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Abstract

For the active layers of highly granular sampling calorimeters, small scin-
tillator tiles read out by Silicon Photomultipliers (SiPM) can be an inter-
esting and cost effective alternative to silicon sensors. At CERN a test
setup was realized for the development of new generations of calorimeters
to characterize new types of Silicon Photomultipliers in terms of gain,
noise, afterpulses and crosstalk and to study the impact of scintillator
wrappings and the tile size on the measured light yield and uniformity. In
this thesis work, the experimental setup is described and the steps for com-
missioning the equipment are discussed. Then, the temperature depen-
dence of the Silicon Photomultiplier response will be investigated, includ-
ing the dependence of bare Silicon Photomultipliers as well as Silicon Pho-
tomultipliers coupled to scintillator tiles. Finally, the tile-photomultiplier
response for different tile sizes and coating options will be evaluated. The
experimental setup will be extended to allow for the characterization of
the uniformity and the inter-tile crosstalk in multi-tile setups including

two and four tiles.
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Chapter 1

Introduction

The thesis describes detector research and development for highly granular sampling
calorimeters for experiments at future ete™ colliders such as the Compact Linear
Collider (CLIC). As one of the options for the calorimeter’s active material, layers
of small-size plastic scintillator tiles with silicon photomultiplier (SiPM) read out
are investigated. Within the Linear Collider Detector (LCD) group at CERN, an
experimental test bench was developed to characterize the scintillator tiles and SiPM.
First, the working principle of the SiPM and the scintillator tiles are introduced
together with their measurement setups for gain calibration and for scintillator tile
scans, taking into account the measurement methods and the measured quantities.
Then, the SiPM is characterized by measuring the breakdown voltage. Then it is
calibrated including the overvoltage calibration, the temperature dependence on the
intrinsic gain and on the collected charge recorded in scintillator tile scans. After that,
using the calibrated SiPM response, data from scintillator tile scans are analyzed in
order to study the light yield and the uniformity of the response for different tile
sizes and coatings. Finally, an outlook including suggestions for additional multi-tile

measurements is given.






Chapter 2

The Compact Linear Collider

The Compact Linear Collider (CLIC) is a concept for a future ete™ collider with
center-of-mass energies ranging from a few hundred GeV up to 3 TeV [I]. When the
electron and the positron interact in the collision annihilation occurs, liberating all
their energy for the production of new particles. Both can be considered as point
sized particles, therefore the reconstruction of the interaction process is more simple
than for hadrons. In addition, as in CLIC fermions collide with antifermions, it
provides complementary information to the LHC. The collider will be built in stages
with different objectives. The first stage will be at 380 GeV. One of the main goals
is to measure the Higgs properties with excellent accuracy to better understand the
relation between the Higgs field and matter. Also the top quark can be studied in
this stage. The second and third stages are currently being designed for 1.5TeV
and 3TeV in order to study phenomena beyond the Standard Model. The energy
stages can however be adjusted in case of discoveries at the LHC and at CLIC. The
construction of the CLIC accelerator could start around 2025, the comissioning of
CLIC would then take place around 2035 [1].

2.1 Overview of the CLIC accelerator complex

The layout of the CLIC accelerator complex at 3 TeV is shown in Figure 2.1] and its
working principle is discussed in details in the CLIC CDR [2]. Its working mechanism
is based on the use of two beams. The so-called Main Beams, of which particles take
part in the collision, are accelerated by the so-called Drive Beam. The working
mechanism is the following: The two Main Beams are generated at the e*e™ injectors
and pre-accelerated in the injector linacs. For beam emittance reduction the beams
are transported through Damping Rings (DR). Then a further acceleration is made by

the booster linac, and the beams are sent to the turn-arounds. After the turn-arounds
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Figure 2.1: Layout of the 3 TeV CLIC accelerator complex [I].

| dump

the Main Beam is accelerated in RF cavities with a gradient of 100 MV /m. For this,
instead of klystron powering, a second particle beam is used, the Drive Beam, which
is decelerated and its kinetic energy is reconverted into radio frequency (RF) power.
The Drive Beam is generated in two Main Linacs and the pulses of the Drive Beam
are successive time compressed in the Delay Loops (DL) and Combiner Rings (CR1
and CR2). This compressed Drive Beam travels through the Main Linac tunnel to
many individual turn-arounds, where each segment of the Drive Beam is sent through
power extraction structures for RF power generation for the acceleration of the Main
Beam. After the acceleration with the RF power extracted from the Drive Beam,
the Main Beam is focused in the Beam Delivery System (BDS) and collides in the
interaction point (IP) in the center of the CLIC detector.

2.2 CLIC detector

The physics program at CLIC focuses on the precision measurements of the Standard
Model of particle physics such as on Higgs and top quark physics and the explo-
ration and understanding of New Physics phenomena beyond the Standard Model [3].
Therefore, the requirements on the detector performance include precise momentum
resolution and vertex reconstruction as well as distinguished particle identification.
The CLIC detector (CLICdet) is barrel shaped and follows the structure of modern

4
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Figure 2.2: Left panel: The transverse cross section of the CLICdet [4]. Right panel:
A quarter of the longitudinal cross section of the CLICdet model [4]. The overall
dimensions of the detector are @12.9m in diameter and 11.4m in length. The full
detector has a weight of 8100t.

particle detectors. The innermost layers are the tracking layers, such as the vertex
detector and the silicon tracker, to measure the trajectory of the traversing charged
particles. The tracker is followed by electromagnetic and hadronic calorimeters. The
calorimeters measure the energy of the particles due to absorption. The next element
of the detector is the superconducting magnet that generates a magnetic field of 4 T
allowing precize measurement of particle momenta. The outermost layers are made
of iron, on the one hand to identify the muons and on the other hand to return the
magnetic flux to the detector solenoid. Moreover, in the forward region additional
electromagnetic calorimeters measure the luminosity.
In the following, the CLICdet detector model will be described based on [4].

2.2.1 The vertex detector

The vertex detector consists of 3 double barrel layers and it is closed off in forward
direction by disks. Both the barrel layers and the disks has a double-walled structure.
The vertex detector is cooled by a spirally guided air-flow from outside to the center
of the detector realized by spiral-shaped end caps in the forward region. The smallest
inner radius is 31 mm, the length of the barrel is 260 mm. The vertex detector is
made from 25 x 25 um? pixels which have analog readout allowing to read a position

resolution of 3um. The technology is subject of ongoing pixel detector research
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and development (R&D) studies within the CLIC detector and physics (CLICdp)

collaboration.

2.2.2 The silicon tracker

The CLICdet has an all-silicon tracker system. The whole tracking volume has a
radius of 1.5m with 4.4m length. For installation and maintenance reasons, the
tracker system is divided by the support tube into an ”inner” (marked with dark-
red color in Figure and an "outer” (marked with dark-green color in Figure
tracker region. The Inner Tracker contains 3 barrel layers and seven inner tracker
disks on each side of the barrel. The Outer Tracker contains three large barrel layers
with four outer tracker disks on each sides of the barrel. All tracker layer’s basic
unit is the module. The outer tracker disks are assembled from the same type of
modules with size of 30 x 30 mm?, the inner tracker disks are made of modules with
15 x 15mm? sensors. The modules are arranged into a larger group called petal. The
petals have a small overlap in radial direction in all tracker disks, but no overlap

along the detector axis. Details of the layout can be found in [5].

2.2.3 Particle flow calorimeter

The tracking detectors of the CLIC detector are followed first by the electromagnetic
sampling calorimeter (ECAL), then by the hadronic sampling calorimeter (HCAL)
that follow the principle of particle flow. The particle flow analysis (PFA) is a new
approach for calorimetry. Using PFA techniques, the jet energy resolution can be
improved, with the goal to reconstruct the energies of the individual particles in a
jet [6]. It requires highly segmented detectors combined with sophisticated recon-
struction software. The average jet composition contains 60% charged particles, 30%
photons and 10% neutral hadrons [7]. In PFA these components becomes separated
as shown in Figure [2.3] The energies of the charged particle are well measured from
the associated track momentum and the calorimeters are only used for the neutral
electromagnetic and hadronic components. This technique has the ability to reach
3% — 4% jet energy resolution when using ECAL cell size ~ 1 x 1cm? (Figure

8.

Preliminary cost estimates of the CLIC detector showed that an electromagnetic
calorimeter (ECAL) based on silicon sensors is one of the major cost drivers [4].

However, scintillator tiles are a possible cost-saving alternative to silicon as active
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Figure 2.3: The separation of the jet components are made by the reconstruction
software using the informations of the tracker and vertex detector and the highly
granular calorimeters [9].
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decreases for smaller tile sizes for both the silicon and scintillator ECAL models [§].
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material. For the CLICdet a silicon-tungsten ECAL with 40 layers is chosen, which
contains 1.9 mm thick tungsten absorber plates with silicon sensor cells of 5 x 5mm?.
The silicon sensors have a thickness of 0.5 mm. The HCAL consists of 60 layers with
19mm thick absorber plates with scintillator cells of 3 x 3mm? read out by Silicon

Photomultipliers as active material unit. The scintillator has a thickness of 3 mm.
The HCAL has a depth of 7.5 A; in both the endcap and the barrel.

2.2.4 Magnet system

The magnet system of the CLICdet model consists of a superconducting solenoid
with a 3-module coil which produces a field of 4T in the center of the detector. In
addition, it consists a steel return yoke with three barrel yokes and two end caps
completed with end coils. With the usage of the end coils the thickness of the yoke

end caps can be reduced.

2.2.5 Muon system and yoke

In the CLICdet model, the iron return yoke is used as muon identifier. The muon
system design is guided by the requirements on the yoke, which returns the magnetic
flux to the detector solenoid. The iron return yoke is structured into three rings in
the barrel region, and into two end caps with 6 muon detection layers distributed
with equal space. The muon detection layers are planned to consist of resistive plate

chambers (RPC) with cells of 30 x 30 mm? [4].

2.2.6 Forward system

The two main elements of the very forward region are two smaller electromagnetic
sampling calorimeters, named LumiCal and BeamCal, improving the hermeticity of
the detector. Both are aligned with the outgoing beam axis and provide coverage for
re- constructing electrons and photons with very small angles. The LumiCal with its
40 layers is intended as a precise luminosity monitor. Each layer consists of 3.5 mm
tungsten and 0.32 mm silicon sensors. Similarly, the BeamCal also contains 40 layers
of 3.5 mm tungsten plates and completes the coverage of the electromagnetic calorime-
ter. As active material 0.3 mm thick diamond layers are currently investigated, which

could be sufficiently radiation hard.



Chapter 3

The experimental setups for SiPM
and scintillator characterization

In order to improve our understanding of scintillators and SiPMs and their related
systematic effects in scintillator-based ECAL and HCAL applications, two experimen-
tal setups were commissioned by the Linear Collider Detector group at CERN. The
first setup serves the purpose of scintillator characterization with different sizes and
coatings as well as the better understanding of the uniformity of the measured light
yield and the edge effects between several tiles. The second setup gives the possibil-
ity to investigate SiPMs, including their intrinsic amplification as a function of the
temperature and as a function of the overvoltage as well as their related systematic
effects.

This chapter provides first an overview of the working principle of the SiPMs and the

scintillator tiles, then the above-mentioned setups will be introduced.

