimes the secondary
photon is absorbed in the base and a career scatters, making a Geiger discharge at another
pixel later. This is called a delayed crosstalk.



Chapter 4. LXe Calorimeter 30

MPPC Dark Count Rate
F-Nq 107 I T T T | 1 I .I ‘ ._. 1 T 1 | T T T T
E ® - room temperature
& 106 ST S SN |
£
g 105 ...................................................................................................................... :
c -
o ]
= 10* T E
= 205K :
. N | SN AU W S ]
10 g H " i
165K -
) AN ORI . SN 0. . SRR -l
10 L
10 | = g

' A
0 0.5 1 1.5 z
over voltage [ V]

Figure 4.8: Dark count rate at low temperature for 3 mm? samples [10]. The dark count

rate at the LXe temperature (165 K) is about 100 Hz which can be neglected in the MEG 11
experiment.
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Figure 4.9: Saturation effect of a SiPM. When the number of photoelectrons is comparable
to the number of pixels, the response becomes non-linear on account of the saturation.

Afterpulsing When an electron in avalanche multiplication is trapped to an energy level
made by a lattice defect or impurity, it can make another avalanche in the same pixel later. It
is called afterpulsing. Since it happens in the same pixel with the primary Geiger discharge,
the signal height depends on the recovery time of quenching.

Saturation Since a SiPM counts the number of photons by the number of fired pixels,
it cannot detect the photons entering simultaneously to the same pixel. Thus the response
becomes non-linear when the number of photoelectrons is comparable to the number of pixels
as shown in Fig. 4.9. The saturation is not a problem in the MEG II calorimeter because
even the events which have conversion points close to the incident face do not generate so
many photons as to saturate the SiPM [10].

Temperature Dependence The breakdown voltage of the SiPM depends on temperature
because the interaction between the career and the phonon decreases at low temperature and
the careers are easily accelerated.

Radiation Hardness Semiconducting detectors generally require careful handling con-
cerning radiation hardness. In particular, the irradiation by the neutron increases the dark
count rate. The expected 1.6 x 108 n/cm? irradiation during the MEG II experiment [10] will
lead to 2-3 times larger dark count rate [31], but it is not a problem at low temperature in
LXe. The gamma ray irradiation increases the leak current when the dose is over 200 Gy [32].
Since the expected dose is only 0.6 Gy in the MEG II experiment [10], it is not a problem
either.
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Development

There are the following requirements for the SiPMs used in the MEG II experiment.

e high sensitivity to the VUV light (175 nm)

operational under low temperature (165 K)

e large area per channel (12mm x 12mm)

shorter time constant than that of the scintillation (45 ns)

The high sensitivity to the VUV light was achieved by thinning the contact layer and
replacing the protecting layer with a VUV-transparent quartz window. In order to cover the
large area by one readout channel, 4 chips are read out as one channel. The size of each chip
is 6 x 6 mm?. A hybrid connection scheme was developed to apply the bias voltage in parallel
while reading the signal in series, and it is shown in Fig. 4.10. The parallel connection of
the high voltage line keeps the total high voltage small and prevents from the discharges
between chips. The series connection of the readout line makes the time constant of the
signal waveform small because it reduces capacitance.

4.2 Event Reconstruction

In this section the reconstruction method of each variable is explained. The goal of
the reconstruction of the LXe Calorimeter is to obtain three key variables of a gamma ray;
the position of the first conversion point, the timing of the first conversion, the energy of
the gamma ray. The reconstruction flow is shown in Fig. 4.11. First the charge and the
timing are obtained from the waveform of each sensor. Then the charge is converted to
the number of primary photoelectrons (Np.) and the number of incident photons (Npho)-
From the position distribution of N, in the incident face, the first conversion point is
reconstructed. The energy and the timing are reconstructed using the distribution of Ny,
and timing, respectively. The reconstructed position of the conversion point is also used for
the reconstruction of those variables.

4.2.1 Waveform Analysis

Charge and timing of the signal detected by each photosensors are extracted by waveform
analysis. Before that, a baseline slope and coherent noises are reduced by noise reduction.

The baseline of a waveform of a WaveDREAM board has a slope as shown in Fig. 4.12,
which is considered to be due to the current leakage at the DRS. The voltage stored in the
capacitors are sequently read out. If the voltage decreases at the same speed by a leakage,
the bins which are read out later have lower voltage, resulting in the slope of the baseline.
Since the slope is correlated to the temperature of the WaveDAQ board, it is corrected using
the templates prepared for each temperature by the pedestal data taken periodically.

In order to synchronize all the readout channels, a clock signal is input to one channel
in the DRS. The coherent noise synchronized to this clock signal is reduced using a noise
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Figure 4.11: Reconstruction flow of the LXe Calorimeter. Charge and timing are obtained
from waveforms of each channel, and they are used to reconstruct the position, timing and
energy of the gamma ray.
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Figure 4.13: Amplitude spectrum of the sum waveform of 640 SiPMs before (black) and after
(red) the noise subtraction.

template made from the pedestal runs after the baseline subtraction. Fig. 4.13 shows the
performance of the noise subtraction.

The timing is extracted by the constant fraction method to avoid a time-walk effect to
make it independent of the signal height.

The charge is extracted by integrating the waveform. The baseline charge is also calculated
using the region before the waveform, and subtracted from the signal charge. The obtained
charge is transformed to Npe, which denotes the number of photoelectrons (for PMT) or the
number of primary Geiger discharges (for SiPM), using a calibration factor 1/(G-ECF'). Here
G denotes the gain, and FCF is the excess charge factor, which corresponds to the charge
excess due to crosstalks and afterpulses of the SiPM. NN, is converted to the number of
incident photons, Nphe, by a calibration factor 1/PDE, where PDE is the photon detection
efficiency. These factors are obtained by different calibration methods and explained in detail
in the next section.

4.2.2 Position Reconstruction

The position of the first conversion point x is reconstructed by minimizing the following

Sensors N OZ—CQZ T 2
Y2 = Z < pho, ()) 7 (4.3)

UNpho,i

chi squared;

i
where C'is a nuisance parameter representing the total light yield, Q;(x) is the solid angle of

the sensor ¢ viewed from a position @, and o is the statistical uncertainty of the estimation of
the Npho, ;- In reality, the photon distribution depends on the direction of the electromagnetic
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shower development and the effect is corrected.

4.2.3 Energy Reconstruction

The energy is reconstructed basically by summing the number of photons entering each
sensor. There are actually some corrections and the equation of the reconstruction is as

follows;
Sensors

Ey=C-Fg(x) Y (i Npho,i), (4.4)
i
where C' is a calibration constant to convert the number of photons to the energy, Fg(x) is
the correction function which correct the position dependence of the detector response, «; is
geometrical weight for each sensor. «; is fixed by the geometry, and C and Ff is determined
by dedicated calibration experiments explained in Sec. 4.3.3

4.2.4 Timing Reconstruction

First of all, the timing of the first conversion is estimated channel by channel using the
following equation;

tconv,i = tsensor,z‘ - tdelay(di7 iy Npe,i) - toﬁset,i; (45)

where i denotes each sensor. fsensor,i is the constant fraction time obtained by the waveform
analysis. tdelay(dz-, ni, Npe,i) is a correction function which depends on the distance between
the conversion point and the sensor d;, the angle between the conversion point and the sensor
Mi, and Npe ;. fofiset,s 15 @ channel by channel offset due to the cable and the electronics
synchronization. tqelay is described by three components,

tdelay (dis Miy Npe,i) = t1or (di) + tindir (1) + twalk, a (Npe, i)- (4.6)

t1or is the time of the photon propagation from the conversion point to the sensor. tingir
is the effect of a delay of the arrival of photons scattered somewhere and it is a function of
7;, because the number of indirect photons increases with the angle between the light source
and the sensor. tyaix is the time walk which cannot be completely eliminated by the constant
fraction method. Since the waveform is different for the PMTs and the SiPMs, and for the
production lots of the SiPM, the time-walk correction function is prepared separately for
them as indicated by « in the equation.

The conversion time ftcony is estimated by the maximum likelihood method using tcony,:
of each sensor. The likelihood function is written as follows;

L(tconv) = H f(tconv,i — teonv, Npe,i)a (4.7&)
f(dt, Npe) = ExpGaus(dt; o(Npe), T(Npe)), (4.7b)
exp —%) (dt < o?/7)

ExpGaus(dt; o, ) = (4.7¢)

exp —%—I—%) (dt > o2)7)
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where 0(Npe) is the timing resolution, and 7(Nye) is the effect that scintillation photons do
not come probabilistically when the number of photoelectrons is small. Both functions are
determined by a dedicated calibration run explained in Sec. 4.3.3.

A simulation study shows that the obtained t.o,y still depends on the conversion position
although the cause is not understood [34]. Thus finally it is corrected by a global correction
function which provides a correction factor depending on the conversion position. This global
function is also obtained by a calibration run.

4.3 Calibration

The event reconstruction requires various calibration parameters. In the MEG II exper-
iment, the photosensors are calibrated using LEDs and alpha ray sources, and the overall
detector response is calibrated by two different gamma ray sources.

4.3.1 Photosensor

When Ny, photons enters the sensitive area of the photosensor, the charge @ obtained
from the waveform is written as follows;

Npe = Nyho - PDE, (4.8)
Q= Ny -ECF-G-e. (4.8b)

The photon goes through the window and is detected generating a photoelectron with Photon
Detection Efficiency (PDE). PDE of a PMT is written as the product of the quantum
efficiency (QF) and the collection efficiency (CE). QFE is the probability of an incident
photon producing a photoelectron on the photocathode, and it depends on the wavelength of
the photon. C'E' is the probability of the photoelectron being caught by the first dynode and
resulting in the multiplication, and it depends on the applied voltage and the surrounding
magnetic field. The photoelectron is multiplied by a gain factor (G), and observed as charge
(@) which can be obtained by multiplying elementary charge (e). In the SiPM case, the
number of photoelectrons is larger than the number of primary Geiger discharges (Npe)
owing to the existence of the crosstalk and afterpulsing. This effect is represented by Excess
Charge Factor (ECF).

