AT

Karlsruhe Institute of Technology

IceScint:
A Scintillation Detector Array

for the IceCube Surface
Enhancement

To receive the academic degree of a
Doctor of Natural Sciences
from the KIT Faculty of Physics

of the Karlsruhe Institute of Technology (KIT)

. approved .
Dissertation

by
Thomas Huber
from Regensburg

Karlsruhe Institute of Technology, KIT
Deutsches Elektronen-Synchrotron, DESY

Referee Prof. Dr. Marc Weber, KIT-IPE

Co-Referee Prof. Dr. Guinter Quast, KIT-ETP

Supervisor Dr. Andreas Haungs, KIT-IKP

2nd Supervisor Dr. Timo Karg, DESY in Zeuthen

Day of the oral exam: 17. July 2020

@T — The Research University in the Helmholtz Association www.kit.edu







AT

Karlsruher Institut fur Technologie

IceScint:
Ein Szintillationsdetektor-Feld

fiir die Oberflichen-Erweiterung
von IceCube

Zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften
von der KIT Fakultat Physik

des Karlsruher Instituts fiir Technologie (KIT)

genehmigte

Dissertation

von
Thomas Huber
aus Regensburg

Karlsruher Institut fiir Technologie, KIT
Deutsches Elektronen-Synchrotron, DESY

Referent Prof. Dr. Marc Weber, KIT-IPE

Koreferent Prof. Dr. Guinter Quast, KIT-ETP

Betreuer Dr. Andreas Haungs, KIT-IAP

2. Betreuer Dr. Timo Karg, DESY in Zeuthen

Tag der miindlichen Priifung: 17. Juli 2020

@T — Die Forschungsuniversitit in der Helmholtz-Gemeinschaft

www.kit.edu







IceScint:

A Scintillation Detector Array for the IceCube IceTop Enhancement

The IceCube Collaboration will enhance the surface instrumentation of the IceCube Neutrino
Observatory (IceTop) with scintillation detectors (IceScint). This thesis deals with the research
and development, the deployment, the commissioning and the characterization phase of the
first IceScint station. In addition, the science case, prospects of the enhancement and first air-
shower measurements with IceScint will be discussed.

The planned full array out of these detectors will increase the veto capabilities for high energy
astrophysical and cosmogenic neutrino search of IceCube. In addition, it will considerably
improve the capabilities of cosmic-ray measurements in the 100 TeV - 1 EeV energy range. Fur-
thermore, it will serve as a research and development program for a possible future large-scale
surface array of the IceCube-Gen2 program. Three prototype stations with 7 scintillation de-
tectors each have been developed within this thesis, where one of them were deployed at the
South Pole in January 2018. The other stations are deployed as test array at KIT and as cold
temperature cross calibration station at the Physical Science Lab (PSL) in Madison, respectively.

Each scintillation detector features 1.5 m? of plastic scintillators and wavelength-shifting fibers
which are read out by Silicon Photomultipliers (SiPMs). These solid-state photosensors are sim-
ilar in detection efficiency compared to classical photomultiplier tubes, but have considerable
advantages like robustness and low-voltage operation. One disadvantage comes with the large
temperature dependency in its operation. To ensure a stable gain, a temperature and SiPM bias
voltage control loop was developed and works well at the South Pole IceScint station and en-
sures a uniformly performing detector array. Substantial understanding of SiPMs could be won
by comparing the IceScint signal behavior with extended laboratory cross-checks. A newly de-
veloped SiPM readout module, IceARM, transfers the signal waveforms to the IceTAXI DAQ.
IceARM is now also used for Outreach experiments.

In the frame of this thesis it could be shown that the developed full chain of the IceScint sys-
tem (plastic scintillator, wavelength shifting fiber, SiPM readout, IceARM as analog electronic
and IceTAXI as DAQ) is a working concept to be capable in measuring cosmic-ray air-shower
events under extreme environmental conditions like given at the South Pole. The operation of
the first station at the South Pole has proven that, e.g., the direction of incident air showers are
reconstructed accurately.

The deployed scintillator stations show that it fulfills the requirements of a surface instrumen-
tation upgrade of IceTop and paved the way for the full enhancement of IceTop including radio
antennas. With this thesis, the baseline for the planned deployment of 32 stations at the South
Pole, each with 8 IceScint detectors and 3 radio antennas as the new surface detector array of
the IceCube Neutrino Observatory was created.



IceScint:

Ein Szintillationsdetektor-Feld fiir die Oberflichen-Erweiterung von IceCube

Die IceCube Kollaboration wird das Oberflaichenexperiment des IceCube Neutrino Observa-
toriums (IceTop) mit Szintillationsdetektoren (IceScint) erweitern. Diese Arbeit befasst sich
mit der Forschung und Entwicklung, der Installation, der Inbetriebnahme und der Charak-
terisierungsphase der ersten IceScint Station. Dartiiber hinaus werden der naturwissenschaftli-
che Hintergrund, die physikalischen Moglichkeiten dieser Erweiterung und erste Luftschauer-
Messungen mit IceScint diskutiert.

Ein vollstandiges Array aus diesen Detektoren wird die Vetomoglichkeiten fiir die Suche nach
hochenergetischen astrophysikalischen und kosmogenen Neutrinos von IceCube erhéhen. Zu-
sdtzlich wird es die Moglichkeiten zur Vermessung der kosmischen Strahlung im Energiebe-
reich von 100 TeV-1EeV erheblich verbessern. Dartiiber hinaus wird es als Forschungs- und
Entwicklungsprogramm fiir ein mogliches zukiinftiges grofsflichiges Oberflichen-Array des
IceCube-Gen2 Observatoriums dienen. Im Rahmen dieser Arbeit wurden 3 Prototyp-Stationen
mit je 7 Szintillationsdetektoren entwickelt und gebaut, von denen eine Station im Januar 2018
am Siidpol installiert wurde. Die anderen beiden Stationen sind als Testanordnung am KIT
und als Kalibrierungsstation fiir tiefe Temperaturen am Physical Science Lab (PSL) in Madison
eingesetzt.

Jeder Detektor verfiigt iiber 1,5 m? Plastikszintillatoren mit wellenldngenschiebende Lichtlei-
tern, die von Silicon-Photomultipliern (SiPMs) ausgelesen werden. Diese auf Festkorperphysik
basierenden Photosensoren sind in der Detektionseffizienz zum Beispiel den klassischen Pho-
tomultiplierrohren dhnlich, haben aber wesentliche Vorteile, wie eine robustere Bauweise und
niedrigere Betriebsspannungen. Ein Nachteil ergibt sich aus der hohen Temperaturabhéngig-
keit der Effizienz. Um eine stabile Verstarkung zu gewidhrleisten wurde eine Temperatur- und
SiPM-Vorspannungs Regelschleife entwickelt, die an der IceScint Station am Stidpol funktio-
niert und ein homogen operierendes Detektorarray gewihrleistet. Ein substantielles Verstand-
nis der SiPMs konnte durch den Vergleich des IceScint Signalverhaltens mit erweiterten Labor-
vergleichsuntersuchungen gewonnen werden. Ein neu entwickeltes SiPM-Auslesemodul, Ice-
ARM, moduliert und tibertragt die Signalformen an die IceTAXI Datenerfassung. Das IceARM
Modul wird mittlerweile auch fiir Outreach Experimente und Studentenpraktika verwendet.

Im Rahmen dieser Arbeit konnte gezeigt werden, dass die entwickelte Signalkette des IceScint-
Systems (Szintillatormaterial, wellenldngenschiebende Lichtleiter, SiPM Auslese, IceARM als
analoge Elektronik und IceTAXI als Datenerfassung) ein funktionierendes Konzept ist, um kos-
mische Luftschauer unter extremen Umweltbedingungen, wie am Stidpol gegeben, zu vermes-
sen. Der Betrieb der ersten Station am Siidpol hat bewiesen, dass beispielsweise die Herkunfts-
richtung einfallender Luftschauer sehr akkurat rekonstruiert werden kann.

Die installierten IceScint Stationen zeigen, dass sie die physikalischen Anforderungen einer
Oberflachenerweiterung von IceTop erfiillen und der Weg fiir die vollstindige Erweiterung
einschliefdlich zusatzlichen Radioantennen von IceTop damit geebnet ist. Mit dieser Arbeit wur-
de die Grundlage geschaffen fiir die am Stidpol geplante Installation von 32 Stationen mit je
8 IceScint Detektoren und 3 Radioantennen als neues Oberflichen-Detektorfeld des IceCube
Neutrino Observatoriums.
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1 Introduction

The first sign of the existence of cosmic rays was discovered by Theodor Wulf in 1910
when he climbed the Eiffel Tower with an electrometer [1, 2]. After more precise meas-
urements by Victor Hess [3] through balloon flights up to an altitude of five kilometres,
the existence of cosmic rays was verified and further experimental methods were de-
vised.

The collision of a high-energy cosmic ray particle with the atmosphere releases new
hadronic, muonic and electromagnetic particles. These particles collide again with atomic
nuclei in the atmosphere or decay and generate more particles until the energy of the
primary particle is released. These resulting particles propagate towards the Earth’s
surface and are called extensive air-showers. The discovery of extensive air-showers is
shown in Figure 1.1. It displays the results of three different measurement setups, meas-
uring the rate of coincidences with Geiger counters compared to the distance between
one reference Geiger counter. The lesser rate at larger distances indicates higher primary
energies with lower flux.

The detection of this air showers allows us to make conclusions about the primary
particle. As the cosmic ray particle flux decreases rapidly at high energies, the direct
measurement of high-energy cosmic particles is not possible via balloon or satellite ex-
periments. Hence, a large detector surface is required in order to achieve the highest
possible statistics of events. A large instrumented area allows us the research of cos-
mic rays to obtain new scientific insights about the otherwise inaccessible reaches of the
Universe.

10 F .

Rate per hour

1+ ® Auger1939
Kolhdrster 1938
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107! 1 10 102
Distance (m)

Figure 1.1: The discovery of extensive air-showers: Decoherence curves of 3 different measure-
ment setups, measured with Geiger counters separated up to 300 m distance [4]. The
measurement was only possible by the design, deployment and operation of a first
particle detector array.



1. Introduction

Measuring these extensive air-showers for the detection of UHECRs! is used in large-
scale experiments like the Pierre Auger Observatory in Argentina [5] and for very high
energy cosmic rays 2 one part of the IceCube Observatory [6] at the geographical South
Pole. The IceCube Observatory is a cubic-kilometer Cherenkov telescope deployed at the
South Pole that detects neutrinos of all flavors with energies from tens of GeV to sev-
eral PeV. The perpetual ice at the South Pole represents an almost ideal detector volume,
which is why the IceCube Observatory was built at the South Pole. The observatory pro-
vided first measurements of the flux of high-energy astrophysical neutrinos, opening a
new window to the non-thermal universe. For measuring extensive air-showers in the
PeV To EeV range with this observatory, the IceTop surface detector array, consisting of
ice Cherenkov tanks as particle detector, was deployed.

An additional array of surface detectors, like scintillators, allows an improved (cross)
calibration of the in-ice detector and IceTop by measuring in coincidence air showers
and muons. A scintillator array in the size of IceTop is able to detect air showers with a
primary energy from 100 TeV to EeV. The higher density of detectors at the IceTop surface
will allow accurate reconstruction of air showers for energies lower than IceTop alone can
do, means the energy range of the knee in the cosmic ray spectrum will be finally covered.

This thesis deals with the technological realisation of the enhancement of IceTop with
scintillators (IceScint) and its data acquisition and gives prospects of the capabilities of
the design of one whole scintillator station. The thesis is structured as follows.

An introduction describes the basic terms and definitions in astroparticle physics with
focus on the latest discoveries and on detection techniques (Chapter 2). Afterwards, the
IceCube Observatory will be explained and the prospect of the discovery possibilities
offered by future extensions like IceCube Upgrade and a possible IceCube-Gen?2 facility
(Chapter 3). In Chapter 4 an introduction of the planned IceTop surface enhancement
and its components, which is currently in prototyping status, is given. The IceScint de-
tector system that has been developed within this work will be explained in Chapter 5
by an overview of the single components of the system. In Chapter 6 the production, test
measurements and calibration results of IceScint can be found. The actual deployment
and the first measurements at the South Pole are explained in Chapter 7. In Chapter 8 we
discuss the calibration and commissioning of the deployed IceScint station. The descrip-
tion of the detector performance after months at the South Pole and the capabilities of the
IceScint station are placed in Chapter 9. Finally, in Chapter 10, the use of the developed
IceScint electronics for teaching and outreach is briefly discussed.

1Ultra high-energy cosmic rays > 1018eV
2> 10M4ev



2 Cosmic rays

In this chapter a brief introduction to the physics of cosmic rays (CRs) and the by there
CRs induced extensive air-showers will be given. In addition, a choice of detection
techniques of extensive air-showers, with focus on scintillation detectors like developed
for this thesis, will be described.Since a rather detailed and historical introduction has
already been given my preceding Bachelor’s [2] and Master’s these [7], only certain latest
developments and discoveries and associated new questions will be explained in more
detail.

Even more than hundred years after the discovery of cosmic rays, numerous important
key questions remain unanswered. For example related to the sources, the acceleration
mechanisms and the composition of ultra-high energy cosmic rays (UHECR) [4].

Cosmic rays consists mainly of ionised atomic nuclei [8] (Table 2.1 shows composition
for low energies). The composition of UHECRs is still much less known and several ex-
periments, like the Pierre-Auger Observatory, approaching to determine the composition
of cosmic rays beyond an energy of 10'° eV.

Protons 85%
Helium nuclei 12%
Nuclei with Z>3 | 1-2%
Electrons 1-2%
Photons 0,1%

Table 2.1: Distribution of elements in cosmic rays around a primary energy of 10'2 eV [8]

2.1 Energy spectra

The flux of cosmic rays (Figure 2.2), i.e. the number of detected particles dN reaching the
Earth per energy area dE, surface dA, time dt and solid angle d(2, can be described as a
function of energy, using a power law [9]:

B dN

Y6 = E-dA-d0 - dt

The energy spectrum of comic rays has been studied with many different experiments.

Figure 2.2 shows the flux of cosmic rays over energy. All of these primary particles are

charged and can be deflected by magnetic fields and thus lose most of their directional

information on their way to Earth. The flux of the high-energy cosmic rays of individual

components is energy-dependent relative to each other. For a better visualization the flux
is multiplied by E2°.

= o-E7. 2.1.1)
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Figure 2.1: Galactic and extragalactic energy spectrum of cosmic rays multiplied with E2®. In this
scaling the “knee” at 10 eV and the “ankle” at 1018 eV is easy to see[10].

What is particularly interesting on this spectrum is the change in the gradient at about
4-10% eV from y=-2.7 To y = -3.1, the so-called "knee", and the flattening at 1018 eV, the
"ankle". The knee is due to the decrease in the particle flux of light elements. With regard
to the flattening at 10'® eV, the dip model (e"e~ generation by protons) and the trans-
ition between the galactic and extragalactic origin of cosmic rays come into considera-
tion. With regard to the sharp drop at 5- 10 eV , missing accelerator sources or the GZK
effect! [11], i.e. the interaction of cosmic rays with the cosmic microwave background
radiation, are currently under discussion as explanation [10].

Shortly after cosmic background radiation was discovered, Greisen, Zatsepin and Kuz’min
simultaneously calculated that the background-radiation photons decelerate cosmic particles
within a particular path. For example, high-energy protons interact (at above 5 - 10!? eV)
with the cosmic background-radiation photons, thereby producing a A™ resonance, which
decays into pions, and lose energy in this process:

pty—=AT = p+a®, n+mt. (2.1.2)

This effect allows protons with more than an energy of 10%° eV to decelerate to less than
10%° eV within a distance of 100 Mpc. The rate at E = 10%° eV corresponds to one particle
per square kilometre per century. The latest IceCube IceTop result of compositions and
its systematic uncertainties are one motivation for this thesis.

There is a variety of methods for detecting cosmic rays. For low-energy particles, the

1Greisen, Zatsepin, Kuzmin



2. Cosmic rays

fluxes are high enough to be observed directly with balloon and satellite experiments us-
ing relatively small detectors. For particles with high energies, large-area detector arrays
or large detector volumes are necessary. The challenge for cosmic ray experiments is to
expose a detection area which is as large as possible to measure a significant amount of
secondary particles of cosmic rays, called extensive air showers (EAS). Observing cosmic
rays via the EAS channel will be explained later in this Chapter.

