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1. Abstract

The Pierre Auger Observatory is the world’s largest experiment exploring the ex-
tensive air showers (EASs) of ultra-high-energy cosmic rays (UHECRs). It is located
in the Pampa Amarilla, Argentina, and uses different detectors to study the sources,
the mass composition, the energy and the propagation mechanisms of UHECRs.

In order to draw inferences on the mass composition and the energy of UHECRsS,
it is important to determine the muonic component of an extensive air shower. In
the course of the current Pierre Auger Observatory Upgrade, called "AugerPrime”; a
scintillating surface detector (SSD) is planned to further improve the determination
of the muonic component together with the yet existing surface detector (SD).

The SD consists of water Cherenkov tanks (WCTs) and uses photomultiplier tubes
(PMTs) to observe Cherenkov light generated by incoming charged particles of the
EAS. A prototype of the SSD that is currently used in Argentina is the ASCII de-
tector which consists of several ASCII modules. These modules use PMTs to detect
scintillation light generated by secondary particles of the EAS within scintillator
bars. The ASCII modules are placed on top of the WCTSs to be able to determine
the muonic component more precisely than it is possible with the SD alone. This
is achieved by superimposing the signal of the ASCII modules and the WCTs, as
these two detectors have a different response to the muonic component of an EAS [1].

The III. Phys. Inst. of the RWTH Aachen University proposed to use SiPMs instead
of PMTs for the ASCII detector as using SiPMs has several advantages compared to
using PMTs. The gain of the SiPMs can be determined from their finger spectrum.
This has the advantage that changes of the gain caused by the SiPM can be better
distinguished from changes of the gain caused by the scintillator. Moreover SiPMs
are optically and mechanically more stable and can be handled easier than PMTs.
In so doing, SiPMs provide all the requirements concerning dynamic range, PDE
and noise.

As proof of principle, some ASCII modules in Argentina are equipped with SiPMs
that are connected to ASCII boards manufactured in Aachen.

A prototype ASCII board is used in this thesis. To be able to determine the SiPM-
gains from the traces live, it is essential to have a stable algorithm that creates a
finger spectrum. Therefore an algorithm will be developed in this thesis.
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2. Cosmic Rays and the Pierre
Auger Observatory

Cosmic Rays

The atmosphere of the Earth is permanently penetrated by high-energy atomic nuc-
lei, the so-called cosmic rays. To detect these particles large experimental challenges
arise. The energy spectrum of cosmic rays ranges from few MeV up to 10?°eV. At
the GeV range several thousand particles cross the universe per second and square
meter. Due to this high flux these cosmic rays can be examined directly by small
detectors in the outer space or close to the atmosphere’s border. In order to do this,
satellites or balloons equipped with detectors can efficiently be used. As the flux
of cosmic rays falls steeply with increasing energies, direct measurements are not
feasible anymore for cosmic rays with energies above 104 eV. The flux decreases to
less than one particle per century and square kilometer for particles with an energy
of 102°eV. Therefore large detection areas are needed which can only be built on
ground level. The motivation to expand such an effort is the interest in the sources,
the composition and the propagation mechanisms of high-energy cosmic rays. Es-
pecially properties of ultra-high-energy cosmic rays (UHECR) are of great interest.
They carry energies above 10 eV and their flux is suppressed above 102°eV. On
the one hand the propagation mechanisms might cause this suppression on the other
hand the sources may not be able to inject more energy into the cosmic rays [2].

Extensive Air Showers

When these primary particles enter the Earth’s atmosphere, they interact with nuc-
lei producing secondary particles, which may interact with nuclei in the atmosphere
again or decay. This process is described by an extensive air shower (EAS). During
the first interaction mostly pions are created. However, kaons can also be produced.
Subsequently photons and muons arise from decays of these mesons [3].

An example of an EAS is shown in figure [2.1] where produced neutrinos are not
drawn in. The EAS is divided into the electromagnetic component with photons
and electrons, the hadronic component and the muonic component. The yellow
shaded area features that these components can merge into each other. Because
cosmic rays carry energies much higher than particles in man-made accelerators, the
hadronic interactions taking place in an EAS are topic of current research.

The muonic component of an EAS is important for studies of the primary particles.
If a detector measures the number and the lateral distribution of the muons in an
EAS, it is possible to draw inferences about the composition of the primary particle.



4 Cosmic Rays and the Pierre Auger Observatory

Moreover the muon density on the ground can be used to obtain the energy of the
primary particle independent of its mass. Here, a challenge that has to be faced is
the distinction of the electromagnetic component from the muonic component as the
muonic component cannot be measured directly [2].

~40km altitude:
border of the atmosphere

~15km altitude: muon creation
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Figure 2.1: Components of an extensive air shower. The yellow shaded area fea-
tures the possibility of transitions between the components. Neutrinos are not drawn
in this figure. Adapted from [4].

The Pierre Auger Observatory

The Pierre Auger Observatory is the largest cosmic ray observatory ever built by
human beings. It is located in the Pampa Amarilla near the city of Malargiie in
Argentina. The goal of this multinational collaboration is to investigate the sources,
characteristics and interactions of cosmic rays with energies above 10'® eV. Therefore
an outstanding hybrid detector is used among other detectors, that cannot all be
elucidated in this thesis.

Figure shows the design of the observatory. Each dot represents one of the in
total 1660 surface detector (SD) stations, which are spread over roughly 3000 km?
with a spacing of 1.5 km between next neighbours. The SD stations are made of ro-
bust polyethylene water Cherenkov tanks (WCT') each housing 120001 of ultra-pure
water and three photomultiplier tubes (PMTs). Therewith they detect Cherenkov
light from passing charged particles of the electromagnetic and muonic component
of extensive air showers. An advantage of the SD is its duty cycle of almost 100%.
Figure|2.2|also shows 24 fluorescence telescopes housed in four enclosures overlooking
the SD array. Electromagnetic particles of an extensive air shower excite nitrogen



atoms which in turns emit fluorescence light in the ultraviolet range during their
de-excitation. The fluorescence detector (FD) uses the PMT based telescopes to
measure this light in dark nights with good weather conditions. So the duty cycle of
the FD is limited to roughly 15%. In the hybrid mode data from both, SD and FD,
are used simultaneously to obtain information on the footprint and the longitudinal
propagation of an extensive air shower [5].
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Figure 2.2: A map of the Pierre Auger Observatory with its 1660 surface detector
stations (dots) and the four fluorescence detector enclosures. The green lines depict
the field of view from one fluorescence telescope. Taken from [5].

AugerPrime - The Upgrade of the Pierre Auger Observatory

With these methods the Pierre Auger Observatory has already measured EASs
very successfully. For a further advancement an upgrade is planned that is called
AugerPrime during the start-up phase. The upgrade AugerPrime aims to study the
composition and the origin of the flux suppression of highest energetic cosmic rays
in more detail. Moreover the contribution of protons to the flux shall be studied
up to the highest energies allowing an improved anisotropy study. Furthermore the
development of EASs and the hadronic interactions taking place in an EAS have to
be elucidated.

To achieve these goals additional Surface Scintillator Detectors (SSD) made of plastic
scintillator bars will be placed on top of each SD station. As the SSD is placed above
the SD station, the EAS is not shielded as much as for the SD station, such that
the ratio of electromagnetic and muonic component differs for these two detectors.
Therewith a linear combination of the SSD and the SD station signal enhances the
determination of the muonic component whose importance was described in this
thesis before. A picture of a SSD prototype installed on a SD station is shown in
figure 2.3] To improve the data acquisition and processing of the SD and to allow a
communication between the SSD and the SD station, the electronics of the SD sta-
tions are upgraded. Moreover the usage of an Underground Muon Detector (UMD)
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is planned to obtain direct information on the muonic component. Therewith the
UMD shall be a reference and a cross-check possibility for the SSD and the SD.
Additionally the duty cycle of the FD will be increased to 20% [1].

One prototype of the SSD is ASCII, the Auger Scintillator for Composition II. ASCII
modules are operated since 2010. Like the SSD they consist of two modules covering
roughly 2m? in total. The light produced by charged particles in the scintillator
bars is read out by wavelength-shifting fibers. All the fibers are coupled to a single
photo-detector. As stated in [1], PMTs controlled by the Upgraded Unified Board
(UUB) are planned to be used for the SSD.

Nevertheless currently three ASCII modules operate with 6x6 mm? SensL MicroFC-
60035-SMT silicon photomultipliers (SiPMs) controlled by the Unified Board (UB),
as it was proposed by the III. Phys. Inst. A of the RWTH Aachen University. The
front-end board of the SiPM is the ASCII board manufactured at the III. Phys. Inst.
A of the RWTH Aachen University. It will be explained in detail in chapter
The coupling between SiPM and wavelength-shifting fiber consists of a silicone pad
and a simple plexiglass cone.

The UB takes data from the SiPM signal of the ASCII board with a sampling rate
of 40 MSps. Furthermore the UB filters the incoming signal with a 20 MHz low-pass
filter [6]. In this thesis traces of the 6x6mm? SensL MicroFC-60035-SMT SiPM
taken by a prototype of the ASCII board are studied.

Detailed information on the SSD, the UB and the Auger Upgrade in general can be
found here [1].

Figure 2.3: One of the surface detector stations already equipped with an ASCII
module, a SSD prototype. Adapted from [1].