3.1 The working principle of an SiPM

SiPMs are single-photon sensitive devices consisting of an avalanche photodiode (APD)
array on a common silicon substrate. The photodiode is an opto-semiconductor de-
vice, which generates current when photons are absorbed in it. The devices are
widely used for Medical Imaging applications (for instance Position emission tomog-
raphy (PET)) as well as for the detection of Cherenkov light. The popularity can be
explained by their compactness, robustness, the insensitivity to magnetic fields and
cost effectiveness. Due to the exploitation of the avalanche effect, the devices provide
a high intrinsic amplification.

The study of different SiPMs was done, however, it would go beyond the scope of

this thesis to discuss the analysis of these data, too. In this thesis, a Hamamatsu
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Figure 3.1: Magnified pictures of SiPM from Hamamatsu (type S13360-1325PE and
some of its avalanche photo diodes. The active area compared to the total area of an
APD is aprroximated 60%.

multi-pixel photon counter (MPPC is one of the devices named SiPM) type of the
series S13360-1325PE is used. This MPPC with 1.3 x 1.3 mm? active area, 2668 pixels
of 25 um pixel pitch size is shown in Figure 3.1} The working principle of an SiPM is
the following (see in Figure [3.2)):
A bias voltage is applied to all APD creating a depletion zone of a high electric
field. The diodes are reverse biased with a voltage above the breakdown voltage. If a
photon reaches an APD it can create an electron-hole pair that is accelerated in the
high electric field and thereby generate an ionization avalanche. Since the APDs are
operated in Geiger mode, the efficiency of the single photon detection is high. On the
other hand in Geiger mode, an APD represents a binary device so that the output
signal is independent of the number of incident photons on one APD. To obtain a
signal approximately proportional to the number of photons, many APD cells are
arranged in an array. Each APD cell is connected through an individual quenching
resistor Rq to a common read out. These quenching resistors are necessary to cease
the Geiger discharge.

After the discharge a pixel needs time to become active again. This time can be

characterize with the so-called "recovery time” with a time constant given by

T:RQ'CD R (31)

10
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Figure 3.2: Schematic figure of the APDs arranged in an array with individual quench
resistors shows the working principle of an SiPM. The figure is based on [10].

where Cp is the capacitance of the avalanche volume inside the APD. Usually the
recovery time is around 10-30 ns [11].

In the case of an ideal photodetector, the output signal is linearly proportional to the
entire range of the input light intensity. However, in a real detector the linearity is
limited. The smallest detectable signal is determined by the noise, while the upper
detection is limit is given by the saturation due to the limited number of pixels.
From these properties follows that the SiPM is fundamentally a non-linear device.
The response function of an SiPM can be approximated with the following empirical
formula [12]

Np.c.-PDE

R o Nip = Nigtar - (1 — € Neotal ) | (3.2)

where R is the amplitude of the electrical output, N¢, is the number of fired pixels,
Niotar is the total number of pixels in the diode and N, is the number of photons
in a pulse. The PDE is the photon detection efficiency. The applicability of this
formula requires light distribution over the pixels and short light pulses compared to
the pixel recovery time [13].

The PDE can be divided into three main components [10]
PDE(\, U, T) = QE(A) - €avat - GE | (3.3)

where QE(A) is the wavelength-dependent quantum efficiency for photons to create
a primary photoelectron, €, is the probability to create an avalanche and GE is a

geometrical fill factor which quantifies the ratio of the active area compared to the

11
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total area of the detector. The typical photon detection efficiency of an SiPM is
around 30 % for blue light [10].
The intrinsic amplification of an SiPM called gain (G) is defined as the number of

electric charges generated by one Geiger discharge in an SiPM pixel [10]

G = % ) QGeiger discharge * (3-4)
The typical gain values are in the range of 105 — 10°.
For the operations of SiPMs, thermal noise, afterpulses and crosstalk play an impor-
tant role.
An electron can make a transition from the valence band to the conduction band after
an interaction with the vibrating crystal lattice (thermal charge carrier generation)
or even spontaneously (tunneling). A thermal/tunneling charge carrier generation
can trigger an avalanche, even if no photons or other particle passed the APD. This
phenomena is called thermal noise whose signal is similar to a pulse created by pho-
toelectrons. The amount of noise-pulses increases with temperature and can reach a
few MHz [10].
The silicon lattice of the APDs contains impurities where the ionization charges can
be trapped for a certain time and get released leading to a delayed appearance of the
avalanche. The delay-time can vary, usually up to several hundred nanoseconds. It
follows that the pulse from such a delayed avalanche will initiate after the "normal”
pulse. In this case, the read out signal is distorted or includes additional pulses [10].
This phenomenon is called afterpulse (see in Figure [3.3).
A fired pixel can initiate an avalanche also in its neighboring cells if photons have
enough energy to create an electron-hole pair in a neighboring pixel. In that case the
detected charge is similar to a pulse corresponding to two or more photoelectrons.
The rate of this optical crosstalk can be reduced with the separation of neighboring
pixels, for example by inserting so-called trenches between the pixels. The rate of
crosstalk also decreases with increasing pixel size since the emitted photon can be
reabsorbed with higher probability in the same pixel [I1]. According to the technical
data sheet of the SiPM under study [14], the crosstalk probability is around 1%. A

schematic drawing explaining optical crosstalk is given in Figure [3.3]

12
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Figure 3.3: Right panel: The read out signal of an SiPM is shown for long measure-
ment time. The pulse can be disorted or includes additional afterpulses caused by
an untrapped ionization charge. The figure is based on [I3]. Left panel: Scenario for
interpixel crosstalk shown for two neighboring pixels [15].

3.2 The working principle of a scintillator

When charged particles traverse a scintillator, a fraction of the energy can be de-
posited in its material by exciting the medium along the trajectory. Molecules of the
substances emit a few percentage of this energy as optical photons, called scintillation
[16]. The emitted light can be detected by photo-sensitive detectors such as Photo
Multiplier Tubes (PMT) or SiPMs coupled to the scintillator. Wavelength shifting
fibers and optical grease are sometimes used together with a scintillator, the first one
in case the detection wavelength range of the photo detector does not match with
the wavelength emitted by the scintillator. In our case, the scintillator produces light
with frequency well matched to the SiPM and good contact and stable reproducibility
of the measurement are ensured without the use of optical grease. Therefore neither
wavelength shifting fibers nor the optical grease are needed in our setup.

The tiles used in this study are EJ-200 plastic scintillators [17], with sizes of 10 x 10 x
2mm?, 15 x 15 x 2mm? and 20 x 20 x 2mm?. In order to increase the measured light
yield, the tile is surrounded by reflective materials, such as 3M foil [18] or reflective
paint [19]. Since the SiPM is directly coupled to the side of the scintillator tile, in the
preparation of the coating, a small, approximately (2 x 2mm?) window is left open
for the SiPM.

3.3 The electron gun setup

In Figure 3.4] a schematic illustration of the experimental setup for the scintillator

tile investigations read out by an SiPM is shown. In Figure the close environment

13
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Scinti‘lmlyator fibers

Figure 3.4: Left panel: An illustration of the scintillator tile scan setup. Right panel:
A schematic of the setup showing its main parts. Figure is based on [20].

Figure 3.5: The scintillator tile with the PCB, the SiPM and the tile holders.

14
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Figure 3.6: The scintillator tile set includes three sizes and two coatings. The width
of all scintillator tiles is 2mm. Left panel: The tiles are surrounded by 3M reflective
foil. Right panel: The tiles are covered by reflective paint.

of the scintillator tile is shown. The setup is used for characterization of the tiles with
different sizes and coatings. This includes the investigation of the signal uniformity
within the tile and the edge-effects, the determination of the average light yield for
the scintillator tiles with different features and the light crosstalk at the common
edge for multitile arrangements. The setup is installed in a darkroom. To control
the temperature inside the dark room a fan, an air conditioner and two radiators are
used. The data acquisition system as well as the power supplies are situated in a

neighboring room connected via a light-tight cable feed-through.

The experimental setup can be divided into the following main parts:

1. The Electron Gun: To obtain ionizing radiation for the studies on the scin-
tillator tiles, a B~ emitting, approximately 350 MBq ?°Sr isotope is used [21].
The source in combination with the decay of the daughter nucleus *°Y provides
a continuous electron energy spectrum up to approximately 2MeV. The 3~

decay products of the decay chain are the following;:
NS — Y (— PZr+e; +V.)+e] +Ve (3.5)

The source is installed in a solid tungsten container and thus well shielded.
To know the deposited energy of the traversing electrons in the scintillator
material, Minimum Ionizing Particles (MIP) can be selected by an electron

monochromator. The MIPs are charged particles with mean energy loss rate

15
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Figure 3.7: The number of coincidences per 100s as a function of the current of the
coil in the monochromator. During the measurement a scintillator tile was placed
between the electron gun and the trigger fibers.

close to the minimum [I6]. The ionization loss of MIPs only slightly depends
on their momentum. Changing the magnetic field created by a coil the MIP
electrons from the energy spectrum of the radioactive source can be selected.
Electrons above 1 MeV can be considered to be MIPs, and can traverse the
scintillator tiles under study (thickness 2 mm) [21]. To decrease the covered
area of the beam on the tile, thereby to increase the position resolution of a tile
scan, the electron beam is collimated using collimators right after the source

and at the exit of the tungsten body.

2. The Trigger fibers: Below the electron gun and the scintillator tile two scin-
tillator fibers are installed orthogonally to each other. The vertical distance
from the exit of the electron gun is 27 mm. The shape of one fiber is a cuboid

2 square basic, thereby the overlap region of the fibers in the

with 1 X 1mm
e~ beam direction is also 1 mm?. The fibers are read out each with an SiPM.
The signals of the SiPMs are transferred to a Nuclear Instrumentation Module
(NIM) to select the signals in coincidence. The output of this unit is used to
trigger the data acquisition of the main SiPM coupled to the scintillator tile.

In order to achieve the highest data taking rate the maximal amount of the
traversing electrons per time unit should be selected by adjusting the current
of the electron monochromator. To find the corresponding current a scintillator

tile from our collection (see in Section B.1.2]) was placed between the electron

16



3.4 The LED pulser setup

gun and the trigger fibers and the number of coincidences was measured as a
function of the current of the monochromator coil. As shown in Figure [3.7] the
maximum data taking rate in the setup is reached when using approximately
Leon = 1.05A.

. The movable table: In the interest of scanning the whole area of a scin-
tillator with appropriate accuracy, it needs to be moved with sub-millimeter
precision with respect to the electron beam position. The precise movement
(< £0.03mm) of the platform which hosts the scintillator tile and the SiPM
including the amplification board and read out is ensured by two independently
operable LTM 80M-170 stepper motors [22] orthogonally to each other in the
horizontal plane. The motors can be operated automatically controlled by the

read out interface.

. Printed Circuit Board: The Printed Circuit Board (PCB) is soldered di-
rectly to the contacts of the SiPM and amplifies its signal with a BGA614
broadband matched amplifier [23]. The voltage regulator which supplies the
BGAG614 preamplifier is supplied with a voltage of 5.5V in order to gain an am-
plification factor weakly dependent on the input voltage. One PCB represents
an amplification stage with approximately a factor of 9. The PCB also host a
PT1000 thermometer close to the SiPM in order to monitor the temperature
during the data taking. The SiPM is biased by an external high voltage supply
with a constant voltage a few Volts above the breakdown voltage. In the case of
the Hamamatsu MPPC S13360-1325PE a bias voltage of 57.8 V is recommended
by the vendor for a temperature of 25°C.