2.2 Multi-Messenger astroparticle physics

With the multi detection of several astroparticle physics messengers like high-energy
neutrinos, gamma rays and cosmic rays, the era of multi-messenger astroparticlephysics
started. The IceCube observatory set up an real time alert [12] for high energetic neutrino
signals, detected at the South Pole. Since neutrinos are uncharged and have close to zero
mass and are only weakly interacting, the quality as “smoking gun” signatures for point
sources of (extra)galactic point sources is exceptional.

The IceCube Observatory (Chapter 3) detected September 2017 a high-energy neutrino
with around 209 TeV and sent an alert (Figure 2.2) to a network of worldwide distributed
astroparticle physics and optical astronomy observatories. The arrival direction points to
a known blazar (TXS 0506+056).
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Figure 2.2: The muon Cherenkov track, initiated by a high-energy neutrino, seen by the IceCube
observatory [13]. The white dots represent the in-ice photosensors, the size the charge
deposit seen by the photosensors and the color code the signal-over-threshold trigger
time. The event length was around 3000ns, which leads to a good determination of the
arrival direction of the origin of the high-energy neutrino. The IceCube Observatory
detection techniques are described in more details in Chapter 3.

Follow-up studies (Figure2.3) by more than 10 of worldwide observatories showed
that, for the first time, it was possible to identify a distant galaxy as a source of high-
energy neutrinos [13] by detecting gamma rays from the same source.

Theoretical models and simulations suggest an acceleration mechanism which, next
to high-energy neutrinos, can produce high-energy gamma rays. The discovery of a co-
incident signature of this blazar, consisting of high-energy neutrinos and gamma rays,
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Figure 2.3: Multimessenger observation of the blazar TXS 0506+056 [13]. The 50% and 90% con-
tainment region is dashed and solid “circled”. The yellow and blue region is the 95%
containment gamma ray detection by the Fermi free-flyer and the MAGIC gamma ray
telescope at La Palma.

might confirm that blazars can be the source of high-energy neutrinos.

2.3 Extensive air-showers and its muon production

High-energy particles are detected by ground experiments using air showers due to the
low flux of cosmic rays at high energies (Figure2.1). An extensive air-shower (EAS) is
shown schematically in Figure 2.4.

Air showers develop when incident cosmic-ray particles interact with particles in the
Earth’s atmosphere. Depending on their energy, they either interact with other particles,
decay into other particles, or loose energy by Bremsstrahlung. A distinction is made be-
tween different shower components, the muonic component with neutrinos, the hadronic
and the electromagnetic components.

In hadronic interactions, pions (g%rr‘fs = %) and the three charge states (0, +, -) are nearly
produced with the same rate, so that one third feeds into the electromagnetic component.
Charged pions can, however, generate further pions through strong interaction with par-
ticles of the atmosphere. Most of the energy is thus deposited in the electromagnetic
component. Electrons and positrons are the most common particles in an air shower.

First, the number of electrons and positrons increases with the depth of the shower. Due
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p = proton
1= muon
= pion

V = neutrino
et = alectron
e” = positron
7= photon

Figure 2.4: Left: Illustration of air showers, induced by cosmic rays. A large instrumented area is
necessary to detect cosmic rays with high energies due to their low flux. Right: Sketch
of a particle cascade with its hadronic, muonic and electromagnetic component [7].

to absorptive processes such as ionization, Compton scattering and the photo effect, par-
ticle production decreases exponentially after a shower maximum. An estimation of the
shower maximum of the electromagnetic component can be done by using the Heitler
model [14].

Photons, electrons, positrons and muons are carrying the majority of the EAS energy
to the ground. In Figure2.5 the number and energy density ( x¢ = l:%) of photons,
electrons, positrons and muons for EAS, with different primary particle energy, at 5000 m
altitude is shown. EAS induced by gamma rays showing the observed dominance of
photons as well as the occasional generation of muons and even the occasional energetic
dominance at the bottom of muons. In proton-induced cosmic ray air-showers, most of
the incoming energy is typically in the form of muons[15]. For both primary particle
types, large fluctuations are to be expected at these energies, since only a few particles
reach the ground.

The peak of the energy distribution in relation to the number per logarithmic energy
interval is 6 MeV for photons, 20 MeV for electrons and 2-3 GeV for muons. In terms
of total energy per logarithmic interval, the peak is 150 MeV for photons, 600 MeV for
electrons, and 30-40 GeV for muons. The shape of these distributions is similar for air
showers caused by primary particles with different energies [15].

In the atmosphere high-energy primary nuclei interacts with atmospheric ones, which
produces pions and kaons. These particles decay into muons through the following
mechanisms [16]:

T — ety (2.3.3)
K™ —pu +vy (2.3.4)

Since the muon is not a stable particle, it decays with a half-life of 2.2 us into following
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Figure 2.5: Number density (left) and energy density (right) distributions of particles near the
ground at an altitude of 5000 m for vertical showers triggered by primary protons at
three different energies. Solid lines correspond to 1 TeV primary energy, dashed lines
to 10 TeV and dashed-dotted lines to 100 GeV. The distributions of the 10 TeV primary
proton were reduced by a factor of ten, while the 100 GeV curves were multiplied by
a factor of ten [15].

particles:
poo—e +vtvy (2.3.5)

Compared to the electron the mass of the muon is over 200 times higher. Due to this
heavy mass the muon has a high penetration power. The high-energetic muons from air-
showers are able to travel to sea level due to their relativistic speeds and can be measured
with different detectors, like described in the next Section.

2.4 Detection techniques

In this section a selection of the worldwide most deployed detector systems for air showers
will be introduced. After a short explanation schematics of the detector principles are fol-
lowing, including a reference for obtaining more information about the detection chan-
nel. A special focus will be set on the scintillation detectors, since they are used for this
thesis (Chapter 2.3.1).

Cherenkov detectors

In a collision with an air molecule, charged particles are generated whose velocity is
lower than the vacuum speed of light, but higher than the medium speed of light in the
atmosphere. These particles emit Cherenkov light in the ultraviolet range, which can be
seen as an optical analogue to the shock wave of a supersonic aircraft. This radiation
was first observed in 1934 by Pavel Cherenkov. By filling a smaller, light-tight tank with
as example water, the cherenkov light can be detected with photomultiplier tube. The
Pierre Auger Observatory is using this instrumentation for around 1600 surface detectors
with a diameter of 4m each. In addition, the IceCube observatory also uses this type of
detector for cosmic ray studies and as a veto detector for atmospheric muons (IceTop). If
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Figure 2.6: A selection of different experimental methods to obtain information about an exten-
sive air-shower and therefore about the primary cosmic ray particle. Shown are par-
ticle detectors like scintillators, radio antennas and direct or indirect light detection
cameras [17].

the detector volume is larger, the instrument can be used as a telescope, by recording the
development of the cherenkov cone. This technique, used by the IceCube Observatory to
detect astrophysical Neutrinos due to the weakly interaction with ice molecules, will be
described in Chapter 3 in more detail.

Fluorescence cameras

The extensive air-shower is emitting isotropically fluorescence light along the shower
axis mainly by the excitation of nitrogen molecules in the atmosphere (Figure?2.6). At
the end of the cascade of the extensive air-shower, the particles have lost much energy
as a result of collisions that at further collisions nitrogen molecules are excited to emit
ultraviolet radiation. The different excitation states of nitrogen, for example, generate a
characteristic spectrum which can be detected with UV-sensitive cameras. The radiation
is emitted isotropically along the shower axis and is used to measure the longitudinal
development of the shower. A fluorescence camera consists of one or more mirrors (Fig-
ure2.8). In the case of several mirrors, these are aligned in different directions in order
to achieve the largest possible field of view. The larger the actual mirror, the greater the
number of photons that hit it, i.e. the greater the sensitivity of the camera. The mirror
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Figure 2.7: Top left and right: The water Cherenkov tanks of the Pierre Auger Observatory, lo-
cated in the Mendoza region, Argentinia. The tanks are filled with 11,000 liters of
de-ionized water, painted inside with a white light reflecting and diffusing layer and
a read out with three photomultiplier tubes. The data is transmitted via a communica-
tions antenna which is using cell-phone technology. Bottom left and right: The same
working principle is used by the surface array of IceCube at the South Pole, IceTop.
Instead of water the tanks are filled with ice and are read out with 2 digital optical
modules (DOMs), which are also deployed in-ice. The signal is transferred via a cable
connection to a central DAQ, the IceCube Lab. [18, 19].

is curved that the reflected photons hit a camera of photomultipliers through which the
photons are counted. The fluorescence cameras of the Pierre Auger Observatory or the
Silicon Elementary Cell Addon (SiECA) are an example for measuring this channel of
observation of extensive air-showers.

Radio antennas

A rather new approach to detect the electromagnetic channel of air showers are radio
antennas. Due to mainly two effects, the Askaryan effect, in which a shower of particles
in a material coherently emits radio frequency energy, and the geomagnetic emission,
where the source of the radio emission is the geomagnetic induced separation of electrons
and positrons in the air shower [17]. Most of the antennas are designed to receive radio
signals in the 60-400 MHz band region since in this range the best signal-to-noise ratio
coherence is given. As example, radio antennas are deployed at the Tunka region of
Russia (Tunka-Rex) and is foreseen at the South Pole as further surface enhancement of
IceTop. A description of the antennas used for the South Pole surface follows in Chapter
4 and can be found in [21].

10
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Figure 2.8: Top left and right: The Fluorescence detector (FD) of the Pierre Auger Observatory.
Several mirrors are aligned in different directions and collect photons from the elec-
tromagnetic component of air showers excited ultraviolet radiation2.6. The mirrors
are curved in a way that the photons are guided to a focal point where a 440 pho-
tomultiplier tubes (PMTs) are placed. Bottom left and right: The Silicon Elementary
Cell Addon (SiECA) camera. This camera is designed to be an extension to the EUSO
pathfinder experiments to compare the baseline design of the EUSO camera, which is
using PMTs with Silicon Photomultiplier (5iPMs). The EUSO collaboration foresees to
measure fluorescence light by observing the atmosphere from space. For this, several
pathfinder experiments like EUSO-TA, EUSO-SPB or Mini-EUSO are ongoing [19, 20].

Working principle of scintillation detectors

If a charged particle travels through matter, it loses kinetic energy and the particle can
be deflected from its origin direction. For charged heavy particles, as example muons,
these effects are primarily due to inelastic collisions with atomic electrons of the target
material. A quantum mechanical description of how this energy loss relates to its relevant
quantities is mathematically represented by the Bethe-Bloch formula, which describes the
stopping power of a material for incident particles:

dE MeV Z1 (1. (2meB2 7 Winax 5
<—dx> - <o.3o7 ; cm2> ZZZE [2ln< Me€ 5127 ) - (57)} (2.4.6)

where b o
2m,c
Wax = P — (2.4.7)
1+2ym, / M+ (5f)

describes the maximum energy transfer at a single collision and the term ¢ () adds
the density effect correction to ionization energy loss. The charge and the mass of the
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Figure 2.9: Left: Picture of the radio antenna of Tunka-Rex. The experiment is placed in the Tunka
region of Russia. The 63 radio antenna stations measure the electromagnetic compo-
nent of air showers in the 60-80 MHz band. Right: One of two deployed radio antennas
at the South Pole. A more detailed description of the detection method can be found
in Chapter 4: [17, 22].

incident particle is z and M. Z the charge of the medium and A its atomic mass. The
mean excitation energy of the medium is described with I.

For low energies and momenta 2= decreases like /f% up to a minimum value which is
reached around By ~ 3 — 3.5 (Figure 2.10). Particles in this kinematic region are called
“minimum ionizing particles” (MIPs). These are the main effect detected by a scintillation
detector for extensive air-showers.
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Figure 2.10: Bethe Bloch formula for muons, describing the stopping power <—‘;—E of muons in

a medium. The minimum ionizing region can be found at 7y ~ 3 — 3.5[23].

The AGASA (Akeno Giant Air Shower Array) collaboration used a scintillation de-
tector array to measure extensive air showers. The detectors were placed over an area of

12
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100km?, 111 detectors in total, each with a 1 m? and 5 cm? thick scintillation material [24].
With Monte Carlo simulations the energy deposit of electrons and muons (Figure 2.11) in
the scintillation material was simulated.
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Figure 2.11: Simulated distribution of energy deposit in a standard AGASA type scintillation de-
tector by electrons and muons incident at different zenith angles sec(f). The energy
deposit is converted to a particle number, using the standard pulse height produced
by a single vertical equivalent muon (VEM) in the detector. [25].

As one example, this simulation shows that the main contribution of particles with
a signal in the scintillation detector is from muons and high energetic electrons above
5MeV. Since it is the lowest threshold energy, most of the detected particles are MIPs,
visible in the charge histograms which are shown in the next chapters (Figure 2.10).

To detect the muonic component and high-energetic electrons from air showers, scin-
tillation detectors can be used.

The scintillation effect in general results in the production of a pulse of photons, with
material- and doping depending emission wavelengths, after a material is hit by a charged
particle or by radiation. Two commonly used type of scintillators, organic ones and inor-
ganic crystals, can be used. The scintillation mechanism differs between these two types.

The working principle of organic, in specific organic plastic scintillators [26] will be
explained, since this type of material is used within developing the scintillation detectors.

Figure 2.12: Left: The designed IceScint scintillation detector for this thesis. The scintillator bars
(grey) are connected via wavelength-shifting optical fibers (green) and collect the
produced photons to a readout electronic inside of the detector housing (green). A
more detailed explanation will be given in later chapters. Right: One station of the
deployed prototype scintillator array at the South Pole [27].

13
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Organic scintillators are hydrocarbons containing ring compounds of the benzene type.
Responsible for the scintillation process are de-localized valence electrons, which are not
assigned to a certain atom within the molecule but “molecular 7r-orbitals”. Typically
these are electrons which circulate within a benzene ring. The default state is a singlet
(So) ( Figure 2.13, left). The excited singlet states ( S1, Sz, S3) as well as the triplet states
(To, T1, T7) are in terms of the energy level located above Sy. In addition, each state has a
fine structure which corresponds to the various oscillating modes of the molecule.

The kinetic energy from a charged particle is absorbed by the scintillator material and
excites the electron into different excited states. The singlet states with electron spin equal
to 0 are named S;, Sy, S3 ( Figure 2.13, left). For organic scintillators the energy level as
example Sp and S; is between ~ 3eV to 4eV. Each of the single states are subdivided
into a bunch of sub states with a finer structure. This is due to the different degrees of
freedom, i.e. which of the translating or vibration eigenstates of the molecule are excited.
The typical spacing of the sub states is 0.15 eV.

After excitation by ionization, the molecule undergoes excitation to e Sy e.g.. The state
decays radiatively to sub-levels of the ground state. An excited triple state can’t decay to
ground due to angular momentum selection rules, which results in delayed fluorescence
and phosphorescence light.

I lonization P =
I IR il il - B <
Singlet Triplet Scintillator bar
Ss — IE
= PR e O 2]
g, e Ts N
D
- 21 | €
S AN 3 © Wavelength-shifting fiber £ 3
\ DAL .3 f m— - — 5 8
i OEEHT P =
: - 5| |2
= ? i o
-t % | O]
5 :
& @
< :
S, THERS MIP
=4 1m0 e 187,5 cm

Figure 2.13: Left: Photon production in plastic scintillators. After excitation by ionization, the
molecule undergoes vibrational relaxation to as example S19. The state decays ra-
diatively to sub-levels of the ground state. An excited triple state can’t decay to
ground due to angular momentum selection rules, which results in delayed fluo-
rescence and phosphorescence light [25]. Right: Schematic section of the used scintil-
lator bars for the detectors. The extruded plastic scintillator material includes 2 holes
for the wavelength-shifting fiber. The scintillator material is coated with a layer of
high reflective TiO2. The emitted photons are routed to an optical coupling which
transports the collected photons to a SiPM, read out by an electronic inside of the
detector (Chapter 5).

After the absorption of a photon, light with a larger or at least the same wavelength is

emitted within a few nanoseconds. This fluorescence process is described by the Stokes
shift [28] ( Figure 2.14). Some energy is lost by non-radiative processes like transforma-
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tion in translation energy [29]. Therefore it leads towards longer wavelengths, so in less
energy (E="-f="-%). Two different emissions of photons are possible. In the first
case it is called Stokes displacement and in the second case resonance fluorescence [30] .
There is one exception to the stokes rule: The two-photon fluorescence.
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Figure 2.14: Example of the excitation and emission spectrum of a organic scintillator material.
Some energy is lost by non-radiative processes like transformation in translation en-
ergy. Therefore it leads towards longer wavelengths, so in less energy. The Stokes
shift is best visible in the shift of the peak wavelength of the spectra. [29]

Here two photons are absorbed and the wavelength of the emitted photon is greater
than or equal to half the wavelength of the absorbed photons. The phosphorescence
emission is similar to fluorescence, but the excited electrons come either directly or after
loss of part of their excitation energy into a meta-stable energy state. The return to the
ground state under photon emission is therefore delayed, up to a millisecond timescale.
The for this thesis used plastic scintillator material, produced by a Fermilab extruder
facility, is described in Chapter 5.2.