In order to estimate [N and Npy,, the calibration factors PDE and G- ECF are necessary.
G- ECF is obtained by an LED run while PDFE is estimated from an « run. The calibration
methods are explained in detail below;

Setup

LED G- ECF is measured using photons from blue LEDs. The LEDs are put on the inner
wall of the detector as shown in Fig. 4.14. Light from the LEDs which were also used in
the MEG experiment is reduced by an aluminum sheet with pinholes and diffused uniformly
by teflon as shown in Fig. 4.15. These LEDs are located on the lateral faces, and they are
used for the PMT gain calibration. Some LEDs have been newly installed for the MEG II
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Figure 4.14: Position of the LEDs [5]. The LEDs used from the MEG experiment are shown
in green and the others in blue.

Table 4.3: Basic properties of the 24! Am sources for calibration.
half-life  432.6 years [36]
activity 200 Bq [35]
energy  5.4856 MeV (84.5%) [36]
5.4429 MeV (13.2%) [36]

experiment mainly on the outer face to provide more uniform light for the incident face, and
they are used for the SiPM calibration. The light from some of them is also reduced and
scattered by teflon as shown in Fig. 4.16. The purpose of the light reduction is to reduce the
relative fluctuation of LED light intensity by applying large voltage.

Alpha Ray Source Since PDFE depends on the wavelength of the photons, it should
be measured with the xenon scintillation light. For the PDE calibration, five wires with
241 Am [35] are put in the detector as alpha ray sources. The basic properties of the 24! Am
source is summarized in Tab. 4.3. Five sources are on a 100 pym diameter tungsten wire at
12.4 c¢m interval. Each source is covered by 1.5 um thick gold as shown in Fig. 4.17. The
position of the wires is different in height as shown in Fig. 4.18.

Method

PMT Gain Since gain of the PMTs used in the MEG and MEG II experiment has a large
dependence on the incident position on the photocathode, one-photoelectron signals cannot
be distinguished from pedestal events. Therefore, gain is measured using the property of the
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Figure 4.15: LEDs used from the MEG ex- Figure 4.16: Newly installed LEDs. The
periment. The light is reduced by an Alu- teflon reduces and scatters the light from
minum pinhole and scattered by teflon. the LEDs.

FE ATy STy,

Figure 4.17: 2! Am alpha ray source covered in gold [35].
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Figure 4.18: Position of the alpha ray sources [5]. 25 sources in total are put on 5 wires in
the detector.
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Poisson statistics of the number of photoelectrons. Only a small part of the LED photons
enters the PMT surface, goes through the quartz window, and makes photoelectrons. Thus
the number of photoelectrons N follows Poisson distribution if the fluctuation of the LED
light is small enough compared to the Poisson variance. The probability of obtaining Npe
photoelectrons can be written as follows by denoting the mean by Npe;

P(Npe) = Poissong, , (Npe), (4.9a)
Neg—A
Poissony (k) = ;' , (4.9b)

when a certain intensity of LED light is used. Assuming the gain G fluctuate by Normal
distribution whose mean is G and standard deviation is o, and there is white noise whose
mean is Qo and RMS is og, the distribution of charge @) is written as follows;

P(Q) = Poissong (k) / dG Normg . (G) - Normyce+Qo, o0 (@), (4.10a)
k
1 x — )2
Norm,, (z) = 5=, P <—(202M)> . (4.10b)

Then the mean @ and the variance O'é of this charge distribution can be written as

Q = NpeG€+QO (411)
2

oézag—i—ée(Q—Qo){1+202(1+Npe)}. (4.12)

When o is small enough compared to G, the relation between @) and 0g becomes simple;
0‘22 =08 + Ge(Q — Qo). (4.13)

Since the noise level does not depend on the LED intensity, the linear plot like Fig. 4.19
can be obtained by analyzing the charge distributions from different LED intensities. The
slope of the plot corresponds to the gain. The gain of the PMTs in the calorimeter has been
monitored during pilot runs and is discussed in Chap. 6.

SiPM Gain and ECF The one-photoelectron peak can be resolved in charge distribution
of SiPMs after reducing the noise. The typical charge distribution for weak LED light is
shown in Fig. 4.20.

ECF is the ratio between the actually measured charge and the charge expected only
from the primary Geiger discharge. It is more than one in the SiPM case owing to the
correlated noise such as crosstalk and afterpulsing. In order to estimate the number of primary
photoelectrons, again the Poisson statistics is utilized. Although the charge distribution is
distorted from the Poisson distribution owing to the correlated noise, the number of events
in the pedestal peak is not affected. According to the Poisson statistics, the fraction of the
pedestal events can be written as

fo = Poissong_ (0) = e Nee, (4.14)
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and the mean of the charge distribution to estimate Npe.
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PMT.
Then, the number of primary Geiger discharge /N, is
Npe =—In fo. (415)
G - EC'F can be calculated by -
G .gop = -9/ (4.16)
In fo

Other methods of monitoring SiPM gain are discussed in Sec. 5.

PDE Although the alpha ray from the 2! Am source has monochromatic energy, it loses
some energy in the gold cover and converts the remaining energy into scintillation photons.
Some photons reach a photosensor directly, and some are scattered by LXe and finally are
detected, while others are absorbed by LXe or detector walls. The whole process is simulated
by Geant4 [37] version 10.4.p02 and the number of photons entering the sensors is calculated.
Then PDE is calculated as

Noe
Npho ’
where N, is the calculated value by simulation and Ny, is obtained using G- EC'F' measured
in the method described above.

PDE = (4.17)
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Figure 4.21: CW beam line [38]. Protons are accelerated by Cockcroft-Walton accelerator
located at the downstream side of the MEG II detectors.

4.3.2 Cockcroft-Walton-Litheum Calibration

As shown in Fig. 4.21, the MEG II collaboration has a Cockcroft-Walton (CW) accelerator
in the downstream side of the detectors. It accelerates protons to 440 keV. When the proton
is stopped on a LisB4O7 target, a 17.6 MeV monochromatic gamma ray is generated from
the reaction "Li(p, v)®Be. The muon target is replaced with a LiBO target, and it is tilted by
45 degrees so that it will not prevent the gamma ray directing to the xenon calorimeter. The
exchange of the beamline can be done easily because CW beam comes from the downstream
side and it does not conflict with the muon beam line. It enables the frequent calibration
and it was used twice a week in the MEG experiment. This calibration is called the CW-Li
calibration. The main purpose of this calibration is to monitor the energy scale stability,
which can be affected by the change of the optical property of the LXe (the light yield or
attenuation length) due to the purity variation, or by the miscalibration of the photosensors.

4.3.3 Charge Exchange Calibration

The MEG II beam line can switch the beam particle from muon to pion. The negative
pion is used for the calibration of the LXe Calorimeter through charge exchange (CEX)
reaction;

- 0
T p—Ton. (4.18)

The experimental setup of the CEX calibration is schematically depicted in Fig. 4.22. When
a negative pion is injected to a liquid hydrogen target and stops inside it, a neutral pion is
generated and decays into two gamma rays immediately;

70 = 4. (4.19)
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(L=75mm, ¢ =50mm)

Liquid Xenon Detector

Figure 4.22: Overview of the CEX calibration [29]. A negative pion is converted into a
neutral pion in the liquid hydrogen target, and the gamma rays generated from the decay of
the neutral pion are detected by the LXe Calorimeter and a tagging detector. The tagging
detector is explained in Sec.7.1

These gamma rays are used for the calibration of the calorimeter.

Since the CEX reaction occurs after the negative pion has stopped and the gamma rays
are generated from a two body decay, the energy of the gamma ray can be calculated kine-
matically. By choosing the events where the two gamma rays are emitted into the opposite
directions, a specific energy can be obtained; 54.9 MeV and 82.9 MeV. Since 54.9 MeV is near
the signal energy (52.8 MeV), important calibration and performance evaluation is conducted
using this gamma ray. This calibration method is called CEX calibration. The improvement
of the CEX calibration is discussed in Chap. 7.

4.4 Status

Construction of the LXe Calorimeter has been finished in 2017, and the next step is to
achieve and confirm the required performance. As explained in this chapter, reconstruction
of observables needs calibration. In the following sections three topics on calibration are
discussed. First of all, calibration of photosensors is necessary. New calibration methods of
gain of SiPMs, which has been newly introduced in the MEG II experiment, was developed.
PMTs were also calibrated by the methods used in the MEG experiment, and aging of
PMTs which is important in the high beam rate environment was investigated. The CEX
calibration is most important for investigating the overall detector performance. In order to
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improve precision of the CEX calibration corresponding to the improvement of resolution, a
new beam monitoring detector was proposed and developed.
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Chapter 5

Comparison of (Gain Monitoring
Methods for SiPM

Scintillation photons are detected by photosensors located on the inner wall of the calorime-
ter. Photosensors convert photons into electrons and multiply them, providing detectable
electronic signals. In order to reconstruct the number of incident photons, it is necessary to
know the properties of the photosensors. One of the most important parameters is the gain,
which represents how many electrons are generated from an initial single electron.

In this chapter, methods of measuring the gain of SiPMs are discussed. A conventional
method is explained in the first section with its disadvantages. Two alternative methods
which can overcome the disadvantages are discussed in the following sections.

5.1 Gain of SiPM

A SiPM is a photosensor which can detect a single photon. Therefore, the gain can be
obtained directly from the size of the single-photon signals. Although this method is simple
and powerful, it has some disadvantages. First, this method is available only when a single-
photoelectron peak is resolved. In other words, gain cannot be obtained in noisy environment
by this method. Second, this method needs a specific setup for the measurement because it
is necessary to prepare a light source which provides optimal intensity.

Recently two other methods have been proposed, which might overcome the disadvantages
of the standard method. The first one is the statistical method which uses a statistical
property of charge distribution obtained by a SiPM. The second one analyzes the shape of
the waveform to extract information concerning gain.

5.2 Statistical Method

The statistical method has been used for the PMT gain calibration in the MEG and MEG
IT experiment. The application of this method to a SiPM has been tested in Ref [39]. In this

study, the statistical method is applied to a SiPM (MPPC S13360-3050CS by Hamamatsu
[40]) and a solution to a newly found problem is provided.

46
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5.2.1 Previous Study

Photons emitted by an LED generate an electron-hole pair and trigger avalanche multi-
plication with small probability. Thus, it can be assumed that the number of the primary
Geiger discharges follows Poisson distribution. In this case gain can be obtained from the
relation between variance and mean of the charge distribution as discussed in Sec. 4.3.1.