. Powering and controls: The signal of the SiPM is recorded by a digital
oscilloscope named PicoScope 6404B with sampling rate of 5GS/s [24]. The
PicoScope and the stepper motors are connected to a personal computer and
controlled by a customized LabView program [25] used as the read out interface.
The low voltage for the pre-amplifiers is provided by a Gossen 33K7 power
supply, for the bias voltage of the SiPM a Keithley 2410 power supply is used
and the current for the coil of the electron monochromator is provided by a
SM7929-D power supply. A FLUKE 45 multimeter is connected in parallel to

the low voltage supply to monitor the input voltage.

17



3. THE EXPERIMENTAL SETUPS FOR SIPM AND SCINTILLATOR
CHARACTERIZATION
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Figure 3.8: Left panel: Thermally isolated Peltier-element chamber is shown together
with its supplementary equipments. Right, top panel: A schematic of the experimen-
tal setup illustrates the measurement for the gain of the SiPM. Right, bottom panel:
The SiPM and its surrounding in the interior of the temperature controlled chamber.

3.4 The LED pulser setup

Figure [3.8] shows the setup equipped with a light emitting diode (LED) including a
thermally isolated Peltier-element chamber with a temperature range covering the re-
gion of interest (15°C - 30°C) together with its auxiliary equipment. The schematic
of the experimental setup illustrates the working principle of the measurement for
the intrinsic amplification of the SiPM as a function of the temperature and of the
overvoltage. In addition an illustration of the SiPM and its surrounding in the inte-
rior of the temperature controlled chamber is shown. Instead of a scintillator tile, a
LED connected to a pulse generator is directed onto the active surface of the SiPM
by an optical fiber. The interior of the Peltier-element chamber is shielded against
light. The power supplies and the read out of the SiPM and of the PCB are the same
as in the scintillator tile scan setup described in Section 3.3l However, for triggering
the input signal of the LED pulser is used, which is a square pulse which is usually
operated with a peak to peak voltage of 4V and with a frequency of 10kHz. Both

the voltage and the frequency can be modified.

The SiPM is placed close to the metal plate of the Peltier-element chamber whose
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3.4 The LED pulser setup

temperature is adjustable with an absolute accuracy of +0.2°C. The temperature
of the SiPMs vicinity is monitored both by a thermometer of the Peltier-element
chamber itself located on the metal plate and by a PT1000 thermometer placed close
to the SiPM with same accuracy like the thermometer of the Peltier-element chamber.
Between all these components thermally conductive grease is used to ensure a good
heat flow. The two temperatures are in agreement within the uncertainty of the
temperature sensors.

The PCB connected to the SiPM, its input voltage, the high voltage for biasing the
SiPM and the other parts of the experimental setup except the scintillator tile are
operating as discussed in Section B.3l The voltage used for biasing the SiPM and the
pre-amplifier voltage of the PCB are the same as in the scintillator tile scan pulser
setup. The main differences are the number of the PCBs and the coupling of the
SiPM. In order to cope with the lower output signal of the SiPM due to the decreased
number of photons in comparison to the tile scan setup, two amplifiers are used in
series resulting to an amplification factor of 81. The PCB of the LED pulser contains
two inputs. Through the PIN connector, the power supply for the LED is ensured.
Changing the supply voltage, one can control the intensity of the emitted light. The
LEMO connector is connected to the output of a PicoScope used as pulse generator
for the trigger signal for the LED. The same signal is used to trigger the LED pulser
and to read out the SiPM signal.
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Chapter 4

Data reconstruction

In the following chapter, the steps of data processing will be introduced, including
the data acquisition with the PicoScope, the online data management with a user

interface based on a customized LabView program and the offline data analysis.

4.1 The electron gun signal

4.1.1 The user interface of the customized LabView program

The PicoScope which processes the data of the SiPM under test as well as the trig-
ger signal is connected to a computer. The data from its output is processed by a
customized LabView program of which user interface is shown in Figure [d.I] The
program provides the possibility to monitor and record the SiPMs signal in real time.
It also records the data taking parameter such as the temperature measured with a
PT1000 thermometer, the measurement date and time provided by a PC, the number
of coincidences counted by the LabView program itself, the positions of the scintilla-
tor tile with respect to the electron gun read out from the electronic module of the
stepper motors. The bias voltage which supplies the SiPM, and the current of the
coil in the electron monochromator are given manually to the program before the
program run. With the user interface the dynamic ranges of the Channel A and B
read outs can be adjusted. The dynamic range should be chosen neither to cut the
pulse nor lose precision. Since the amplitude of the SiPM pulse varies in a wide range
the upper limit of the dynamic range of Channel A was always chosen to be at least
twice the average pulse height to avoid cutting into the SiPM pulse. In most of the
cases 500mV was sufficient. In Channel B the trigger threshold should not exceed
the amplitude of the square pulse signal of the NIM logic which is slightly below 1V.
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Figure 4.1: The user interface of the LabView program. Beside the data taking
parameters, the SiPM response is displayed on a graph for each triggered event. This
graph is divided into two subwindows for the pedestal and for the signal of the electron
traverses through the scintillator tile. On the histogram (right, below) the result of
the subtraction of the integrals of both subwindows is displayed for all event that we
recorded during one data taking.

The output current of the SiPM coupled to the scintillator tile is amplified by the
pre-amplifier board and multiplied by the coupling resistance of the PicoScope. This
modified output signal is shown as a function of the time on the oscilloscope-like
display of the user interface on the left side. Taking advantage of the continuous data
buffering of the PicoScope, the beginning of the SiPM’s pulse, can be shifted to the
middle of the measurement window. Thereby, the entire measurement window can
be divided into two subwindows with equal length of time (see in Figure . The
first subwindow called Pedestal-subwindow records the signal height in the absence of
a signal. The second one called Signal-subwindow records the signal pulse just after
the trigger on top of the current pedestal value. The LabView program integrates
online the signal and the pedestal response separately in their time subwindows to
make a conversion to charge and subtracts the pedestal from the signal integral. Like
that, the signal is corrected for shifts in the pedestal height, which was observed in
previous studies. The integral of the Pedestal-subwindow, the Signal-subwindow and

the Signal-Pedestal-subwindow (s-p. subwindow) are saved for offline data analysis.
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4.1 The electron gun signal
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Figure 4.2: Charge distributions of the pedestal, the signal and the signal-pedestal.
One can observe that the mean of the pedestal distribution has a shift from the zero
charge. The signal-pedestal distribution is fitted by a Landau Gaussian convolution.

4.1.2 The offline data analysis

The output file of the LabView program is analyzed by the ROOT object-oriented
program based on the C++ programming language [26]. The integrated charge for
all APDs in the SiPM can be calculated by dividing the integral values in the signal-
pedestal subwindow by the coupling resistance of the PicoScope (50€2) and by the
amplification factor of the BGA amplifier (factor 9)

dt

fs—p. subwindow size vs‘p- subwindow (t)
Reoupling - amplification

Qsipn = (4.1)

The resulting charge distribution for an example measurement is displayed in
Figure [£.2 The distribution of the deposited energy caused by the fluctuations in
the ionization of a charged particle in a thin layer of material follows a Landau-
distribution [27].

The measured distribution also contains a component of statistical fluctuations
due to the intrinsic accuracy of the measurement. Therefore the signal distribution is
best described by a convolution of a Landau distribution and a Gaussian distribution
[28]. The function has four free parameters: the Landau-scale factor which quanti-
fies the shape of the distribution which varies between 0 and 1; the most probable
value (MPV); the total area (A) and the width of the Gaussian function (o). In the

following, the MPV as well as the arithmetic mean of the distribution are used in
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4. DATA RECONSTRUCTION

the comparison of the SiPM response for different measurement conditions and tile
features. The mean of the distribution can easily be calculated, therefore providing
a stable and fast result independent of the fit quality. The use of the MPV together
with the other parameters of the fit can give global information about the SiPM re-
sponse, but the fit is time-consuming and can lead to unstable results in case of a low

number of events.

4.2 The LED pulser signal

Since the LabView program is the same in the case of both setups, the data acquisi-
tion for the LED measurement is similar to the one of the electron gun signal. The
only difference is realized in the charge distribution of the signal-pedestal subwindow.
Since the APDs within the SiPM operates in Geiger mode, the output is quantized by
the unit of the Geiger discharge of a cell, caused by one photo-electron. It follows that
the charge spectrum consists of single photo-electron peaks as shown in Figure 4.3,
of which number is in correlation with the emitted amount of light of the pulser. The
photo-electron peaks can be broadened by thermal noise, crosstalk, afterpulses and
by the unevenness between the response of individual APDs. These effects increase
with increasing number of the photo-electrons. The height of the different peaks fol-
lows a Poisson distribution. These effects limit the maximum number of separable
peaks from the background in the charge spectrum. In addition, the light intensity
of the LED can be changed. If the LED intensity is low, fewer peaks occur in the
photo-electron spectrum. On the other hand, a large LED light intensity results in
more noise (Section 5.1.2.5)).

In order to obtain the distance between the neighboring photo-electron peaks, which
equals the gain of the SiPM multiplied by the elementary charge as written in
Equation the electron spectrum is fitted. For the fit,1 separate Gaussian functions

are used which individual amplitudes follow a Poisson distribution.

£:(d, Apoiss, Dpeak, A, Quoises 4, 01) = Apoiss - Poisson(npeax; A) - Gauss(q; Qe +1-d; 03) -

(4.2)
In the function, the global parameters are the amplitude of the Poisson distribution
(Apoiss), the expected average number of photo-electrons in the Poisson distribution
(A), the position of the pedestal peak (Q
peaks (d), and the number of the fitted peaks (npeak). Dpeax s Optimized by an algo-

noise ) the distance between all photo-electron

rithm which checks whether the broadening of the last peak does not exceed a cut-off

value that is derived from the width of the third photo-electron peak. opg; is the
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Figure 4.3: Left panel: The charge spectrum of an SiPM contains single photo-
electron peaks. The number of visible peaks correlate with the emitted light yield of
the LED pulser. Right panel: A fit of the photo-electron spectrum with Equation [4.2]
One can observe the increasing width of the photo-electron peaks with increasing
ordinal number.

width of the i*" Gaussian fit where i means the number of the photo-electron peak
and runs from 1 to npeax. The width of the noise peak is parametrized by onoise. The
finally obtained variables are the results of an iterative fitting procedure in order to
increase the stability of the fit function with many parameters.

A typical photo-electron spectrum and the result of a fit with Equation [4.2]is shown
in Figure [£.3] The first peak is the pedestal peak, marked with blue color, located
around at 0 pC. The subsequent peaks, marked in black color, are the photo-electron
peaks. All peaks are separated by the same distance. The more photons are mea-
sured, the broader is the peak, shown by the increase in the width from opg; to
opgs. This is due to the increased impact of noise, crosstalk, afterpulses and slightly

different response between individual pixels.

It should be noted that the study of different SiPMs was done, however, it would
go beyond the scope of this thesis to discuss the analysis of these data, too.
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Chapter 5

Systematic uncertainties

This chapter presents the most relevant systematic uncertainties, which can occur in

both experimental setups as well as during the data evaluation processes.

5.1 The LED pulser data

In this section the systematic uncertainties related to the LED pulser setup and the
subsequent data analysis will be studied. These include influences on the follow-
ing effects: the histogram bin width, the number of fitted peaks, the measurement

duration, the reproducibility, the dynamic range and the LED pulser settings.