A single scintillator can provide information about the charge deposit and the time of
arrival of the MIP. Furthermore it can be used for local coincidences with other detectors
nearby (Chapter 8). With an array of scintillators, additional information like the shower
axis and the energy of the shower can be measured (Chapter 9). In addition, the scin-
tillator array can provide a trigger information for several other experiments like radio
antennas deployed in between or next the scintillator array (Chapter 4).
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3 The IceCube Observatory

The IceCube Neutrino Observatory is a cubic-kilometer Cherenkov telescope deployed
at the South Pole that detects neutrinos of all flavors with energies from tens of GeV
to several PeV. The observatory provided first measurements of the flux of high-energy
astrophysical neutrinos, opening a new window to the non-thermal universe. IceCube is
instrumented with 5160 digital optical modules (DOMs). Each DOM contains one large
area photomultiplier tube and electronics for a local digitization of the charge deposit
and the waveform of the signal over the set threshold.

IceCube Lab

IceTop
81 stations / 162 tanks
324 optical sensors

S50m ——

IceCube In-Ice Array

86 strings including DeepCore
5160 optical sensors

1450m | il

2820 m

DeepCore

8 strings optimized for lower energies
7 standard central strings

480 + 420 optical sensors

Eiffel Tower
324 m

Bedrock

Figure 3.1: Illustration of the IceCube observatory at the South Pole. Sketched is the IceCube Lab
as central DAQ, the IceTop surface array, the 86 strings with DOMs and the additonal
DeepCore strings with smaller spacing. [6]

These DOMs are arranged in 86 strings, each buried in the ice (Figure 3.1). The DOMs
are placed at a instrumented depth between 1450 m and 2450 m to increase the signal-to-
noise ratio between neutrino signatures and atmospheric muons. The spacing between
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the drilled holes for the strings is approximately 90 m. This design allows neutrinos with
energies above 100 GeV to be detected.

In addition, the DeepCore extension was deployed. DeepCore consists of the same
DOMs, but the surface spacing and the string spacing between single DOMs at one string
is lower of the 8 additional strings. This extension allows the IceCube observatory to
measure low energy neutrinos of 50 GeV.

Detection technique

Neutrinos from galactic and extragalactic sources are not deflected by magnetic fields on
their way through the universe due to their charge neutrality and their very small cross
section and are only absorbed to a very small extent.

At the IceCube observatory, an incoming neutrino can not be detected directly, but is
detected by the secondary particles produced by weak interaction (Figure 3.2) with the
atomic nuclei of the ice molecules. Weak interactions can be divided in charged and neut-
ral current. In hadronic neutrino interaction it can be divided into two classes, depending
on if the neutrino continues on its way (neutral current, NC) or if a charged lepton (e, y,
T) appears (charged current, CC). They differ in the exchanged weak boson, W* for NC
and Z for CC.

Charged Current oy Neutral Current

> >
E E
2y

Vi

N N N N

Figure 3.2: Feynman diagrams for charged current and neutral current neutrino interactions with
anucleon. They differ in the exchanged weak boson and the outgoing lepton (charged
current) or neutrino (neutral current) [31].

The in-ice detection technique is for the water- or ice Cherenkov detectors based on the
Cherenkov effect (Chapter 2). Unlike the small volume water- or ice detectors, which are
detecting a signal of as example a muon and calculating locally the charge deposit and
therefore the energy of the particle emitting cherenkov light, the same effect can used in
large-scale Cherenkov detectors to reconstruct a arrival direction of the particle.

If a neutrino interacts with an atomic nucleus of the detector material, a charged particle
is formed which moves in the medium with a faster speed as the light speed in the me-
dium. Since a charged particle radiates photons when traversing a medium, if its veloc-
ity is larger than the local phase velocity of light in the material. The light is emitted
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Figure 3.3: Example event of a detected muon trace at IceCube in-ice detector Each dot is a DOM.
The color code indicates the trigger- and therefore the arrival time of the photons. The
size of the colored dots scales with the charge deposit at the DOM [32].

in a characteristic (Cherenkov-) cone with an specific opening angle [6], which depends
on the velocity of the particle and the index of refraction. IceCube uses glacial ice as a
Cherenkov medium for the detection of secondary charged particles produced by neu-

trino interactions with the Earth. The resulting cone can be reconstructed with the in-ice
DOMs.

In Figure 3.4 the signal shapes of the in-ice detector, depending on the flavor of the neu-
trino, is shown. All three Lepton flavors can be detected with the in-ice detector, but
muons are particularly suitable for good directional or trace reconstruction of initially

neutrino. Myons generate long traces in the detector (3.4) because they have a relatively
high mass (105.66 MV

> compared to 0.511 Mcezv for electrons [35]) and a long lifetime.
Electrons, on the other hand, are almost directly reabsorbed, since they are interact more
strongly with the atoms. Tau leptons induce in the detector a very bright, but also very
short cascades. Due to their high mass, they decay quickly and therefore have only a
short trace. By decay of the tauon to a muon or electron the detector is seeing, as long as
the decay process happens in the detector volume, a “double-bang” (3.4).

3.1 IceTop

IceTop is located almost on the edge of the surface and consists of 162 tanks (Figure 3.5,
right) filled with ice. These are also instrumented with DOMs and were mainly installed
to detect air shower using the Cherenkov effect and to serve as veto detectors for the in-
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Figure 3.4: Signals shapes of the in the in-ice detector, depending on the leptonic flavor of the
neutrino interacting with the ice molecule. A muon neutrino is starting a track (left)
which can be used to reconstruct the arrival direction of the neutrino. The electron
neutrino is visible as a isolated energy deposition, like a “bang” (center). By decay
from the tau neutrino to a muon or electron neutrino the detector is seeing a “double-
bang”. [33]. The track signal and the isolated energy deposition are real data, the
tau neutrino signal is, in this Figure, a simulated one. An atmospheric tau neutrino
might have been seen in the analysis of 3 years of recorded data with the DeepCore
sub-array [34].

ice to distinguish neutrino induced events and cosmic muons. IceTop is divided into 81
stations, which have the same layout as the in-ice strings (Figure 3.5, left).

The individual stations consist of two tanks at a distance of 10m. Each of these tanks
is equipped with two different DOMs. They differ in the gain of the PMT signals on
the DOM main board to increase the dynamic range of a tank. The air shower energy
resolution of the IceTop array is in the PeV to EeV region.

In Figure 3.6 (left) a typical waveform of a DOM in an IceTop tank is shown. The pulse
shape is determined by the tank properties and the readout electronics and follows the
typical PMT increasing and decreasing flank. By integrating these signals, a charge his-
togram follows (Figure 3.6, right).

Several fit functions have been applied to illustrate the structure of the whole his-
togram (black fit). In this case, the background signals (red) have their peak at low
charges of around 30 photo electrons (PE) and the VEM ! peak (green) can be found
at 134 PE.

Ivertical muon equivalent
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Figure 3.5: Left: The positioning of the IceTop stations with 2 tanks each (empty circles) in relation
to the in ice strings location (filled circles). For logistics reason and less trenching the
IceTop stations are close to the string locations [18]. Right: Picture of one IceTop tank
during deployment. Today all IceTop tanks are fully covered and hidden by snow [36].
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Figure 3.6: Left: Waveform of one DOM (21-63) of an IceTop tank. Like typical PMT signals, it has
a steep rise and an exponential tail [36]. Right: Typical charge histogram normalized to
PE, integrated from the High-Gain DOM signals in tank 61A. The VEM peak is visible
at around 134 PE [36].

3.2 IceCube Upgrade

The IceCube collaboration foresees to increase the amount of deployed strings starting
at the South Pole deployment season 2022/23 in order to enhance the capabilities of the
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IceCube Observatory. Studies have shown that a deployment of new strings in the ge-
ographical region of the DeepCore array increases the capabilities of measurements the
most. As example, DeepCore, which was deployed to measure low energy astrophysical
neutrinos, will be improved by an additional new array of strings in order to lower the
threshold for low energy neutrinos even more [37]. Due to the geometrical density of the
array, IceCube will be the most sensitive experiment down to energies of 10 GeV for de-
termining mixing parameters of neutrino oscillation like sin? (@23) and Am3, (Figure 3.7)
from the standard neutrino oscillation formula for as example the oscillation between
muon neutrinos and tau neutrinos:

mZ, .
G
Pyysve = ) Uy iUy Ur - e (32.1)
ik

where U describes the PMNS 2 matrix, Am]z,k = m]2 — m? the mass-squared splittings,
E, the neutrino energy and L the oscillation baseline. For, e.g, the new, observables
sin? (@y3) and Am3,, distinguishable (Figure 3.7) with the IceCube upgrade, following
2-flavor approximation of the survival probability of a muon neutrino can be made [38]:
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Figure 3.7: Left: 68% sensitivity of the IceCube Upgrade on v; normalization value assuming a
true value of 1 with 1 year observation. Also shown are the current best fit values of
vr normalization from OPERA and Super-Kamiokande. Right: The predicted perfor-
mance of the IceCube Upgrade on the measurements of sin® (©,3) and Am3, assumes

3 years of lifetime. Also shown are the 90% confidence contours in the sin? (®53) and
Am3, plane in comparison with the ones of the most sensitive experiments [37].

The IceCube upgrade contains the drilling of 7 additional holes and therefore 7 new
strings (Figure 3.8) will be deployed. This strings are equipped with different new DOM
designs and several calibration devices like UV-flashers and acoustic sensors.

The, in this thesis used and calibrated, surface “fieldhub” DAQ, which contains among
others the IceTAXI system, is a proof of design of the infrastructure in development for
the IceCube Upgrade (Chapter 4).

2Pontecorvo-MakiNakagawa-Sakata
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Figure 3.8: Left: Schematic of the IceCube upgrade. Next to the existing IceCube and DeepCore
strings (blue and green) the new position of the 7 new drilled holes at the South Pole
is marked. Next to a closer spacing between the strings the strings itself are denser
instrumented compared to IceCube or DeepCore. Right: One of the three different new
developed DOMs. Pictured is the “mDOM”, with 24 PMTs mounted to one module
each [32]

While the IceCube Upgrade will open new measurement channels for neutrino physics
and astroparticle physics in general, it will also serve as research and development and
benchmark of the in-ice instrumentation for a proposed new facility, the IceCube-Gen2
Observatory. In parallel also the surface array will be enhanced.

3.3 IceCube-Gen2 Observatory

The IceCube Collaboration foresees to increase the present surface and in-ice instrumen-
tation by a factor of 10, so 10 km? instrumented volume instead of 1km3[39], dedicated
to the high-energy astrophysical neutrinos in the PeV range. It will offer significantly
improved sensitivity at both high and low energies. This proposed new astroparticle de-
tector facility is called IceCube-Gen2. This facility can be divided into two deployment
sections, the In-Ice and the surface instrumentation.

In-lce instrumentation:

In first case studies the in-ice array aims for increasing the amount of detected high-
energy astrophysical neutrinos and a better angular resolution of its origin. To achieve
this, approximately 120 strings are to be deployed and have a larger spacing with ~240 m
instead of ~90 m of the current IceCube setup [40].
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Figure 3.9: Illustration of a possible IceCube-Gen?2 facility with focus on the In-Ice instrumen-
tation. The IceCube-Gen2 strings volume is colored in light gray. Visible is the
larger spacing between the strings. This allows to detect and reconstruct high en-
ergy muon traces and increases the possibility to determine “double-bang”signatures
of tau-neutrinos. In addition, a muon-neutrino detection signature is sketched [32].

Surface instrumentation:

In Figure 3.10 a proposed layout of IceCube-Gen?2 is illustrated. Visible in red is the actual
IceCube, which is extended in red with additional in-ice DOM-strings. This “bird view”
shows the proposed surface enhancements in green and blue, too. It should consists of
cosmic ray array, realized as example with scintillators and radio antennas. Currently
under discussion is whether the new surface array should cover an area as shown in this
sketch or only be distributed over the area of the new DOM-Strings to be installed.

® IceCube-Gen2 ® IceCube ok IceCube Upgrade

.
.
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Figure 3.10: Sketch of a proposed IceCube-Gen2 layout, compared to IceCube and the IceCube
Upgrade. The markers are illustrating the position of the strings of IceCube (blue),
the to be deployed strings of IceCube Upgrade (red) and the new strings of a possible
IceCube-Gen2 Observatory (orange). For the surface design, one station per string
position is foreseen [39].
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3. The IceCube Observatory

Expected performance of IceCube-Gen2:

One aspect of the expected performance and the increased discovery potential of IceCube-
Gen2, with deployment parameters and dimensions like described in this Subchapter, can
be seen in Figure 3.11. The focus is set on the improved reconstruction of events in terms
of the decreased angle reconstruction uncertainty and the possibility to determine the
behaviour of the flux of high energetic neutrinos. The median angular distance between
the true muon direction and the reconstructed one is due to the larger instrumented area
and therefore more sensors which can contribute to parametrize the arrival direction of
the muon lowered. Since the IceCube-Gen2 DOM systems, like described in Chapter 3.1,
are developed for an improved charge deposit determination and the increased amount
of deployed DOMs at all, it can be expected that a high-energetic neutrino-like event, for
example sketched in Figure 3.9, allows IceCube-Gen2 to dismantle the behavior of the
flux of neutrinos in the UHECR region.
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Figure 3.11: Left: Decrease of the zenith angle uncertainty of muons with IceCube-Gen?2. It shows
the median angular distance between the true muon direction and the reconstructed
one at different muon energies. For comparison the median angular uncertainty of
the IceCube observatory is shown. Right: Expected flux of high-energy diffuse neu-
trinos measured with IceCube-Gen2 after 15 years in operation compared with the
actual IceCube observatory. The dotted line represents a superposition of different
(E~2 and E~2°) components of the flux, which is compatible to the all-channel (low
threshold) and muon only (high threshold) component analysis. Gen2 would allow
to distinguish between the low energy spectrum (grey dashed line) and the high
threshold UHECR spectrum that continues at higher energies (at around 10>°GeV
) [40].

In addition to a new and geometrically extended in-ice upgrade at IceCube-Gen2, it is
foreseen to instrument the surface of the South Pole with different, but combined detector
systems. The first scintillator station (Chapter 4) is also a prototype for a large-scale
surface array of IceCube-Gen2.
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4 The IceCube IceTop surface
enhancement

In this Chapter a short introduction of the planned IceTop surface enhancement, which
is currently in prototyping status, is given. Next to the scintillator array station, the topic
of this thesis, a brief overview of the plans for additional radio antennas and an imaging
Cherenkov telescope will be shown. Furthermore, a sum up of the science case of this
enhanced surface instrumentation will be given.

4.1 lceScint

IceTop examines the cosmic-ray sky by investigating the muonic and electromagnetic
component of air showers. More detailed measurements are needed to understand the
astrophysics of the high-energy cosmic-ray sky. In addition, the need to mitigate the
impact of snow accumulation on the existing IceTop tanks is necessary. Like the IceTop
tanks, scintillators are sensitive to electromagnetic particles and muons from extensive
air-showers. However, the measurable signal is differently compared by the muonic and
electromagnetic air-shower components and therefore will provide complementary in
function. The total charge deposit in each scintillation detector, measured in calibrated
units of MIPs, is used to reconstruct the energy deposits of the air-shower particles into
the scintillation detector. This can be obtained by fitting the MIP peak from the charge
spectra.

Figure 4.1: One detector position of the first IceScint station at the South Pole, deployed in sea-
son 2017/18.

The original concept for the new IceScint scintillator array was to extend the existing
surface of IceTop with 37 stations homogeneously-spaced, each station comprising seven
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scintillators, aligned in an hexagonal shape, communicating with a central DAQ (Figure 4.2),
like the IceScint prototype station developed within this thesis for the 2017/18 deploy-
ment season.
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Figure 4.2: Left: Proposed deployment map of the 37 scintillator stations as enhancement of the
IceTop array, as planned in 2018. Each number points to an existing IceTop station.
The hexagon shaped forms denotes the proposed scintillator station with its seven
scintillaton detectors. The red and green lines showing a possible and effective cable
trenching plan. Right: Sketch of one of the 37 planned scintillator stations. Seven scin-
tillation detectors are connected to a central surface field hub (SFH), which includes
the DAQ, the power suppy and timing and communication via a white rabbit (WR)
node. The WR node communicates with the central IceCube DAQ at the IceCube Lab
(ICL). In 2019 the layout of the proposed deployment map and the layout of one sta-
tion changed and can be found in [41] and [42].