However, the SiPM has a peculiar characteristics and additional signals come from cor-
related noises: the crosstalk and the afterpulsing. A model to include the effect of crosstalk
is proposed in Ref. [39]. When the number of photoelectrons made by crosstalks (CT) from
one primary Geiger discharge follows Poisson distribution with mean AcT, the total number
of photoelectrons (n) follows Generalized Poisson distribution GPy .. (n). Npe is mean
number of primary Geiger discharges, and Generalized Poisson distribution is represented as

follows;

'u('u + n)\)n—le—(u—i-n)\)
n! '

GPM,)\(n) = (51)

Mean and variance of the Generalized Poisson distribution are p/(1 — A) and u/(1 — \)3,

respectively. The number of photoelectrons actually bocomes smaller than this disribution
when Act is too large, because crosstalks usually occur only in the neighboring cells and
there should be limitation in the number of crosstalks in reality. The charge distribution
changes from Eq. 4.10b as follows in accordance with the introduction of the crosstalk effect;

PQ) = Z GPNpe,/\CT (k) / dG Normg, UG(G) - Normyge+Qo, 00 (@) (5.2)
k
. _ N,
Q = Ge—L"— 1+ Q,, (5.3)
1—Acr
2 .2, A22 Npe
O'Q ~ GO + G e 7(1 — ACT)S (54&)
1 L

_ 2 _

=05+ i )\CT)QGe(Q Qo) (5.4b)

Once 1/(1 — Act)? is known, the gain can be calculated from the relation between variance
and mean of the charge distribution with the same procedure with the case without crosstalks.

The conversion factor 1/(1 — Act)? is needed to convert the slope of variance vs mean
plot to the gain. The conversion factor can be obtained from a measurement with weak LED.
Using Eq. 5.3 and Eq. 5.4, the conversion factor can be represented as follows;

2 2
1 = 0Q 9

— = Npe—o——. 5.5

1—Acr P(Q — Qo)? (5:5)

Npe can be obtained using the pedestal fraction;

Jo =GPy 3op (0) = e e, (5.6)
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Figure 5.1: Setup for the gain measurement of the statistical method [41]. The SiPM detects
constant intensity LED light.

The advantage of this method is that once the conversion factor is known, the gain can
be obtained only from a simple statistical property; mean and variance. The gain can be
monitored even when a single-photoelectron peak is not resolved, although in order to obtain
the absolute value the conversion factor must be known beforehand by counting the number
of pedestal events.

5.2.2 Validation Test

A validation test of this principle was conducted. The experimental setup is shown in
Fig. 5.1. A blue LED in pulse operation is used as a light source. MPPC S13360-3050CS is
used as a SiPM sample, and the MPPC signals are read out by a DRS evaluation board after
the amplification by a factor of about 70. The LED, the SiPM and the amplifier are placed
in a thermal chamber which keeps the temperature around 25 °C.

Fig. 5.2 shows the charge distribution obtained by a measurement with weak LED light.
The conversion factor can be calculated from the fraction of the pedestal events. Fig. 5.3
shows the relation between variance and mean obtained by analyzing charge distributions
with different light intensity runs. One point corresponds to one run with constant intensity
LED light.

According to the model with Generalized Poisson distribution, variance depends linearly
on mean, and the gain can be calculated using the slope. However, the measured relation
in Fig. 5.3 is rather quadratic than linear. The reason of this non-linearity is discussed
in the next section although the cause has not become clear. In any case, the gain was
successfully extracted from the relation between variance and mean as follows. Assuming
that the over-linearity is an additional effect on the Generalized Poisson statistics which
occurs only when a large number of photoelectrons are generated, the slope around the origin
was compared to the gain. What was actually done is fitting the variance vs mean plot
by the quadratic function, aé =co+c1-Q+ co- Q2 and calculating gain multiplying c;
by (1 — Acr)? obtained from a measurement using weak LED light. The measurement was
repeated with some different overvoltages, and Act was 20-40% depending on the overvoltage.
The calculated gains were compared with those obtained by the usual single-photoelectron
method. As shown in Fig. 5.4, the calculated gains are consistent with those measured by
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Figure 5.2: Charge distribution obtained by [41]. The relation is rather quadratic than
a measurement using weak LED light. linear.

the single-photoelectron method. The precision was 2.5% in RMS.

5.2.3 Relation between Variance and Mean

The measured relation between variance and mean was rather quadratic although it should
be linear in principle based on the model using Generalized Poisson distribution. The cause
of this relation is investigated as follows.

Linearity of Amplifier Linearity of the readout system was first checked. A DRS Eval-
uation Board developed by PSI was used as a waveform digitizer and full waveforms were
obtained. This board has the dynamic range of 1 V, and the range was set to [—50 mV,
+950 mV]. Signals from the SiPM was amplified before being read out. The amplifier is also
developed by PSI, and its circuit is shown in Fig. 5.5. The SiPM is biased through the signal
line which is AC-coupled to the amplification stage.

The linearity of this amplifier was measured with the setup shown in Fig. 5.6. A signal
from the SiPM is divided into two signals after amplification. One goes directly to the DRS
and the other is amplified again by an additional amplifier. By comparing the two signals,
linearity of the additional amplifier can be obtained.

The result is shown in Fig. 5.7. Considering that the output from the amplifier is atten-
uated by a factor 4, the linearity is guaranteed when the output signal height is less than
1.6V.

Effect of Afterpulsing The non-linearity of the relation between mean and variance might
come from certain characteristics of the SiPM which is not taken into account in modeling
of charge distribution, such as afterpulsing. The assumed Generalized Poisson distribution
of the number of photoelectrons takes only the crosstalk into account. The afterpulsing is
different from the crosstalk in that the signal size is not constant and it depends on the
time difference between the primary discharge and the afterpulse. Since it is rather difficult
to take it into account analytically, a waveform simulation was conducted and the effect of
afterpulsing on the charge distribution was investigated.
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bars.
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Figure 5.5: Circuit diagram of the amplifier [42].
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Figure 5.6: Setup for the measurement of the saturation of the readout system. The signals
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Figure 5.7: Linearity of the amplifier. The input signal (x-axis) is amplified and output as
the height in y-axis.
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It is necessary to make a model to simulate the SIPM waveform which takes the after-
pulsing into consideration. The waveform from a single photoelectron is assumed to rise
up instantly and decay exponentially with the time constant Tgecay. Time distribution of
emission of photons from an LED is also assumed to be exponential with the time constant
TEp = 40 ns. Since there are quenching resisters in each cell of a SiPM, the size of the
pulses which start after a main pulse is smaller. The later the pulse occurs, the larger the
pulse becomes, because the voltage recovers gradually. Assuming that time distribution of
afterpulsing is exponential with the time constant 7ap and the cell recovers with the same
time constant with that of waveform, the timing distribution of afterpulsing and the height
of the afterpulse signal are written as follows;

A _ 1
diap  Tap
Hap = (1 — e~ tap/maccar) 1 (5.8)

e~taP/TaP, (5.7)

where H means the height of the signal and Hip, is that of a one photoelectron pulse.

In the simulation, the number of primary Geiger discharges follow Poisson distribution,
and each discharge generates crosstalks whose number is determined also by Poisson distri-
bution. A fired cell can be followed by an afterpulse whose timing distribution and the signal
size are defined by the equations above with certain probability. Changing the mean number
of the primary Geiger discharges corresponds to changing the intensity of LED light.

By changing the probability and the time constant of afterpusing, the effect on the charge
distribution was qualitatively investigated. Since an afterpulse increases the charge by making
an addtional pulse which is smaller than the standard one-photoelectron signal, the photoelec-
tron peaks in the charge distribution become to have a tail. The probability of afterpulsing
changes the size of the tail, while the time constant of the afterpulsing probability changes
the shape of the tail.

To see the effect on the relation between variance and mean, the simulation was repeated
with different N,.. The parameters used in the simulation is summarized in Tab. 5.1. Tgecay
was determined by the waveform shape, and 7ap was selected to reproduce the tail of the
charge distribution. The noise RMS is the same with the measured value. The other param-
eters were obtained by fitting. The resulting charge distribution is shown in Fig. 5.8 and it
is comparable with the actual charge distribution (Fig. 5.2). The obtained relation between
variance and mean is shown in Fig. 5.9. The points are on a straight line and the quadratic
behavior cannot be seen. The relation keeps linear even when increasing the crosstalk or
afterpulsing probability deliberately up to 40%.

5.3 Waveform Method

5.3.1 Previous Study

Gain is the number of electrons generated from one photoelectron. Therefore, the gain
can be obtained once how many photoelectrons has generated a signal is known. This method
extracts information concerning the number of photoelectrons contained in a signal by using
a waveform shape.
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Table 5.1: Parameter settings for the waveform simulation.
mean number of crosstalks from one pixel 0.01

probability of generating an afterpulse 0.14
gain including an amplifier 4.5 x 107
decay time constant of a waveform 7gecay 30 ns
time constant of afterpulsing 7ap 20 ns
noise RMS 0.6 mV
number [a.u] histWeak
300— Entries 40000

Mean 0.1308
Std Dev 0.08105
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Figure 5.8: Charge distribution obtained by a simulation using the parameters shown in
Tab. 5.1.
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Figure 5.9: Relation between mean and variance of charge distribution obtained by a wave-
form simulation considering afterpulsing effect.
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It is known that in the PMT case a variable proportional to gain can be extracted from the
waveforms themselves by analyzing them statistically [43]. The waveform from photosensors
such as PMTs or SiPMs is in principle a sequence of single-photoelectron signals. Instead
of directly counting each single-photoelectron signal, an integration of signal height squared
(HS) is used to represent how jagged the waveform is;

HS = /dt{f(t)}2, (5.9)

where f(t) is the amplitude of the waveform as a function of time.

As an example, a case in which the signals from each photoelectron are completely sepa-
rated over time is discussed. When there are two peaks from photoelectrons and they do not
overlap with each other, HS is

1S =2 [ dt {fipe(®))* (5.10)

where fipe is the waveform of one photoelectron. fip. does not always have the same form
because the distribution of the arrival time of each electron differs from time to time. But
when the gain is large enough, the shape of fip. is almost same owing to the large statistics
of the electrons. Thus fipe is assumed to be proportional to the gain;

Jipe(t) o< G. (5.11)
Then,
HS = Ny [ dt {fine®)F, (5.12)
Q= Npc/dt + fipe(), (5.13)
and these equations lead to
G o IZQS (5.14)

In reality, some signals from electrons overlap with each other. For making H S sensitive
to the arrival time difference of the signals, the derivative of the waveform is useful. The
second derivative is used in the previous study because the correlation with gain becomes
strongest.