5.1.1 Uncertainties of the photo-electron fit
5.1.1.1 Histogram bin width

The photo-electron spectrum is saved in a histogram with a fixed bin width. The
number of the bins is adjusted to the investigated features of the data and that the
features in the data distribution can be resolved with. The number of bins is varied
in order to observe the effect on the extracted SiPM gain. The study was repeated
for different data sets with similar results. The left panel of Figure [5.1] shows the
extracted gain as a function of the number of bins between two neighboring photo-
electron peaks. The gain values are in agreement within the uncertainties for 10 to 50
bins between two adjacent photo-electron peaks and the dispersion of the gain value
is negligibly small. Therefore, the width of the bins does not influence the gain within
that range. It is worth noting that the uncertainty on the fitted gain decreases slowly
with the number of bins, while the corresponding computing time increases rapidly.

As a compromise, for further studies 20 bins between the neighboring peaks are used.
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Figure 5.1: Left panel: The gain versus the number of bins between two neighboring
peaks. In the range of 10 to 50 bins between two adjacent peaks, the dependence
is significantly smaller than the measurement accuracy. Right panel: The gain as
a function of the number of fitted photo-electron peaks. In the range of 5-7 fitted
photo-electron peaks there is no significant dependence on the choice of the number.

5.1.1.2 Number of fitted photo-electron peaks

The impact of the number of the fitted photo-electron peaks on the extracted gain
for a fixed LED amplitude is shown in the right panel of Figure [5.1} Theoretically, all
neighboring photo-electron peaks should be equidistant from each other since with
an SiPM the multiple of the APD charge can be measured. Nonetheless, Figure [5.1
shows that the gain increases as a function of the number of fitted peaks. At Nyeax = 6
the extracted gain saturates. In the data analysis, between 5 and 7 peaks are used
for estimating the gain. In this range, taking into account the uncertainty of the
gain, the results do not differ. Similarly to the number of bins, the uncertainty of
the fitted gain also decreases with increasing number of fitted peaks. Therefore a
maximum number of photo-electron peaks is chosen that can be distinguished from
the background (see Section [4.2]).
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Figure 5.2: Left panel: The estimated gain as a function of the measurement duration.
After the initial period, the gain and its uncertainty stabilize. Right panel: The gain
is measured several times for 5 - 50s using the same experimental conditions. The
gain evolution is fitted with a Gaussian function. The gain values have a spread of
0.2% using the sigma/mean ratio of the fitted Gauss.

5.1.2 Uncertainties of the experimental setup

5.1.2.1 Measurement duration

The length of the measurement duration is a compromise between reaching a large
number of events collected during the measurement and the effective use of the re-
sources. In order to identify an appropriate measurement duration and to investigate
its systematic uncertainty, the gain was measured for data sets with increasing mea-
surement times. The results are plotted in the left panel of Figure [5.2] The data sets
are recorded in units of 50s. This is due to the fact that the temperature is recorded
at the start of all measurements. After 4 x 50 s measurements duration, the gain val-
ues and the uncertainties are stable. Additional measurement time does not change
the gain value and its uncertainty. For future studies 5 x 50 s long measurements are

used.
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Figure 5.3: Left panel: The estimated gain is measured three times for two dynamic
ranges. The values with same dynamic range agree, the average gain obtained with
500mV and 1000mV differ by up to 0.5%. Right panel: The estimated gain as a
function of the LED pulser’s frequency. Up to 50 kHz the gain values are in agreement
with each other within the uncertainties.

5.1.2.2 Reproducibility

As a cross check on the stability of the measurement under the same experimen-
tal conditions, the estimated gain was studied for several data sets (right panel of
Figure [5.2]). The gain values fill a histogram and the uncertainty of the reproducibil-
ity is determined as the standard deviation of the distribution. Since the relative
uncertainty (the standard deviation divided by the mean) is approximate 0.2%, the

gain measurements are considered reproducible within this uncertainty.

5.1.2.3 Dynamic range

To cope with the different output signal of the SiPM for various setups, the dynamic
range of the input channel of the PicoScope can be adjusted. With the change of the
dynamic range, a small shift of the baseline in the oscilloscope was observed. In order
to investigate the possible impact of this effect on the measurement results, the gain
was measured three times for a fixed LED amplitude with dynamic range values of
500mV and 1000mV. The results are displayed in the left panel of Figure As
shown in the reproducibility study (see in Section [5.1.2.2), the data sets with the
same dynamic range agree within the uncertainties. However, the mean of the three

measurements for the two different dynamic ranges differ by up to 0.5%.
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Figure 5.4: The gain as the function of voltage of a LED pulser. With increasing
LED intensity the gain increases. The charge spectra are fitted always with 3 peaks
to avoid other systematic effects.

5.1.2.4 The input frequency of the LED pulser

In order to combine high measurement speed with stable results, the LED frequency
rate should be well selected. The maximum available frequency is limited by the
construction of the LED pulser. The estimated gain was studied as a function of the
input frequency of the LED pulser (LED frequency). As shown in the right panel of
Figure the gain starts to decrease above 50 kHz. To avoid a shift in the measured
gain of the SiPM depending on the chosen frequency, the frequency of the PicoScope

output channel is set always to 10 kHz.

5.1.2.5 LED light yield

In Figure [5.4] the estimated gain is studied as a function of the LED intensity which
increases with increasing LED input voltage. It should be noted that the light yield
also depends on other hardly-controllable settings such as the angle of the optical
fiber compared to the surface of the SiPM and the distance between the end of the
fiber and the SiPM cells. Accordingly, the optical fiber is directed orthogonally to the
SiPM’s surface and the distance between these components is kept constant at a few
mm. It should be also noted that the SiPM is fundamentally a non-linear device. Due

to the finite number of pixels, the response signal for the incoming photons saturates
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Figure 5.5: Left panel: The estimated gain as a function of the events time window
size. Right panel: The resolution of the first four photo-electron peaks as a function
of the events time window size.

at the scale of the total number of pixels. However, number of photons reaching the
SiPM is far below from this level both, in the LED pulser setup and in the scintillator
tile scan setup cases.

To quantify the uncertainty coming from the variation of the number of photons
reaching the active area of the SiPM, the gain is studied as a function of the input
voltage of the LED pulser. In order not to bias the result by the number of fitted
photo-electron peaks, only the first three peaks of the charge spectrum are fitted
independent of the available peak number. Figure [5.4] shows the obtained results and
some example charge distributions. The estimated gain increases as a function of
the emitted light yield.In the case of measurements with the above mentioned optical
fiber alignment, the input voltage of the LED changes in the range of 3.5V-3.7V.
Within that range the signal spectrum comprises at least 6 photo-electron peaks,
as shown in Figure [5.4] if (Input Voltage); zp is within this range. The uncertainty
of the estimated gain is calculated for 3.5V -3.7V, which corresponds to systematic
uncertainties of +0.35%.

5.1.2.6 Events time window size

The measured gain of the SiPM is studied as a function of the length on the time
window, as explained in Section [£.1.0l The gain increases with increasing time window
(see Figure [5.5] left), while the photo-electron peak broadens (see Figure 5.5 right).
As a result, the resolution of the peaks deteriorates for large time window sizes. A

window size of 80 ns is chosen as a compromise between gain stability and peak width.
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Figure 5.6: Left panel: The MPV of the Landau Gauss convolution is plotted as a
function of the histogram bin size. Right panel: The uncertainty of the MPV of the
Landau Gauss convolution as a function of the histogram bin size.

5.2 The electron gun data

In this section the systematic uncertainties of the tile scan setup and the subsequent
data analysis are presented. These include the histogram bin width, the measurement

time, the reproducibility and the uncertainty caused by the temperature correction.

5.2.1 Histogram bin width

Similar to the evaluation of the SiPM gain, the charge spectrum of the scintillator tile
setup is saved in a histogram with fixed bin width. When fitting the distribution with
a Landau-Gauss convolution, as explained in section [£.1.2] the fit results may depend
on the chosen bin width. The results are shown in Figure 5.6l While the mean of the
distribution remains essentially independent of the bin width, it is important to check
the most probable value (MPV) of the signal and its uncertainty as a function of the
bin width. For better visibility, the x-axis has a logarithmic scale. Between a bin
width of 0.15 — 1 pC the MPV values are stable and agree within the measurement
accuracy. The uncertainty SMPV/MPV reaches a minimum of approximately 2% for
a bin width of 0.2 pC which is used in the following.

5.2.2 Reproducibility

In order to quantify the reproducibility of the measurement, charge distributions mea-
sured under the same experimental conditions are compared to each other. For the
characterization of the distribution, the mean value of the charge distribution and

the most probable value of the Landau Gauss convolution are determined for each
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Figure 5.7: Left panel: The distribution of the mean of the charge spectrum for 100s
long measurements. Right panel: The distribution of the MPV of the Landau Gauss
convolution for 100s long measurements. In both cases the standard deviation of the
distribution is approximately 2%.

measurement. The MPV and mean values of repeated measurements are entered in
a histogram shown in Figure 5.7, The standard deviation of the distribution is an
indication of the reproducibility of the measurement. The obtained uncertainty for

100's long measurements is approximately 2% in both cases.

5.2.3 Measurement time

The process described in Section [5.2.2] is repeated for datasets with increased mea-
surement time. Figure [5.8shows the standard deviation over mean values for both the
Mean and the MPV of the signal distributions as a function of the measurement time
for otherwise identical experimental conditions. The measurement time is expressed
in the number of coincident triggers at a rate of 1.5—-2 triggers/s. The standard devi-
ation values are expected to depend linearly on the inverse of the square-root of the
number of triggers. This is indeed the case, as can be seen from Figure [5.8 The fitted
linear function is taken into consideration according to the systematic uncertainty of

the measurement time.

5.2.4 Events time window size

Similarly to Section [5.1.2.6 the length of the measurement window for an event can
be adjusted. In the left panel of Figure [£.1.1] the mean of the charge distribution
and the MPV of the Landau Gaussian convolution is studied as a function of the

size of the event time window. As in the LED pulser setup, the SiPM response has
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Figure 5.8: Left panel: the standard deviation (STD) divided by the mean values
are calculated from the mean of the charge distribution and studied as a function of
the inverse square root of the number of triggers. The dataset is fitted by a linear
function. Right panel: The same quantities are plotted for the MPV of the charge
distribution and also fitted by a linear function.

a dependence on the length of the event time window. However, contrary to the
trend line of the gain (Figure [5.2), the mean and the MPV values have a maximum
at around 80 ns. To obtain a comparable result between both setups, the events time

window size is also set to 80 ns.

5.2.5 Temperature correction

In order to avoid the unwanted bias in the measured charge during for instance a
tile scan, the datasets are corrected to a reference temperature. The temperature
correction method is described in detail in Section [Z.Il The temperature correction

takes the following form

1
corrected o
Q ( )_1—|—cxr-(T—Tref)

X Qmeasured (T) (5 1)

where o, represents a relative correction factor for temperature. This parameter can
be obtained from the temperature calibration of the SiPM (see Section[.I]). In an
ideal case, the measurements with same experimental conditions but with different
temperatures agree after the temperature correction.