3. Silicon Photomultipliers

Due to innovations in recent years, silicon photomultipliers (SiPMs) became a chal-
lenging alternative to photomultiplier tubes in astro-particle and particle physics.
SiPMs can detect single photons and have a gain and photo detection efficiency
(PDE) that are comparable to those of the most efficient PMTs. Moreover SiPMs
have several advantages compared to PMTs. They are compact, have a low bias
voltage in the range of tens of volts and can be employed undisturbed in magnetic
fields. Additionally SiPMs are manufactured cheaply in mass production and oper-
ate with simple electronic readout circuits. Moreover SiPMs are mechanically and
optically robust.

From Photodiode to Geiger-mode Avalanche Photodiode

As silicon is a semiconductor, it has a band gap energy of about Eg = 1eV between
the empty conduction band and the valence band. Therefore a photon needs an
energy I, = h- f > E¢ to excite electrons into the conduction band. To be able to
detect photons with lower energies, a photodiode shown in the lower half of figure
is needed. As shown in the upper half p- or n-doped semiconductors obtain an
acceptor level F, or a donor level E,, respectively. The photodiode consists of a
p-n junction whose depletion zone is enlarged by a reverse bias voltage. The gap
between valence band and E, as well as E; and conductor band is of the order of
the thermal energy at room temperature (25 meV). Photons with an energy that is
larger than this gap may create electron-hole pairs. Electron and hole are separated
by the electric field of the depletion zone and can be detected as a voltage drop. Be-
cause of the small energy gap, the photon detection will be superimposed by thermal
noise.

This perturbing effect is considerably reduced for avalanche photodiodes. Here the
electric field at the junction is stronger so that created electrons gain enough energy
to generate electron-hole pairs on their own. Therefore the gain of avalanche photo-
diodes is 50-200 times larger than the one of photodiodes [7].

In Geiger-mode avalanche photodiodes (G-APDs) the holes have enough energy to
create new electron-hole pairs as well. Therefore an avalanche also forms in the
p-doped region and therewith in the breakthrough direction. A quenching resistor
R, has to be connected in series with the G-APD to stop this self-sustaining cell
breakdown [7].
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The gain of a G-APD reaches typically 10° to 107. The amplitude A; of a G-APD
breakdown is proportional to the overvoltage Vo, = Viias — Via [7):
C

Where V.5 is the bias voltage, Vg4 the breakdown voltage of the G-APD, C' the
capacitance of the G-APD and e the elementary charge. After a breakdown the
recovery time 7 ~ R, - C' is needed to recharge the G-APD across the quenching
resistor. During this time a cell breakdown has a reduced amplitude [7].
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Figure 3.1: Schematics of the band structure of doped semiconductors and a p-n
junction between p- and n-doped semiconductors with reverse bias voltage.

Silicon Photomultipliers
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Figure 3.2: Self-made equivalent circuit diagram of a SiPM.

An equivalent circuit diagram of a SiPM is shown in figure SiPMs consist of
many G-APD cells that are connected in parallel electronically. Therefore the amp-
litude of several cell breakdowns is equal to the sum of the single cell breakdown



amplitudes. The gain of a SiPM is dependent on the overvoltage.

Not only photons can trigger a cell breakdown, but also noise effects. Thermally
excited electron-hole pairs that gain enough energy in the internal electric field of
the G-APD can trigger cell breakdowns themselves. This process is called thermal
noise and increases with the temperature. Furthermore during the avalanche pro-
cess new photons can be produced. These photons can trigger new breakdowns in
the surrounding cells which is called optical crosstalk. The probability for optical
crosstalk events rises with the overvoltage. Another noise effect is the afterpulsing.
Some electrons or holes are caught in impurities of the silicon. They are released in
the range of a few 10ns later and can cause a new avalanche in the same cell then
[7]. Because of innovations over the last few years, the probability for afterpulses
decreased heavily as for instance to 0.2% for the two SensL C-Series SiPMs with
35 pm pitch size used in this thesis [§].

An important performance parameter of photon detectors was mentioned at the be-
ginning of this chapter, the photo detection efficiency (PDE). Neglecting the recovery
time of a cell, the PDE can be calculated as the product of the geometric fill factor,
the probability that a photon causes a breakdown and the quantum efficiency [7].
The quantum efficiency depends on the wavelength of the photon and peaks in the
violet-blue-range for most SiPMs and especially for the SiPMs used in this thesis.
Because of the Geiger-mode, the probability that a photon triggers an avalanche
amounts to almost 100% for typically used overvoltages. The geometric fill factor is
limited by the place needed for the quenching resistors and the desired value of the
crosstalk probability. The more space is filled between two neighbouring cells, the
more potential crosstalk photons can be absorbed outside of the active area of the

SiPM.
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Figure 3.3: Noise signal of SensL. MicroFC-SMTPA-30035 SiPM processed and
amplified by laboratory board. Screenshot taken by LeCroy WavelJet 354A oscillo-
scope with 50 load and color-coded event rate. Voltage (div=20mV) is plotted
against time (div=>50ns).
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The SiPMs used in this thesis are the SensL, MicroFC-SMTPA-30035 and MicroFC-
60035-SMT as well as the Hamamatsu MPPC S12571-100C. Their important spe-
cifications provided by the manufacturers are given in table[3.1l The specifications
are given at a temperature of 21 °C and an overvoltage of 2.5V for the SensL. models
and 25°C and 1.4V for the Hamamatsu models, respectively. Furthermore all the
given PDEs do not contain the noise effects of optical crosstalk or afterpulsing. Ad-
ditionally the PDEs are given at the peak wavelength which amounts to A\, = 420 nm
for the SensL manufactured SiPMS [8] and A\, = 450 nm for the one of Hamamatsu
[9], respectively.

In figure a noise signal of the SensL. MicroFC-SMTPA-30035 SiPM processed
and amplified by the laboratory board is shown. The smallest pulse corresponds to
a single cell breakdown. As one can clearly see, the amplitude of the SiPM signals
are a multiple of the single cell breakdown though there are small fluctuations in the
pulse amplitude. A possible explanation for these fluctuations is the fluctuation of
the gain that is for instance caused by the individual capacitance of a SiPM cell.
As the detection of a photon generates a single cell breakdown, henceforth, cell
breakdowns will be called photon equivalents (p.e.).

Manufacturer SensL Hamamatsu
Temp. and Vp, 21°C, 25V 25°C, 1.4V
Model MicroFC-SMTPA-30035 | MircoFC-60035-SMT | MPPC S12571-100C
Sensor size 3x3 mm? 6x6 mm? 1x1 mm?
Cell / Pitch size 35 um (cell) 35 pm (cell) 100 pm (pitch)
Number of cells AT74 18980 100
Fill factor 64% 64% 78%
PDE at A, 31% 31% 35%
Gain 3-10° 3-10° 2.8:106
0.5 p.e. dark noise 300 kHz 1200 kHz 100 keps
I6] 21.5mV(°C)~! 21.5mV(°C)~? 60mV(°C)~!
Optical crosstalk ™% % 35% (*)

Table 3.1: Specifications of the SiPMs given by the manufacturers SensL [8] and
Hamamatsu [9], respectively. (*) denotes that the value had to be estimated from a
plot of optical crosstalk against overvoltage. [ represents the temperature depend-
ence of the breakdwon voltage (Vpa(T) = Vpa(To) + 8- (T —Tp)).



4. Experimental setup

As the purpose of this thesis is to extract SiPM pulses from recorded traces, the
SiPM has to be placed in darkness. Otherwise photons would continuously reach
the SiPM and cause continuous cell breakdowns in its G-APDs. Therewith signal
extraction on a single p.e. basis would not be possible. According to that, a dark
box is used.

The experimental setup is shown in figure [4.1]

Laptop LeCroy WaveJet 354A Trigger for trace recording
with LibLAB oscilloscope

A

Amplified HP 8082A
SiPM signal pulse

generator

Dark box

LMT87
temp. sensor

Arduino |<t———>

17ASCII
or
laboratory
board
with SiPM LED

Voltcraft power supply
adjusting V,,,; of SIiPM

_EA'power suppl_y PeakTech power supply
adjusting V,;,; of SIPM +5V for board components

ias

Figure 4.1: Schematic of the experimental setup. The power supply in the dashed
box is only operated with the ASCII board. The temperature measurement module
(blue boxes; Arduino and temp. sensor) is only used for the Hamamatsu and the
SensL 6x6 mm? SiPM. Moreover, the LED is solely used for the determination of
the breakdown voltage of these two SiPMs, see next two chapters. "LibLAB” is a
laboratory software framework, developed locally at III. Phys. Inst. A and B [10].
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4.1 Test measurements with laboratory board

Before the main measurement with the ASCII board took place, test measurements
were performed. Therefore once the SensL 3x3 mm? MicroFC-SMTPA-30035 SiPM
and another time the Hamamatsu 1x1 mm? MPPC S12571-100C SiPM is connec-
ted to the laboratory board. A description of these SiPMs was given at the end of
chapter [3] As SiPM traces taken in darkness are to be analysed, laboratory board
and connected SiPM are placed in a dark box.

The laboratory board

The laboratory board has been developed by J. Schumacher in his master’s thesis
[11]. The bias voltage of the SiPM is applied by an external power supply and
filtered by two RC low pass filters. To buffer high frequencies and therewith short
and high noise pulses generated by the SiPM, the second RC element includes an
additional small capacitance.