The advantage of this method is that a dedicated light source is not needed in constrast
to the other methods where one needs LEDs which emit photons following Poisson statistics,
or appropriate weak light source which enables you to see a clear one-photoelectron peak.

5.3.2 Validation Test

Before considering applying this method to the SiPM case, the validation test with PMT
was conducted. Some PMTs in the LXe Calorimeter were read out by WaveDREAM boards,
and LEDs in the calorimeter were used as a light source. The sampling frequency of the
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Figure 5.10: Linear relation between the charge and H S obtained by PMTs in the calorimeter.
The slope corresponds to the PMT gain.

waveform digitizer was 1.2 GHz. In order to check the linearity between HS and charge in a
wide range, LED intensity was changed and roughly 30 to 500 photons entered each PMT.
The second derivative was used to calculate HS so that much information of the arrival time
difference can be extracted. The linearity was confirmed as shown in Fig. 5.10.

In order to see the correlation with the gain, data must be taken with different gain.
Seven different high voltage configurations were used to realize the different gain sets. For
each high voltage set, the HS vs charge plot was made and the slope was calculated for
each set. Fig. 5.11 shows the correlation between the slope and the gain obtained from
the usual variance vs mean relation. The cause of the small discrepancy from the linear
relation is not clear, and the dependence is different channel by channel. Although it is not a
complete proportional relation, the gain can be monitored once the relation for each channel
is measured beforehand.

5.3.3 Application for SiPM

Applying this waveform method for the SiPM is not straight-forward because it has
so-called correlated noises as explained in Sec. 4.1.3. A pulse from a crosstalk is almost
simultaneous with its primary signal, and the assumption that each pulse can be separated
is no longer reasonable. The second effect is afterpulsing and the problem is that the size of
the signal from an afterpulse depends on its generation time. In addition, when considering
finally applying this gain monitoring method for the LXe Calorimeter, a large noise will
change the waveform. How the noise contributes to this method must be examined. For
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Figure 5.11: Correlation between the obtained slope and the gain.

these reasons, a new modeling of the SiIPM waveform is discussed in this section.
First let’s discuss how to treat crosstalk. Crosstalk occurs almost completely simultane-
ously with the original hit. When N, pulses completely overlap, HS and charge become

HS = / dt { Npe f1pe(t) }? (5.15a)
= NZ [ dt {fipelt)) (5.15b)
Q= Npe/dt {fipe(t)}, (5.16)

so now the relation between charge and H.S is not linear, and HS is quadratically depends
on charge.

The signal of an afterpulse is smaller than the one photoelectron signal. When smaller
signals come without overlapping, HS and charge does not scale equally and HS' is more
affected than charge.

The effect of noise is estimated assuming white noise for simplicity. The white noise is
cancelled when it is integrated;

/ At Viorse () = 0, (5.17)

where Viise(t) is the height of the noise waveform at time ¢. While it does not change the
charge of the signal waveform, it affects HS as follows;

HS = / 4t {£(1) + Vaoise(1))? (5.150)

= [@UFOF + Ve, (5.18b)
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Figure 5.12: Simulated number of prompt crosstalk events for different regions in a HS vs
charge plot. The number of prompt crosstalk is large in high H.S region.
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Figure 5.13: Offset (left) and the slope (right) of the HS vs charge plot. Effect of noise can
be seen only in offset.

where the term [ dt f(t)Vyoise(t) is neglected assuming the frequency composition of a signal
is slow enough compared to that of noise. Since f dt {Vnoise}2 does not depend on Ny, the
white noise works as a constant term in the H S-charge relation.

Simulation

These effects are validated by a toy Monte-Carlo simulation. First the crosstalk is simu-
lated and it is found that a tail in large HS appears owing to crosstalk. Figure 5.12 shows
that the number of prompt crosstalk is actually large in the large H.S events.

The noise effect is also confirmed. A random noise which follows Gaussian distribution is
added to the signal. With a large noise level, the offset becomes large but the slope does not
change as shown in Fig. 5.13.
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Figure 5.14: HS vs charge plot for data [41]. The blackline describes the peak positions of the
histogram projected to the y axis. The 2D histogram is broad owing to the prompt crosstalk
and the afterpulsing. The offset is considered to be due to the noise. The distribution is
quadratic.

Test

The setup is the same as that for the statistical method which is explained in Sec. 5.2.2.
The sampling frequency was 1.6 GHz. The waveform of SiPM was obtained changing LED
intensity. The obtained HS vs charge plot is shown in Fig. 5.14. The distribution is broader
in HS direction especially in the large charge region, which is considered to be due to the
crosstalk effect. The offset exists but it is smaller than the PMT case, because the noise
level is lower comparing to the measurement of the PMTs in the LXe Calorimeter. The
overlapping makes the quadratic shape.

In order to extract the gain-related information from this plot, the slope around the
origin was calculated. First the peak positions at each z bin were estimated by fitting the
histogram projected to y axis around the peak with a Gaussian function, and then the peaks
are fitted by a quadratic function. The first order coefficient corresponds to the slope at the
origin. This measurement was repeated nine times and the bias voltage was changed every
time. Since gain is known to have a linear relation with overvoltage, the correlation of the
extracted slope and gain can be confirmed by checking the relation between the slope and the
overvoltage. A clear linear relation was observed as shown in Fig 5.15. Although the scale
cannot be determined only by this waveform method, it can be used as a online monitoring
tool.
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Figure 5.15: Correlation between slope of HS vs charge plot and overvoltage [41]. There is
a clear linear relation.

5.4 Conclusion

Two independent methods of monitoring the gain of SiPMs were investigated. The statis-
tical method uses a statistical property of the charge distribution from a Poisson light source.
It has an advantage in the robustness to noise, and the gain can be monitored even after
it is damaged by irradiation and so the usual one-photoelectron method cannot be applied.
However, it still needs a clear separation of the pedestal to calculate the conversion factor
and to get the absolute gain. The absolute gain was consistent with the gain from standard
single-photoelectron method with the precision of 2.5% in RMS. The waveform method ex-
tracts gain-related information directly from the waveform. It does not need any dedicated
setup for monitoring the gain and make the in-situ monitoring possible, although the absolute
gain cannot be obtained.

Although the gain extracted by the alternative methods is confirmed to be highly cor-
related with that obtained from the standard one-photoelectron method by changing the
overvoltage, it is not guaranteed that these methods are robust. The most important thing
to be cared is the variation of the afterpulsing effect. An afterpulse is generated when a car-
rier is trapped by an energy level made by a lattice defect or impurity. Thus, the probability
or other properties of afterpulsing can change independently of overvoltage for example by
radiation damage, which means the variation of afterpulsing properties can lead to wrong
estimation of the gain. In the statistical method the non-linearity of the relation between
variance and mean has not been understood, and the possibility that the change of such
properties as afterpulsing affects the result cannot be denied. The waveform method directly
uses the waveform and it is very sensitive to afterpulses. These effect should be carefully
treated and it would be the next step to do.
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PMT Monitoring

In 2018 and 2019, the MEG II collaboration conducted pilot runs, where the performance
of the detectors were evaluated with a limited number of readout electronics in priparation for
the coming physics run. A response of the LXe Calorimeter variates owing to a change in a
Xe purity or responses of photosensors. In order to achieve 1% energy resolution, photosensor
calibration parameters such as gain and QE must be monitored with good precision. The
photosensors were monitored by LEDs and alpha ray sources as explained in Sec. 4.3.1 during
the pilot runs. It was necessary to deal with some problems for a long-term operation of the
detector such as a long-term decrease of PMT gain. This chapter focuses on the PMT
monitoring in the pilot runs.

In the first section the purpose of each run is explained and the requirements for the
PMT calibration is discussed. Two kinds of calibration, the alpha ray calibration and the
LED calibration are compared and the precision is discussed in the second section. Some
features in the change of PMT response were observed during the pre-engineering runs, and
they are discussed in the third section. Among those features, the investigation of the decrease
of the PMT response by muon beam is one of the main objectives for the run in 2019 and it
is discussed in the fourth section.

6.1 Pre-Engineering Run
6.1.1 2018
The main purposes of the pilot run in 2018 are as follows:

e measure the energy spectrum of the gamma ray with the nominal intensity muon beam
(7 x 107 pu/s)

e measure the energy resolution at 17.6 MeV by the CW-Li calibration
e measure the position resolution by the CW-Li calibration
e evaluate the performance of the pileup reduction using the muon beam of various in-

tensities

60
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Figure 6.1: Photosensors read out in the pilot runs.

e check the stability of a photosensor response under high muon beam rate environment

The important point for the PMT calibration is that there were many activities in different
environments. The PMT response can change when the muon beam intensity or the magnetic
field changes. The beam intensity was changed for the study of the pileup reduction. The
CW-Li calibration runs were taken under different magnetic field conditions on account of the
instability of the magnet for the beam transportation. It was required to follow the change
of the environment and connect the gain history with appropriate points.

6.1.2 2019

In 2018, the size of the response of both PMTs and SiPMs decreased. One of the main
purpose for the pilot run in 2019 was to investigate the decrease problem. Since the inves-
tigation of the photosensors is the target in 2019, a good calibration precision is required.
As for SiPMs, what is decreasing is considered to be the PDE for VUV light. In order to
measure the VUV response of the SiPMs, optical properties of LXe such as light yield must
be known. Since the PMTs provide important information on the optical properties of the
LXe, the precision of the calibration was the key point for the study of the SiPM response.

6.1.3 Readout Region

Since the number of electronics was still limited in the pilot runs, only a part of the
photosensors were read out. The sensors read out in the pilot runs are shown in Fig. 6.1. 640
SiPMs and 350 PMTs were read out.