Details about the scintillation detectors and its DAQ are discussed the following chap-
ters.

4.2 Radio antennas

As described in Chapter 2, another window to measure a component of air showers is its
electromagnetic footprint in the MHz region. Therefore, it is planned to deploy radio an-
tennas at the South Pole in order to achieve a hybrid detector array with scintillators and
radio antennas. For this, in the season 2018/19 two first radio antennas were installed by
a KIT group inside of the 2017/18 deployed IceScint station and are read out by “Radio-
TAXI”, a derivative of IceTAXI (Figure 4.3, left). The distance between the DAQ and the
antennas is approximately 35 m. For prototyping purposes in terms of snow accumula-
tion and mechanical stability, two different antenna heights were deployed.

The design of the antenna was developed by the SKA collaboration [43]. The key fea-
ture of this logarithmic antenna design is the possibility to receive signals in the high
MHz region with a high bandwidth and a good suppression of upgoing (e.g. at the sur-
face reflecting) radio signals. Each antenna has two polarization channels which can be
read out by a low noise amplifier (LNA), attached on the top of the antenna. First mea-
surements at the KIT hybrid array, the calibration process and measurements from the
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South Pole can be found in [41].
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Figure 4.3: Left: Picture of a deployed prototype antenna at the South Pole in the IceCube season
2018/19. Visible is the logarithmic antenna design in order to receive a higher fre-
quency range [21]. Right: By extending the frequency band of measurement to higher
frequencies than those used by current radio air shower arrays will improve the ca-
pabilities of radio measurement at the South Pole. Visible is the in a 2D-heatmap
the expected optimal frequency region for the detection of PeV gamma rays from the
galactic center [44].

It could be shown that, by using antennas with a frequency band in the 100 to 200
MHz region (Figure4.3, right), the energy threshold is lowered to a value so that PeV
gamma rays (PeVatrons) from the galactic center are detectable ([44], Chapter 4.4). The
galactic center region is a complex and energetic region for all observable wavelengths.
Plenty of experiments are targeting the galactic center, trying to observe as example dark
matter, like the H.E.S.S. observatory [45]. In addition, H.E.S.S. measurements suggests
a continuous injection of cosmic rays and that the super massive black hole Sagittarius
A* is a hadronic cosmic-ray accelerator. The injection spectrum should reach up to 1 PeV
and the detection of a signal, as example with radio antennas at the South Pole, would
be the first proof of a existence of PeVatrons in the galactic center [46]. Each IceScint
(hybrid) station will have 3 antennas included, e.g. ~100 antennas will be deployed.
Radio antennas are sensitive to inclined showers [47]. This is important as the galactic
center is always visible at 62° zenith from IceCube.

4.3 IceACT

Next to particle detectors and radio antennas, prototype studies and prototype deploy-
ments of an air-cherenkov telescope (IceACT) are ongoing since 5 years at the South Pole.
IceACT contains a focal surface with 61 6 mm?2 SiPMs, which are used for the imaging of
the air-shower emitted UV-light. The refractive optics allows a field-of-view of 12°. Ice-
ACT consists of a 0.5 m diameter Fresnel lens and Winston cones directly mounted to the
photosensitive area of the SiPM in order to increase the effective area of the focal surface.

Within this thesis a, for prototyping purposes, a trigger board for IceTAXI was devel-
oped and tested ! one week at the KIT hybrid array. The purpose of the trigger board is
to enhance the capabilities of IceTAXI to give an external trigger from IceScint and radio

Iwith colleagues from RWTH Aachen and FAU Niirnberg-Erlangen and DESY Zeuthen
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Figure 4.4: Left: Sketch of the imaging process of UV light. The Fresnel lens focuses the photon
to a focal surface. The focal surface contains 61 SiPMs, with an UV-Pass filter layer
and glued at the photosensitive area of the SiPM in order to increase the effective area.
Right: Photo of the IceACT device. The blue tube contains the Fresnel lens and the
focal surface, including and Winston cones on top of each SiPM [48].

antennas to the IceACT camera and, opposite side, to receive a trigger from the camera
(Figure4.5).

Figure 4.5: Left: Printed circuit board (front and rear) of the developed IceTAXI trigger board
for IceACT. Right: Prototype of the triggerboard attached to IceTAXI. It transforms
the TAXI trigger (LVDS pulses) to a trigger out with LVTTL pulses with a 3V level.
The board provides two trigger inputs from IceACT to IceTAXI and two different trig-
ger outputs. One signal-over-threshold trigger is used for self-triggering the IceTAXI
scintillator system and a second trigger output with the possibility to choose the coin-
cidence level of the scintillator array system for the trigger out.

4.4 Science case of the surface enhancement
The surface enhancement, consisting of an array of scintillation detectors, radio antennas

and imaging air Cherenkov telescopes will help to improve the astroparticle measure-
ments by installing new detection techniques which add new observation channels to the
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existing observatory. The scientific gain of the surface enhancement is briefly outlined in
the following and is discussed in more detail in [49] and [47].

IceScint:

The IceTop tanks were initially installed at the level of the snow surface, but snow
dunes bury the IceTop tanks under a layer of snow that weakens the electromagnetic
component. The thickness of this shielding changes over time. The consideration of
this shielding is an important factor for the correct reconstruction of the extensive air-
showers. Although initially deployed at the level of the snow surface, drifting snow
buries the IceTop tanks under a layer of matter which attenuates the electromagnetic
component and the snow thickness changes slowly over time (Figure 4.6). at the area of
IceTop. It is shown that the snow accumulation of the IceTop tanks is not homogeneous
and differs already a couple of years after deployment up to 1.8 m.
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Figure 4.6: Left: Snow accumulation of the IceTop tanks in 2010. The black paired dots are show-
ing the IceTop tank positions and the color code indicates the amount of snow above
the tank. Already in the year 2010 a difference of the IceTop tank snow coverage of
about 1.8 m between the tanks were found. Right: Snow depth of the IceTop tanks
40A (dotted) and 40B (squared) from deployment 2008 and till 2013. The solid and
dashed lines shows the indirect snow depth reconstruction by using the simulation
framework VEMcal of IceCube [50].

The IceScint array will elevate and provide a reference measurement of the behavior of
the air-shower reconstruction versus the influence of the attenuation of snow as shielding
of the electromagnetic component.

This will provide an empirical model to include in the event reconstruction and reduce
the possible biases on reconstructed energy, thereby decreasing the systematic by snow
accumulation. If the attenuation length is determined with an accuracy of 0.05m, the
systematic uncertainty in the spectrum for 2016 will be reduced by around 4% [50].

An additional array of surface detectors, like scintillators, allows an improved (cross)
calibration of the in-ice detector and IceTop by measuring in coincidence air showers and
muons. For calibration of single IceScint scintillators and single IceTop tanks, the first
IceScint prototype array was deployed in way that it provides an overlap with IceTop
tanks (Chapter 7). As example, the signal transmission timing difference between an
IceTop tank and the ICL and a scintillator and the ICL can be examined. In addition the
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charge deposit distribution in the tank compared to the distribution in a scintillator can
be determined.

Since most of the signals of the scintillators result from high energetic electrons, an
additional advantage will be an improved possibility to distinguish between the muon
and electron contribution of the signals in IceTop detectors, like the “AugerPrime” called
upgrade of the Pierre Auger Observatory. This ratio information can be used to enhance
the mass of the primary cosmic rays determination.

Therefore, the scintillator upgrade will improve the capabilities for studying cosmic
rays. Combining IceScint, IceTop, and in-ice measurements will increase the accuracy
and the energy range for cosmic-ray energy and mass composition measurements. It is
capable to significantly lower the detection threshold for cosmic rays and to detect ver-
tical air showers with primary energy greater than 0.6 PeV (assuming primaries are pro-
tons) to 0.95 PeV (assuming they are iron nuclei) [42]. The higher density of detectors will
allow accurate reconstruction of air showers for energies below 1 PeV, means the energy
range of the knee in the cosmic-ray spectrum will be fully covered [49]. Although not
occupying a larger area, the new detectors will allow to analyze cosmic-ray data where
the core lands outside the IceCube footprint [49].

The scintillator upgrade will improve the measurement of different air shower compo-
nents:

* Improvement of the understanding of hadronic interaction physics by opening a
new detector channel and thus of the muon background for the neutrino measure-
ments [49].

* Opens the window for a larger energy range and a expended phase space for the
gamma-ray detection of sources.

* Disentanglement of the relative contribution of electromagnetic and muonic shower
components in individual air showers because of the different response of the two
components in IceTop tanks in scintillators. The electron-muon-ratio provides a
strong parameter for the determination of the mass composition of cosmic rays [49].

Thus, the scintillator array will improve the cosmic-ray and gamma-ray search perfor-
mance of IceCube.

By adding scintillators with a similar coverage as IceTop, the energy threshold at which
the muon veto becomes efficient at a 10* to 10° rejection factor is estimated to be lower
by a factor of two [49]. The energy threshold for vetoing the muon background to astro-
physical neutrinos in IceCube will be reduced [49].

In addition, the scope of the enhancement of the IceTop array with scintillators, it in-
cludes R&D towards a larger surface detector in the scope of IceCube-Gen2 (Chapter 3).
A higher quality of the multi-messenger capabilities will be reached by adding another
independent shower detection technique like radio antennas

Radio antennas

The surface enhancement consisting of scintillators and radio antennas will improve
air shower measurements. The total accuracy is increased, also the sky coverage (Fig-
ure4.7) and the detection threshold is lowered [47]. Advantages of the radio upgrade
are:
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Figure 4.7: Schematic of a radio extension of the IceCube surface array. The radio array will im-
prove the accuracy and extend the field of view to lower elevations. In addition to
cosmic-ray measurements, the radio array can search for photons of PeV energy from
the Galactic Center due to the geographical location of IceCube since the galactic cen-
ter is visible all over the year [47] (modified).

* More precise measurements of the size and depth of the electromagnetic shower
component at the shower maximum are possible. This helps to perform a better
composition measurement and helps to test hadronic interaction models.

* Due to the lower systematic uncertainties of the radio technique compared to sur-
face particle detection, the surface antenna array will increase the per-event preci-
sion and the absolute accuracy in the reconstruction. Hence, by such a radio an-
tenna array the energy scale of IceTop can be compared to other cosmic-ray experi-
ments with a radio extension.

* Radio antennas increase the sky coverage for more inclined showers, which leads to
an improved search for PeV photons. In this way, also the sensitivity for anisotropy
studies is improved [47].

¢ Gamma-ray induced showers emit a slightly stronger radio signal than showers
initiated by cosmic-ray nuclei and contain an order of magnitude fewer muons.
Thus, the combination of radio and muon detectors is ideal to search for photons.

Due to the large radio footprint of inclined showers, a radio surface array could veto very
inclined events, even if the shower core is far outside of the array.

In addition, a radio surface array will serve as an R&D area for next generation projects,
like IceCube-Gen2. In particular, surface antennas could be used to eliminate cosmic ray
transients and anthropogenic backgrounds to a future in-ice radio detector of UHE astro-
physical and/or cosmogenic neutrinos.

With the enhancement of the existing IceTop by an instrumentation of the surface with
the in this Chapter explained scintillators, radio antennas and air-cherenkov telescopes, it
will increase the overall accuracy of the IceCube Observatory and enables in a broad way
new prospects in astroparticle physics, new scientific explorations in the era of multi-
messenger astrophysics will be possible and it will enable new discovery potentials for a
whole series of remaining open questions in fundamental science.
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5 lceScint detector and lceTAXI DAQ

In this chapter the IceScint detector system that has been developed for the IceTop en-
hancement will be explained by going through the single components of the system. The
research and development was driven by the aim of having a modular design in and dur-
ing the prototyping phase, as much open in experimental, technical and financial aspects
as necessary for a final design review. During a dedicated kickoff meeting an agreement
was reached on following key aspects for a first prototype of IceScint:

* A light-tight, light-weight and stable mechanical housing based on certificated and
exportable plywood or aluminum.

* A detector baseline design based on scintillator bars [26] with wavelength shifting
fibers [51] collecting and focusing the emitted photons. The fiber type, placement
of fibers inside the bars, and routing of the fibers to the optical sensor has to be op-
timized for sensitivity and uniformity with a baseline design of the scintillators of
the Pierre Auger Observatory for the AugerPrime SSD upgrade. Due to the smaller
detection area and the replacement of classical photomultiplier tubes with SiPMs
compared to the AugerPrime scintillation detectors, several major adjustments of
the routing and scintillator bar placement have to be developed.

* A fiber-to-sensor coupling that is easy to produce, very durable and optimized for
the sensitive area of 6 x 6 mm? of the used SiPM photo sensors [52].

¢ A modular Analog Readout Module (IceARM) controlling and monitoring the SiPM,
its Gain, temperature change compensation and allowing a calibration and an easy
commissioning of the scintillator panels in the laboratory and at the South Pole.

* An eight-channel Field Hub DAQ based on a readout board developed for the TAXI
project [53] that allows different trigger options, nanosecond-precision time stamp-
ing of incoming detector pulses, and recording of the photo sensor waveforms. The
waveforms can either be charge-integrated online by a FPGA [54] or be stored (or
transferred) for calibration and debugging purposes.

All mechanical and electronic designs were developed to be generic to some degree to
ensure the potential to be optimized according to, at this stage not yet fully defined,
scientific requirements and to operation experience in the laboratory and at the South
Pole. After an IceCube Collaboration internal review in May 2017 of the first scintillator
prototype (with a wooden housing) some suggested improvements were considered and
have been implemented in the research, development and production of more than 3
IceScint stations with 7 detectors each.
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Figure 5.1: Pictures of the IceScint enhancement major components of the IceTop array at a glance.
Left: One IceScint detector position at poles to prevent an early snow coverage of
the detector surface and in the background the most suitable method to transport the
detectors to the deployment position for each station. Right: The Fieldhub for the
readout of the IceScint detectors (and radio antennas). Visible is the black fiberglass
housing and inside, mounted on a wooden plate, the IceTAXI DAQ, the power supply
and the White Rabbit switch for communication with the ICL.

This Chapter focuses on the design of these 3 IceScint stations, since they were de-
ployed at different locations, namely at KIT as a hybrid test array, in the cooling chambers
of the Physical Science Lab (PSL) at Madison (Chapter 7) and at the South Pole (Chapter
8).

To show the development efforts and measurements necessary for the three success-
fully operating IceScint stations, the first scintillator prototype with a wooden housing is
also briefly presented within this Chapter.

5.1 IceScint detector components

After a brief overview of the IceScint detector and its DAQ system (Figure 5.1 shows the
system at a glance) the detector components will be explained.

5.1.1 General overview and timeline

Figure 5.2 shows the basic working principle of the IceScint scintillation detectors as de-
ployed in the IceCube season 2017/2018. The key components are shown as flowchart
and the actual implementation beyond the flowchart with photos of the components. To
measure charged particles by the scintillation detector technique, some material which
reacts with charged particles like muons or high energetic electrons is necessary to obtain
a first information (actual the hit itself by a particle, amount of energy deposit, timing),
a optical routing to a photo sensor (SiPM) to get the decentralized information focused
on a small area. A coupling between the small area with the light yield and the SiPM,
a readout electronic which transfers the light yield information into an electronic signal
which can be modified and processed (IceARM) and a central DAQ (IceTAXI) to digitize
and transfer the detector information to the main data processing center (IceCube Lab) is
involved in this whole readout and data pipeline chain.
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Figure 5.2: Overview of the measurement system of the first IceScint scintillation detector units
and the DAQ of the first prototype station. The measurement method, roughly from
ionizing particles to a photon yield to a measurable voltage to an analyzable detector
array data is displayed. The scintillator is getting excited by ionizing particles, mostly
with a origin in extensive air-showers, and emits photons in the UV range. This pho-
tons are collected by wavelength shifting fibers and transmitted via a routing and an
optical coupling to a SiPM. The sensor is read out and amplified already inside of the
detector and the analog data is transferred differential to a field hub DAQ, IceTAXI.

In order to give a brief chronological proceeding of the surface enhancement, Figure 5.3
shows an experimentally focused timeline of the actual realization of enhancing the Ice-
Cube surface with new detector systems. Next to the part described in this work, a time-
line shows the following seasons of upgrading the first prototype station (2018/2019 and
2019/2020).
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Figure 5.3: Timeline of the IceCube IceTop enhancement, including the radio antenna addon
(2018/19; RadioTAXI) and the combination of the uDAQ system with the IceTAXI
system (2019/20; TAXIV3). This work is marked in orange.
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Table 5.1: Basic parameters of the first wooden prototype detector of IceScint.