A transimpedance amplifier is used for an active current-to-voltage conversion of
the SiPM signal. The transimpedance amplifier consists of a feedback resistance of
Ry = 4.7kQ and an intersil EL5165 operational amplifier (op-amp) with a —3dB
bandwidth of 600 MHz and a slew rate of 4700 Vus™' [12]. The frequency response
of the op-amp, i.e. its bandwidth and slew rate, degrades with increasing feedback
resistance. Nevertheless such a high value of R; is used because it is directly pro-
portional to the gain of the amplification. Moreover with the limited bandwidth
of the op-amp at a high gain the high frequencies of the white noise are cut which
increases the signal to noise ratio. Hence a high gain amplification from the single
p.e. signals, i.e. the SiPM current Ig;pys, to the output voltage V,,; is achieved:

Vowr = =Ry - Isipar - (4.1)

This amplified output signal can be accessed via a LEMO connector.

EA-PSI 6150-01 DC power supply

This power supply manufactured by Elektro-Automatik applies the bias voltage for
the SiPM. The voltage Vi = Viias can be set in a range of 0V to 150V with a
resolution of 10mV. At temperatures of (25 £ 5) °C the voltage accuracy is stated
to be smaller than:

AVier < 0.05% + Vier +10mV  [13]. (4.2)

As this accuracy is not denoted to be a standard deviation, it will not be taken into
account for the analysis. Therefore the standard deviation of Vj;,s will be estimated
for the SensL: SiPM. For the Hamamatsu SiPM and the measurements with the AS-
CII board (see next chapter an Agilent multimeter is used to measure Vj,;,s and
to estimate its standard deviation.

PeakTech 6035D DC power supply
This regulated laboratory power supply has a 12V and a 5V output as well as an
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output that is adjustable in the range of 0V to 30V [14]. The adjustable and the
5V output are used to apply £5V to the op-amp of the laboratory board. Therefore
the accuracy of this power supply is not necessarily needed to be stated.

LeCroy WaveJet 354A oscilloscope

The 500 MHz digital oscilloscope WavelJet 354A manufactured by LeCroy reads the
amplified SiPM signal from the laboratory board via one of its four channels. Each
channel has a vertical resolution of 8-bit and a DC gain accuracy of +(1.5% - Vi +
0.5% - full range). V,,; denotes the output voltage of the laboratory board (see
equation (4.1)) or of the ASCII board, respectively. The DC gain accuracy influences
the vertical scale parameter of the oscilloscope and has its worst-case impact on the
data point at the full range. The full range consists of eight vertical divisions. For
the recording of traces a vertical sensitivity of 20 mV(div)~! was chosen for the SensL
3x3mm? SiPM and 10 mV/(div)™! for the Hamamatsu 1x1 mm? SiPM, respectively.
For the measurement with the ASCII board and the SensL 6x6 mm? SiPM a vertical
sensitivity of 50 mv(div)~! was chosen. Therewith the worst-case deviation caused
by the DC gain accuracy AV]7q? and the digitisation Vg4 are to be calculated via:

scale

2% - full range

AV = ST (43)
full range
Viigi = - (4.4)

These two equations lead to the values for all the three used SiPMs in table

Board Laboratory board ASCII board
SiPM | Hamamatsu 1x1 mm? | SensL 3x3 mm? | SensL 6x6 mm?
Viertical 10mV(div)~! 20mV(div)~t | 50mV(div)~!
AVmaz 0.00625 mV 0.0125 mV 0.03125 mV
Viigi 0.3125mV 0.625mV 1.5625 mV

Table 4.1: Worst-case DC gain accuracy AV"%* (equation 1D and digitisation

Viigi (equation 1) of the oscilloscope for the vertical sensitivity Vie,ticar Of each
analysed SiPM.

As even in the worst case the DC gain accuracy is smaller than the digitisation, it is
neglected. The digitisation is taken into account to choose the binning in the finger
spectra of the analysis chapters.

The time base accuracy of the oscilloscope amounts to 10 ppm and refers to the
inverse sampling rate. For both SiPMs a time division of 100 us was chosen which
corresponds to a sampling rate of 500 MSs~!. Therefore, each sample has a time
accuracy of 0.02 ps.

The oscilloscope is controlled and read-out by a laptop via an Ethernet connection.

Moreover, an external trigger from a pulse generator is applied to a channel for the
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recording of SiPM traces [15].

HP 8082A pulse generator

One of the two outputs of the HP 8082A pulse generator is connected to a channel of
the oscilloscope to trigger the recording of a SiPM trace in single-shot mode. There-
fore the traces are triggered randomly. For the preliminary determination of the
breakdown voltage of the Hamamatsu SiPM (see chapter , the pulse generator
also serves to pulse the Lumitronix LED. The pulsed LED increases the SiPM signal
but does not evoke a saturation of the high gain transimpedance amplifier. Thus
the breakdown voltage is determined more precisely with the pulsed LED than in
darkness.

Pulse width, repetition rate and amplitude of the pulse generator are adjustable.

Further specifications are not required for the above mentioned applications but can
be found in [16].

Lumitronix superbright LED UV
This Lumitronix LED is used as it has a peak wavelength of 407 nm which is close
to the peak wavelength of all used SiPMs [17].

Laptop with LibLAB

The Laptop is connected to the oscilloscope via Ethernet and is used to adjust and
readout the oscilloscope with self-written C++ programs based on the "LibLAB”
[10]. The laboratory software framework "LibLAB”, developed locally at the III.
Phys. Inst. A and B, provides an easy access to the oscilloscope as well as to several
laboratory hardware [10].

For the Hamamatsu SiPM the laptop also controls the Arduino which is used to
control the temperature sensor LMT87.

Arduino Uno micro-controller board

Therefore a self-written C+-+ program using the open source Arduino software is
used. The laptop and the Arduino Uno board are connected via USB. This micro-
controller board houses a 5V output pin as well as six analogue input pins which
measure voltages in the range of 0V to the voltage of an analogue reference pin A,.;.
As described in chapter this reference voltage is measured and calibrated with
the Agilent multimeter to achieve a more precise value than the stated value of 5V.
The analogue-to-digital converter (ADC) of the integrated Atmel micro-controller
ATMEGA 328P-PU is used to digitise the voltages at the analogue input pins [18].
The resolution of the ADC amounts to 10-bit, where the minimum value represents
ground and the maximum value represents the voltage of A,.; minus one LSB [19].
The temperature sensor LMT87 is supplied with the 5V output pin of the Arduino
Uno board and read out by an analogue input pin. For the readout the "analo-
gRead()” function of the Ardunio software is used. This function uses the ADC
to convert the input voltage into channel numbers ch between 0 and 1023. As for
this process roughly 100 us are needed, same temperature values were not measured
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more than once by the self-written program that reads the voltage of the temper-
ature sensor with a minimal time gap of 100ms [20]. The digitised voltage V,.q is
to be calculated via the voltage of the analogue reference pin V,.; and the channel

number of the ADC ch: " h
_ Vref &
Vird = 1001 (4.5)

Texas Instruments LMT87 temperature sensor

The LMT87 manufactured by Texas Instruments is an analogue temperature sensor
for a temperature range of -50°C to 150 °C. For supply voltages between 3.4V and
5.5V and within an ambient temperature spanning from 20 °C to 40°C, an (worst-
case) accuracy of £0.3°C is achieved [21]. The temperature 7' for a given sensor
voltage Vr is to be calculated with the transfer function:

13.582 — /(13.582% + 4 - 0.00433 - (2230.8 — Vz[mV])
—2.0.00433

T[°C] = +30 [21]. (4.6)
The stated accuracy and transfer function are used in chapter [5.1) where the tem-
perature measurement is analysed.

Agilent U1232A digital multimeter

As described above, this multimeter is used to measure DC voltages in the experi-
ments with the Hamamatsu 1x1 mm? SiPM connected to the laboratory board and
the SensL 6x6 mm? SiPM connected to the ASCII board. Thereby the digitisation
of the multimeter amounts to 1mV and 10mV for measured voltages in the range
of 6V and 60V, respectively [22].

The DC voltage accuracy of the multimeter is estimated for each measurement.

4.2 Measurements with the ASCII board

The main measurement is carried out with the SensL 6x6 mm? MircoFC-60035-SMT
SiPM connected to the prototype of an ASCII board. Therewith the same constel-
lation as in three SSD prototype ASCII modules at the Pierre Auger Observatory in
Argentina is used. The experimental setup is almost equal to the one of the meas-
urements with the Hamamatsu SiPM connected to the laboratory board. Only the
voltage supply for the ASCII board differs from the setup (see figure [4.1)).

The ASCII board

The prototype ASCII board, used in this thesis, was developed at the III. Phys.
Inst. A of the RWTH Aachen University. In the following the components of the
ASCII board will be described. Thereto a picture of the ASCII board is shown in
figure [4.2]

In Argentina the UB applies 12V to the ASCII board via the UB connector. As the
components of the ASCII board are operated at different voltages, three regulators
in the white dashed box close to the UB connector are used. A linear regulator uses
the 12V to generate +5V for a linear regulator (circle in the middle of the picture),
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that was developed at the III. Phys. Inst. A of the RWTH Aachen University to
produce the bias voltage for the SIPM. Another linear regulator generates +3.3 V for
the digital components of the board. A switching regulator, generating 45V for the
preamplifier on the left of the board, was removed in Argentina because it caused
switching noise. Instead, low noise 3.3V from the UB was used.