Chapter 6. PMT Monitoring 62

6.1.4 Requirement
Channel by Channel Calibration

Wrong calibraiton of the PMTs does not affect the position reconstruction because it is
based on the photon distribution on the incident face. However, the reconstruction of energy
would depend on the gamma ray position when the PMTs are wrongly calibrated channel
by channel. It would result in worse energy resolution, being affected by the fluctuation
of the electromagnetic shower development. The effect of the precision of the photosensor
calibration on the performance of the LXe Calorimter was studied using Monte Carlo sim-
ulation. Signal gamma rays were injected to the LXe Calorimter, and the propagation of
the scintillation photons were simulated. A Gaussian fluctuation was added to the detected
number of photoelectrons of each sensor. Since the statistical uncertainty of the estimation of
SiPM response has already been evaluated in Ref [44], the fluctuation added to the number
of photoelectrons detected by SiPMs was fixed to the evaluated value, 4%. The individual
difference of the measured PMT QE is relatively 26% in standard deviation, which means the
maximum error of the QE calibration is 26%. Therefore, the fluctuation added on the PMTs
ranged from 0% to 20% The energy was reconstructed according to the procedure explained
in Sec. 4.2.3. The reconstructed energy is shown in Fig. 6.2, and the following function was
fitted to the spectrum,;

B Aexp(%{%—Q(x—:no)}) (x <xo+1t)
flz) = Aexp (_7(17900) ) (x >xo+1t)

202

(6.1)

where A means a scale, 2y means a peak position, ¢ means a transition point, and o represents
energy resolution. The low energy tail is due to interactions with material in front of the
fiducial volume and shower escapes mainly from the inner face. In Fig. 6.3, the resolution
parameter ¢ is shown as a function of the size of the additional fluctuation which corresponds
to the calibration precision. When the fluctuation becomes larger than 5%, the resolution
becomes worse and the estimated resolution fluctuates much. The large fluctuation of the
estimated resolution is considered to be because the position dependence of reconstructed en-
ergy becomes larger when wrongly calibrated PMTs accidentally distribute locally. Although
systematic errors caused by bad channels or position dependence might have larger impact
on the resolution, at least the statistical precision of channel by channel calibration should
be under 5%.

Stability of Averaged Response

The averaged response of all the PMTs provides information on the light yield of LXe or
energy scale of the calorimeter response.

In the MEG experiment, energy scale was calibrated by the 55 MeV peak of the CEX
reaction and monitored by the 17.6 MeV peak of the CW-Li reaction and energy spectrum
of background gamma rays. The CW-Li calibration was conducted only about twice a week
to save time. The estimation of the energy scale from the gentle slope of the background
spectrum has an uncertainty caused by the finite detector resolution. Therefore, the average
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Figure 6.2: Reconstructed energy spectrum without additional fluctuation of detected number
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of the PMT response to the alpha ray events was used as a auxiliary tool for frequent and
accurate monitoring. The uncertainty of the energy scale was estimated to be 0.2% in the
MEG experiment [45]. This level of the uncertainty should be achieved also in the MEG II
experiment.

As for the pilot run in 2019, the light yield monitoring was also important for the inves-
tigation of the problem of the SiPM response to VUV light. Since the response to the VUV
light can be measured only using the scintillation of the LXe, VUV response of photosensors
and the light yield of LXe cannot be distinguished from each other. If the variation of re-
sponse to VUV light is consistent with that to LED light, it is natural to think that there is
no wavelength dependence of the variation of the response and that the light yield of LXe is
constant, because the response to light from LEDs is independent of the LXe property. On
the other hand, the distinguishment is impossible if the variation of response to VUV light
is inconsistent with that to LEDs. In that case an upper limit of the light yield variation can
be set by the inconsistency. The VUV response of the SiPM was found to have decreased by
absolutely 3% while no variation of the gain was observed [44] [46]. In order to confirm that
it is not the decrease of light yield but the decrease of the SiPM response, the consistency of
the PMT response to alpha rays and LEDs should be measured within a precision of 1%.

6.2 Calibration Methods and Precision

There are two kinds of calibration sources for the photosensors installed in the LXe
Calorimeter: alpha ray sources and LEDs. The principle of the calibration is explained in
Sec. 4.3.1. Here the advantage and the disadvantage of the two calibration methods are
compared and the statistical precision and the possible systematic errors of each calibration
are discussed.

6.2.1 Alpha Ray

A variation over time and an individual difference of VUV response is calibrated by alpha
ray signals. The alpha ray source is 2! Am covered by 1.5 um thick gold, and it emits alpha
rays whose energy distribution is always same. The positions of the sources are determined
by the position of the wires and they do not move. Thus, they are ideal VUV-photon sources
which provide constant photon distribution. Furthermore, the absolute size of the signal for
a certain number of photons can be obtained because the absolute light yield is known. Since
the energy distribution is not monochromatic on account of the energy loss in the gold cover,
the spectrum is calculated by the Geant4 simulation and its mean is compared to that of
measured distribution.

The short-term stability of the calibration was estimated by repeating some measurements
under the same condition. The mean of the charge distribution for alpha ray events was
obtained for each PMT. The measurement was repeated 11 runs in 2 days. The standard
deviation of the mean values for 350 PMTs is shown in Fig. 6.4. It shows that the PMT
response to the alpha ray is stable within 4% in a short term. The stability of the averaged
response of all the PMTs was 0.2%. The required precision has been achieved at least from
the point of view of the short-term stability.
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It is notable that there may be a systematic error in the calibration. From the point of
view of the energy scale monitoring, it is affected by the characteristics of the LXe because the
light yield, scattering length or absorption length of LXe depends on the purity and can vary
over time. It is therefore difficult to reproduce the detector environment in the simulation.
The noise of the readout electronics or the bias caused by trigger threshold can also change
over time. From the point of view of a channel-by-channel absolute PDE measurement,
those which do not change over time also affect the measurement, such as the reflection by
inner walls or PMT surfaces, and the distance between an alpha source and a PMT, because
the simulation input can be different from the actual reflectance or the alignment of the
components.

6.2.2 LED

Although the absolute number of emitted photon is unknown, the variation of the PMT
response can be tracked by the response to LED light. The LED light has three advantages
compared to the alpha ray as a calibration source. The first one is that the charge distribution
is simply Poisson distribution of the number of photons, and thus the precision of the mean
estimation is good compared to the broad distribution of the alpha ray spectrum. The second
advantage is that large amount of photons are available, which also leads to good precision.
The third advantage is that the data can be taken triggering on the LED flashing, while the
timing of alpha ray events is not known. It makes it possible to take calibration data even
under muon beam.

The short-term stability of the monitoring by LED was also estimated by repeating the
same measurement 17 times. Figure 6.5 shows the standard deviation of mean of charge
distribution for constant intensity LED runs. The typical number of photons detected by a
PMT is 700. The short-term stability within 1% was confirmed.

Although the stability is better than the alpha ray calibration, it should be noted that it
is the response to visible light and it can be different from that to VUV light. It is notable
that there could be long-term instablity in the LED output or variation of the baseline of the
waveform.

6.3 Cause of Variation

There are some features of the variation of the PMT response which are known from the
experience of the MEG experiment. Those variations were investigated and tracked by the
alpha ray or the LED light during the pilot runs.

6.3.1 Effect of Magnetic Field

In 2018, the CW-Li calibration runs were taken under three different configurations shown
in Tab. 6.1 The magnetic field generated by the COBRA magnet is symmetric for the plane on
the target position perpendicular to the beam axis. The upstream side of the LXe detector
has a non-negligible effect from the stray field from the BTS, which transports the muon
beam to the MEG detector.
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to alpha ray measured 11 times. In each
measurement the mean of the charge distri-
bution is converted to the number of pho-
toelectrons, and then compared to that of
simulation.

Figure 6.5: Standard deviation of mean of
charge distributions for constant intensity
LED runs taken 17 times.

Table 6.1: Magnetic field configurations

COBRA BTS
off off
on off
on on

The dynode structure of PMTs is optimized for the efficient multiplication. The gain
and the collection efficiency is expected to decrease under the magnetic field because the
electron trajectory will be modified. The tolerance to the magnetic field was measured by
the producer, the Hamamatsu Photonics, as shown in Fig. 6.6. The amount of decrease
depends on the direction of the magnetic field owing to the metal channel dynode structure.
The magnetic field calculated for the different PMT locations is shown in Fig. 6.7. The PMTs
are rotated to the direction where the effect from the magnetic field becomes minimal.

The PMT response was measured under different magnetic field configurations. The size
of the signal from the nearest alpha source under COBRA and BTS B-field is compared to
that without B-field, and it is shown in Fig. 6.8. The response of the PMTs especially at the
edge of the outer face decreases by the B-field. The asymmetry between the upstream and
downstream side is because the BTS compensates for the B-field produced by COBRA in the
upstream side.

6.3.2 Short-term Variation under Muon Beam

The PMT charge for LED light changes under high rate signals of gamma rays from the
target. There is a correlation between the size of the charge variation and the intensity of
the muon beam as shown in Fig. 6.9. The amount of the change under the nominal intensity
(7 x 107 u/s) muon beam is shown in Fig. 6.10.
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Figure 6.6: Dependence of the PMT response to the magnetic field [47]. The amount of the
decrease depends on the direction of the magnetic field because it adapts a metal channel
dynode structure.

Correction

The muon beam sometimes stops and restarts again owing to unpredictable stops of the
proton supply or the necessity of conducting calibration runs without beam. Therefore, the
time constant of the variation by muon beam is important in terms of the tracking of the
photosensor response. In order to study the time development of PMT response, LED data
were taken for about an hour after the opening/closing of the beam blocker. Figure 6.11
shows the response of a PMT to light from LEDs after the beam blocker is opened (top) and
closed (bottom). The variation lasts for about 60 minutes.

Some correction should be applied because it is not efficient to start taking the physics
data before the response stabilizes. Assuming that the physics data taking starts ten minutes
after the beam blocker opens, template functions were made by fitting the variation with an

exponential function,
t—to—1
£t =a [1+b{1 ~exp <_0BB)H ,
-

where a and b are scale factors, ty is an offset parameter, 7 is a time constant parameter,
and tgp is the time of the operation of the beam blocker. Since the size of the variation b
or the time constant 7 is different channel by channel, the template functions were made for
each channel. The parameters a and b were determined using the initial region and the final
region of the plot. The data taken in initial 10 minutes after the opening of the beam blocker
are ignored for now because the variation is especially large.