Here, the mean of charge values and the MPV values after the temperature correction
are fitted with a linear function. The temperature dependency is studied by the slope
of the first order polynomial. The result is shown in the right panel of Figure [5.9, The

slopes for both fitted functions are zero within uncertainty. However, both datasets
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Figure 5.9: Left panel: The mean of the charge distributions and the MPV of the
Landau Gauss convolutions as a function of the events time window size. Right panel:
Investigation of the temperature correction in the case of the mean and the MPV of
the charge distribution.
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5.2 The electron gun data

have a fluctuation around the intersection of the constant functions (p1) which equals
the charge at the reference temperature. The spreads of the dataset for the mean
of the charge and for the MPV of the charge are shown in Figure [5.10] It is also
worth noting that both intersections of the linear fits (pl) are in agreement with the

Qeorrected yalues within uncertainties with the corrected values in Section [l
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Chapter 6

Overvoltage calibration

The breakdown voltage of an avalanche photodiode (Viq) is the minimum reverse
bias voltage (Vpias) which allows the self-sustaining avalanche multiplication in the
SiPM. To obtain an SiPM gain larger than zero, the SiPM should be supplied with a
bias voltage higher than the breakdown voltage. By definition, the difference between

the bias voltage and the breakdown voltage is the overvoltage (Voyer)
Vover - |Vbias - Vbd| . (61)

By increasing of the overvoltage, the gain of the SiPM can be increased. The noise
also increases with the overvoltage. Taking these two competing effects into account,
an optimal operation voltage for each individual SiPM can be identified. The optimal
value is usually suggested by the vendor. The gain (G) of the SiPM depends linearly

on the overvoltage for a range of few volts above the breakdown voltage [10]

Cp

C
= 2+ (Vbias — Via) = e * Vover - (6.2)

G
Here, Cp is the capacitance of the avalanche volume inside an APD and e repre-
sents the elementary charge.
In order to determine the breakdown voltage of the SiPM under study, the gain of
the SiPM was measured for different bias voltage values above the breakdown volt-
age. The measurement was taken with the LED pulser setup (Section [8.4]), while
the temperature was controlled and set to a constant value of 25 °C throughout the
measurement. The measured gain for various bias Voltages V. was fitted to a linear
function. As a result, the breakdown voltage can be calculated from the fit param-
eters. The breakdown voltage is the voltage at which the gain would be zero. The
results are shown in Figure [6.1]
For the use of the SiPM (Hamamatsu MPPC S13360-1325PE), the vendor suggested
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Figure 6.1: The gain is studied as a function of the bias voltage. From the linear fit,
the breakdown voltage and the capacitance of the APDs can be determined.

an optimal bias voltage 57.80 V. This corresponds to an overvoltage of (5.8240.03) V,
while the gain is (51.98 4 0.01) - 105. In the following studies Vyi.s = (57.80 4+ 0.05) V

is used for all measurements.
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Chapter 7

Temperature correction of the
SiPM response

With increasing temperature, thermal vibrations in the silicon lattice of the SiPM
increase. This leads to a decreased free path length of electrons in the avalanche and
a reduction of the electron avalanche. Hence, the gain as well as the breakdown voltage
of an SiPM depend on the temperature: the gain decreases and the breakdown voltage
increases with increasing temperature. In order to ensure an SiPM signal independent
of the temperature, it is necessary to regulate or measure the temperature during
data taking at a fixed bias voltage. In the following, the temperature dependence
of the SiPM response is studied once in terms of the charge recorded in tile scans
and once in terms of the SiPM gain. The bias voltage and the temperature of the
SiPM under study are controlled within £0.025V and £0.2°C) and the bias voltage
is fixed to 57.8 V which corresponds to an overvoltage of (5.82+£0.03) V at 25°C. The
evaluation of the temperature dependence is facilitated due to the fact that the SiPM
is operated within a temperature range, in which the temperature dependence of the

SiPM response is expected to follow a linear dependence.

7.1 Charge dependency on the temperature

In the following, the SiPM response is studied via the charge recorded in a tile scan
as introduced in Chapter [3.3] and Equation [{.1] In the dark room, in which the
tile scan setup is located, the temperature can be modified with an air conditioning
(A.C.), a fan and radiators. In addition changes of the outside temperature due to
the weather influence the SiPM temperature. In the vicinity of the silicon sensor
heat sources exist, such as the preamplifier on the PCB and the coil of the electron

monochromator. To obtain a stable SiPM temperature despite these heat sources,
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Figure 7.1: The dataset of the charge versus temperature calibration. Data points
with AT; ;1 >= 0.1°C are rejected from further analysis steps and marked with red
stars.

a fan is directed onto the setup. The temperature of the SiPM is monitored with a
PT1000 thermometer close to the sensor with (0.150 + |T| - 0.002) °C accuracy [29],
where T is the temperature in °C.

The SiPM is coupled to a scintillator tile which is in the following a with 3M foil
wrapped tile with 20 x 20 x 2mm? size. The scintillator tile is placed such that
the electron beam traverses the middle of the tile. Data are recorded in 100s long
measurements. In order to widen the measured temperature range, after half of
the measurement time the radiators are turned on. As shown in Figure[7.1], the
radiators are switched on 9 hours after the start of the data taking. After additional
15hours, the influence of the radiators reaches a maximum after which the SiPM
temperature change is related to the changes of the weather. Subsequent dataset of
100 s measurement time are rejected if the temperature of the previous dataset differs
by at least £0.1°C. All remaining data files of the same temperature are combined to
one data set. The mean values of the SiPM response per temperature are evaluated
in two different ways as introduced in Section [4.1.2}

1. The mean value of the charge distribution,
2. The MPV of a Landau-Gauss fit of the charge distribution.

The SiPM response in terms of charge as a function of the temperature is shown
in Figure[7.2 for the two methods. As discussed for Section[L.1.2] the MPV has
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7.1 Charge dependency on the temperature
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Figure 7.2: Left panel: The charge versus temperature using the mean of the charge
distribution. Right panel: The MPV of the Landau Gauss convolution fit versus
temperature. The shaded areas indicate the combination of statistical and systematic
uncertainties.

systematically lower numbers than the mean value due to the tail of the charge
distribution towards large Q values.

The temperature dependence can be described by

1
corrected —
Q 1+ocr-(T—Tref)

used for the temperature correction of the SiPM responses [30]. The function can be

. Qmeasured(T)7 (71)

transformed into a linear representation,

Qmeasurcd (T) =, - Qcorroctod T+ Qcorrcctcd . (1 — - Tref)- (72)

The first parameter of the linear fit is the relative temperature coefficient o, [%} It
shows by how many percent the charge varies for a 1°C temperature change. Using
Equation [7.2] «, is given by
deeasured (T) 1

dT Qmeasured(Tref) '

The second parameter of the linear fit is the charge value after temperature correction

(7.3)

Xy =

Qeorected " The relative temperature coefficients for the Q and MPV measurement ex-
trated from Figure [7.2)are in agreement with each other, ocig’?%)'lg%m / ocrs;ﬁ%%’ilT%%PE —
(95 + 13)%. The mean of charge measurement gives a more stable result. Therefore,
in the following the results of the mean of the charge distribution are used in the
temperature calibration. For a Hamamatsu MPPC S13360-1325PE and a wrapped
scintillator tile with 20 x 20 x 2mm? size, the relative temperature coefficient is

oS13360-1325PE __ (—1,648 + 0.056) %

L3 o (7.4)
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7. TEMPERATURE CORRECTION OF THE SIPM RESPONSE

The charge of the SiPM response changes by 1.648 % for a 1°C change in the tem-

perature.

7.2 Gain dependency on the temperature

In the following the SiPM response is studied via the SiPM gain. The gain depen-
dency on the temperature was studied using the LED pulser setup (Chapter and
Equation The setup is placed in a thermally isolated Peltier-element chamber.
The SiPM temperature is regulated by a thermally controlled metal plate and good
heat flow between the plate and the SiPM is ensured by using thermally conduc-
tive grease between all components. The tested temperature range is from 15.5°C
to 29.5°C and scanned twice, in opposite directions in steps of 2°C, starting with
the highest temperature, going to the lowest temperature (“down” measurement)
and again back to the highest temperature (“up” measurement). Between each steps
4 minutes are used to achieve a thermal stabilization of all components. The SiPM
response to the LED pulser is recorded for 10 times 50s. The temperature variation
during this 10 - 50s period is within the uncertainty of the temperature sensors.
During the measurement the temperature is monitored with a PT1000 thermometer
close to the SiPM and with a temperature sensor integrated in the Peltier-element
itself. The values measured with these thermometers are in agreement within 0%
to 2%. However, the differences between the two temperature measurements change
with temperature (see in the left panel of Figure [7.3). For the temperature calibration
of the SiPM, the temperature of the PT1000 is used and the uncertainty is extracted
from the technical data sheet.

The gain is extracted from the photo-electron spectra as introduced in Section 4.2
Then the gain vs.temperature distribution for both (up, down) measurements are
fitted with a similar linear function like in Equation [7.2]

Gmeasured<T) — Br . Gcorrected T+ Gcorrected . (1 _ BI' . Tref) . (75)

The parameters of the two fits agree within the uncertainties, the datasets with
the same temperature are combined. The fit of the combined measurement (see in
Figure contains a relative temperature coefficient parameter (B,) and a Georrected
parameter, which are similar to those presented in Equation
_dG(T) 1

T AT G(Tw)

Br (7.6)
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7.3 Relation between gain and charge dependence
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Figure 7.3: Left panel: The temperatures measured with the PT1000 thermometer
and with the thermometer of the Peltier-element. The two temperature measure-
ments are in agreement within 0% to 2%, the differences change with temperature.
Right panel: The SiPM gain as a function of the temperature. The dependency is cal-
culated as a combination of the gain measurements scanned in opposite directions in
temperature. The shaded areas indicate the combination of statistical and systematic
uncertainties.

Based on the measurements of the SiPM under study the temperature coefficient
related to the gain has a value of
S13360-1325PE &
B2 = (—0.749 £+ 0.003) C (7.7)
Therefore the gain of the SiPM response changes with 0.75 % for a 1°C change in the

temperature.

7.3 Relation between gain and charge dependence

The difference between the temperature coefficient obtained from the charge versus
temperature ocf,g’?fg‘l?’%m = (—1.648 £ 0.056) 2 and the gain versus temperature
calibrations BS13360-1325PE — (_() 749 4 0.003) % is explained in the following. As
can be seen from the uncertainties the conditions for temperature control are much
. . §(oS13360-1325PE) §(pS13360-1325PE) L.
better in the Peltier-element chamber (W ~ 10 - W), but it is
too small to host the tile scan setup. In this section an attempt will be made to define
the relation in analytic way between the above-mentioned coefficients and to outline

a possible explanation for the difference. Then, theoretically derived values will be
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7. TEMPERATURE CORRECTION OF THE SIPM RESPONSE

compared to the measured ones.

As it was shown in Equations [7.3]and [7.6] the temperature coefficients of the
charge (o) and of the gain (f3,) are by definition:

~dQ(T) 1
AT QThw)
L AG(T) 1
b= "4 G

According to [12], the response of the SiPM can be written as

Np.c.-PDE

R x Nf.p. = Ntotal . (1 —e  Trotal ) 5 (78)

where R is the amplitude of the electrical output, N¢, is the number of fired pixels,
Niotar is the total number of pixels in the diode and N, .. is the number of photons in a
pulse. The PDE is the photon detection efficiency, which depends on the overvoltage
(Vover(T))[14]. In the case of the scintillator tile scan setup the number of the fired
pixels is in order of hundred, using the LED pulser setup the number of fired pixels
are less with a factor of 10. The total number of pixels is 2668, the PDE is less than
30%. Thus, the exponent in Equation is much below one, Equation can be

approximated with its 1. order Taylor-polynomial around 0,

R o« Nye. - PDE(A; Ve (T)). (7.9)

It is assumed that the charge of the SiPM response (Q) measured with a scope is

proportional to the amplitude of the electrical output of the SiPM
Q xR, (7.10)
where the charge of the SiPM response can be given by

Q(T) = A - B(Vover(T)) - G(T) (7.11)

Here A is a proportionality factor

Acxe Ny, (7.12)

which contains only the temperature independent quantities like the elementary

charge (e) and the number of photons in a pulse (N, ).
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7.3 Relation between gain and charge dependence

B(Vover(T)) contains all factors which depend on the overvoltage thus also on the

temperature
B(Vover (T)) o¢ PDE(A; Vover (T)) = QE(A) - £(Vover(T)) - GE . (7.13)

In this case, the photon detection efficiency (PDE) is a known component in B which
depends on the overvoltage [10]. QE is the quantum efficiency, GE is a geometrical
fill factor and €(Voyer(T)) is the probability to develop an avalanche in an APD.