Dimensions 2320 x 1000 x 103mm?
Total weight ~ 48kg
Number of Fermilab bars 16
Length of Fermilab bars 1875mm
Sensitive area 1.5m?
Optical fiber type 1 mm ¢ Kuraray Y-11(300)

Table 5.2: Basic parameters of the aluminum IceScint detector design which was used for the
series production of over 3 stations with 7 detectors each.

Dimensions 2235 x 885 x 50mm?
Total weight ~ 41kg
Number of scintillator bars 16
Length of scintillator bars 1875mm
Sensitive area for MIPs 1.5m?
Optical fiber type 1 mm ¢ Kuraray Y-11(300)

5.1.2 Mechanical frames and detector housing

For the IceScint first prototype detector (Table 5.1), a wooden housing was build and
afterwards for the series production an advanced and improved aluminum frame was
developed and used.

The design decisions for the aluminum frame for the series production can be found
later in this Chapter. The basic parameters, to compare it with the first wooden prototype
detector, are listed in Table 5.2.

In total one wooden prototype and 24 aluminum IceScint housings (and detectors)
have been produced during Spring and Summer 2017. The quality assurance protocols
of the production are stored on a dedicated server. These protocols lists, among others
the bar code of each scintillator bar, the amount of fiber, the series numbers of the fiber
rolls, the series number of the ARM electronic, the installed SiPM, linked pictures of the
installed electronics and connectors and, if there were any, noticeable details are noted in
there protocols.
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Figure 5.4: Left: Picture of the Fermilab scintillating bars and the Kuraray optical wavelength
shifting fiber, installed in one IceScint detector. Red lined one of the scintillating bars
and green lined the position of the two holes per bar are highlighted. The fiber and
its routing is visible in the top left corner. Right: Current response in nA vs the width
(100mm) of one fermilab bar with two holes, read out with a PMT [26]. The muon
tower calibration measurements of the IceScint detectors confirmed the variation of
the response (Chapter 6).

5.1.3 Scintillation material and optical fiber

Each panel comprises 16 extruded plastic scintillator bars, produced by the Fermilab ex-
truder facility [26]. These plastic scintillator bars are made of polystyrene with doping
of 1% PPO and 0.03% POPOP and coated with a 0.250 mm thick layer of TiO2 reflector.
Y-11(300) wavelength shifting fiber! [51] are routed and looped back through the holes of
the bars, resulting in a bundle of 32 fiber ends which are coupled and readout by a SiPM.

The scintillating bars and the fiber are highlighted in Figure 5.4, left. The current re-
sponse of an example measurement with a Fermilab bar with 10 mm width and two holes,
read out with a PMT, is shown on the right side of the figure. The spatial resolution was
obtained by the usage of a radioactive source (*Sr). The muon tower calibration mea-
surements of the IceScint detectors confirmed the same variation of the measured current
response, respectively the pulse width, over the scintillator width (Chapter 6).

The detector is shown in Figures 4.1 and 5.15. It comprises 16 Fermilab scintillator bars
of 1.875m length and 5cm width, resulting in a sensitive area for ionizing particles of
1.5m2. Each bar is read out with two wavelength-shifting fibers. The fiber routing is
supported by Styrofoam plates and the 32 fibers are bundled in a cookie. The basic pa-
rameters of the mechanical panel design are listed in Table 5.2.

To increase the light yield and to optimize the detector efficiency and uniformity of
a detector system with Fermilab bars and Kuraray fibers several tests were performed
[55]. It turned out that a coupling of 4 Fermilab bars with 2 holes for optical fibers each,
forming one unit, leads to the best results (Figure 6.37). This coupling optimizes the ratio
between the bending radius, and therefore the loss of light due to reflection in the fiber
and the light yield. In addition, the fiber alignment fixed with routing sockets, shown
in Figure 5.13 and 5.15, ensures a uniform detector by adjusting the bending radius and

Iproduced by Kuraray Co. Ltd.
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Figure 5.5: Left: Emission and absorption spectra of the chosen Kuraray “Y11” wavelength shift-
ing optical fiber. Right: Reference emission spectrum of the chosen extruded scintilla-
tor out of the Fermilab extruder facility [56].

therefore the reflexion coefficient.

The size of the detector was chosen to consist of 16 bars since 32 fibers of 1 mm diameter
are the maximal number to ensure a full visibility by the 6x6 mm? SiPM with optical
cement coupling (Chapter 6).

5.1.4 Light shielding

Compared to as example imaging SiPM cameras like SIECA (Chapter 2) the relatively
low light outcome of scintillator bars and the given sensitivity of SiPMs, a photon shield-
ing, surrounding the detector system, is necessary to avoid a contamination of the SiPMs
with external light. In addition, it ensures that every collected photon by the SiPM has its
origin in the scintillator bars due to the transformation from the interaction of ionizing
particles into UV photons. For first prototype testing and for the first wooden detector
prototype, a simple black foil was used. After performing temperature tests with heating
up and cooling cycles, it turned out that not every foil is suitable for South Pole con-
ditions. For example, the black foil from the KASCADE experiment, where a rest was
still stored in the warehouse, increases the brittleness of the material at low temperatures
under mechanical stress to such an extent that the foil broke at several places. Material
science studies on the elastometric tensor have shown [57] that this kind of plastic is get-
ting too stiff at low temperatures even without mechanical stress. These studies led to
additional efforts to identify a black foil suitable for the environmental conditions at the
South Pole.

A black foil, serving as photon shielding, needs to fulfill following key aspects for the
IceScint detectors:

¢ High-density polyethylene (PE) to ensure enough flexibility at low temperatures
to prevent brittleness. In addition, due to the high-density of PE > 0.941% the
probability to get cracks during production of the scintillators is lowered and a
denser material increases the photon reflection index, too.
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¢ Preventing damage to internal electronics from electrostatic discharges (ESD) by
any build-up electrostatic charge, caused as example by rubbing the foil during
assembly of the detectors or at transport movements, by using a high-impedance
(> 10%Q)) foil.

e Atleast 150 my thickness 2 of the foil in order to increase the photon shielding and
prevent leakage.

¢ Atleast a half tube foil to speed up the production process of the IceScint detectors
and to reduce the probability of foil cracks occurring during the production process
and shipment.

¢ The foil must be at least two times (half tube) 1.1 m wide to cover the whole IceScint
detector interior.

¢ At least a total length of the black tube foil roll of 70m to produce the developed
IceScint detectors at least up to 3 stations with 7 detectors each.

It was found that, for the first IceScint stations, a black tube foil which is used for building
oil pipelines fits the requirements. The company NWO GmbH sent us the required foil.

After 2 years in operation, it can be concluded that the black tube foil fulfilled the
requirement with respect of the production process, the intactness during shipping and
stable and light tightness during measurements at the South Pole, as shown in Chapter
9.

5.1.5 Silicon Photomultipliers (SiPMs)

For the readout of the optical fiber, Silicon Photomultipliers (SiPMs) are used. This new
kind of low light-yield photo detectors have several advantages compared to classical
photomultiplier tubes (PMTs) and its photoelectron gain is based on several thousands
APDs (Avalanche Photo Diode) connected in parallel.

Compared to normal photodiodes APDs contain an additional p-doped layer, called
multiplication zone. This layer changes the charge distribution in a way that a high elec-
tric field strength is created. This area is defined as avalanche layer (Figure5.6, left).
When an appropriate reverse voltage is applied to the PN-junction, the electrons are ac-
celerated due to the electric field to the N"-doped layer. A PN-junction is the basic build-
ing block of many semiconductor devices like diodes and transistors. It can be made by
joining or diffusing together differently doped semiconductor materials. If the applied
voltage is high enough, the kinetic energy will be transformed to additional electron-hole
pairs. This multiplication effect (e.g. the avalanche) leads to a measurable current even
for a single photon.

For charge histograms obtained from SiPM waveforms (Chapter 6) with small charge
deposition, "fingers" of single photoelectrons (PE) can be seen, analogous to photomulit-
pliers. This designation does not quite correspond to the functionality of a SiPM. In con-
trast to PMTs, where a photoelectron is released from the cathode by an incoming photon
due to the photoelectric effect and is accelerated and multiplied via dynodes, SiPMs cre-
ate, accelerate and multiply an electron-hole pair. However, since the result is similar to

2150 my = ~ 1.37 mm
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Figure 5.6: Left and center: Working principle of a SiPM, shown at a single APD. The different
doped layers are changing the charge distribution in a way that with an applied re-
serve voltage a high electric field strength is created. By the creation of a electron-hole
pair the electric field accelerates the charges and the kinetic energy is transformed into
additional electron-hole pars. This multiplication effect leads to a gain which is high
enough to detected single photons with one APD cell[7]. Right: Picture of the used
SiPM, soldered on the Cookie board for the IceScint detectors. The front side of the
board, with the SiPM, is coupled via optical cement to the fiber readout of the scintil-
lator bars and the back side to the analog readout electronic (IceARM).

that of finger spectra, for example, the term "PE" for peaks has also been accepted in the
literature. For SiPMs one could read "PE" as “Photoelectron Equivalent”.

In addition to the key features of low-level light photo sensors, the photo detection
efficiency (PDE) and the gain, SiPMs have several advantages like a more robust design,
more cost effective and a operation voltage below the high-voltage region compared to
PMTs. Furthermore, the bias voltage and the noise rates as the dark counts ( Figure 5.7) or
the cross talk probability and afterpulses decreases with temperature, e.g. improves the
sensors performance at South Pole’s thermal conditions. A detailed description of the
working technique, the performance and the noise creating contributions to the signal
shape of SiPMs for in specific astroparticle physics purposes can be found in great detail
in my master thesis [7] and more compacted in reference [58].

For the first series of IceScint detectors, SiPMs® with a trough-silicone via (TSV) tech-
nology are used, produced by Hamamatsu Photonics [52]. This technology enables to
pass completely through the silicon waver and decreases the dead space between neigh-
bored avalanche layers of the photosensitive APDs compared to wire-bond anode and
cathode output drastically. Given that the anode and cathode are wired out of the side
of the SiPM (Figure 5.6), an asymmetrical allocation of the photosensitive area results,
which had to be taken into account for development of the optical coupling between the
optical fiber bundle and the SiPM (Chapter 6).

The following arguments for the SiPM, focused on the possible experimental data out-
put of deployed IceScint detectors at the South Pole were, considered:

* This SiPM with TSV technique for SiPMs available in two different configurations*.
The difference is the pitch value of the SiPM, e.g. the size of one APD cell (50um
or 25um) which leads, since the photosensitive area of 6mm? is fixed, to different

3TSV-MPPC S13360-6050PE
4513360-6050PE and S13360-6025PE
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Figure 5.7: Example measurements of the behavior of the bias voltage and the dark count rate

at changes of the ambient temperature of the used SiPMs [52] for IceScint, measured
with SPOCK at KIT. At low temperatures, the necessary bias voltage for operating
SiPMs decreases linear and the dark count rate of SiPMs declines exponentially. The
fit parameters can be found in [7].

amount of APD cells at the SiPM. For the 50um pitch version, there are 14400 APD
cells on the SiPM and for the 25um pitch version a total amount of 65000 APD
cells. A direct consequence of this difference is the dynamic range with respect to
how many photons can be seen and resolved at a discrete time. Each APD can
detect, with the boundary condition of an idealistic SiPM with 100% PDE and 0%
noise effects, one photon at one time. For dissolving different amounts of energy
deposits by MIPs into the detector, the larger the interval of the dynamic range thus
defined, the greater the number of resolvable energy depositions from the detector
system that can be measured. Le, this perspective suggests the choice of SiPMs with
a larger number of APDs.

Since a geometrically dimensioned smaller APD cell also has a smaller avalanche
region, the maximum charge generated is lower. This means, seen as an equivalent
circuit, a quenching resistor drops the voltage after a certain time, e.g. the capacity
of an APD cell is smaller. This means that the APD cell is again sensitive for the next
photon after a shorter period of time, because less charge has to flow off during the
decreasing flank until the baseline is reached again. This shortens the dead time of
the SiPM and allows a better time resolution of the air shower front.

Measured with SPOCK® and in accordance with the datasheet[52], a SiPM with
smaller APD cells size is a few percent less effective regarding the photo detection
efficiency at a discrete wavelength. Since it was measured with the first wooden
prototype of the IceScint detectors that we have a very good signal-to-noise ratio
(~75% , Chapter 6.8), which meets the set requirements more than fourfold and
equals to a high light yield due to the detector design and in specific the optical
coupling, it es reasonable to choose the SiPM series with smaller APD cell size. In

5Single Photon Calibration Stand at KIT
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Table 5.3: Example summary measurement of the SiPM calibration results for the Hamamatsu
513360-6050PE measured with SPOCK. These measurements were done for each SiPM

which is installed in an IceScint detector.

Result | Stat. error | Sys. error
Breakdown voltage | 51.66V | 0.27V 3%
Gain 1.18-10°| 0.05-10° |0.05 - 10°
PDE 3749% | 0.32% 1.6 %
Darkcount rate 3.17MHz 0.09MHz | 0.14 MHz
Crosstalk Prob. 11.03% 0.50% 0.02%

addition, the IceTAXI DAQ it increases the dynamic range regarding the amount of
resolvable charge values.

* An argument for the choice of the 50 um pitch SiPMs is that the baseline design
of TAXI was actually developed for PMT signals. The larger amplitude of 50 um
pitch SiPMs leads to more PMT-like signals. However, in test measurements at KIT
and DESY Zeuthen, it was ensured that the used IceTAXI system can also process
SiPMs with 25 um pitch.

In conclusion, it was decided to use the 25um SiPM series from Hamamatsu Photonics
since the scientific output of the measurements possible with the IceScint Array is ex-
pected to be the highest when choosing this type of SiPM. The calibration process of all
used SiPM for IceScint and its prototypes is described in detail in Chapter 6. Table 5.3
gives an overview of the result of an representative SiPM measurement before the SiPM
is installed into the IceScint detector.

These measurements have been made with photon bundles (2 — 15%) of a wave-
length of (423£8)nm and an over voltage of 3V. In addition to SiPM calibration measure-
ments, further measurements of the linearity of the used SiPM, effects of dust and dirt
on the photosensitive area of the SiPM were also by with the SPOCK measurement setup
and are presented in Chapter 6.

5.1.6 IceScint detector readout system

For the IceScint array prototype, a new analog readout system of the SiPMs of the Scin-
tillators, IceARM (Analog Readout Module) was developed within this thesis. Figure 5.8
shows the first CAD outline of IceARM. Since the development of the scintillators, the
development of the DAQ (IceTAXI), the adjustments of SiPM signal processing and the
full system test calibration of IceScint had to take place simultaneously, IceARM was de-
signed as modular as technically and financially feasible in order to have as many options
as possible to react to subsequent measurement results and limitations of other compo-
nents of the system. This flexibility of the analog SiPM readout electronics has benefited
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Figure 5.8: First CAD version of the Analog Readout Module IceARM. Visible are the Cookie
board with the SiPM, the Readout (active) board, the Adapter board for communica-
tion with the GP-Board and the major connectors (9-Pol D-Sub and 6-Pol SAMTEC
male and female) between the different modules of IceARM.

Figure 5.9: Second CAD version of the Analog Readout Module IceARM. The major change is
the reduction of the height of IceARM in order to achieve a, after the first wooden
prototype, halved total detector height. This additional R&D efforts enabled to ship
twice as much IceScint detectors per transport crate to the South Pole. To achieve this,
a new adapter board was developed. By this, the absolute detector housing height
changes from 100 mm to 50 mm.

several other experiments, mostly located in student teaching and outreach experiments
(Chapter 10).

In special calibration runs, the discriminator threshold of the IceTAXI board can be
lowered to < 1IMIP so that a high-statistics sample of low-charge pulses can be collected
with a ring sampler. It has to be shown in the full system configuration that the single
photo electron “fingers” in such a charge spectrum can be resolved and the charge of
one photoelectron can be extracted from the difference between two fingers (Chapter 6),
therefore different Op-Amp gain level circuits are embedded. If required, full waveforms
can be transferred for debugging purposes (Chapter 8).

After a first IceCube internal review of the IceScint design, it was decided to put ad-
ditional R&D efforts into IceARM (Figure 5.9). The requirements of the IceScint detector
housing changed to a total geometrical height from 100 mm to max. 50 mm in order to
ship more detectors per transport crate to the South Pole. One of the limiting factors in
the absolute detector height was the first designed (and built) IceARM. By changing the
PCBs and the alignment of the several modules of IceARM it was possible to reduce the
total height of the detectors to below the required 50 mm.