Another switching regulator placed on a board is connected to the ASCII board in
the middle of the picture. It is used to generate 40V for the input voltage of the
linear regulator that regulates the bias voltage of the SiPM controlled by a micro-
controller. As a temperature sensor is placed close to the SiPM and readout by the
micro-controller, the linear regulator is able to correct the temperature dependence
of the breakdown voltage.

The 6x6 mm? SensL MicroFC-60035-SMT SiPM is placed on a base board that is
connected to the ASCII board, shown in figure The signal of the SiPM passes
the preamplifier and can be readout via a high and a low gain LEMO output.

As the high gain output is designed for a single p.e. resolution, it is used in this
thesis and connected to the oscilloscope. The three regulators in the white dashed
box are not installed on the ASCII board used here just as the board with the
switching regulator. Moreover the digital components like the temperature sensor
and the micro-controller are not operated.

Therefore three power supplies have to be used instead of only one as in Argentina
and the temperature correction cannot be performed. As with the measurements
with the laboratory board, the PeakTech 6035D DC power supply is used to apply
45V to the preamplifier of the ASCII board. The EA-PSI 6150-01 DC power supply
applies 35V to the linear regulator that generates the bias voltage of the SiPM. The
regulation is achieved via the Voltcraft DPS-8003PFC power supply.

Low gain output Switching regulator for 40V
High gain output b -

UB connector

Preamplifier Linear regulator for V. of SiPM |

SiPM on base board

Figure 4.2: Picture of the ASCII board used in this thesis. The board has a length
of about 200 mm. The regulators in the dashed boxes were replaced by using three
power supplies with different operating voltages (see figure instead of a single
12V source like the one of the UB in Argentina. Photo courtesy of L. Middendorf
(III. Phys. Inst. A, RWTH Aachen).
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Figure 4.3: Picture of the SensL 6x6 mm? MicroFC-60035-SMT SiPM placed on
a base board that is connected to the ASCII board as shown in figure Photo
courtesy of L. Middendorf (III. Phys. Inst. A, RWTH Aachen).

Voltcraft DPS-8003PFC power supply

The Voltcraft DPS-8003PFC is a switching power supply. However, 50 Hz noise
is visible at the output coming from the 230V AC / 50 Hz mains. Therefore a
self-constructed pi-shaped RC low pass is placed between it and the ASCII board.
An RC low pass was chosen because this power supply only generates a reference
voltage for a linear regulator such that there does not flow any current. The low
pass comprises a reservoir capacitance of 1000 uF, a resistance of R = 267 and
a smoothing capacitance of C' = 560 uF. Consequently the cutoff frequency of the
low-pass amounts to fo = ﬁ ~ 1 Hz and the 50 Hz noise is filtered out. An
error estimation is renounced for this estimate.

The output voltage of this Voltcraft power supply can be set from 0V to 80V and
in 10mV steps [23]. Because this voltage is scaled up by the linear regulator of the
ASCII board before it reaches the SiPM, the bias voltage of the SiPM can only be
arranged with a step size of about 0.2 V. The error on the bias voltage of the SiPM is
estimated from measurements with the Agilent multimeter as described in the next
chapter.

4.3 Measurement procedure

For each SiPM the breakdown voltage was preliminary determined at the begin-
ning of the measurement procedure. This was performed by setting a bias voltage at
which the SiPM signal is clearly visible like in figure[3.3] Therewith a bias voltage of
roughly 30V was applied to the SensL. SiPMs and roughly 66 V to the Hamamatsu
SiPM, respectively. Then the bias voltage was slowly decreased such that the gain
of the SiPM pulses got smaller until the pulses could not be differentiated from the
noise of the baseline. At this point the applied bias voltage is expected to equal the
breakdown voltage.

For the measurement with the Hamamatsu 1x1 mm? SiPM, connected to the labor-
atory board, and the main measurement with the SensL 6x6 mm? SiPM, connected
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to the ASCII board, the pulsed LED was used additionally. Therewith the break-
down voltage is determined more exactly because of the reasons described in chapter
4.1l A pulse repetition rate of about 500 Hz was chosen and the pulse amplitude was
adjusted individually for each SiPM to values of roughly 3V, such that continuous
cell breakdowns as well as a saturation of the amplifiers on the boards were avoided.
When the breakdown voltage was found, the SiPMs were disconnected to measure
the voltage directly at the contact points on the board. Therefore the Agilent mul-
timeter was used. During the measurements with the SensL 3x3mm? SiPM with
the laboratory board were carried out, some devices were not available, such that
the LED was not used and the breakdown voltage was read out from the display
of the EA-PSI 6150-01 DC power supply. The error on the breakdown voltage was
estimated individually for each SiPM.

Thereafter SIPM traces were recorded in darkness and at different overvoltages for
all the SiPMs. The bias voltages and their errors were determined analogous to the
measurement of the breakdown voltage.

Negative pulses with a width of a few nanoseconds, a repetition rate of about 500 Hz
and an amplitude of about 400 mV were generated by the HP pulse generator. With
the "LibLAB” based program on the laptop, the trigger of the oscilloscope was set
to -350mV in the falling edge and single-shot mode.

Several test measurements with differently adjusted time and voltage sensitivities of
the oscilloscope were performed and analysed to find the best settings. The time
sensitivity was chosen such that the recorded trace contains as many SiPM pulses as
possible. Here the maximal length of the traces was limited by the finite sampling
rate of the oscilloscope. The voltage sensitivity and voltage offset were chosen such
that the digitisation has a small influence on the single p.e. pulses while as many p.e.
heights as possible fit into the full range. The results for the vertical, i.e. voltage,
sensitivity were stated in table [4.1} the time division for both SiPMs used with the
laboratory board was chosen to be 100 us and 200 us for the main measurement with
the ASCII board. As the horizontal, i.e. time, axis of the oscilloscope houses 10
divisions, this leads to trace lengths of 1ms and 2ms, respectively. As the oscillo-
scope is only able to save 500 k samples, the sampling rate amounts to 500 MSps and
250 MSps, respectively.

With these settings 30 traces per overvoltage were recorded for the Sensl. SiPMs.
60 traces were recorded for each overvoltage of the Hamamatsu SiPM because of the
low dark noise rate.

During the recording of the SiPM traces for each overvoltage and the prelimin-
ary determination of the breakdown voltage, temperature measurements were
performed for the Hamamatsu SiPM and the SensL 6x6 mm? SiPM of the main
measurement. Thereto the Arduino was used to readout the voltage of the analogue
temperature sensor and send the corresponding digitised channel value to the laptop,
where it is saved. The temperature sensor was placed in the dark box and close to
the laboratory or ASCII board.

Before the measurements with the two SiPMs were carried out, a calibration meas-
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urement was performed to calibrate the reference voltage of the Arduino. For a few
minutes a channel value was recorded every 100 ms such that roughly 3000 channel
values were saved. During this procedure the output voltage of the temperature
sensor was measured with the Agilent multimeter. The measured voltage was con-
stant with Vj,,, =2.341V such that the temperature was estimated to be constant
during the whole calibration measurement.

As the measurement of the breakdown voltage with the Agilent multimeter only
needs a few seconds, the temperature was measured 100 times with a spacing of
100 ms. Therewith the temperature is measured over 10s. As described in the fol-
lowing chapter this group of 100 channel values is averaged to obtain the temperature
from the breakdown voltage measurement.

The oscilloscope takes a few minutes to record 30 or even 60 SiPM traces. There-
fore the explained temperature measurement is repeated every minute and again the
groups of 100 channel values are averaged. Therewith the temperature is determined
every 65 (see next chapter).

The ambient temperature during the Sensl. measurements could only be determined
with a coloured alcohol thermometer.
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5.1 Temperature measurement

Temperature profile for one measurement
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Figure 5.1: Example of a temperature profile. Measured during the 30 trace re-
cordings for Vs = 28.87V of the SensL 6x6 mm? SiPM connected to the ASCII
board. Each red dot represents the arithmetic mean of 100 temperature measure-
ments taken within 10s. The error bars represent the standard deviation of the
arithmetic mean.

At first it is to say that all the measurements were carried out in the same room. The
room is air-conditioned to a temperature of about 22 °C such that the temperature
is not expected to vary more than about 1 K. Especially during the calibration meas-
urement and within the 10s of the 100 temperature measurements, the temperature
is assumed to be constant. This was verified by random test measurements of the
temperature sensor voltage with the Agilent multimeter.

Hence the mean of the channel values of the calibration measurement (ch) is calcu-
lated to calibrate the reference voltage of the Arduino V,.¢. The error on the derived
value is calculated via the error on the mean oy). The error on the temperature
sensor voltage measured with the multimeter Vi, £ ov,,,, = (2.341 £0.002) V is
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estimated. Moreover Vy,q is replaced with V), in equation 1} Therewith and
with a propagation of error on equation (4.5) one obtains:

iMm 1024 O (ch) 2 OV 2
Vie = ———— + T . 1
ref (ch) Tef\/( <ch>> Viim (5-1)

The statistical error on V,.y causes a systematic error on the temperature that
is calculated with the transfer function T'(Vr) of the temperature sensor LMT 87
(see equation (4.6)). This systematic error will not be factored in until the final
temperatures for each SiPM are calculated.