(6.2)
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Figure 6.7: Calculated magnetic field along the boundary path of the LXe Calorimter where
the PMTs are arranged [47]. The top (bottom) figure is the profile of the component parallel
(perpendicular) to the tube axis. The dashed line indicates the field strength where the
relative gain of the PMT is reduced by 50%.
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Figure 6.8: Effect of the magnetic field on PMT response to VUV light. The color shows the
signal size under the magnetic field relative to that under no field.
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Figure 6.9: Correlation between the change of PMT response under weak and intense muon
beam. The larger change can be seen under more intense muon beam.
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Figure 6.10: Relative change of the charge from LED light due to the high rate signals. The
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Figure 6.11: LED response after opening (top) and closing (bottom) the beam blocker. Every
red point is mean of 100 actual data points. The variation lasts for about 60 minutes.
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Figure 6.12: Variation of response of a PMT just after opening the beam blocker for different
runs under the same intensity muon beam. Each red points is the mean of the charge of 100
events. The blue line is the template function obtained from one long run, and the function
is scaled using the events before opening the beam blocker.

The obtained function was compared with the different runs under the same intensity
muon beam as shown in Fig. 6.12, in order to confirm that the variation is the same every
time. The parameter a was determined using the data points before opening the beam blocker,
and the other parameters were fixed with those obtained from the long run. Although there
is still a small discrepancy whose cause is yet to be understood, the rough shape of the time
dependent variation is almost same every time. Therefore, the variation can be corrected
using this template function.

However, it is possible that the change of the response to the VUV light is different from
the response to LED light. The effect of the muon beam on the VUV light detection has
not been studied and this would be a future task. Since the time constant of the variation is
long, it might be possible to compare the response to the gamma rays from a muon decay,
beween just after opening the beam blocker and an hour after the operation.

6.3.3 Aging Caused by Muon Beam

The charge response of the PMT is known to decrease under muon beam, and a rapid
decrease was observed in the pilot runs. Figure 6.13 shows the variation of three observables;
gain, charge for LEDs, and charge for alpha rays.
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Figure 6.13: Variation of PMT gain (red circle), charge for LED (green square) and charge
for alpha ray (blue triangle) under muon beam. They are normalized channel by channel,
and the average of about 350 PMTs is plotted.

In a few days the response decreased by about 8%. The decreases observed for the three
observables were consistent within 1% over a week. It means that the main cause of the
decrease of the PMT total response is the gain decrease. If the decrease of the VUV response
is caused only by the gain decrease, the alpha ray calibrations can be interpolated by LED
calibration, which needs less time. However, it is also possible that there is an additional
wavelength dependent QE variation. There is in fact 1% inconsistency between gain decrease
and charge decrease, and it should be carefully investigated for longer period.

The decrease speed was more rapid than expected from the MEG experiment, and it is a
serious problem The problem is discussed in the next section.

6.4 Gain Decrease

6.4.1 Expectation from MEG

The PMT response is known to decrease with muon beam irradiation as can be seen in
the gain history during the MEG experiment shown in Fig. 6.14.

Although the decrease of the gain can be compensated by increasing high voltage, too
much voltage would lead to severer damage on the PMT and would finally result in break-
down. Using the dependence of the gain on the voltage shown in Fig. 6.15, the final voltage
necessary at the end of the MEG II experiment was estimated in 2013 [49]. The assumptions
were as follows;
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Figure 6.14: PMT gain history during the MEG I experiment from 2010 to 2013 [48]. Red
circles were taken without operation of magnets. Blue triangles (green squares) were taken
under (without) muon beam. Yellow inverse triangles were taken under pion beam. The high
voltage was adjusted every year so that the PMTs would have high enough gain.

Voltage is adjusted for the gain to become 1.8 x 105 at the beginning of every year.

G = a(V — Vi), where G is gain and V is applied voltage.

Vo and k does not change by irradiation.
e The decrease is exponential and the rate is proportional to the muon beam rate.
e The voltage cannot exceed 1400 V.

The result is shown in Fig. 6.16. After running for three years, the required voltage would
be still below the upper limit of 1400 V for most PMTs, although for some PMTs it would
have already been beyond the limit. The PMTs whose decrease rate was small were selected
to be used also in the MEG II experiment because the number of PMTs decreases by 216
owing to the introduction of SiPMs on the incident face. An important point here is that it
is assumed that the gain decrease rate is proportional to the muon beam rate. It has to be
validated under higher beam rate.

6.4.2 Beam Rate Dependence

Figure 6.17 shows the history of response of a PMT monitored by LED in 2017. Since three
different muon beam rates were tested during this period, the dependence of the decrease
speed on the beam rate can be extracted. Although the decrease rate seems to decrease with
irradiated time, the initial slope is fitted by linear function and the speed is extracted. In
2018 muon beam rate reached the MEG II nominal intensity (7 x 107x/s) and the decrease
rate at this high irradiation environment was also extracted. As a result, the dependence is
found out not to be proportional to the beam rate, and the decrease under MEG II nominal
intensity is much faster than expected in 2013 as shown in Fig. 6.18.

For now there is basically no method of increasing the gain except for applying higher
voltage. Decreasing the beam rate is one solution for the PMT survival, but the doubling of
the muon beam rate from the MEG experiment is necessary to reach the sensitivity goal in
three years. Based on the observed speed of gain decrease, the high voltage necessary after a
three-years run was calculated for each PMT and it is shown in Fig. 6.19. Most PMTs would
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Figure 6.15: High voltage dependence of the PMT gain. The points are data including
statistical uncertainty, and the line is the fitted power function. The gain is proportional to
the power of applied high voltage.
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Figure 6.16: PMT high voltage necessary to keep enough gain simulated in 2013 (labels and
legends replaced for visibility from [49]). Most PMTs would not need more than 1400 V after
the 3 years run.
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Figure 6.17: Response of a PMT monitored by LED in 2017 [48]. The yellow inverted triangles
are points taken under 78% of the MEG II nominal beam rate. The blue triangles and the
red circles correspond to 72% and 31%, respectively.
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Figure 6.18: Beam rate dependence of the gain decrease rate [48]. The relation is not pro-
portional and the decrease under MEG II intensity is much faster than expected. Note that
not all of the PMTs shown in Fig. 6.1 is used in this plot because some of them were not
read out in the MEG experiment or in 2017.
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Figure 6.19: High Voltage necessary at the end of a three-years run estimated from the gain
decrease speed observed with the same intensity muon beam with that in the MEG II physics
run.

require more tha and they would be in dahave a risk of failure. To overcome the problem,
the possibility of operating the PMTs with lower gain to prolong thir lives was studied at
pilot run in 2019.

6.4.3 Gain Dependence

One possibility of the cause of the gain decrease is a degradation of dynodes in the PMT.
The damage can possibly be mitigated when the number of electrons hitting the dynodes is
reduced by a lower gain operation. The decrease rate of the average gain of 200 PMTs was
compared under different high voltages. As shown in Fig. 6.20, the decrease rate became
small under the halved gain. A recovery of the gain was observed after leaving the PMTs for
several month at room temperature, but it was very small (a few percent). Using the slope
of the gain decrease curve and the high voltage dependence of the gain, the high voltage
necessary after the three years run was estimated channel by channel. The result is shown in
Fig. 6.21 and most of the PMTs can be operated with reasonable voltage.

6.4.4 Discussion

In order to keep the applied high voltage in the safe region, it seems necessary to operate
the PMTs with lower gain. The largest disadvantage of using lower gain is that the signal-
to-noise ratio (S/N) becomes worse. One possible solution for this problem is to increase the
gain of the amplifier of WaveDREAM boards from 1. If the major component of the noise
arises between the amplifier and the waveform digitizer, the loss of the signal size can be
compensated by the amplifier because the noise level does not change by the amplifier.

The noise level was actually compared between the cases with gain 1 and gain about
2.3 [50]. The result is shown in Fig. 6.22 and the total noise level increased only 13% after
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Figure 6.22: Noise waveform without an amplifier (left) and with an amplifier gain about 2.3
(right) [50]. The total noise level differs only about 13%.

inserting an amplifier. This imply that the lower gain operation of PMTs does not affect the
performance of the detector.

The effect of the lower gain operation on the detector performance should be investigated
using signal-like gamma rays and it is planned to be done by the charge exchange experiment
in 2020.

6.5 Conclusion

The PMT response was monitored during the MEG II pre-engineering runs conducted
in 2018 and 2019. The dependence on the magnetic field and muon beam was carefully
investigated. The response of one PMT to alpha rays was calibrated with 4% precision. The
precision of the estimation of the average of 350 PMTs was 0.2%. The response of one PMT
to LED light was calibrated with 1% precision. The aging by the muon beam irradiation
was found to be severer than expected from the experience in the MEG experiment, but a
solution of lower gain operation was found out to be effective. The effect of the lower gain
operation on the detector performance will be investigated by the CEX calibration in 2020.
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Chapter 7

Improvement of Charge Exchange
Calibration

7.1 Motivation

Global calibration parameters necessary for the event reconstruction (see Sec. 4.2) will be
extracted using the gamma rays generated in the charge exchange (CEX) reaction of pions
explained in Sec. 4.3.3. For example, the position dependence of the total number of photons
detected by photosensors must be corrected in order to reconstruct energy, and the correction
function is made by the CEX calibration. The detector performance will be evaluated also in
the CEX calibration using the extracted calibration parameters. From these points of view,
the CEX calibration is the most important calibration and the precision of the calibration is
the key to the best performance of the LXe Calorimeter.

In order to calibrate something, the reference value has to be more precise than the target
precision of the calibration. In the case of LXe Calorimeter, the position, energy and timing
of the gamma ray should be known very precisely.

A lead collimator has been developed to restrict the region where gamma rays enter for
the position study [5].

The timing of the gamma ray injected into the LXe Calorimeter is estimated from that
of the other gamma ray. It is detected by the pre-shower counter which consists of lead
conversion plate and two plastic scintillators read out by SiPMs, whose timing resolution
is 40 ps [33]. The pre-shower counter is shown in Fig. 7.1. The timing at the pion decay
vertex position is calculated using the flight length of the gamma ray, and then the measured
generation time of the two gamma rays is compared to each other. However, there is an-
other uncertainty from the vertex position because the pion beam is broad in the direction
perpendicular to the beam axis. It makes an uncertainty in the time of flight estimation
(2 x 10 mm/c ~ 70 ps in sigma).