A more detailed description of IceARM and its parts can be found later in this chapter.
The R&D thoughts and the performed calibration measurements can be found in the
following chapter.
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Figure 5.10: Left and center: Pin alignment table and connector positioning of the pins for the
connection between the detectors and IceTAXI. Right: CAD of the decided connec-
tion system. Both connectors, which of course are outside of the detectors and the
IceTAXI housing and therefore exposed to the weather conditions at the South Pole,
are military standard, developed and produced by Amphenol Co. Ltd. The screw
head visible at each end of the cable and, rotated by 180 degrees to provide a tight
connection, the second thread are part of the cable protection.

Figure 5.11: Left: Picture of the used Amphenol Co. Ltd. PT-Series connectors. This military
standard is widely used for several experiments in Antarctica and was recommended
by IceCube. Right: The IceTAXI frame with 8 connected IceScint detectors in the
SPOCK lab for hodoscope measurements. It shows the male and female part of the
Amphenol connectos, including the stiff Cat7 cable from Draka Co. Ltd.

5.1.7 External and internal detector cabling

Amphenol PT-series, PT02A-14-125 (male) and SP02A-14-125 (female) [59] connectors
will be used as connection between the IceScint detectors and IceTAXI ( Figure 5.11). This
military standard connectors are, following the datasheet, only allowed by manufacturer
side for operation down to -55°C but are long-term proven for South Pole conditions by
several experiments.

In addition, the bayonet coupling system of the PT-series ensures an easy and fail safe
deployment of IceScint at the South Pole, since it is only possible to connect the 14-pin
plug (Figure 5.10) in only one possible pin-to-pin assignment and the locking technology
allows a haptic feedback to ensure that the connection between cable and socket has elec-
trical contact and is mechanically fixed. The chosen connector alloy ensures a long UV
light resistance, which is of special interest as the IceScint detectors are mostly mounted
on poles an the South Pole surface.
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For the external transmission of data and the control of the detectors by the central
DAQ, IceTAXI, Cat7 cables are used. Since the Cat7 standard offers next to a global
shield to reduce noise by external sources, an additional individual shielding for two
pairs of signal cables. Hence, this type of cable is particularly suitable, as it provides
extra protection for the differential detector signal for both high- and low gain SiPM
readout. Suitable and tested for South Pole conditions are Draka Co. Ltd. UC900 with
23 AWG? solid copper conductors and a PE jacket ( Figure5.11). Four of the cable pairs
are used. One for 24V DC power supply, two for transmission of the SiPM analog signal
in High-Gain and Low-Gain and one for the RS485 serial connection for detector control
and monitoring. A strain relief for the connector is installed at each cable end to prevent
damage to the wires or the shielding during installation.

5.1.8 White Rabbit Timing

The surface field hub houses next to IceTAXI a White Rabbit [60] timing distribution and
communications system via fiber link to the IceCube Computing Lab ICL. In it’s original
configuration, the time synchronization of the (Ice)TAXI board is achieved via GPS. The
1 PPS pulse and time string from a GPS module” are processed in the FPGA. It is foreseen
to replace the GPS timing with White Rabbit. It was chosen to synchronize different sur-
face enhancement stations, including scintillators, cameras and radio antennas, as well as
to cross-check the air-shower particles signals with the existing IceTop experiment. The
White Rabbit project is a flexible and modular real-time Ethernet based network for uni-
versal data transfer and synchronization. It can synchronize up to 1000 network nodes
with less than one nanosecond accuracy over optical fiber lengths up to 10 kilometers
and enables deterministic delivery of messages of different priority.

To achieve synchronization in nanoseconds, White Rabbit uses Synchronous Ethernet
(SyncE). A bidirectional exchange of the synchronization messages of the timing protocol
enables a precise adjustment of the clock phase and offset. The connection delay is known
from hardware time stamps and the calculation of the delay asymmetry. Verification
of the GPS timing distribution via White Rabbit was realized using coincident events
between IceTop and the scintillators and its commissioning measurements can be found
in Chapter 8.

In addition, next to an open source hardware-, firmware- and software pool for devel-
oping electronic boards for own needs and specific synchronization tools, several (future)
large-scale particle and astroparticle experiments like FAIR and CTA will use the white
rabbit timing protocol that ensures a long-term community driven support and a exist-
ing knowledge base in future. The 1 PPS signal and IRIG-B signal from the WR-LEN will
be utilized. Existing FPGA test-I/O pins on the IceTAXI board are used to establish the
physical connection to the WR-LEN.

6 American Wire Gauge
7U-blox LEA-MST
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Figure 5.12: A sketch of a white rabbit timing network. An external clock like GPS or a reference
clock provides the overall time stamp and frecency and sends both to an WR master
which forwards it to WR switches and WR nodes like scintillators, sensors and data
storage systems [60]. In addition, the system can be build in multiple redundancy,
means the protocol provides the the possibility to automatically switch on backup
WR master or backup reference clock devices.

5.2 First prototype detector

One of the first steps was to develop a prototype detector which fulfills the defined re-
quirements for an IceScint detector and to show the technical readiness of a SiPM readout
of the Fermilab scintillator bars in combination with a wavelength-shifting optical fiber
routing and the resulting bundle. Figure 5.13 shows the CAD of the whole detector, in-
cluding the wooden housing, the scintillator bars, the routing and the position of the first
IceARM version. The wood was already chosen to be exportable to the U.S. and to New
Zealand, since special conditions for the import of organic material is regulated in New
Zealand and Antarctica.

Figure 5.14 shows the designed connector panel. For evaluation purposes, special focus
was placed on obtaining as many connections as possible to all individual modules from
the first IceARM version in order to test them under real conditions, i.e. the detection of
ionizing particles using scintillator bars.

To keep the scintillator bars at position, e.g. during transport to the South Pole, a
wooden clamp system was developed, visible in Figure 5.15, left. Since this system has
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Figure 5.13: Left: CAD of the developed wooden prototype scintillation detector. Right: Zoom-
in on the fiber routing, optical coupling and readout electronic. The detector design
and its components are described in more detail at the final design of the deployed
detectors.

Figure 5.14: CAD of the designed connector panel for the wooden prototype detector. Special fo-
cus was placed on obtaining as many connections as possible to all individual mod-
ules from the first IceARM version in order to test them under real conditions, i.e.
under the detection of ionizing particles using scintillator bars.
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Figure 5.15: Left: Picture of the assembled wooden prototype detector. Visible are the scintil-
lator bars, the fiber routing and the fibers connected to the optical coupling of the
cookie board. Three wooden clamps keep the scintillator bars in position. The detec-
tor design and its components are described in more detail at the final design of the
deployed detectors. Right: “Hello World” photo of the first SiPM peak induced by
a MIP, hitting a scintillator bar, read out with an oscilloscope and therefore demon-
strating the readiness of the detector system.

been retained for the final detector design for the first series production, it is described
in more detail in the next section. Figure5.15, right, shows the very first “hello World”
signal of a MIP, hitting the detector and transformed into a waveform with a SiPM peak,
demonstrating the readiness of the detector system of all major components.

5.3 Detector design for the first 3 stations

The detector design in general was driven with a focus on a low-cost, fast to produce and
high static load design. For the housing, the detector should be as stable as possible, but
also as lightweight as technically feasible, in order to reduce the high shipping costs to
the South Pole. It was taken into consideration to use as much standard parts in stock
as possible with a minimum of parts or unusual components critical in purchasing or
crafting.

The decision of the change from wooden to aluminum housing is based on several
considerations.

FEM?® simulations (with different materials and material thicknesses) with Autodesk
Inventor have shown that a higher load-bearing capacity as for a wooden housing can
be achieved by a combination of aluminum u-profiles and a plywood plate supporting
the detector - with a weight saving of more than 33%. The stability was validated with a
short trial construction.

8Finite element method
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Figure 5.16: Left: Developed CAD for the IceScint detectors. The top plate and parts of the hous-
ing are removed in that view to enable a look inside of the detector. Both sides of the
fiber routing are visible, the scintillator bars, the wooden clamps and the place of the
IcARM electronic, including the cookie and its holder. Right: Close view of the fiber
routing, the Cookie and IceARM. The small “nose” at each beginning of the routing,
next to the scintillator bars has been added to further reduce the probability of fiber
"jumping out" of the routing. The routing and the IceARM dimensions are matched
to each other to design the detector no longer than necessary.

By taking the housing from a system of aluminum U-profiles instead of a wooden hous-
ing that has to be manufactured individually, a faster and less production error prone
detector system is achieved, since a large part of the housing consists of standard com-
ponents with dimensional tolerances defined by the manufacturer of the U-profiles.

In addition, the wooden frame for the cover of the detector is omitted, which, in addi-
tion to adapting the boards for the readout electronics, allows a reduction from 100mm
to 50mm of the overall height. Since it is planned to keep the IceScint array free of snow
for as long as practically feasible, all detectors are mounted on poles (Chapter 7). This
implies that the detectors are annually exposed to the high UV radiation at the South Pole
for half a year. A detector housing made of wood, i.e. organic material, ages and may be-
come brittle in the long term. Finally, there is a very practical reason not to use wood for
the housing. Most of the cargo to the South Pole goes via Christchurch in New Zealand,
which has very strict import regulations [61] for the handling of organic materials, even
if the material used is plywood.

Figure 5.16 shows the developed CAD for the IceScint scintillation detector, as pro-
duced and calibrated for 24 detectors. The top plate and other parts of the housing are
removed in the figure in order to show the parts of the detector itself.

In terms of the transportability and durability, the flat and rectangular design of the
detectors, the packing and shipping can be easily done by stacking the detectors, pictured
in Figure5.17, left. The wooden cargo crates (right) were designed to ensure a space
effective transportability. The bottom side of one detector is protected from scratching
during shipment by small wooden beams with the top side of the next detector.

The detectors can be mounted on an elevated support, designed to keep position at
the typical South Pole wind and weather conditions. In addition, all parts of the detec-
tors inside are fixed by several solutions like with wooden clamps for the scintillation
bars (Figure 5.16). After almost 2 years of operation, the detectors are still at deployment
position and no measurement showed an evidence of a major performance loss due to,
as example, moving bars, broken fiber or changes in the signal shape (Chapters 7 and 8).
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Figure 5.17: Left: Shown is the space saving transport possibility via a stacking of the IceScint
detectors. The bottom side of one detector is protected from scratching during ship-
ment by small wooden beams with the top side of the next detector. Right: One of
the constructed transport crates for shipping. There is room for 8 detectors in each
transport crate.

The production plan was to split the process into three major parts. One group can
work on building the detector itself, another one can produce in parallel the aluminum
housing and afterwards both modules can be combined by the usage of using a black tube
film as photon shielding between the scintillation detector itself and the housing. The
IceARM electronic can be prewired and mounted on its holder by another group (Chapter
6).

Major design decisions for the IceScint detectors are explained and discussed in Chap-
ter 6. Some primary CADs, technical drawings and parts lists can be found in the attach-
ment. In addition, a bill of materials for the installation of IceARM in the IceScint detec-

Tube film (black)

Figure 5.18: Simplified production procedure of one IceScint detector. The design concept was
driven to separate the IceScint detector major components into sub-production items.
Three major parts, the detector itself, the aluminum housing and the read out elec-
tronic can be assembled and prewired independently from each other. The coverage
of the detector with the black tube film finishes the detector assembly and combines
the aluminum housing with the detector itself.

53



5. IceScint detector and IceTAXI DAQ

100 A

80 r ! ! y e =
B EJ-500
60 1 ‘ ‘ ‘ =0 OPTICAL CEMENT

RESIN

40

% TRANSMISSION

20

300 350 400 450 500 550 600
WAVELENGTH (nm)

Figure 5.19: Left: Transmission probability versus the wavelength of the photons of the used opti-
cal cement [63]. The mean emission wavelength of the optical fiber is approximately
480nm. Right: Picture of the components for the optical cement (hardener and the
resin).

tors can be found in the attachment. Since it would go beyond the scope of the thesis
to include all developed CAD, technical drawings, assembly instructions, test measure-
ments and everything else that is required for the later successful production of the first
IceScint stations, only some of them are shown in the Appendix. The complete docu-
mentation is available at the IKP, will be used as a basis for the IceScint mass production
and can be inquired at the institute. It includes also has the entire “Autodesk Inventor”
CAD model, including the analysis methods applied prior to production of the first three
IceScint stations, such as static stability estimation via Finite Element Method.

5.4 Optical Coupling between fibers and SiPM

The optical fibers are collected into a cookie. The fiber ends are cut and heated on a hot
glass plate which turned out to result in less light loss compared to cutting and polish-
ing [62]. The cookie is then glued into a PMMA (Polymethyl methacrylate) coupler. The
SiPM, mounted on a PCB (“Cookie Board”), is also glued to the coupler: The 1 mm gap
between the SiPM and the fiber ends is bubble-free filled with two-component optical
cement, EJ-500° [63]. EJ-500 is a clear and colorless epoxy based glue with a refractive in-
dex of 1.57. It is ideal for an optical connection of plastic scintillators and acrylic (PMMA)
light guides like the used fibers for the IceScint detectors [63]. This optical cement has a
certain degree of flexibility and is therefore suitable for the optical bonding of the men-
tioned plastics to form a glass window between the optical fiber and the SiPM as used in
the Cookie system.

The optical cement is fully cured at 20°C room temperature after 60 minutes. The
mixed cement takes 3-4 hours to set and 24 hours to harden. For the production of the
first stations we took these manufacturer’s specifications into account and timed many
other production steps at this curing time.

The two-component mixed and hardened optical glue was cooled with liquid nitro-
gen for 2 hours to —90°C. No changes, macerations or cracks were visible. In addition,
the fully assembled Cookie including the Cookie Board were cooled down to —70°C for

9Eljen Technology
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Analog readout module

Figure 5.20: Left: Complete optical system of the first wooden prototype to ensure high light yield
and detector uniformity. Right: Optical connection to the SiPM, the “cookie”.

Fiberend and SIPM

Figure 5.21: Optical coupling with SiPM attached. The 1 mm gap filled with optical cement en-
sures that all pixels of the SiPM can be triggered. This optimizes the linearity and the
dynamic range and is explained in more detail in the next section.

several days. No visible changes or cracks were visible. The fully, including the SiPM,
assembled Cookie was calibrated with SPOCK (Chapter 6) to ensure the same optical
behavior like before the cooling cycles.

Figure 5.20 shows the optical fibers and the cookie board glued together with the
cookie. The dimensions of the cookie are 50 mm diameter and 25 mm length. For the
final design, a cookie with a smaller diameter was developed in order to decrease the
height of the total detector from 10cm to 5cm.
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In Fig. 5.21 the connection between the fiber bundle and the SiPM is shown. The 1 mm
gap is filled with optical glue and no optical impurities are visible. In summary, the most
important points are:

Fibers are cut and heated. Tests with different shortening methods (cut, polished,
not treated) show that this process results in the best transmission coefficient there
with less reflection due as example quenching the outer layer film of the fiber by
cutting into the light guide part of the fiber.

New inner part of the Cookie, 3D-printed, to align the 32 fibers in a square and
to provide a socket for the SiPM to align the Cookie Board with the cookie and
therefore the fiber bundle.

The cookie is 100% solid, filled up with optical glue which was tested for low tem-
peratures stability. The fully solid optical connection ensures robustness to environ-
mental conditions and increases the long-term stability of the optical connection.

A 1mm gap between the end of the fibers and the SiPM photosensitive area allows
illumination of every pixel and thus increases the dynamic range ( Chapter 6 ) as for
the 45° opening at the end of the fiber.

The production process, which was optimized that no air bubbles are trapped in
the glue between the fibers and the SiPM.

More details about the optical coupling and its design decisions and changes between
the first prototype and the first IceScint production are given in the next section.

5.5

Analog Readout Module (ARM)

The general development idea of the Analog Readout Module (ARM) was to make it
as cost-effective, modular, and flexible as possible. The ARM consists of four parts: the
Cookie Board, the Adapter Board, the Readout Board, and the General Purpose Board.
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5. IceScint detector and IceTAXI DAQ

Figure 5.22 shows a simplified block diagram of the ARM. The temperature-bias volt-
age control loop is implemented between the analog temperature sensor and the Hama-
matsu power supply [64]. In addition, a digital temperature sensor on the Cookie Board
can be used for an external control loop. To use a different position and model of temper-
ature sensor a connector is placed on the Readout Board. The SiPM signal can be readout
with four different outputs with different amplification. The high gain is used to resolve
the single photon finger spectrum of the SiPM for calibration (Chapter 6), the mid- and
low gain can be used for the readout of any scintillation detector with fiber readout.