Now the transfer function T'(Vr) is used to calculate the temperatures from each
saved Arduino channel value ch;. Thereto, Vr is replaced as follows:

V;“ef . Chi
1024

Vi = (5.2)
As the temperature is assumed to be constant for each group of 100 measurements,
the mean and the error on the mean, i.e. the statistical error, are calculated. These
temperature values are plotted against the time for each overvoltage to ascertain
that the temperature was constant within the statistical errors during the recording
of the SiPM traces. An example for the SensL 6x6mm? SiPM connected to the
ASCII board is shown in figure[5.1 As one can see, the fluctuation is smaller than
0.05°C and may be explained with the statistical errors. This is the case for all
the trace recordings. Therefore the weighted mean and the error on the weighted
mean are calculated which is drawn in the figure, too. The obtained temperature
value Threqs 1S assumed to be the temperature of the SiPM within the complete trace
recording process.

Subsequently the obtained temperature values of the breakdown voltage measure-
ment and the trace recordings of all the overvoltages are compared for each SiPM.
The maximal temperature deviation amounts to 0.07 °C for the SensL 6x6 mm? and
0.01°C for the Hamamatsu 1x1 mm? SiPM, respectively. To estimate the influence
of this temperature deviation on the gain of the SiPMs, the temperature dependence
of the breakdown voltage Vg(T') (see table|3) and the direct proportionality between
the overvoltage and the gain of an SiPM are used. The gain changes by 1% as the

temperature changes by %. Therewith the temperature affects the gain the most

if the overvoltage is the smallest. The smallest overvoltage of the SensL 6x6 mm?
amounts to 3.85V (see chapter and 0.6V for the Hamamatsu 1x1 mm? SiPM
(see chapter , respectively. As a consequence, the deviation of the temperature
has to be smaller than about 1.8°C for the SensL 6x6 mm? SiPM and 0.1°C for
Hamamatsu 1x1 mm? SiPM to achieve a gain stability of 1%.

Hence the measured maximal temperature deviations of 0.07 °C for the SensL 6x6 mm?
and 0.01 °C for the Hamamatsu 1x1 mm? SiPM have negligible influence on the gain.
Because of that the mean of all T, values Tq;par is determined for each SiPM and
assumed to be the temperature of the whole measurement.

The statistical error on Ts;pys is determined via a propagation of error with the
digitisation of the Arduino channels ag,ilgi = % because the errors on each Thseas
and the error on the mean Tg;py; are negligible. The systematic errors are on the
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one hand the 0.3°C stated in the datasheet of the LMT87 temperature sensor [21]
and on the other hand the error on V,.; that is also included via a propagation of
error. The 0.3°C error of the LMTS87 sensor is not given as a standard deviation
and therefore not included in the final equations below.

As during the measurements with the SensL 3x3 mm? SiPM some devices were not
available, the temperature was only readout from a coloured alcohol thermometer
that was placed nearby the SiPM. During the whole measurement with this SiPM,
the readout temperature was Tg;ppr = 22 °C. The statistical error on the temperat-
ure is estimated with the scale error of \/% °C and rounded to one significant digit.
The error on the absolute temperature is estimated to be 0.5°C' and used as sys-
tematic error. This yields the following final results of the temperature measurement.

SensL 3x3 mm? with laboratory board:
Tsipam = (22.0 £ 0.3 (stat.) £ 0.5 (syst.)) °C . (5.3)
Hamamatsu 1x1 mm? with laboratory board:
Tsipn = (22.37 £ 0.11 (stat.) £ 0.15 (syst. Vi) °C . (5.4)
SensL 6x6 mm? with ASCII board:

Tsipy = (22.32 £ 0.11 (stat.) £ 0.15 (syst. Vo)) °C . (5.5)
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5.2 Signal extraction algorithm

In this thesis SiPM pulses are to be extracted from SiPM traces to obtain so-called
finger spectra by saving the pulse heights into histograms. On that account, a signal
extraction algorithm is needed. This algorithm will be described in the following.
The algorithm program as well as all the other programs used in the analysis of this
thesis are written in Python and use PyROOT to create plots and fits.

Signal extraction algorithm
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Figure 5.2: Zoom into a recorded SensL 3x3 mm? SiPM trace taken by laboratory
board. The small blue triangles mark extracted pulse minima and maxima. Included
is a schematic description of the used signal extraction algorithm that is based on
windows moving through the trace. Only the cuts that are used for all the SiPMs are
drawn in. The left pulse is a single p.e. A more detailed description of the algorithm
is given in this chapter.

The basis of the algorithm

The implemented algorithm is based on the algorithm developed by M. Lauscher in
his master’s thesis [24]. The algorithm of M. Lauscher was also used in a modified
way by M. Stephan in his doctoral thesis [25]. A picture of an extract of a recorded
SensL 3x3 mm? SiPM trace taken by laboratory board is shown in figure [5.2|

The purpose of the algorithm is to extract the height of SIPM pulses. Therefore the
maximum and minimum of the SiPM pulses have to be found. As the SiPM pulses
are negative pulses, the maximum denotes the sample at which the steeply falling
edge of the pulse begins, i.e. the baseline. The minimum denotes the peak of the
negative SiPM pulse. For instance “smaller” is implied to be mathematically smal-
ler whereas heights are always defined to be positive. The algorithm uses windows
comprising ny samples. The position of the window is increased by one sample
until the end of the trace is reached. The window is chosen instead of comparing
consecutive samples because the latter is more sensitive to noise.
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If the last sample of the window is located more than hy volts under the first
sample, it is assumed that the window is located in the falling edge of a SiPM pulse.
The value of a counter is raised to measure how many times in a row the height hy is
exceeded and the window position is increased. This is done until hyy is not exceeded
anymore. If hy, was exceeded for at least 1,,;, windows in a row, it is assumed that
the minimum of the SiPM pulse is reached. The conditions are used to separate the
small noise pulses from SiPM pulses. For the SensL 3x3 mm? and the Hamamatsu
1x1 mm? it is additionally demanded, that the voltage of the first sample in the last
window in which the height hy, was exceeded is smaller than Vi,;,. This is done
because these two SiPMs have a low dark noise rate (see next chapters) and were
connected to the laboratory board that features a constant baseline such that the
smallest SiPM pulses could be differentiated from the baseline noise with this cut.
The sample with the minimal voltage of the last window in which the height hy, was
exceeded is determined to be the minimum of the SiPM pulse. The maximum of
the SiPM pulse is determined to be the sample with the maximal voltage in the first
window in which the height hy, was exceeded. If there is more than one maximum or
minimum, respectively, the sample with the smaller time value is chosen. Time and
voltage values of the maximum and the minimum sample are saved to a file. The
procedure starts again with the first sample of the next window being the sample
after the minimum of the SiPM pulse.

After all the recorded traces of an overvoltage are passed through, the time position
of the pulse tpuuse and the pulse height hpyise are determined. ¢, is chosen to
be the time between the pulse minimum and maximum time t,,;, and t,,4., respect-
ively, with t,uise = (tmin +tmaz)/2. Ppuse is chosen to be the difference between pulse
minimum and maximum voltage.

Additional cuts

Now additional cuts can be applied to increase the signal to noise ratio and espe-
cially to cut pulses whose height is distorted.

As the pulse height of a SiPM pulse located on the rising edge of a previous pulse
is decreased and therewith distorted, the time between two consecutive pulses, i.e.
their pulse times ¢, has to amount to at least tgﬂzz.

Furthermore pulses that are too close together to be distinguished are falsely iden-
tified as a single pulse. This false identification can be prevented with the choice of
hw. In figure the two pulses in the middle of the picture are very close together
such that the one pulse has just reached its maximum, when the other pulse stacks
on top of it. If Ay had been chosen too small, these two pulses would be identified
as one pulse. Nevertheless, there are always some stacked pulses that are identified
falsely as a single pulse. As they have a bigger temporal distance between their
maximum and minimum sample than correctly identified pulses, pulses are cut if
this temporal distance exceeds 57,

Additional cuts for the ASCII board traces

Two additional cuts were applied to the pulses extracted from the traces taken by
the ASCII board. The SensL 6x6 mm? SiPM has a high dark count rate because this
SiPM is large and comprises considerably more G-APD cells as the other two SiPMs



26

Analysis

(see table . Therefore many pulses superimpose on each other which distorts
the pulse heights as described before. Only using pulses whose maximum sample,
i.e. the baseline at which the falling edge of the pulse begins, sits above V44, Was
found out to cut several of these distorted pulses. The other additional cut for the
ASCII board is used to improve the signal to noise ratio. This cut demands that

the pulse height has to be at least h™"

high.

pulse

All the algorithm variables and their typical sizes are summarized in table [5.1]

Variable | Typical size Description

nw 10 Amount of samples per window.

hw 1mV Threshold: negative slope within window.

Nomin 10 Threshold: minimum amount of consecutive windows where hy is exceeded.
Vinin 10mV Threshold: baseline noise removal (laboratory board only).

Additional cuts

tﬁ:ﬁii 300 ns Threshold: minimum time between two consecutive pulses.

tmas 50 ns Threshold: maximum time between pulse baseline and peak.
Vinazo -10mV Threshold: minimum baseline of a pulse (ASCII board only).

e 10 mV Threshold: minimum pulse height (ASCII board only).

Table 5.1: Overview of the algorithm variables and their typical sizes with short

descriptions.
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5.3 Spectrum fit functions

The pulse heights selected by the algorithm are filled into a histogram to obtain the
finger spectrum. Two different fitting methods are used for the analysis of the finger
spectrum. The fits are applied with the ROOT log-likelihood function.