The energy of the gamma ray is around 55 MeV when selecting the events where two
gamma rays are emitted in the opposite direction in the laboratory frame and lower energy
one enters the LXe Calorimeter. More precise estimation is possible using the opening angle
of the two gamma rays from a neutral pion decay because there is a relation determined by

80
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Figure 7.1: Pre-shower counter [33]. A
plastic scintillator read out by SiPMs is

wrapped by a light shield. Figure 7.2: BGO counter [51]. 4 x 4 BGO
crystals are optically connected to PMTs.

the kinematics between the opening angle and the gamma ray energy as shown in Fig. 7.3.
The precision of the angle is determined by the position resolution of the LXe Calorimeter
(a few mm) and the tagging detector (~ 10 mm), and the variance of the vertex position
(~ 10 mm). It corresponds to an uncertainty of several hundred keV. The BGO calorimeter
(Fig. 7.2) is used as the tagging detector in the energy calibration. It is a 4 x 4 array of BGO
crystals (46 x 46 x 200 mm? each), each of which is optically connected to a fine mesh PMT
(H8409-70 by Hamamatsu).

Thus, the estimation of the energy and the timing of the gamma ray suffer from the
uncertainty of the vertex position of the neutral pion decay. In order to overcome the problem,
two types of detectors were considered. The first one is a scintillating fiber detector for the
charged pion beam, and the second one is an active target which made of scintillating material.
They are explained in detail below.

7.2 Requirement

The role of this detector is to measure the vertex position of the neutral pion decay. The
required position resolution depends on the resolution of the other detectors, and the detector
geometry is optimized using simulation as described below. Since this position measurement
should be done event by event, timing resolution and pileups should also be taken into
account. The maximum charged pion beam rate is 1.4 MHz, which means the requirement
for the timing performance is not severe, O(us). Another concern is the contamination in
the beam. There are 26 times more electrons than pions in the beam, and they must be
distinguished from the pions. In addition, the detector must be radiation hard. The CEX
calibration was conducted for 10 days per month in the MEG experiment. Therefore, 50 days
irradiation is assumed in the following study.
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Figure 7.3: Relation between the opening angle and the energy of a gamma ray [29]. The
black points are data taken in 2009 and the line is the theoretical prediction based on the
kinematics.

7.3 Scintillating Fiber

7.3.1 Concept

Since the lifetime of the neutral pion is very short, the z-y position of the decay vertex
is almost equal to the beam position at the target. This detector is designed to measure
the beam position just in front of the target as shown in Fig. 7.4. When the charged pion
goes through the scintillating fiber, the pion deposits some energy on the fiber and some
scintillation photons are emitted. By detecting the photons by the SiPMs attached at the
end of the fibers, discrete information of the beam position is obtained. Since scintillating
fibers are very thin (~ 250 pum), some fibers are put together to make a bundle to read many
fibers by one SiPM. One layer can measure only one dimensional position. Therefore, the
next layer is put orthogonally to the previous layer to enable a two-dimensional measurement.
The small thickness of scintillating fibers reduces influence on the pion beam. If the charged
pion is scattered too much by the detector, the vertex position will be different from the
detected position.

The detector performance was simulated using Geant4 vesion 10.3.1 [37]. In the simulation
a pion beam is generated imitating the actual beam used in the CEX calibration at the MEG
experiment, and the momentum and the width of the pion beam are normally distributed.
The expected resolution of the calorimeter and the tagging detector is also reproduced in
the simulation. The simulation setting is summarized in Tab. 7.1. The effect on the energy
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Figure 7.4: Schematic design of a pion beam monitor. Scintillating fibers detect the pion
beam without affecting the beam property so much.

Table 7.1: Settings in the simulation of a pion beam position detector.

central value of beam momentum 70.5 MeV/c
fluctuation of beam momentum 3%

beam width in horizontal direction 8.5 mm
beam width in vertical direction 7.5 mm

timing resolution of pre-shower counter 40 ps
position resolution of pre-shower counter 7 mm

position resolution of BGO calorimeter 10 mm
position resolution of LXe Calorimter O(mm) (depends on conversion depth)
physics model FTFP_BERT

estimation and the timing estimation was studied for different thicknesses of the bundles. The
energy and the timing of the gamma ray injected to the LXe Calotimeter were reconstructed
using the reconstructed information of tagged gamma ray and the vertex position. The
simulation is repeated for different bundling configurations of the fiber detector, and the
reconstructed variables were compared with the true values. Accuracy was defined as the
standared deviation of the distribution of the difference between the reconstructed variable
and its true value. The result is shown in Fig. 7.5.

Since this type of detectors provide discrete information, highly segmented bundles lead
to better position resolution. In our case, however, the improvement saturates at around 10
bundles, which corresponds to the thickness of 5 mm per bundle, because the effect of the
resolution of other detectors becomes donimant.

7.3.2 Particle Identification

The negative pion beam is contaminated by 26 times larger number of electrons. These
can be eliminated by the timing and the signal size.
The pions are generated from protons accelerated by a large proton cyclotron, and the
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Figure 7.5: Accuracy of the estimated energy and timing of the gamma ray [52]. Although
the large number of bundles leads to better estimation, ~10 bundles (5 mm/bundle) are
enough owing to the resolution of other detectors.

ejected protons have a bunch structure. Since a pion is heavier than an electron, the velocity
of a pion is different from that of an electron when the momentum is the same. Thus the
pions can be distinguished from the electrons by the arrival time.

The energy deposit of the pion is also different from that of the electron. The electron
behaves like a minimum ionizing particle at the beam momentum of 70.5 MeV /¢, while the
pion does not and it deposits larger energy. The simulated difference of the energy deposit
is shown in Fig. 7.6.

These methods of particle identification have been already verified using a different beam-
line at PSI as shown in Fig. 7.7 [53] although the momentum of the particles is ~ 60% larger
than our case.

7.3.3 Radiation Hardness

Since the pion beam monitor will always be irradiated by the beam, some radiation
damage is expected. In addition to the charged pion beam and the electron contamination,
neutrons from the CEX reaction or gamma rays from the neutral pion decay should be also
taken into account. The possible effect of the radiation is discussed separately for each
component; the scintillating fiber and the SiPM.

Scintillating Fiber

The light yield and the transmittance of the scintillating fiber are expected to decrease
by radiation damage. It can lead to small signals and bad S/N.
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Figure 7.6: Energy deposit on 250 pm thick scintillator from pions (top) and from electrons
(bottom). The signal from a pion is larger than that from an electron.
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Table 7.2: Scintillation light yield of different type of plastic scintillators before and after

irradiation [54].

N Scintillator I [%] 1/1, [%] 171, (%) 1/1, [%]
(3.4 X 10° Gy) (1x10° Gy) (after 23 days of recovery)
1 PS* 100 48 23 52
2 PSM-115 " 90-100 92 60 72
3 NE-102a © 120 60 45 61
4 NE-110 ¢ 120 63 48 59
5 BC-400 ¢ 126 56 39 61
6 BC-404 ¢ 126 63 53 57
7 BC-408 ¢ 124 61 46 57

* Bulk-polymerizated polystyrene (2% pTp + 0.05% POPOP), IHEP, Protvino, Russian Federation.

® PSM-115-based polystyrene made by injection into the mold technology (2% pTp + 0.03% POPOP), IHEP, Protvino, Russian Federation.
¢ Nuclear Enterprises Ltd., Edinburgh, Scotland.

¢ Bicron Corp., Newbury, Ohio, USA.
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Figure 7.8: Radiation-induced optical absorption coefficients at 440 nm [55].

Light Yield The light yield of scintillating fibers decreases by irradiation. Table 7.2 shows
the light yield of various scintillators after irradiated by the gamma ray. In our case the dose
is 1.5%10% Gy at the center fiber, and the irradiation source is negative pions, which makes it
difficult to directly compare them with each other. If it is assumed that the radiation effect
by negative pions is not so much different from that of gamma rays, the light yield of BC
series scintillators will be 60% even after suffering from twice larger dose.

Transmittance Figure 7.8 shows the radiation effect to the absorption coefficient of a
scintillator for the neutron and the gamma ray. The fraction of light which reaches the end of
the scintillator after 5 years run was calculated using the absorption coeflicient. More than
40% of light can be detected after propagating 10 cm even after the irradiation.
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Effect on Signal Size The initial performance of the photon detection is estimated using
the energy deposit and the transmittance. The number of photon Ny, is written as follows;

Nppo =W - E - %exp (—i) -PDE, (7.1)
where W ~ 8,000 photons/MeV [56] is the scintillation performance of the scintillating fiber,
E 2 0.2 MeV is the energy deposit on the scintillator, AQ /47w ~ 7% is the fraction of the
solid angle looking into SiPM, d < 10 cm is the distance between the scintillation position
and the sensor, A ~ 15 cm [56] is the attenuation length of the fiber, and PDE ~ 40% [40]
is the photon detection efficiency of the SiPM. The solid angle was calculated assuming the
photons are generated at the end of a 5 x 5 x 100 mm? scintillator, and only those directly
reach a SiPM at the other end of the bar are considered. About 23 photons are expected to
be detected. Even after the experiment of 50 days, more than 10 photons can be detected
based on the radiation damage estimation above and it is large enough to distinguish signals
from dark noise.

SiPM

The radiation damage on SiPM can be classified into two types: ionizing process and bulk
damage.

Ionizing Process When SiPM is irradiated with ionizing particles such as gamma rays,
the p-n structure changes and leak current increases. A significant increase of leak current
after 160 Gy/h gamma ray irradiation is reported in Ref. [32]. In our case, the width of the
pion beam is about 8 mm in sigma and if the length of a scintillating fiber is 100 mm, almost
no beam particles enters SiPM directly. Then only possible ionizing particle is a gamma ray
from a pion decay. The expected dose on the silicon is calculated and it is only 0.48 Gy after
50 days calibration. Thus this effect will be negligible.

Bulk Damage The other type of damage is called bulk damage and it is induced typically
by neutron. The increase of dark noise caused by 53 MeV proton is reported in Ref. [57] and
the broadening of the one photoelectron peak was observed after 9.1x10° 1 MeV-neq/ cm?.

In order to estimate the radiation level of the neutron in our case, the energy spectrum of
the neutron was simulated. The kinetic energy of the neutron generated in the CEX reaction
is 420 keV, and the energy distribution after 25 mm flight in the liquid hydrogen target is like
Fig. 7.9. 10910 1 MeV-neq/ cm? is expected during the calibration run of 50 days, and it will
worsen the energy resolution. In our case the precise energy is not required to distinguish
a signal hit from background. Thus the worsening of the resolution in this level is not a
problem.