Based on these equations and approximations, the temperature coefficients of the
charge (o) can be calculated. For simplification, B(Voyer(T)) will be written as B in

the equations. First, the derivative of charge of the SiPM response can be written as

dQ(T) dG(T) dB B
T_A B- T +A'ﬁ G(T) = 1)
dG(T) dB  dVover '
—A-B-—Z2 1 A. . -G(T) .
i A W ar 0
The expanded member of the derivative can be written using Equation [6.2]
Vol T) = —G(1) /2 (7.15)
over - CD dT .
dVee(T) e dG(T)
—aT O, dr (7.16)
thereby
dQ(T) dG(T) dB e dG(T)
=A-B-——F+A. C— -G(T) . 1
aT i A W O ar G (7.17)

The exact form of the overvoltage dependency of B is not known. In the following B

is approximated with two models.

7.3.1 “Linear charge” model

The model described in the following should be considered only as an instructive
example. Here it is assumed that the temperature dependence of B can be neglected
dB
dT
the PDE as a function of the overvoltage is approximated with a constant function
shown in the left panel of Figure [7.4, With this assumption, in Equation can be
modified to

= 0, (7.18)

+0. (7.19)
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Figure 7.4: The photon detection efficiency as a function of the overvoltage. The bor-
ders of the overvoltage variation caused by the temperature fluctuations are marked
with blue lines. Between these lines the mentioned dependency is fitted with a con-
stant function (neither overvoltage and nor temperature dependency) in the case of
the “linear charge model” (left panel) and with a linear function in the case of the
“pseudo-quadratic charge model” (right panel). Both figures are based on [14].

The charge of the SiPM response at the reference temperature is then given by
Q(Tref) =A-B- G(Tref) . (720)

Using Equation [7.19| and the relative temperature coefficients of charge and gain
are identical

dQ 1 dAG(Tm) 1
%= 0T QT AT Gl Pr

(7.21)

Hence, the temperature coefficients of the charge and of the gain are the same, if the
charge of the SiPM response has only the gain as a temperature dependent parameter.
Indirectly, since the temperature coefficient of the gain and the charge are not equal,
the charge of the SiPM response should contain at least one more parameter which

is temperature dependent in addition to the gain.

7.3.2 “Pseudo-quadratic charge” model

In the previous section it was found that, if there is no temperature dependent pa-
rameter in the charge of the SiPM response except for the gain, the temperature
coefficient of the gain and the charge are identical. Since this result does not agree

with the measurements as a next step it is assumed that the SiPM charge has a linear
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7.3 Relation between gain and charge dependence

dependency on the overvoltage, given by

B=a Vye(T) +b=a- CiG(T) +b (7.22)
D
and
dB
I 2
AV (1)~ (7:23)

The PDE as a function of the overvoltage is approximated with a linear function
shown in the right panel of Figure [7.4] Combining this assumption with Equation

results into

dQ(T) dG(T) dB e dG(T)
R _AB A = 2 (T
dT ar A Woum oy —ar S
. dG(T) (7.24)
=<2a-—-G(T)+bp-A- ————= .
{ a o G(T) + } T
The charge at the reference temperature is
Q(Tyer) = A - {a : Ci  G(Toeg) + b} - G(Thef) - (7.25)
D
Thereby the temperature coefficient of the SiPM charge can be written as
g1 A% GD+b} G
YdT Q(Ths) A {a- o G(Tref) + b} - G(Thref) (7.26)
{2a'%-G(T)+b b } ; '
“a & G(Tw)+b  a & G(Tw) +b)

With this model, there is indeed a temperature dependent factor between the two

temperature coefficients. In order to approximate this factor, it is assumed that

G(T)
G(Tref)

which can be extracted from Figure[7.3] Together with Equation [7.26] this results

into

= 1.000 £ 0.075; if Tyer = 25°C and T € [15°C;35°C] , (7.27)

b
T Tre =92-
% (Trer) { a- & G(Twe) + b

With this transformation, the T dependency of the factor between o, and 3, vanishes.

} : Bref(Tref)- (728)

The factor between the coefficients depends now only on T,er. Thereby o, (Thef) fulfills
the requirement that it is invariant in the temperature.

Note that, this model is consistent with the “Linear charge” model for the extreme

M:azo.

case AVover
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7. TEMPERATURE CORRECTION OF THE SIPM RESPONSE

The “a” and “b” parameters of the linear function of the PDE dependency on the
overvoltage can be estimated from Figure [7.4, With this estimation the theoretical
calculated ratio of the temperature coefficients for the SiPM type S13360-1325PE
equals g— ‘theoretical = 1.39£0.09, while the measured ratio is g— ‘measured =2.20+£0.08.
The theoretical and measured values are not in agreement. The disagreement can be
explained due to the lack of the precise values of the “a” and “b” parameters, and
due to the simplified assumptions in the model such as that only the PDE parameter
is temperature dependent. However, if the charge of the SiPM response contains at
least one temperature dependent parameter, the temperature coefficient of the gain
and the charge are not identical.

From the definition of the temperature coefficient, the charge could be determined
by

()= Shoms QT far a2

Q(T) = /Q(Tref) 0 (Tref) AT = Q(Tref) - 6 (Ther) - T + const . (7.30)

The charge of the SiPM response using the “Pseudo-quadratic charge” model has

same linear form as used for the charge versus temperature calibration (Equation [7.2)).

In summary, as the charge has further parameters with a temperature dependence
in addition to the gain such as the Photo Detection efficiency, the temperature coeffi-
cients of the gain and the charge cannot be identical. An attempt was made to define
the ratio of the two coefficients theoretically. A full agreement between theoretical
and measurement values could not be achieved due to the limited knowledge of all

temperature dependent variables of the SiPM charge.
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Chapter 8

Tile scan results

One of the major motivations for the scintillator tile studies is given by the particle
flow calorimetry, which requires highly segmented detectors on the hardware side
as well as advanced reconstruction techniques on the software side 2.2.3] In this
section, the results of the scintillator tile scans performed within the framework of
this thesis work are discussed. The scintillator-SiPM response is here always corrected
for the temperature dependence as introduced in Section [.Il First, the single-tile
measurements are discussed then the results of a multi-tile scan are shown in which

the inter-tile crosstalk is evaluated.

8.1 Single-tile setup

In this section, the method of a single-tile scan and the corresponding evaluation will
be introduced. Then, the measured light yield and uniformity of the light yield within

the scintillator tile is compared between tiles of different coatings and sizes.

8.1.1 Method of the tile scans

In order to perform tile scans, the scintillator tile scan setup introduced in Section [3.3]
is used. The tile is supported by a platform which is connected to stepper motors.
The stepper motors move in 1 mm steps with respect to the electron gun and the
trigger in two orthogonal directions. In order to study edge effects in the tile, an area
bigger than the tile is scanned in all directions with approximately 3 mm in addition
to the tile area. Since the surface of the studied tiles is between 1 cm? and 4 cm? and
the measurement time is 100 s for each step, a full scan takes between 7 and 18 hours.
During a full scan, the temperature varies by approximately 2°C (see in Figure [8.1))

caused by heat sources close to the setup and the day-night temperature fluctuations.
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Figure 8.1: Left panel: An illustration of the direct environment of the tile. High-
lighted are the direct contact between the tile holders and the tile. Right panel: The
temperature map of a full tile scan. The temperature varied within a range of 2°C.

This leads to approximately 3% difference in the charge (Section [Z.1]). To avoid the
undesired effects of this temperature variation, the measured charge is corrected to a
reference temperature of 25°C using Equation [7.1]

Beside full tile scans, few tile slice scans are also performed, in which only the middle
sections of the scintillators are scanned resembling a cross along the middle axes of
the tile. With this approach, the time of the tile scan can be reduced to between
7.6% to 12.5% of the full tile scan.

The stable position of the scintillator tile is ensured by 3 tile holders. These holders
are designed as part of this thesis work with low material close to the tile in order to

avoid signals from stray electrons in the support structure in the tile.

8.1.2 Scintillator tiles

The material of the scintillator tiles is EJ-200 plastic [I7] in all cases. The scintillator

tiles used in this study have three features for identification:

1. Batch number: this number corresponds to the date of production. There are
three batches in use 1, 2 and 3. The oldest batch has the lowest number.

2. Coating: the naked scintillator material is covered with one of two different
coatings. One possibility is to wrap the tiles with a 3M reflection foil [I§]. Both
perfection in the fixation of the foil to the tile’s surface is reproducibility are
limited. Between the foil and the scintillator material, an air-gap can occur

which can lead to total reflection of the photons.
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Figure 8.2: Left panel: The pedestal peak recorded outside the tile. Middle panel:
The Landau Gauss convolution measured in the interior of the scintillator. Right
panel: The beam penetrates at the edge of the tile, therefore the mixture of the
distributions outside and inside the tile appears in the charge spectrum. All three
charge distributions are displayed in the signal-pedestal sub-window. The red shaded
area indicates the rejected area.

The second coating is a reflective paint material [19]. The advantage of the

painting is that it can be distributed homogeneously on the surfaces of the tile.

3. Size: all tiles have a square-shape based cuboid with 2mm height. The edge

length of the squares is 10 mm, 15 mm and 20 mm.

In the following a naming scheme based on the characteristics is used to identify
the scintillator tiles. For example a tile from batch 1, with 3M wrapping and with
20 x 20 x 2mm? size is named B1IW20. In addition, a serial number is added to the
name, which can be found on the tile itself (for instance: batch 3, 3M wrapping, with
20 x 20 x 2mm? size, serial number 1 = B3W20N1) for tile types where more than

one tile exists.

8.1.3 Regions of a tile scan

The electron beam used for the tile scans traverses a collimator in the electron
monochromator introduced in Section 3.3l The size of the electron beam relevant
for the tile scan is further reduced by the acceptance window of the trigger fibers

2. The diameter of the beam shape on the tile

with an overlap region of 1 x Imm
is therefore @1 mm. Due to the significant electron beam size with respect to the
tile dimensions and step size, three tile positions with respect to the beam can be
identified. Therefore, the electron beam divides the scanned area (see in Figure [8.2)

into three regions:
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Figure 8.3: The 2D distributions of the BIW20 tile are shown. Left panel: The
number of coincidences in 100s. Middle panel: The integrated charge for 100s.
Right panel: The average charge.

1. all e~ do not traverse the tile
2. all e™ traverse through the tile

3. the e~ beam is on the edge of the tile such that some electrons traverse through

the tile and some do not.

In the 1% case, the electron beam does not interact with the scintillator, the SiPM
response only contains noise. The recorded signal peaks are at 0 pC. In the 2°¢ case,
the whole electron beam penetrates through the scintillator tile, which leads to a
Landau Gauss convoluted charge distribution (described in Section ET.2). The 3™
case contains both distributions since it is a mixture of the first two cases. Since
the measurements are focused on the investigation of the physical processes between
the electrons and the scintillator tile, the pedestal distribution is rejected for each
step from the signal-pedestal sub-window in all regions. The rejection is realized
through a removal of all events below a value of V2-3. STDpedestal that is measured

simultaneously in the pedestal sub-window.