Gaussian fits

One Gaussian function is fitted to the single p.e., the other to the 2 p.e. to determine
the peak position of these two p.e.s. This is possible because the pulse heights are
normally distributed around the position of the p.e.s if there is no systematic effect.
The gain of the SiPM is determined to be the distance between the means of the two
Gaussian functions. Moreover the error of the gain is calculated with the fit errors
of the Gaussian means using a propagation of error. The crosstalk probability p.;
is calculated as the ratio of pulse height entries above a threshold of 1.5 p.e. N+ 5
and the total amount of entries in the finger spectrum N:

O
xt N

4 %\/N (1= pua) (stat.) . (5.6)

Here the statistical error is chosen to be a binomial error as this error is used to
estimate the frequency of groups within a histogram. A systematic error is estim-
ated by setting the 1.5 p.e. threshold to values of 1.3 p.e. and 1.7 p.e., respectively.
Here the 1.5 p.e. mark is determined from the mean values of the two Gaussian fits
Gipe and Gape, with 1.5 p.e.=(G1pe+Gape)/2. The other p.e. marks are determined
analogously.

FACT spectrum fit

The other fit function used in this analysis was developed by the FACT collaboration
and uses a sum of Gaussian functions weighted with the modified Erlang distribu-
tion. Further information and the motivation of the FACT collaboration to use this
fit function can be found in [26]. Hereafter, this fit function will be called "FACT
spectrum fit”.

The FACT spectrum fit is implemented as described in [26]:

Y e

f(z) :A1p€~al-26_2 .

n=1

(n . pfzt . e_pfit)n_]-

on  ((m=1”

(5.7)

The parameters of this fit function are given as follows. A;,. denotes the height

of the single p.e. peak. o, = (/n-02, + 02 is the standard deviation of the nth

p.e. peak and consists of the electronic noise and the noise of the nth p.e. peak.
T, = n - gain + x, represents the position of the nth Gaussian mean which is shifted
from the baseline by zy. The sum walks through each of the in total N Gaussian
functions, such that N is chosen to be the amount of fitted p.e.s plus one for each
fitted finger spectrum, to make the fitting procedure more efficient. The first part
of the sum are the Gaussian functions that depend on each other via the gain and
2. The second part of the sum is the modified Erlang distribution with the Erlang
exponent v. The modified Erlang distribution is needed to weight the nth Gaussian
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function with the probability that n cell breakdowns occur [26].

A simulation presented in the FACT paper [26] connects the parameter py;; with the
crosstalk p,;. Thereto it is assumed that only directly neighbouring cells contribute
to the crosstalk. The result of this simulation is used in this analysis to obtain the
crosstalk probability:

0.875(5)
0.9515(20)

Pt = 0.723(4) - ( Brit (5.8)

0.440106(100)

To estimate the statistical error on p,, the fit error of py;, is used with a propagation
of error. The systematic error caused by the simulation parameters is estimated from
variations of the parameters by their given errors. The largest achieved deviation
from p,; is chosen to be the systematic error.

The gain and its error are obtained through the corresponding fit parameter.
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5.4 SensL 3x3 mm?® SiPM with laboratory board

At first the preliminary measurement of the breakdown voltage is to be analysed.
The interval within which the SiPM pulses disappeared was restricted to bias voltages
between 24.80V and 24.90 V. Estimating the error with respect to the width of the
interval and the error on the displayed bias voltage of the EA-PSI 6150-01 DC power
supply, the breakdown voltage is determined at Tgipyr = (22.0 £ 0.3 (stat.) =+
0.5 (syst.)) °C:

VBa = (24.850 £+ 0.040)V . (5.9)

For this SiPM, traces were only recorded for the bias voltage of (29.850 + 0.015) V.
This error is again estimated and quadratically added with the error of the break-
down voltage to obtain the error on the overvoltage of (5.000 £+ 0.043) V.

To set the variables for the extraction algorithm properly, single pulses of a recorded
trace are examined. As one can see in figure or even in the oscilloscope screen-
shot of the SiPM chapter in figure [3.3] the single p.e. SiPM pulses are about 200 ns
long and roughly 30 mV high. While the baseline does not fall under 0.007V, the
minima of the single p.e.s are located under -0.01 V. The steeply falling edge of the
SiPM pulses comprises roughly 15 samples. After training the algorithm variables
on the derived finger spectra, the values in table are chosen.

pulse mazx
nw hW Nmin Vmin tpulse tmln

6 | 3mV 5 5mV | 250ns | 50ns

Table 5.2: The chosen algorithm variables for the SensL 3x3 mm? SiPM.

An extract of a recorded trace at Vp,=5.000V is shown in figure [5.3l Here the
additional cuts (tgzﬁzz and M%) were not performed and the extracted minimum
and maximum samples are marked with blue triangles. The baseline is constant and
the majority of the pulses are single p.e.s as it is typical for a dark noise measurement.
The SiPM pulses seldomly stack onto each other. The large pulse at the left of the
figure is truncated as it leaves the vertical full range (-0.14 V) of the oscilloscope. On
the one hand no pulses are extracted in the electronic noise on the other hand all the
recognizable SiPM pulses are identified. Therefore the pulse extraction algorithm
seems to work as desired.

A discrete Fourier transform using the Python package numpy was performed for
an entire SiPM trace as shown in figure A possible reason for the peak at
about 100 MHz are the falling edges of the SiPM pulses. These falling edges have
an infinite slope, i.e. an infinite frequency response, for an ideal SiPM. The gain
constellation of the transimpedance amplifier used on the laboratory board decreases
the slope of the falling edge of the SiPM pulses as it has a finite bandwidth. A SPICE
simulation encourages the assumption that this causes the peak at 100 MHz. This
peak structure is also located in the DFTs of the Hamamatsu SiPM traces which
were taken with the same laboratory board. For the ASCII board, the peak is shifted
to about 50 MHz which is possibly explainable with the integrated preamplifier.
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Figure 5.3: Extract of a SensL 3x3 mm? SiPM trace taken by the laboratory board
at Vp,=b5.000 V. The small blue triangles mark extracted pulse minima and maxima.
The pulses in the middle of the figure are single p.e.s. Here the additional cuts were

not used.
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Figure 5.4: Discrete Fourier transform amplitude spectrum of an entire SensL
3x3mm? SiPM trace at Vp,=5.000V. A possible reason for the peak at about

100 MHz is given in the text.

The finger spectra in figure are obtained with the above stated algorithm vari-
ables. Here and in the following the errors on the bin heights are Poisson errors v/ N,

x103
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with NV being the amount of entries within the bin.

The first and highest peak at the left side corresponds to the single p.e. and is fitted
with the blue lined Gaussian function. Because of the peak asymmetry the FACT
spectrum fit is not used here. The Gaussian functions are used as they serve as a
weighted mean to find the peak maximum. Moreover the crosstalk is calculated via
the derived 1.5 p.e. mark and the raw data such that the height of the Gaussian
function does not influence the crosstalk as it is the case for the FACT spectrum
fit. In the upper half of the figure, the additional cuts are not used such that pulses
stacked onto a previous pulse are taken into account. This leads to the widened
left flanks of the p.e.s. At the left side of the single p.e. there is a plateau that is
caused by afterpulses as it is found out that the pulses of this plateau region always
appear shortly after a previous SiPM pulse. Therefore, this plateau as well as the
left widened flanks of all the p.e.s are cut with the additional cuts as it is to be seen
in the lower half of the figure. Nevertheless, the cuts do not affect the plateaus at
the right side of each p.e.

These plateaus are considered more detailed as they seem to have a systematic
background. A zoom into a SiPM trace that is used to extract pulses for the finger
spectrum is shown in figure [5.6l All the three pulses are single p.e.s. The outer
pulses, whose maxima and minima are marked with blue triangles, are pulses from
the plateau region on the right side of the single p.e. Obviously the pulse heights
are extracted correctly by the algorithm such that the plateau is no artefact of the
algorithm. Possible explanations are the SensL SiPM itself or the synergy of the
laboratory board and the SensL. SIPM. That these plateaus are caused by the labor-
atory board solely is not assumed as they do not appear in the finger spectrum of
the Hamamatsu SiPM, shown in figure of the next chapter.

Gain and crosstalk are calculated for both finger spectra which is shown in the le-
gend of figure 5.5l For the finger spectrum derived from the algorithm with applied
additional cuts the gain equals (27.214 4+ 0.052) mV and the crosstalk p,; for the
applied overvoltage of Vp, = (5.000 £ 0.043) V is given as:

Par = 0.2138 £ 0.0029 (stat.)  0.001(syst.).