7.4 Active Target

The beam monitor can provide information of the beam position only in the plane per-
pendicular to the beam axis, and cannot provide the information on z position of the vertex,
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Figure 7.9: Energy distribution of the neutron generated by charge exchange reaction after
the flight of 25 c¢m, simulated by Geant4.

which is most important for the energy estimation because it is sensitive to the opening angle
of two gamma rays. An active target is one solution which makes it possible to measure
the vertex position along the beam axis. By replacing the passive liquid hydrogen target
by an active scintillating target, three dimensional position information of the vertex can be
extracted.

7.4.1 Concept

The detector concept is depicted in Fig. 7.10. The basic idea is shared with the scintillating
fiber beam monitor. It is made of some layers and each layer detects only the one-dimensional
position. The significant difference is that each layer is designed to be thick so that the charged
pion can stop in the scintillator while the beam monitor was designed to be thin enough not
to affect the beam.

The detector performance is compared with the case of using scintillating fiber beam
monitor, for the case where the width and the thickness of the scintillating materials are
5 mm. The result is summarized in Tab. 7.3. Not only the timing estimation but also the
energy estimation improves thanks to the capability of estimation of the position along the
beam axis.

The radiation hardness of the plastic scintillator is similar to that of the scintillating fiber,
while the light yield is larger thanks to the large thickness.

On the other hand, there are two possible disadvantages discussed below.



Chapter 7. Improvement of Charge Exchange Calibration 90
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Figure 7.10: Design of an active target. Each layer is thicker than the scintillating fiber and
some layers are piled up to obtain the position along the beam axis.

Table 7.3: Performance of the estimation of the gamma ray timing and energy using different
type of detectors.

Detector type Timing Energy

No Detector 73 ps 320 keV
Scintillating Fiber 51 ps 300 keV
Scintillating Target 39 ps 230 keV
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7.4.2 Charge Exchange Reaction in Scintillator

While the liquid hydrogen target consists of purely hydrogen atoms, a scintillator contains
carbon atoms. Therefore, the reaction of the charged pions in the target is different. The
negative pion causes two types of reaction in a scintillator.

The first one is coherent reaction [58]. A stopped negative pion is captured by a molecule
which consists of C and H with probability proportional to Z~!, where Z indicates the atomic
number. Then the captured pion moves from a molecular orbital to an atomic orbital. This
probability is proportional to Z2, which means that the probability that the pion moves to
the hydrogen orbital is 100 times smaller than that to the carbon orbital. The CEX reaction
does not happen in a pionic carbon owing to the energy difference between the carbon and
the boron. This will probably result in a significant decrease of the reaction rate.

The second type is incoherent reaction. The moving pion can directly collide with a
nucleus with small probability. When a moving pion causes CEX reaction with a proton in
the carbon nucleus, the momentum of generated neutral pion is no more 28 MeV/c because
the negative pion is moving and the proton has Fermi momentum in the carbon atom. The
different momentum of the neutral pion leads to the different energy of the gamma ray. This
might result in changing the energy spectrum of the gamma ray.

7.4.3 Rate

The rate of the charge exchange reaction on various materials has been studied as shown
in Fig. 7.11. It shows the probability of a pion charge exchange reaction on different materials
compared to that on liquid hydrogen. When using CHy as target material, the probability
of reaction becomes around 1% of that with liquid hydrogen target. The minimum rate of
the charge exchange reaction on CHy which has been found in the literature is 0.77% of that
on liquid hydrogen [60], and the maximum is 1.45% [61]. In the MEG experiment, the DAQ
rate of the charge exchange calibration with a LHy target was 12.5 Hz and it took 2.5 hours
to store the necessary statistics for a particular region defined as a patch. The decrease of
the probability of the charge exchange reaction demands 250-500 hours with an active target
and it is unreasonable. However, in the charge exchange calibration of the MEG experiment,
the beam rate was intentionally reduced to prevent from pileups and radiation damage on
detectors. By fully opening the beam slit, 20 times larger beam rate can be obtained. It
improves the reaction rate up to 1.5-3 Hz, which leads to 10-20 hours/patch. Although it
is still longer, it is worth investigating more because it is instead possible to save the target
preparation time which is necessary in the liquid hydrogen target case. The cumbersome low
temperature operation is not needed anymore with the scintillator active target.

7.4.4 Energy Spectrum

The active target for the pion charge exchange reaction has been already used in the
MEGA experiment [62]. Fig. 7.12 shows the energy spectrum obtained in the MEGA experi-
ment using a scintillating target. The tail events in the low energy region is explained as the
charge exchange reaction in flight on carbon nuclears, and the tail in the large energy region
is explained as events which have small opening angle. High energy tail can be eliminated by
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Figure 7.11: Probability of a pion charge exchange reaction on different materials compared
to that on liquid hydrogen [59]. The probability of the reaction is around 1% of that on liquid
hydrogen target when using CHs as a target.
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Figure 7.12: Energy spectrum of reconstructed photons which converted in the outer layer in
the MEGA experiment [62]. The points come from data and the solid line shows reconstructed
energy from simulated events.

the improved angle reconstruction owing to the vertex information. The lower energy events
coming from the CEX reaction on carbon nuclears cannot be separated from those due to
detector response. It disturbs the extraction of the detector response function, and need to
be investigated by experimental test.

7.5 Test of Active Target

In the previous two sections, two types of vertex detectors were considered. The active
target provides more precise estimation of the properties of the gamma ray although it has
two possible disadvantages. In order to investigate the possible problems, a test experiment
was planned to be conducted in December 2019.

7.5.1 Purpose

The main purpose is to check the rate of gamma ray from the charge exchange reaction
with an active target, and to compare the energy spectrum with that obtained from the
normal liquid hydrogen target. In addition, the improvement of the timing and energy
estimation should be confirmed using the vertex reconstruction.
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Figure 7.13: One layer of the active target before wrapped by shading cloth.

7.5.2 Construction of Prototype

In order to achieve these purposes, a prototype target has been developed. Figure 7.13
shows one layer of the constructed target. The support structure is made of plastic, and it can
fix the scintillators in three dimensions. Plastic scintillators EJ-232 provided by Eljen [63]
cut into pieces with a size of 90 mm x 4.8 mm x 4 mm are used as a scintillating target.

The scintillation photons are read out by a SiPM attached at the end of the scintillator,
which is optically connected by optical cement. One layer consists of eight scintillators and
they are optically separated by reflectors (3M ESR, 65 pum-thick [64]) with each other. The
SiPMs are only at one end to reduce the number of readout channels, and the other end is
covered by the reflector. Four layers are stacked up to provide enough material to stop the
pion beam. Each layer is wrapped by shading cloth. In front of first layer, a degrader made
of 3 mm thick aluminum is placed. The thickness of the degrader was determined by a flight
length simulation shown in Fig. 7.14.

7.6 Conclusion

Obtaining information on the position of the neutral pion decay vertex leads to better
estimation of the energy and timing of the gamma ray entering the LXe Calorimeter, resulting
in more precise calibration and performance estimation. Two different types of modules were
considered as a vertex position detector, the scintillating fiber beam monitor and the plastic
scintillator active target, and the performance and the radiation hardness were inspected.
The active target provides the position information along the beam axis although there are
some possible disadvantages which should be tested experimentally. A prototype of the
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Figure 7.14: Simulated flight length of the negative pion in the plastic when a 3 mm thick
Aluminum degrader is placed in front of the scintillators.

active target has been developed for the test experiment which was planned in December
2019, although the test was postponed on account of a failure of a beam transport solenoid.
It will be repaired and the test of the active target is planned in 2020.
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Chapter 8

Conclusion

Several studies concerning the calibration of the LXe Calorimeter were conducted. The
photosensors were successfully calibrated and monitored during the pilot runs. The new
calibration methods of the photosensors and the new detector for the coming CEX calibra-
tion have been studied, which are expected to contribute to the more convenient or precise
calibration after some more sophisticated studies.

8.1 SiPM Gain Monitoring

Two independent methods of monitoring the gain of SiPMs were studied to compensate
for some disadvantages of the standard method. One method uses a statistical property of the
charge distribution from a Poisson light source. It has an advantage in the robustness to noise,
and the gain can be measured even after heavily irradiated where usual one-photoelectron
method cannot be applied, although a conversion factor has to somehow be obtained to
calculate the absolute gain. The behavior of the statistics was different from expected one,
but the gain was successfully extracted.

The other method extracts gain-related information directly from the waveform and it
does not need special setup for measuring the gain. Although this method was originally
developed for PMT gain monitoring in the previous study, it was successfully applied to
SiPMs in this study with a method improved by taking into account the effect of overlapping
waveforms.

The gain extracted by these methods is confirmed to be highly correlated to the one
obtained from the standard one-photoelectron method. However, it must be checked that
changes in other properties such as afterpulsing does not affect these methods, and it would
be the next step to do.

8.2 PMT Monitoring during Pilot Run

The PMT response was monitored during the MEG II pilot runs conducted in 2018 and
2019. The effects of high rate muon beam were especially carefully investigated because the
beam rate is more than twice larger than in the MEG experiment. The response to alpha
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rays was calibrated with 4% precision channel by channel, and the precision of the average
of 350 PMTs was 0.2%, which fulfills the requirement. The response to LED light was
calibrated with 1% precision channel by channel, and the variation of response to LED light
caused by aging seems correlated with that to alpha rays. The gain decrease by the muon
beam irradiation was found to be severer than expected from the experience in the MEG
experiment, but a solution of lower gain operation was found out to be effective. The effect
of the lower gain operation on the detector performance will be investigated by a calibration
run with the CEX reaction in 2020.

8.3 Development of Pion Beam Detector

Obtaining information on the position of the neutral pion decay vertex leads to better
estimation of the energy and timing of the gamma ray entering the LXe Calorimeter, resulting
in more precise calibration and performance estimation. Two different types of modules were
considered as a vertex position detector, the scintillating fiber beam monitor and the plastic
scintillator active target, and the performance and the radiation hardness were inspected.
The active target provides the position information along the beam axis although there are
some possible disadvantages which should be tested experimentally. A prototype of the
active target has been developed for the test experiment which was planned in December
2019, although the test was postponed on account of a failure of a beam transport solenoid.
It will be repaired and the test of the active target is planned in 2020.
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