Figure 5.24 shows three different parts of the first IceARM electronic. A focus was set
on the different in and outgoing connections of IceARM. For the in-field measurements
of IceScint, not all of the connectors needed to be soldered (e.g. three different gain levels
or two different temperature sensors). For the first prototyping and for calibrating pro-
ceedings (Chapter 6), however, all of the connectors were used highlighted in the figure.

In Figure 5.23 the full IceARM assembly is shown. To read out the temperature and
control the power supply an UART is used. For this first prototype we have a flexible
design to test different options which need to be defined and fixed for mass production.
E.g., the interfacing IC, the D-Sub connectors and its footprint were chosen to change
quickly between RS232 and USB interface. A short listing of the key features of each
board follows.

Cookie Board

* Easily adaptable to different SiPMs (versions and manufactures). PCBs were made
for the Hamamatsu S13360 series. Footprints for new Cookie Boards for the 6 x
6mm? SiPMs of SenSL or KETEK have been made, since at the R&D time of the
IceARM electronic it was not sure what kind of SiPM fits best to the system.

* Analog and digital temperature sensors are on the backside of the PCB. The idea
was to use the analog one for an onboard temperature control loop via the Hama-
matsu power supply and the digital one to inform the Field Hub DAQ about the
temperature at the scintillator. It turned out (Chapter 6) that transferring the tem-
perature values and controlling the gain via IceTAXI gives the best results for the
prototype array.

¢ The accurate positioning of the SiPM to the optical connection was possible at KIT-
IPEX. A 3D-printed holder to arrange the SiPM correctly in series production is
have been developed.

Adapter Board

¢ The board is mainly mechanical stability and allow the Cookie Board with the SiPM
to be mounted inside the cookie.

* Used to screw the Cookie Board via the Adapter Board to the optical coupling
which leads to a more stable, transport resistant mechanical connection.

¢ In addition, used to connect the Readout Board with the General Purpose Board.

0nstitute for Data Processing and Electronics
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General purpose (GP) board

Cookie board ~ Adapter board Readout board

Figure 5.23: The complete first IceARM assembly as developed for the wooden prototype detec-
tor. The Cookie board with the SiPM, the adapter board which is connecting the gen-
eral purpose board and the readout board are visible. For the IceScint series produc-
tion, so with aluminum housing, the total height of IceARM was reduced by chang-
ing the adapter board in a way that it connects the cookie board, the readout board
and the general purpose board next to each other, instead of, as pictured, stacked to
each other. More details in the change of the alignments of the IceARM parts can be
found in Chapter 6.

Readout Board

¢ A Hamamatsu C11204-02 power supply is used [64]. Key features are the wide
output voltage range (40 V to 90 V); the low ripple noise and the finely adjustable
resolution in 1.8 mV steps. A Python based script has been written to monitor and
control the power supply (com3.py). The temperature-bias voltage control loop has
been implemented and is working with the analog temperature sensor (Chapter 8).

¢ Three different pre-amplifiers (x1, x5, x10). The x5 one is used for scintillator
readout and measuring MIPs, the x10 is used in order to resolve more precisely the
SPE fingers and to calibrate the SiPM with SPOCK. Both measurements can be done
at the South Pole simultaneously. The number of amplification stages and therefore
the amount of signal outputs can be reduced to only two (high-gain for SPE cal-
ibration, low-gain for scintillator readout) to reduce costs after the final design is
fixed.

¢ Four different ground shieldings prevent electronic noise entering into the high
frequency SiPM signal, explained in Chapter 6.
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Power Connector < >Ext. T-Sensor Anode / Cathode + T-Sensors
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Figure 5.24: Left: The 4-layered readout board. Reading out and amplifying the SiPM signal,
implementing the temperature control loop and the SiPM power supply, as well as
communication with the power supply. Center: Adapter Board for mechanical sta-
bility, to make ARM modular and flexible and to connect the Readout Board with the
Cookie Board. In addition, it is used to mechanically mount the optical coupler to the
ARM. Right: Cookie Board with the SiPM on the front side. The analog and digital
temperature sensors are at the backside. Only six electrical connections needed, the
other six are connectors for mechanical stability.

¢ Only £5V supply voltage is needed to operate the Hamamatsu power supply.

* Analog and, as option, digital'! temperature readout has been implemented for
reading out a digital or analog temperature sensor placed on the Cookie board.

* Possibility to connect an additional external temperature sensor for as example
measuring the ambient temperature inside of the IceScint detectors.

* The SiPM gain tuning of the detectors is done via the RS485 connection from the Ic-
eTAXI board to the Hamamatsu power supply [64]. The Hamamatsu power supply
is directly connected to a temperature sensor and has its own control loop, that can
be written from the TAXI board via the RS485 connection. The SiPM temperature,
voltage, and current are monitored via a R5485 connection.

General Purpose Board

* Contains line drivers to transmit the analog signal from the scintillator panel to the
Field Hub.

¢ Contains a microcontroller for slow control (temperature, voltage, and current mon-
itoring and control) that is connected to the Field Hub DAQ via a RS485 connection.

* The signal will be shaped and amplified on the ARM General Purpose Board. The
analog signal will be transmitted as a differential signal from the scintillator panel
to the TAXI board.

H12C protocol
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GPS Module
uBloc-LEA-6T

Figure 5.25: Left: The schematic of the original TAXI board with 24 analog input channels in three
blocks of eight channels each. Right: Image of a fully assembled TAXI board. Visible
are the three blocks with 8 input channels each. The Input channels are at the bottom
and the output channels at the top of the picture. The modified TAXI (IceTAXI) can
be found enlarged in the next figures.

All parts of the IceARM electronics are explained in more detail in the next (R&D) Chap-
ter and part of the calibration measurements can be found in Chapter 8.

Temperature performance of IceARM  The standard components (resistors, capacitors,
...) of the ARM were chosen to operate at low temperatures, according to the data sheets
of the manufacturer. The full IceARM device has been tested at —70°C in the temperature
chamber for 4.5 days as part of the calibration measurements of the analog and digital
temperature sensors, including the glued Cookie Board inside the optical coupler and the
SiPM. A dark count spectrum at —70°C was obtained. No problems occurred with the op-
amps, the SiPM, the connectors, or other parts of IceARM. In addition, the Hamamatsu
power supply was tested at —70°C separately. The measurements are shown in Chapter
6 in more detail.

5.6 IceTAXI Data acquisition

The data acquisition is based on a readout board that was developed for the TAXI project [53].
Within this thesis and in co-operation with DESY Zeuthen the TAXI board was modified
to fulfill the requirements for reading out SiPM signals, to control via a serial interface
the operation parameters and work at environmental South Pole conditions. In order
to characterize and calibrate the deployed IceTAXI, the DAQ parameters like the ADC
calibration parameters or the discriminator threshold values were measured (Chapter 8).

The original TAXI board (Figure 5.25) supports 24 analog input channels in three blocks
of eight channels each.

The output from the individual discriminators are interfaced with serial-input parallel-
output (SIPO) Serializer Deserializer (SerDes) blocks in a FPGA [54] with a 8:1 ratio at 950
MHz. The subsequent 8-bit parallel output is then recorded at 118.75MHz. In addition,
input waveforms are recorded with a ring sampler (DRS4 [65]) and the integrated charge
can determined online in the FPGA.

A slightly modified version of the board, IceTAXI, with only one block of eight chan-
nels in use was developed within this thesis (Figure 5.26).
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Figure 5.26: The schematic of the modified TAXI board for scintillators with SiPM readout for de-
ployment at the South Pole, IceTAXI. The key features are an onboard Linux system
to control IceTAXI, embedded in an ARM MCU via SD-card, an FPGA for controlling
the input channels and enabling a nanosecond time resolution and 2 mounted DRS4
chips for sampling the incoming SiPM waveforms with up to 5 GS/s at two different
gain levels simultaneously.

Since the array consists of 7 detectors, The remaining channel was used for electronic
and environmental noise measurements. Each channel is discriminated and the lead-
ing and trailing edge of the discriminator output are timestamped in an FPGA with a
nanosecond time precision.

Therefore, two different operational modes are possible. In the first one, IceTAXI works
in a way that the charge deposit by air-shower particles which induces a photomultiplier
peak is integrated on site of IceTAXI and only the resulting charge value and a timestamp
is transferred. In the other operational mode the input waveform, which is sampled and
recorded by the DRS4 and triggered by a signal-over-threshold system, can be transferred
to the ICL and analyzed offline. This mode was also used to characterize the IceTAXI
system (Chapter 8).

The TAXI board consists of an FPGA chip combined with a microcontroller with an
embedded Linux system as shown in Figure 5.26, optimized for the detection of charged
air-shower particles. All of the differential input signals into the board are offset adjusted
and split into two paths: One to a comparator with a variable threshold and the other
one to a Domino Ring Sampler chip (DRS4) [65]. Once discriminated, the output pulses
are passed to the FPGA [54] where configurable trigger conditions are applied. On a
fulfilled trigger condition the DRS4 chip is ‘frozen” at a suitable time to digitize the wave-
form from all the IceScint detectors at once and converted by a 14-bit low power ADC
(LTM9007-14) [67]. This features a simultaneously sampling of 8 input channels and a
Signal-to-Noise rate of 73 dB. The pulse time information and the charge-integrated or
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LTM 9007-14 ADC ARM MCU Spartan 6 FPGA Power

DRS4 ADCMP9604 Comparator

Figure 5.27: Photo of the IceTAXI board, as used for readout of the scintillators in the South Pole
Season 2018. Only two blocks are mounted since the IceScint station consists of 7
scintillation detectors. One DRS4 is in charge for sampling SiPM signals in Low-
Gain mode, the other for the High-Gain readout. The remaining channel at each
block without a detector connected was used for electronic and environmental noise
measurements and for estimating the crippling noise which was subtracted at the
signal channels. The IceTAD board (See Chapter 5.6.1) can be seen on the bottom of
the photo, placed one layer above the IceTAXI mainboard [66].
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Figure 5.28: Saturation and small signal non-linearity with 200 mV DC offset [69]

full waveform are then transferred to a micro-controller unit (Stamp9G45 from TasKit
GmbH) running Linux [68]. It handles the data formatting and transmission to the Ice-
Cube DAQ via an 100 Mbit Ethernet interface.

The relatively easy reconfiguration of the TAXI board was possible as different itera-
tions of the board have already been in use for cosmic ray air shower detection at a small
test array in Zeuthen and to study muon rates along a passage from northern Germany
to Neumayer Station at Antarctica. Trigger configuration, debugging and other firmware
and software updates can be performed remotely via the embedded Linux system on
IceTAXL

The DRS4 chip has an input range of A =1V and a low integral non-linearity (0.5 x
1072 at the 1V range). Together along with the ADC (+ 1 LSB!?) results in a slight non-
linearity. This very small non-linearity and the saturation of the DRS4 chip after offset
and gain correction is shown in Fig. 5.28.

For testing the analog signal transmission and digitization of IceTAXI itself, a pulse
generator connected to the IceTAXI Board was used to verify the working principle of
the DRS4 and 14-bit LTM9007-14 low power ADC [67]. The charge spectrum in Fig. 5.29
illustrates a 20ns long 400mV and 200mV pulse. We expect 80pC and 40pC of charge re-
spectively for these measurements and anticipate improving the calibration in the future.

To test the analog signal transmission from the IceScint detector to the IceTAXI the dif-
ferential transmission of a SiPM signal via 100 m has been demonstrated during the R&D
phase at DESY Zeuthen. The DC power for the differential line-driver was supplied over

12 east Significant Bit
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Figure 5.29: Charge distribution with 200mV (green) and 400mV (blue) pulses (both 20ns wide)
using a pulse generator [69].

another pair in the same cable to check for interferences, which were not observed. The
General Purpose Board, as part of the IceARM, that contains the signal shaping and is
part of the amplification chain, was tested at DESY Zeuthen, too, before it was shipped
to KIT for additional tests using the first assembled IceScint wooden prototype detector.

In summary, the key features of the IceTAXI are [53]

* An accurate and tuneable 25 MHz oscillator (HC49US Series, ECS Co. Ltd.,[70])
that is pulse aligned to an external GPS or White Rabbit PPS signal. In circum-
stances where the White Rabbit or GPS signal acquisition is not possible, accurate
timing is still possible with this oscillator. For the IceScint array, the White Rabbit
system is used to align to the pulse [71].

e The ADA4932-1[72] from Analog Devices GmbH is a high speed, low offset and
low noise voltage-feedback op-amp with adjustable gain that can be adjusted de-
pending on need. The offset is set via an 8-bit micro power octal DAC (DACO088S085,
National Semiconductor) enabling optimal usage of the available dynamic range.

¢ The Analog Devices” ADCMP604 [73] comparators are very fast and low-noise that
enables discrimination without the need for a lot of calibration.

¢ A Xilinx Spartan 6 (XC6SLX45) FPGA [54] provides input Serializer/Deserializer
blocks that are implemented along with input delay blocks allowing the board to
easily achieve nanosecond timing resolution.
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* The board features a ARM MCU (Stamp9G45 [68]) equipped with a 16-bit parallel
bus which has already been proven to be reliable and versatile and is in use in ex-
periments such as H.E.S.S. (High Energy Spectroscopic System), XFEL (X-ray Free
Electron Laser) and the digital trigger for CTA (Cherenkov Telescope Array).

* A DRS4 chip is operated at 2.5V, and around 1 Gigasamples per second which is
adjustable (up to 5 GS/s) and eight channels with selectable region of interest of up
to 1024 storage cells. These waveforms are then digitized with a 14-bit low-power
ADC (LTM9007-14, [67]) from Linear Technology.

* A targeted trigger rate of 0.5-1kHz per IceScint detector has to be handled. The

major factor contributing to the dead time is the digitization of the DRS4 output
(Chapter 8). While the DRS4 can be written to at 1 GHz/Sample, the readout is lim-
ited to about 30 MHz, leading to a deadtime of up to 35us to read out the entire 1024
sampling cells (Chapter 8). If necessary this can be reduced by selecting a smaller
region of interest. In addition, it can be cascaded with the other two DRS4 chips in
order to increase the trace, like done for the next version of IceTAXI with additional
radio antenna readout (Chapter 4).
To minimize data loss the readout strategy will be to wait for the maximum allow-
able time after a single-panel trigger before the DRS4 content is frozen and read
out. This way possible correlated signals from the same air shower in the other six
IceScint detectors will be in the 1 us long readout window. Leading and trailing
edge times of discriminator crossings occurring during the DRS4 readout deadtime
is still recorded.

The TAXI board requires 24V DC for operation. The average power consumption of the
stand-alone IceTAXI board during operation is 7 W. The average power consumption of
the IceTAXI board with seven IceScint detectors connected during operation is approx-
imately 10 W. The Stamp9G45 ARM CPU on the IceTAXI board provides a 100 Mb Eth-
ernet interface on a RJ45 connector. The data will be formatted and transferred from the
CPU®. This guarantees large flexibility and an easy adaption to IceCube requirements
and further integration in more detail into the IceCube data format system.

5.6.1 Interface with the SiPM readout system

The original TAXI was mainly developed to read out detectors built with PMTs. Among
others, to fulfill the other requirements of SiPMs compared to PMTs (Chapter 6), in co-
operation with Karl-Heinz Sulanke (DESY) an adapter board, IceTAD (Figure 5.30), was
developed. In addition it allows the half-duplex communication between the readout
electronic in the IceScint scintillators and therefore enables a serial communication to
control the detectors. This board is placed over the signal input section of the IceTAXI
board (Figure 5.27).

13Stamp9G45 ARM
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5. IceScint detector and IceTAXI DAQ

Figure 5.30: Picture of the IceTAD board as new interface for the IceScint detectors and the Ic-

eTAXI board.
— — — Discriminator threshold (0-255)
Ingoing signal
Sampled by DRS4
=
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Figure 5.31: Schematic of the IceTAXI trigger technique. The incoming signal needs to have
higher amplitudes which exceeds the set discriminator threshold, which is variable
between 0-255 decimal values which equals to threshold voltages in the mV region
(Chapter 8). The set discriminator level is sketched in dashed lines and the pulses as
solid red line. The, in terms of timing, first pulse (right) is going to pass the threshold,
the second one will not be recognized by the following IceTAXI subsystems.