The crosstalk for the SensL 3x3mm? SiPM is stated to be 7% for an overvoltage of
2.5V in the datasheet of the SensL C-Series (see table 3.1). As the overvoltage is
not equal to the one used in this thesis, a comparison is not performed. Instead,
the datasheet of the SensL J-Series SiPMs [27] is used. As the crosstalk at an over-
voltage of 2.5V is given with 7.5% for the J-Series 3x3 mm? SiPM with 35 ym cell
size [27], this SiPM can be compared with the SensL C-Series SiPM used in this
thesis. The crosstalk of the J-Series SiPM is stated to be 20% at an overvoltage of
5V [27]. Therefore the crosstalk determined in this analysis is compatible with the
literature value as the error on p,; stated above does not include the error on the
overvoltage.
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Figure 5.5: Finger spectra of SensL 3x3mm? SiPM at Vp, =

Pulse height [V]

5.000V without

additional cuts at the top and with additional cuts at the bottom. Two Gaussian
functions are used to determine the gain and the 1.5 p.e. mark which is used to
calculate the crosstalk. The first peak on the left (highest peak) is the single p.e.
Even with the additional cuts, there are plateaus on the right of each p.e. peak.
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Figure 5.6: Zoom into a recorded SensL 3x3mm? SiPM trace taken by the labor-
atory board at V,=5.000 V. The small blue triangles mark extracted pulse minima
and maxima of the plateau region on the right side of the single p.e. The pulse in
the middle of the figure is a single p.e., too.
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5.5 Hamamatsu 1x1 mm? SiPM with laboratory
board

The preliminary measurement of the breakdown voltage of the Hamamatsu 1x1 mm?
SiPM at Tgipar = (22.37 £+ 0.11 (stat.) £+ 0.15 (syst. Viet)) °C yields:

Vg = (64.27 +£0.03) V . (5.10)

SiPM traces are measured and analysed for bias voltages of (64.87 &+ 0.01) V and
(65.67 & 0.01) V. This yields overvoltages of (0.60 £ 0.03) V and (1.40 &+ 0.03) V.
After some training of the algorithm on the recorded traces, the variables of the
algorithm are chosen as stated in table [5.3l It was taken into account, that the
Hamamatsu SiPM features pulses that have steeper falling and rising edges than the
pulses of the SensLL SiPMs. Here the rising edge of a SiPM pulse denotes the signal
during the recharge of a G-APD. Furthermore the V,,;, cut has to be changed to
Vinin = 10mV for the smaller overvoltage of 0.60V because the single p.e.s do not
reach under V,,;, = 5mV as they do at an overvoltage of 1.40V.

pulse
nw hW Nmin me tpulse tm?ﬁ

4 | 1mV 3 5mV* | 250ns | 30ns

Table 5.3: The chosen algorithm variables for both overvoltages. The given V,,;,
value is only used for the overvoltage of 1.40V. V,,;,=10mV has to be chosen for
the overvoltage of 0.60V.

The finger spectrum for the overvoltage of 1.40V is shown in figure [5.7] Here the
additional cuts of the algorithm are applied. The SiPM pulses of 60 SiPM traces,
each of a length of 1 ms, are filled into this finger spectrum. As there are only about
7000 entries, the dark noise rate of this SiPM is very low compared to the SensL
3x3mm? SiPM, for whom only half as many traces were analysed to obtain about 3
times more entries. Therefore the p.e. peaks are perfectly separated such that the
systematic error on the crosstalk is zero because there are no entries between the
1.3 p.e. and the 1.7 p.e. mark. Furthermore, there are no plateaus at the right of
the p.e.s as with the previously analysed Sensl. SiPM.

The algorithm is also applied to the recorded traces of the 0.60 V overvoltage and the
additional cuts are used again. Gain and crosstalk values are derived from the two
Gaussian fits and the 1.5 p.e. mark for both overvoltages. The results are stated
in table The error on the determined crosstalk is the binomial error. There
are listed literature values for the crosstalk, too. The literature values are derived
from the paper [28]. In this paper, the measured crosstalk probabilities are plotted
against the temperature corrected gain and a function is fitted to the data. This
function is used in this thesis to calculate the crosstalk for the two given overvoltages.
Moreover the crosstalk was estimated from a crosstalk against overvoltage plot in
the Hamamatsu datasheet [9].
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Vow [V] Gain [mV] Dat Literature p,; | Datasheet p,;
1.40 £ 0.03 | 20.092 4+ 0.029 | 0.3376 £ 0.0056 0.3751 0.35
0.60 £ 0.03 | 9.112 4+ 0.080 | 0.0947 + 0.0050 0.1216 0.06

Table 5.4: This table contains the results of the gain and crosstalk determination
for the Hamamatsu 1x1 mm? SiPM. Additionally literature [28] and datasheet [9]
values are stated for the crosstalk.

Finger spectrum at 1.4VOVer of HAMAMATSU MPPC S12571-100C with laboratory board
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Figure 5.7: Finger spectrum of Hamamatsu 1x1mm? SiPM at an overvoltage
of Vp,=1.40V. The additional cuts of the algorithm are applied. The left peak
correspondes to the single p.e. As there are no entries between the 1.3 p.e. and
1.7 p.e. mark, the calculated systematic error on the crosstalk p,; equals zero. The
legend box covers some bins at the right margin of the finger spectrum.

Once again the error on the crosstalk does not include the error on the overvoltage.
The errors on the literature and datasheet value are not given and the deviation of
the literature values from the datasheet is not discussed in the paper [28]. Therefore
the crosstalk probabilities, that are determined in this analysis, are assumed to be
compatible with the literature and the datasheet values as they differ by only a few
sigmas even without considering the error on the overvoltage.

The determined gain values are plotted against the bias voltage of the SiPM to
determine the breakdown voltage via a linear regression. This yields a breakdown
voltage of:

Via = (64.21 £ 1.71) V.

As only two gain values are determined, the error is larger than the one of the
preliminary measurement of the breakdown voltage. Even within the scope of the
error of the preliminary determined breakdown voltage (see equation ), the
two values are within a 3-0 scope which is a adequate result.
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5.6 Main measurement with SensL 6x6 mm? SiPM
and ASCII board

The preliminary breakdown voltage measurement of the SensL 6x6 mm? SiPM at a
temperature of Tg;ppr = (22.32 + 0.11 (stat.) + 0.15 (syst. Vie)) °C yields:

Via = (24.65 £0.10) V . (5.11)

The estimated error is larger than for the SiPMs on the laboratory boards as the
linear regulator between the Voltcraft power supply and the SiPM decreases the
step size that can be used to set the bias voltage of the SiPM which is described in
chapter

SiPM traces were recorded for four different overvoltages. The chosen overvoltages
and the bias voltages that had to be applied to the SiPM to achieve the different
overvoltages are given in table The errors on the bias voltage are all estimated
to be 0.01 V. To obtain the errors on the overvoltages, which are always 0.10 V, the
error of the corresponding bias voltage is quadratically added with the error on the
breakdown voltage.

Viias [V] £ 0.01V | 28.50 | 28.87 | 29.47 | 29.85
Voo [V] £ 0.10V | 3.85 | 4.22 | 4.82 | 5.20

Table 5.5: The four applied bias voltages with the corresponding overvoltages.
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Figure 5.8: Dark noise signal of SensL 6x6 mm? SiPM processed and amplified by
the ASCII board. The screenshot is taken by the LeCroy WavelJet 354A. Voltage
(div=50mV) is plotted against time (div=200ns).

An oscilloscope screenshot at the overvoltage of Vp, = 5.20 V is shown in figure
The SiPM is placed in darkness and the threshold is set to about 0.5 p.e in a falling
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edge mode. The first three p.e.s can be distinguished though the dark noise is so
high that the pulses stack onto each other. The single p.e. has a height of about
30mV and the pulses are roughly 500 ns long. By zooming into a trace and focussing
on a single pulse, it is found out that the falling edge of the SiPM pulses is flatter
than for the previously analysed SiPMs. It comprises roughly 40 samples. As the
sampling rate amounts to 250MSps, this is equal to 160ns. All this information is
used to chose the algorithm variables properly. Moreover the algorithm is trained
on the traces of the highest overvoltage Vp, = 5.20 V. The resulting choice of the
algorithm variables is shown in table 5.6,

pulse max min
nw hW Nmin Zfpulse tmin Vma:c‘o hpulse

14 | 0mV 17 1400ns | 230ns | -10mV | 14mV

Table 5.6: The chosen algorithm variables that are used for all overvoltages.

A zoomed trace taken at the overvoltage Vo, = 5.20V is shown in figure [5.9 The
blue triangles mark the pulse minima and maxima that are extracted by the al-
gorithm without using the additional cuts. As expected, the dark count rate of this
large SensL. SiPM is considerably higher than the one of the SensL 3x3mm? (see
figure [5.3). Due to the high dark noise rate, there is no constant baseline. As the
pulses stack onto each other, the p.e. peaks of the extracted finger spectrum are
expected to merge into each other.
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Figure 5.9: Zoom into a recorded SensL 6x6 mm? SiPM trace taken by the ASCII
board at V,=5.20 V. The small blue triangles mark the pulse minima and maxima
that are extracted by the algorithm without using the additional cuts. Obviously

the dark noise rate is higher than in figure of the SensL 3x3mm? SiPM.

The finger spectra for Vp, = 5.20 V without and with the additional cuts are shown
in the upper and lower part of figure [5.10l As expected, the p.e. peaks merge into
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each other without using additional cuts. Whereas the application of these cuts
leads to the desired finger form. The FACT spectrum fit was chosen instead of the
Gaussian fits, as it takes into account more than only two p.e.s and does not fit the
p.e.s independently. The fit is not performed above a pulse height of 0.3V as pulses
reaching the full range of the oscilloscope bias the data from there on.
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Figure 5.10: Finger spectra of the SensL 6x6 mm? SiPM at Vp, = 5.20 V without
additional cuts at the top and with additional cuts at the bottom. The first peak
on the left is the single p.e. The additional cuts increase the separation between the
p.e. peaks.
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The algorithm is applied to the traces of all overvoltages and the additional cuts are
used to obtain a more reliable gain value. The crosstalk probabilities (see equation

in chapter and gain values are shown in table .