8.1.4 Evaluation of the collected charge

After the event selection introduced in Section B.I.3] three two dimensional distri-
butions are defined for the evaluation of the tile scans. In all 2D distributions, the
horizontal and vertical axes comply with the xy plane of the tile scan setup and are
parallel with the long edges of the investigated scintillator tiles. The SiPM is located
at the middle top, the three tile holders are at both top corners and the middle of
the bottom edge of the tile.

The first observable shown in the left panel of Figure for wrapped 20 x 20 tile,
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8.1 Single-tile setup

indicated in the vertical axis shown in color code, is the number of coincidences (num-
ber of triggers) during the measurement time for each step of 100s each. Since the
step size of the scans is 1 mm, the coincidence map is used as a crosscheck of the
alignment as well as a crosscheck of the scintillator uniformity. Air bubbles or holes
would show up as an increased number of triggers.

The second vertical observable is the integrated charge shown in the middle panel of
Figure [8.3] In this case, all charge collected for the measurement time in one step is
summed up. The map allows the separation of the border between the scintillator
tile and the empty area, thereby it can be used to understand better the effects at
the edges of the scintillator tile. The third observable is the mean of the collected
charge for the measurement time in one measurement point shown in the right panel
of Figure [8.3] The MPV of the Landau Gauss convolution introduced in Section .1.2]
can not be used at the edge of the tile and the outside region of the tile due to the
limited number of events selection as discussed in Section BI1.3. The mean of the
charge equals the integrated charge normalized the number of coincidences. In this
distribution the borders of the tile are not visible. However, the map is used for

comparing the light yield of different tiles to each other.

In the top rows of Figure [8.4 and 8.5 slices of these two dimensional distribu-
tions at y = tile middle in z-direction are shown and, in the bottom rows slices at
x = tile middle in y-direction are shown for all tested tile types. The 20 x 20 x 2 mm?
sized tiles displayed in red colors, the 15 x 15 x 2mm? sized tiles is displayed in green

3 sized tile is displayed in blue colors. All slices are

colors and the 10 x 10 X 2mm
measured twice, in order to check the reproducibility of a tile scan. The systematic
uncertainty shown in Figure [8.4] contains the uncertainty of the reproducibility of a
tile scan with replacement and the uncertainty of the reproducibility depending on
the number of triggers of the charge measurement itself (Section [£.2.3)). The bands
represent the statistical and the systematic uncertainties summed up by the rules
of the Gaussian error propagation. The lines and bands between the measurement
points are for guiding the eye.

For the x and y coordinates in which the electrons do not traverse the tile, the co-
incidence rate increases by a factor of 5 to 6. Inside the tile, the number of triggers
for 100s is relatively constant with fluctuations compatible with O(y/Trigger). The
number of triggers in y-direction do not increase at the tile edges. There, the elec-
trons traverse through material of the support structure before they reach the trigger

fibers. For positive y-values outside the tile edge at the tile middle, the tile is coupled
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Figure 8.4: The results of the tile cross sections are shown for the wrapped tiles. Left
panels: Number of coincidences. Middle panels: Sum of the charge. Right panels:
Average charge.
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Figure 8.5: The same distributions are shown here as in Figure [8.4] for the painted
tiles.
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Figure 8.6: Comparison between tiles with one layer of paint and 3 layers of paint.
Left panels: Number of coincidences. Middle panels: Sum of the charge. Right
panels: Average charge.

to an SiPM and for negative y-values outside the tile edge at the tile middle; the tile
is supported by a tile holder as shown in the left panel of Figure [8.1]

The integrated charge shown in the mid panel of Figure shows similar fluctua-
tions as the number of triggers. Approximately 1-2 millimeters before the tile edge in
z-direction and approximately 5 mm before the tile edge in negative y-direction the
integrated charge starts to decrease. In addition, a peak appears in the integrated
charge which has its maximum a few millimeters before the SiPM. This effect is par-
ticularly significant in the case of the painted tiles (Figure [8.5)), and is less significant
for the wrapped tiles (Figure [8.4). The light yield of the wrapped scintillators scales
with the sizes of the tile such that the light yield of these tiles is proportional to
the covered area by the SiPM to the tile’s front surface, as shown in Table [8.1l The
values are calculated both for homogeneous (hom. = tile area without the peak in
the charge distribution and without the edges) and total scanned area of the tiles.
The mean light yields of the wrapped tiles of same size differ to each other by 22% in
the case of the 20 x 20 x 2mm?® and by 20% in the case of the 15 x 15 x 2mm? sized
tiles. This variation can be explained by the limited reproducibility of the fixation of
the foil to the tile surface.
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8. TILE SCAN RESULTS

Table 8.1: The average light yield ratio (a.l.y.) of the wrapped tiles of different sizes.
The light yield of the tile is proportional to the covered area of the SiPM with respect

to the tile’s front surface.

W15:-W20 | W10+-W15 | W10+-W20
side surface ratio 1.33 1.5 2
a.l.y. ratio (hom.) | 1.3940.39 1.43+0.25 1.99+0.48
a.l.y. ratio (total) | 1.374+0.64 1.4240.43 1.954+0.78

Table 8.2: The average light yield (a.l.y.) ratio of the painted tiles of different sizes.
The light yield of the tile is not proportional to the covered area of the SiPM with

respect to the tile’s front surface as in the wrapped tile cases Table [8.1]

P15+-P20 | P10+-P15 | P10+-P20
side surface ratio 1.33 1.5 2
a.l.y. ratio (hom.) | 1.74+0.41 | 2.55+0.41 | 4.444+0.97
a.l.y. ratio (total) | 1.524+0.63 | 2.43+0.66 | 3.70£1.37

The light yield ratio for the painted tiles differs from the ratio caused only by the
tile’s side area ratio showed in Table[8.2] This effect can be explained due to the higher
photon-absorption rate of the painting material compared to the wrapping material
with photon-absorption approximated by 1 resulting to unequal relative number of
photons normalized for the tile size arriving to the SiPM’s active area. However, the
average light yield is more similar for painted tiles of same size (within 4% — 6%)
than for wrapped tiles (approximately 21%). It can be explained due to the fact that
the painting distributed more homogeneously on the tiles surfaces. The average light
yield of the painted tiles for 20 x 20 x 2mm? tile is 24%, for 15 x 15 x 2mm? tile is
27% and for 10 x 10 x 2mm? tile is 46% with respect to wrapped tiles of same size.
The normal painted tiles are covered by one layer of paint. To increase the light yield,
one tile (L3P20) has been produced with three layers of reflective painting. As shown
in Figure [8.6] the additional two layers of paint increase the average light yield of the
tile by approximately 56%.

8.1.5 Uniformity

In this chapter, the uniformity of the scintillator tiles’ response is investigated using
In the case of the BIW20, B2P15 and L3P20

tiles full tile scans are performed. For the remaining tile set cross sections in the tile

the data of the integrated charge.

middles along = and y coordinates are available. Using the informations of the full
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Figure 8.7: The uniformity of the BIW20 tile (left) and the B2P15 tile (right) is
studied both for the full tile scan and for the tile cross section case.

scans the uniformity is studied using the standard deviation (STD) over the average of
the integrated charge (STDyq/AVGsq) in the investigated area. The uniformity scales
reciprocal with the STDyq/AVGsq. The tile is highly uniform for low STDyq/AVGsq
values and vice versa. The same calculation is performed using the cross section data
sets.

In order to investigate the uniformity of substructures of the tiles, the uniformity

is calculated for sub-areas of a tile. These sub-areas are referred to with a ratio with
respect to the full tile size called as “tile ratio”. The center of these sub-areas always
matches the center of the full tile. The sub-areas are square-shaped for the full scans,
and the cross section datasets for certain tile ratio are made of the cross sections
within the square-shaped sub-areas.
In Figure 8.7, the STDyq/AVGzq distribution of the full scanned area and of the tile
cross section as a function of the tile ratios are shown for the BIW20 tile (left panel)
and for the B2P15 tile (right panel). The dataset calculated from the cross section
measurement follows the dataset of the full tile scan, but fluctuates around the full
tile scan result due to its lower statistic. The two methods does not agree within
the uncertainties, the maximum difference is 6.5%. Therefore, for further studies the
uniformity is represented by the STDyq/AVGsq of the tile cross sections available for
all tile types with a systematic uncertainty of 6.5%.

In Figure the uniformity distributions of the cross section data are shown as a
function of the tile ratio for the full tile set. All tiles are measured twice, the difference
between the two measurements are shown as systematic uncertainties as bands. The
continuous lines and bands between the data points are for eye-guiding.

Three different data groups can be identified. The highest STDyq/AVG;sq values
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Figure 8.8: The uniformity as a function of the tile ratio for all tiles.

(lowest uniformity) belong to the tiles with lowest integrated charge which are the
biggest painted tiles, marked with blueish colors. The second group comprises the
smaller painted tiles with higher integrated charge and with higher uniformity, marked
with greenish colors. This group also contains the special L3P20 tile (introduced in
the end of Section R.1.4]) which has 3 layers of paint on its surface resulting similar
integrated charge level and similar uniformity as for the painted 15 x 15 x 2mm?
tiles. The third group contains all wrapped tiles with high integrated charge and
with the highest uniformity, marked with reddish colors. These three groups of tiles
in uniformity appears, since for high integrated charges within a tile the peak in the
integrated charge a few millimeters before the SiPM exceeds slightly while for lower
integrated charges the peak become dominating causing low uniformity. However,
the tile size also plays role in the tile uniformity. Since the range of the edges within
a tile and the area of the peak before the SiPM stay approximately constant with
the tile size (Figure and [8.5)), the homogeneous area within the tile gets bigger
with the tile size. This results to higher differences in the integrated charge for
smaller tile sizes, hence, to lower uniformity. The lower uniformity of the BSW10 and
B3P10 tiles can be explained by this effect. Regarding their level of the integrated
charge, both uniformity distributions should reach the level of the tiles with high
uniformity (reddish band). But their integrated charge distribution within the tile is
more inhomogeneous due to the small size, their uniformity distributions extend into

the middle uniformity group (greenish band).
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Based on Figure 8.8, with such a sub-area placement the uniformity of a tile has a

reciprocal connection with the tile ratio.

8.2 Multi-tile setups

In the following results of multi-tile scans will be shown. The multi-tile measurements
have the purpose to help to better understand edge effects at the contact of tiles and
the crosstalk effects between tiles, crosstalk has an impact on the energy scale of a

calorimeter [7].

8.2.1 Realization of the multi-tile setups

Two kinds of multi-tile setups are established. The design of both setups is based
on similar principles as in the single-tile setup case. The tile(s) should be positioned
stably while the holders have to interact with the tile(s) as less as possible in order to
avoid strayed electrons from the support structure in the tile. In addition the support
should allow for an easy placement and replacement of all tiles with different sizes.
Considering all these aspects, a 2-tile setup and a 4-tile setup were prepared as part of
this study with 3D printing technology. The corresponding CAD drawings are shown
in Figure

For the easiest realization, the SiPMs are placed opposite in the 2-tile setup. In the 4-
tile setup the SiPMs are rotated by 90 °© with respect to the position on the neighboring
tile. The setups allow the placement of maximal 2 PCBs for the signal amplification
for each SiPM. To use additional SiPMs, the Data Acquisition software implemented
in LabView needs some modifications: in the 2 tiles case one PicoScope with 4 read
out channels can handle the second SiPM. In the 4 tiles case a second PicoScope is
required. These setups allow for the investigation of the crosstalk between scintillator
tiles. The crosstalk can be realized due to photon leakage between the neighboring

tiles, but also due to strayed electrons from an adjacent material.