Voo [V] £ 0.10V Pat Gain [mV]
3.85 0.3013 + 0.0036 (stat.) + 0.0038 (syst.) | 21.001 = 0.066 (stat.)
4.22 0.3357 + 0.0039 (stat.) + 0.0040 (syst.) | 23.186 + 0.086 (stat.)
4.82 0.3913 + 0.0045 (stat.) + 0.0041 (syst.) | 27.250 = 0.065 (stat.)
5.20 0.4217 4+ 0.0050 (stat.) £ 0.0042 (syst.) | 29.355 + 0.080 (stat.)

Table 5.7: This table contains the results of the gain and crosstalk determination
for the SensL 6x6 mm? SiPM connected to the ASCII board.

The crosstalk probabilities are large compared to the 7% at an overvoltage of 2.5V
stated by the manufacturer. There were no literature values found that might con-
firm or falsify these high values. Nevertheless it is assumed that the crosstalk prob-
abilities are determined correctly by the algorithm, as they were compatible to the
literature values for the other SiPMs analysed before. For the finger spectrum of
the traces recorded at an overvoltage of 5.2V the fit consisting of two Gaussian
functions was applied, too. A significant deviation of gain and crosstalk from the
FACT spectrum fit results was not found. The SiPM of an ASCII module is optically
coupled with plexiglass. This coupling is also chosen for the SiPMs at FACT and
decreases the crosstalk which is stated in a FACT publication. A possible reason is
the influence of the refraction index of plexiglass that is higher than the one of air
and changes the angle of total reflection, such that crosstalk photons can leave the
SiPM instead of being refracted and generating a crosstalk event.

As a cross-check of the breakdown voltage, the linear dependence of the gain on
the overvoltage is used like for the Hamamatsu SiPM. A ROOT y2-fit is performed
on the four data points as shown in figure[5.11l The x?/(ndf) of about 3 and the
residual graph yield that the errors on gain and bias voltage are estimated a bit
too small. Moreover, gain measurements at lower bias voltages are needed to de-
termine the breakdown voltage more exactly. The resulting breakdown voltage of
(25.17 £ 0.56) V is located within a 1-o interval above the preliminary measured
breakdown voltage. This indicates that the breakdown voltage was determined cor-
rectly before.
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Figure 5.11: In the upper half the determination of the breakdown voltage via a
linear regression is shown. In the lower half the associated residual graph is shown.

5.6.1 Simulation of the UB algorithm

The UB algorithm is implemented and applied to the recorded dark noise traces
processed by the ASCII board used in this thesis. This is done to compare the res-
ult with the results from the ASCII modules that are operated at the Pierre Auger
Observatory and house a SiPM and a ASCII board manufactured at the RWTH
Aachen University.

Minimum ionizing particles (MIPs) of an extensive air shower are detected by the
PMTs in the water Cherenkov tanks of the SD. The UB algorithm triggers on these
and integrates the charge from 3 samples before the trigger signal appears until 16
samples after it. But the ASCII module only detects a signal with a probability of
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about 15% as it does not cover the whole surface of the SD tank. Therefore the UB
trigger is a random trigger in 85% of the cases [6]. As stated at the end of chapter
the sampling rate of the UB amounts to 40MSps. Therefore the performed integral
of 20 samples is spread over 500 ns. Figure shows an example of a charge spec-
trum that is generated by applying the UB algorithm on the data that is recorded at
the Pierre Auger Observatory by ASCII modules that house an SiPM and a ASCII
board manufactured at the RWTH Aachen University. It does not feature a single
p.e. resolution but the change of the slope and the little bump in the spectrum
might be caused by the MIP events that are triggered by the PMTs of the SD.
The question is, if it is possible to derive a single p.e. resolution from the measured
dark noise traces of this thesis by applying the UB algorithm as thereby the required
gain can be determined.
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Figure 5.12: Charge spectrum derived from the UB algorithm at the Pierre Auger

Observatory. The steeply falling edge on the left side of the spectrum are dark noise
events. The knee and the little bump in the spectrum might be caused by MIPs.

A software-based low-pass filter with a cutoff frequency of 20 MHz is needed to
simulate the UB low-pass filter. In order to do this a type I Chebyshev filter of 18th
order is used. This filter is provided by the Python package scipy.signal. Other filters
were tested, but the Chebyshev filter was the most efficient one. After applying the
filter, the sampling rate of 250 MSps has to be decreased to 40 MSps. The position
of a new sample is approximated via a linear interpolation between the two next
neighbouring old samples.

Now a self-developed algorithm is applied to the SiPM traces with an overvoltage of
Vo, =4.82V.

There are not any MIP signals in the SiPM traces of this thesis such that not only
85% but 100% of the triggers are chosen to be random. As the trigger is random,
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the integration can be shifted such that the integral is performed from the sample
at which the trigger occurs until 19 samples later. For reasons of efficiency and
simplification the position of a generated random sample and the corresponding
integration intervals are not saved, though this would prevent the algorithm from
triggering more than once in a particular interval. Instead, only 10% of each trace
are randomly integrated to reduce this probability. A spot test for a single trace
revealed, that only very few intervals overlapped such that this method is used.
The resulting charge spectrum is shown in figure [5.13l Obviously there does not
exist a single p.e. resolution. Therefore a gain determination of the SiPM is not
possible.

Probably, the high dark noise of the 6x6 mm? SiPM causes this low resolution on the
single p.e. basis. Therefore test measurements with the ASCII board and a smaller
SiPM, like the SensL 3x3mm? SiPM used in this thesis, can be performed in the
future to find out if the UB algorithm works better with SiPMs having a lower dark
noise. Moreover the UB algorithm itself reduces the resolution on the single p.e.
basis as the algorithm that is developed in this thesis is able to separate the p.e.
peaks such that the gain of the SiPM can be determined.

UB algorithm: finger spectrum at 4.82V0Ver of ASCII board with SensL MicroFC-60035-SMT SiPM

10? :—“'|mm“w m 'h'““HH“HM'M'“*'mimi
= H iy
! il
B )
| ity |
g | "“"H|||"|||||||H|H ]
b
- B B Y B ¥ 7 R RN X R 0.‘12 BT

Time integrated voltage of pulse [Vs]

Figure 5.13: Charge spectrum with 12000 entries derived from the simulated UB
algorithm on the dark noise traces of the SensL 6x6 mm? SiPM. The overvoltage
amounts to Vp, = 4.82 V. The p.e. peaks are merged together and cannot be seen.
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6. Conclusion and Outlook

The Pierre Auger Observatory is currently upgraded for a further improvement of the
measurement of extensive air showers (EASs) generated by ultra-high-energy cosmic
rays (UHECRs). The muonic component of an EAS can be used to investigate the
mass composition and the energy of UHECRs. Therefore the upgrade comprises
among others the scintillating surface detector (SSD) to improve the distinction of
the electromagnetic and the muonic component of an EAS. A prototype of the SSD
is the ASCII detector. Some of the ASCII modules are not operated with photomul-
tiplier tubes (PMTs) but with silicon photomultipliers (SiPMs) as it was proposed
by the III. Phys. Inst. of the RWTH Aachen University. The SiPM of an ASCII
module is connected to the ASCII board that was developed and manufactured at
the RWTH Aachen University. One advantage of SiPMs compared to PMTs is the
possibility to measure their gain using their finger spectrum which improves the un-
derstanding of changes of the gain of the whole detector.

In this thesis an algorithm was developed that extracts single SiPM pulses from
SiPM traces to obtain a finger spectrum and determine the gain of the SiPM among
others. The algorithm had been tested on two SiPMs that are each connected to a
laboratory board, before it was applied to the SiPM connected to the ASCII board
currently installed in some ASCII modules of the Pierre Auger Observatory.

Finger spectra with a single p.e. resolution could be created for all SiIPM dark noise
traces by using the developed algorithm. Even for the traces of the SiPM on the
ASCII board, which suffered from a high dark noise rate and imperfect electronics,
the p.e. peaks of the created finger spectra were clearly distinguishable. This was
achieved as the algorithm searches for SiPM pulses and determines their height, in-
stead of integrating the charge of SiPM pulses which is biased by the stacking of
SiPM pulses. Moreover the sensitivity of the algorithm was increased by using cuts.
Therefore the algorithm can be used successfully even for large SiPMs with a high
dark noise rate and corresponding high probability for stacking of pulses. Further-
more for all SiPMs the crosstalk probability could be determined from the finger
spectra. The derived values were compatible with the literature values. Moreover
the gain could be determined from the finger spectra.

Finally the UB algorithm was implemented using a random trigger and integrating
the charge for a specific time. The application to the dark noise traces of the SiPM
on the ASCII board lead to a finger spectrum that does not feature a single p.e.
resolution, such that the gain was not determinable.
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Therefore the self-developed algorithm is better than the UB algorithm and can be
used to determine the gain of the SiPMs used in some ASCII modules at the Pierre
Auger Observatory.

To be able to determine the algorithm variables automatically a function can be
added to the algorithm in the future to extract the variables from a small part of
the trace. All in all the developed algorithm is easy to be implemented and can
be used to derive a finger spectrum with a single p.e. resolution from SiPM traces.
Furthermore gain and crosstalk can be determined for SiPMs at several detectors
using SiPMs as for instance the ASCII detector.
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