8.2.2 Results of the 2-tile scan

In the following, 2-tile scan measurements are presented with one SiPM connected
to one of the two scintillator tiles. The tile holders are placed in the same way as
presented in Figure 8.9 in the left panel. The tile which is read out by the SiPM
under study is the B1P15 tile and the second tile is B2P15. The light yields of these

tiles studied in Section [8.1.4] are in agreement within the uncertainties.
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8. TILE SCAN RESULTS

Figure 8.9: The multi-tile setup with their close environment around the tiles. The
2-tile setup is displayed on the left, the 4-tile setup is on the right. In both panels the
red ranges indicate the interaction surfaces between the tiles and the their holders.
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Figure 8.10: The number of coincidences map of the 2-tile setup. The presence of the
tile supports and the PCB, SiPM is reflected in the reduced number of coincidences.
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Figure 8.11: The integrated charge map of the 2-tile setup. In order to study the
effects at the edges of the scintillator, a measurement was performed with smaller
steps size in the middle line in z-direction indicated as wide magenta and dark green
colored lines. The wide magenta and dark green colored lines mark the positions of
two scanned slices with decreased measurement steps.
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Figure 8.12: The integrated charge as a function of the distance from the middle of
the tile. The figure is based on the measurement using a scintillator placed next to
the read out tile and the measurement using non-scintillator material next to the read
out tile.
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In Figure the number of coincidences map of the 2-tile scan is shown. The

presence of the tiles itself, the tile support system, the PCB and the SiPM is reflected
in the reduced number of coincidences. In Figure [8.11] the integrated charge map of
the 2-tile scan is presented.
To investigate the transition region between the two tiles in detail, approximately at
the middle in y-direction two slices are made scanning in z-direction with decreased
measurement step size of 0.2mm. These slices are indicated as wide magenta and
dark green colored lines in Figure 8.10] and in Figure[8.11] In addition, a second
measurement is performed, where the second scintillator tile is replaced by a non-
scintillating plastic material, which does not produce photons.

In Figure 8.12] the integrated charge is shown as a function of the distance from
the middle of the scintillator tile. The dataset at the tile edge next to non-scintillating
material (green color) is in agreement with the dataset at the tile edge next to scintil-
lator material (red and magenta color) while both datasets differ from the one at the
edge next to air. In addition, the two measurements at the tile edge without adjacent
material agree. Based on these measurements, the difference in the collected charge
does not correspond to light leakage but to strayed electrons from the neighboring
material.

To get a better understanding of the light crosstalk independent of stray electrons,
the setup can be equipped with LEDs shining light only in one tile. The measurement
with this extension is already allowed by the design of the tile holders, but goes beyond
the scope of this thesis. Measurements of the crosstalk found that the crosstalk factor
is 2.5% [31] and between 3.3% and 4.6% [32] of the total energy per edge for cells
with size of 3 x 3mm?.

In Figure B.13] the z—coordinates within the secondary scintillator tile represent
how much summarized charge is generated in the SiPM due to electrons strayed from
the secondary tile to the primary tile at the sub-area level compare to the summarized
charge in the same sub-area of the primary tile. The rate of these events within a tile
strongly depends on the position, it decreases dramatically with the distance from
the neighboring edge of the scintillator tiles. The integrated charge caused by such
events compared to the integrated charge of the primary tile for the overall tile area is
(2.1£1.5)% in the case of the 2-tile setup and 15 x 15 X 2mm? tiles using an electron
beam with size of approximately @1 mm.

The final energy threshold increases with the crosstalk rate on the energy scale of

a calorimeter, since the leaked signal into neighboring tiles can cause signals above
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8.2 Multi-tile setups
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Figure 8.13: The 2D distribution of the leaked signal at the sub-area level of the
scintillator tile.
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Figure 8.14: The section in x direction at y = 3mm of the leaked signal distribution
showed in Figure [8.12] The rate of the leaked signal decreases dramatically with the
distance from the meeting edge of the scintillator tiles.
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8. TILE SCAN RESULTS

Table 8.3: The results of the tile investigations are summarized here. The wrapped
tiles has higher amount of light yield and have more uniform response within a tile,
while the mass production and the placement of the painted tiles are much easier and
the painted tiles has better intertile-uniformity.

Wrapped tiles Painted tiles
uneven wrapping
Coating evenness = inhom. light containment | homogeneous painting

(intertile-uniformity) | = inhom. photon-reflection | = 5% uncert. in a.l.y.
= 21% uncert. in a.l.y.
Mass production difficult easy

27% — 46% light yield
of the wrapped tiles

Light yield level high light vield
gy g1 AL ) for one layer,
37% for 3 layers

. . ) ' ) low uniformity:

Uniformity high uniformity STDrq| STDrq
AVGsqg lp. AVGsq lw.

Light containment sufficient separation sufficient separation
Placement difficult easy

threshold. For a good determination of the energy scale the uncertainty of the leaked

signal rate need known.

8.3 Recommendation

In this section a brief summary is given regarding the scintillator tiles based on the
results discussed in the single-tile and multi-tile sections. In addition, a scintillator
tile type recommendation is given for future applications.

It should be noted that different cover for the scintillator tiles or different SiPM place-
ment to the tile can provide also an interesting alternative for scintillator tile studies
as for instance the studies of the CALICE collaboration like [31] and [33].

The results of the tile investigations are summed up in Table [8.3. The first main
category for the comparison of the coating materials is named “coating evenness”.
The uncertainties in the average light yield (8(a.l.y.)) between scintillator tiles with
same specifications are related with the coating type. The &(a.l.y.) is proportional
reciprocally with the intertile-uniformity, which characterize the similarities in the
average light yield between tiles with same specifications but with different produc-
tion number. The preparation of the wrapping needs precise technique which is nor

optimal for mass production. In addition, the placement of the reflective foil leads
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8.3 Recommendation

to inhomogeneous light containment. The inhomogeneous light containment entails
systematically inhomogeneous photon-reflections at the tile tile surface, thereby leads
to lower intertile-uniformity. The dye material of the painted tiles can be distributed
much more homogeneously than the reflective foil, therefore leading to better intertile-

~ 4 x 5(aly.)| (see Section RB.I.4l for details). The

mass production and the alignment of the tile in a detector is more easier in the

uniformity: &(a.l.y.)

wrapping painting

painted tile cases. Both points play an important role for the production of a large
scale calorimeter.

The next category is the light yield level of the tiles (see Section [8.1.4]). The light
yield level (L.y.l.) of the wrapped tiles differ significantly to the light yield level of the
~ (27% — 46%) x l.y.l.‘
the light yield levels can be partly equalized by covering a tile with more layers of
painting. This reduces the difference to 37% for the 20 x 20 sized tiles.

The uniformity investigated in Section [8.1.5] measures the uniformity within a single

painted tiles: 1.y.1.} . However, this difference in

painting wrapping

tile, while the intertile-uniformity means the uniformity between tiles with same spec-
ifications but with different production number. The uniformity within a tile is better
for the wrapped tiles than for the painted tiles. The difference scales approximately
with a factor two and primary caused by the peak in the measured charge at few
millimeters before the SiPM active surface. This peak is more outstanding by com-
parison to the average charge within the painted tiles than within the wrapped tiles.
However, the size of this peak in the measured charge can be changed by machining
a slit and an integration hole for the SiPM into the scintillator material as discussed
in [34]. With this method the uniformity of the scintillator response can be improved
[34] and this technique is already used in the new CALICE AHCAL prototype [35].

The light containment of both coatings is sufficient to avoid photon leakage from
neighboring tiles as shown in Section R.2.2

Table does not contains the tile sizes, their influence is summarized in this para-
graph. Independently on the coating smaller tile size corresponds to higher light yield
within a tile. Based on the studies interpreted in Section [8.1.5] there are two counter-
active effects on the uniformity depending on the tile size. If the tile size is big, the
light yield level of the tile becomes low, the presence of the peak in the charge before
a few millimeters the SiPM decreases the uniformity. But if the tile size is small the
edge effects start to dominate within the tile resulting also lower uniformity. These
two effects result that the middle sized tiles (15 15 mm?) have the highest uniformity
within the studied tile sets.
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8. TILE SCAN RESULTS

In summary, the painted tiles fulfilled more categories in Table than the
wrapped tiles. The advantages of using paint as coating of a scintillator are the
easy mass production, the homogeneous distribution of the paint on the tile surface,
the easy placement of the tile and the sufficient light containment. The most im-
portant disadvantage compared to the wrapping is the lower light yield. However,
the light yield can be increased by using more layers of paint. The negative effect
of the peak in the charge distribution at a few millimeters before the SiPM on the
tile uniformity can be decreased with the techniques introduced in [34]. Taking all
the above mentioned considerations into account, it is suggested to use of a tile with
reflective paint coating on its surface with size of 15 x 15 x 2mm? or with size of

10 x 10 X 2mm?, which meets with the requirement of the particle flow technique [8].
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Chapter 9

Summary

In this thesis, SiPM and scintillator studies for applications in sampling calorimeters
of future multi-TeV ete™ colliders such as the Compact Linear Collider (CLIC) are
described. First the working principle of the SiPM and the scintillator tile were intro-
duced. Two measurement setups for SiPM gain calibrations and for scintillator tile
scans were described. For the investigations an SiPM with type Hamamatsu MPPC
S13360-1325PE and a plastic scintillator tile set with different sizes and coatings
(wrapping, painting) were used.

The SiPM calibrations was described including the overvoltage calibration, the gain
vs. temperature calibration (5,(T,e)) and the charge vs. temperature calibration using
scintillator tiles (&, (Tyef)). The temperature coefficients obtained from both tempera-
ture calibrations, for the same SiPM under study differed by a factor of approximately
2. An attempt was made to describe the reason of this effect which is done to addi-
tional temperature dependencies in the charge measurement and to find a conversion
between the two coefficients.

Applying the charge-temperature calibration results, scintillator tiles with different
sizes and coatings were scanned using an electron beam. The scintillator tiles were
studied in terms of the number of triggers, the integrated charge and the average
charge for the measurement time in one scan step. The studies showed that the light
yield for the wrapped scintillator scales with the sizes of the tile, i.e. the light yield of
the wrapped tiles are proportional to the covered area of the SiPM to the tiles front
surface. The light yield of the painted tiles was only 20% — 25% of the wrapped tiles.
The tiles covered by reflective paint with the same size had more similar average light
yield (within 7% variation) than in the case of the wrapped tiles with the same size
(approximately 20% variation). The painting thickness had a significant impact for
the light yield. Using 3 layers of paint instead of the 1 layer paint resulted in 68%
more light yield with respect to 1 layer of paint.
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9. SUMMARY

Last but not least, initial studies of a 2-tile setup were shown, which had the purpose
to better understand of crosstalk effects between the scintillators which could affect
the energy scale in the full detector. In the 2-tile setup a primary and a secondary
painted scintillator tiles of same size were placed next to each other and the light
produced in the primary scintillator was read out with an SiPM. The presence of the
secondary tile had an impact on the light yield of the primary tile. Based on the mea-
surement presented in this study this impact was governed by electrons strayed from
the material of the secondary tile not by photons leaking from one tile to the other.
As an extension for additional studies of the crosstalk, the setup can be equipped
with LEDs shining light only in one tile, which is already allowed by the design of

the multi-tile setups.
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