5.6.2 IceTAXI trigger system

The trigger of the IceTAXI system for the IceScint station is a signal-over-threshold tech-
nique (Figure 5.31). The ingoing signal must have a higher amplitude value as the set
discriminator threshold. This discriminator value can be set between 0 and 255 decimal
values in one decimal steps. If the, in calibration measurements well defined pulses and
in normal measurements SiPM peaks, signal passes this threshold, the DRS4 will sample
the signal and the following IceTAXI subsystems will process the signal. The transforma-
tion from the decimal discriminator values to voltages is described in Chapter 8.

In Figure5.26 it is seen that the discriminators are placed directly after the IceTad
board, this entails at the beginning of the input side of the IceTAXI board. The calibration
measurements performed to transform the threshold levels (0 - 255) for each of the 8 input
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Freeze Testing

Average Trigger Rate (s ')
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Figure 5.32: The IceTAXI board tested in a freezer down to —75°C [69]

channels in a voltage can be found in Chapter 8. A cable pair on the IceScint connection
is integrated to inject electric pulses from the IceTAXI onboard FPGA into IceARM. Mea-
surements of the pulse time of the returning pulse with the TAXI board will allow us to
determine the pulse round-trip time and to derive the cable delay (Chapter 8). The RS485
signal cable pair will be used for this in a special time-calibration operation mode.

The behavior of the trigger rate at the IceTAXI board has also been tested in a freezer
down to —75°C with a cold reboot performed at —50°C. This test was conducted by
searching for coincident muons in a scintillator hodoscope set up. No irregularities were
observed as seen in Fig. 5.32.

5.6.3 Adjustments to SiPM waveforms processing

Since SiPMs have a significant higher dark count rate in the MHz region, compared to
photomultiplier (Chapter 6), the signal transfer and the cabling were chosen to fulfill a
sufficient shielding. To minimize additional interference noise from other experiments
and generally the environment at the South Pole, the SiPM signals are transferred double
ended instead of single ended (Figure 5.26 ).
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5. IceScint detector and IceTAXI DAQ

Variable Pulse Height, F = 1Hz Variable Pulse Width, F = 1Hz
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Figure 5.34: Left and Right: Ingoing rectangular pulse to IceTAXI, generated at a frequency gen-
erator and sampled with the DRS4 chip, sent via the IceTAXI EventReceiver to a
desktop PC. Left: Variation in the pulse amplitude. The dynamic range of 1V can be
seen. Right: Change of the pulse width. The trigger was set to the decreasing edge.
The offset to 0V can be moved in other voltage regions (like at this measurement to
U = 400mV).

The single ended analog SiPM signal is transferred via an Adapter board to the Read-
out board. The signal can be (at South Pole deployment) via Op-Amps amplified around
1.1 (Low-Gain) times and 9 (High-Gain) times (see Chapter 6 for exact measurements of
the total gain of the IceScint system) and in the Laboratory amplified by a factor of 5.

Figure 5.34 shows the use of the DRS4 sampling of IceTAXI to obtain the waveform of
the signal in order to debug and calibrate the IceScint detector readout. It is shown the
waveform sampling of a rectangular signal from a signal generator input. It shows the
variation of the amplitude of the signal (left) and the change of the pulse width (right).
The amplitude variation shows the dynamic range of the DRS4 chip of AU=1V. Pulses
higher than 1V are in saturation and can not be sampled correctly.

From these shown measurement it is clear that sampling waveforms is a great advan-
tage for calibrating and debugging a DAQ and detector system.

This feature of IceTAXI was used for the commissioning of the first IceScint station
installed at the South Pole (Chapters 7 and 8). For example, by this mode, the ADC,
discriminator threshold, trigger and gain calibration of the IceTAXI DAQ system itself
could be validated (Chapter 6).
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6 lceScint detector production, tests and
calibration

In this Chapter, the research and development phase for the detectors and the DAQ as
well as the resulting test and calibration measurements of the individual parts required
to ensure that the detector system operates at the South Pole conditions and to correctly
interpret the first measurement results of the commissioning runs are explained. Since
the first adjustments and improvements after the first scintillator review changed some
parts of the IceScint detector, in this Chapter only the measurements and calibration of
the finally deployed version of the IceScint station will be shown. This Chapter focuses on
showcasing the developed and used calibration devices and test setups used for the first
stations of the IceScint array which will be useful and applied for further development,
production and calibration for the full IceScint array.

6.1 First test devices for SiPM and fiber couplings

In the initial stages of this thesis many R&D efforts were necessary to meet fundamental
design decisions. To achieve the required 1.5 m? ionizing particles sensitive area per scin-
tillator, the interconnected components and their constraints throughout the whole de-
tector system are tied to the number of optical fiber ends up to the size of the photo-
sensitive SiPM area. Several items had to be considered and balanced:

¢ the photosensitive area of largest SiPM available (Hamamatsu S13360-6050PE, [52])
6 mm?) with a one channel readout of the single APDs,

¢ the amount of the chosen 1 mm? optical fiber in terms of photons loss at the SiPM
surface,

* the routing of the fiber with as small reflexional loss of photons [51] and the bending
radius of the fiber,

* the uniformity of the whole detector regarding a constant bending radius of the
fiber,

¢ the amount of scintillator bars for the detector, which is coupled with the amount
of fiber for the detector.

CADs and printed prototype mounts (Figure 6.1) were developed for this purpose.
For a 6 mm? photosensitive area of a SiPM, the maximum amount of 1 mm? fiber is 36.
This indicates, illustrated in Figure 6.1, that there is little space between two fibers and
between a fiber and the edges of the photosensitive area. This maximum number of
fiber would have caused some difficulties in production, most likely less light yield to
the SiPM and less uniformity of the single IceScint detector. As there is no dimensional
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Figure 6.1: Left: Simulation of the wavelength shifting fiber with 1 mm diameter placed on the
photosensitive surface of the chosen Hamamatsu SiPM series. The black area indicates
the photosensitive area of the SiPM and the green dots the fiber. As visible at the
picture, the maximum fiber size is 36 fibers. Due to the loss of photons, not enough
gap space for the optical cement and major changes necessary in the routing of the
fiber with the scintillation bars, a design was developed with 32s fiber at the SiPM.
Right: A first test device with a handmade double sided readout board. The board
(cooper plate) includes the SiPM readout electronic, an R5232 COM interface and pins
for the Anode and Cathode of the SIPM. The black 3D printed structure at the front
of the picture was to test the option to place 36s fiber at the SiPM. The cables can be
seen as green reflecting cut bundle in the holder. The SiPM soldered to the test board
is located on the other side of the bundle.

tolerance available in this configuration with 36 fiber, there would always be a potential
risk of damaging the outer sheathing of the fiber (Chapter 5) due to friction inside of
the Cookie during the production. In addition, there would also be limited space for the
optical cement to completely seal the optical coupling, i.e. the Cookie. Therefore the 32
fiber design was chosen which leads to a length of 1,875 m length of the scintillator bars.
For setting a limitation for the maximal bending radius of the fiber, measurements by the
manufacturer of the optical fiber were used. Figure 6.2 shows the loss of photons by the
bending loss vs the bending diameter of the optical fiber. Visible are two different curves
(dotted and squared) for two different sheathings of the fiber. For the IceScint detectors
the decision to use the “S type” sheathing. At a bending diameter larger than 5cm there
is a significant increase of a loss of photons due to the bending which equals to cracking
the fiber core. The routing was accurately developed in such a way that a larger bending
diameter than 10cm is not exceeded.

Summing up the considerations in this subchapter, the ideal combination of the indi-
vidual components, so the amount of scintillator bars, the amount of wavelength shifting
fiber and the photosensitive SiPM area with 6 mm? and as given detector requirement for
the ionizing particle sensitive detector area of 1.5 m2. In Table 6.1 the necessary additional
amount for the fiber routing and the coupling to the SiPM is considered.

6.2 Analog Readout Module (lceARM)

After the changes of the IceARM from the first wooden IceScint prototype detector to the
first series production of 24 detectors, explained in Chapter 5, the geometrical dimensions
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Figure 6.2: Bending loss vs. the bending diameter of the used optical fiber (dotted, “S Type”). The
rapid increase of bending loss is due to cracking of the fiber core [51].
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Figure 6.3: Left: Sketch of the chosen coupling system between the scintillator bars and the optical
fiber. The coupling decision was, among others, driven by reducing the amount of
reflected photons due to the bending loss of the fiber. Right: Picture of the routing of
the used four-bars coupling. The milled form keeps the bending radius constant and
ensures an uniform detector area, sensitive for ionizing particles.

of the whole Ice ARM electronic, inside the IceScint detectors, is defined to

Length=150 mm; 5.90 inch
Width=110 mm; 4.33 inch
Height=28 mm ;1.2 inch.

Figure 6.4 shows the fully assembled IceARM, installed into one IceScint detector. The
major testing and calibration procedures are described later in this Chapter.

6.2.1 Readout board

In Figure 6.5 the design of the final readout board is shown. It features the bias voltage
for the SiPM and for an analog and digital temperature sensor at the cookie board, three
different SiPM amplifications (1x, 5x, 10x), a Hamamatsu power supply and LC-circuits
as high-pass filter for the SiPM signal. The cookie board is connected via the adapter
board to the readout board.
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Table 6.1: Combination of the individual detector components for the achievement of a sensitive
detector area of 1.5m?2. For the optical fiber the additional length for the routing and
SiPM coupling is taken into account.

Scintillator bars (length) 1.875m
Scintillator bars (amount) #16
Optical fiber (length each) ~ 6m
Optical fiber (Iength in total) | ~ 96m
Optical fiber ends (amount) #32
SiPM photosensitive area 6mm?
IceScint detector area 1.5m?
IceScint detector volume 0.015m?

Optical fibers to the
scintillator bars

Adapter board

=

General purpose boa Readout board

d |

Figure 6.4: Photo of the fully assembled, tested, calibrated and into one IceScint detector installed
IceARM. Visible are all four developed boards, the optical coupling, part of the de-
veloped 3D printed fixtures and the optical fiber bundle, routed from the scintillator
bars.
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Figure 6.5: PCB front- (left) and backside (center) and photo (right) of the developed IceScint
readout board.

The readout board is transferring the SiPM signal (with different gain levels simultan-
eously) analog single ended to the GP-board. The monitoring info of the Hamamatsu
Power supply and the slow-mode control of the SiPM parameters is communicated via a
RS232 interface. The temperature values, after the decision to use an analog temperature
sensor, is transferred analog to the GP-board. The GP-board finally communicates via
double-ended differential (SiPM signal in High- and Low Gain) and R5485 ( slow-mode
control read and write, “smcrw”) with the IceTAXI station of the full IceScint array.

6.2.2 Adapter board

As there were many uncertain factors for the first season of using IceScint at the South
Pole, e.g., what are the tasks of the electronics or which experimental and electro-technical
parameters are important and may need to be modified, care was taken to design Ice ARM
as modular and flexible as possible. The adapter board (Figure 6.6), although it is only
a passive connection card, plays a major role in these considerations. Finally, it was
used to connect the Cookie board with the SiPM to the readout board and in combina-
tion with the GP board to give IceARM additional mechanical stability via the connect-
ors. The connection lines between the two D-Sub connectors was not needed for the
first IceScint detectors of the first three stations, but are later in use for additional SiPM
readouts (Chapter 10).

6.2.3 Cookie board

To connect the optical fiber to the SiPM and for the front-end readout of the signal, the
cookie board was developed. In addition, this cookie board provides a footprint for a
temperature sensor, installable close to the SiPM, to stabilize the SiPM gain via a temper-
ature bias-voltage control loop (Chapter 8).

The photosensitive area of the used SiPM (Figure 6.7) is geometrical asymmetric due to
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Figure 6.6: Routing (top) and PCB (bottom) of the adapter board. It is used to enable for the first
series of IceScint detectors a modular, flexible design. For the first 3 stations of IceScint,
the adapter is used to connect the cookie board with the readout board.

the inlet of the anode and cathode at one side. In order to in increase the dynamic range
regarding the total amount of the 64.000 Avalanche Photo-diodes (APDs) at the SiPM, the
footprint positioning was calculated and has been incorporated into the printed circuit
board design in a way that the photons which are emitted by the optical fiber have a
chance to hit and trigger all of the APDs. Figure 6.8 shows the dimension and the front
and back side of the cookie board. The round board design was chosen to provide an
easy connection with the optical coupling (e.g. the cookie). On the front side, the design
paid attention to having as few components and vias as possible to provide the optical
cement with the largest possible bonding surface. To simplify the positioning of the SiPM
and as a "fail safe" feature for manual control of the pick and place machine, the position
of the 6x6 mm?2 SiPM was marked in white on the front side. SAMTEC connectors [74]
were used for the rear side. Actually 6 connection pins, i.e. one SAMTEC connector,
would be enough (anode/cathode SiPM, 4x temperature sensor readout), but the number
of connectors was doubled to give the whole IceARM module additional mechanical
stability.

6.2.4 General purpose board

The general purpose board (Figure 6.9) was mainly developed by DESY Zeuthen in order
to ensure a stable and not error-prone communication and control between the readout
board and the IceTAXI DAQ. It contains line drivers to transmit the analog signal from
the scintillator panel to the FieldHub and a micro-controller for slow control (temper-
ature, SiPM bias voltage, and current monitoring and control) that is connected to the
IceTAXI DAQ via a R5485 interface. The communication with the Hamamatsu power
supply onboard the readout board and therefore the SiPM parameter adjustments is done
via a RS232 interface. The SiPM signal is modified from single-ended to differential for
both, high- and low-gain SiPM readout and transferred to IceTAXI (Chapter 5.3).
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Figure 6.7: The photosensitive area of the used SiPM from Hamamatsu is not symmetric com-
pared to both symmetric axis of the whole chip (a). Since the Cookie and the fiber
routing is symmetric and fits to the outer dimensions of the cookie board, the board
was developed within this thesis to ensure that as much photon as possible are hitting
the photosensitive area. (c) Shows the PCB of the cookie board and in (d) it is zoomed
into the asymmetric design of the soldering points of the SiPM at the cookie board due
to the SiPMs asymmetrical placement of the photosensitive area on its wafer.

6.2.5 3D printed parts for IceARM

For some major parts of the IceScint detectors, 3D printed structures where developed
and produced and some of them will are shown in this Subchapter. The filament for the
3D printer in ABS!, a thermoplastic polymer, is used. A major disadvantage of ABS is
its minor long-term resistance to UV light. The polymer becomes brittle and loses its
fracture resistance. However, as the 3D printed components are used only inside the
detector, therefore inside the black tube foil, they are only exposed to some UV light
during production.

As described in Chapter 6.4 and in [57] measurements and performance tests for low
temperature stability, even under mechanical stress, have been made and have shown
that the used 3D printed material is suitable for South Pole conditions.

For the key parts shown in Figure 6.10 of the detector readout, the analog readout of
the optical fiber and its optical coupling with IceARM, several 3D printed parts have been
developed.

! Acrylonitrile butadiene styrene
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Figure 6.8: The cookie board. Left: The front side of the board. To ensure an optimal glueing
result with the cookie, the optical cement and the fiber, the surface of the board is as
blank as possible. The white lined squared area is the position of the SiPM. Due to
the asymmetric SiPM the ideal footprint of the SiPM was marked in order to make
the soldering of the boards easier. Two of the soldering contacts at the front side are
for the anode and cathode of the SiPM, the remaining two contacts are for mechanical
stability. Right: Backside of the Cookie board. The soldering contacts “S1” and “S2”
are connecting via the adapter board the SiPM and the temperature sensor (small foot-
print bottom centred of the board) with the readout board and provide an option to
route it directly to the General Purpose board.
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Figure 6.9: Part numbering, PCB and picture of the GP-board. As a main feature it serves as inter-
section between the readout board of IceARM and the IceTAXI DAQ. It receives two
(high- and low gain) analog SiPM signals and modulates it into a double-ended dif-
ferential signal to subtract emitted noise at the South Pole which can be interfere with
the SiPM signal during the 70m cable between the IceScint detectors and the central
IceTAXI DAQ. In addition it communicates with the SiPM control by the Hamamatsu
power supply via a RS232.
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Figure 6.10: CADs and pictures of the developed mechanical multi purpose structures used in the
IceScint detectors. a) CAD of the whole setup for the fiber readout. It includes the two
3D printed parts of the cookie holder (orange, pink) and the fixture of the IceARM
(yellow). Picture b) shows the blank 3D printed parts. ¢c) CAD of IceARM including
the Cookie assembled and attached to the 3D printed parts. Picture d) shows the
full IceARM including the optical coupling and the fiber bundle. Alle parts in this
pictures are screwed together and connected to the wooden ground plate.

A simplified IceARM CAD model was designed? to speed up the development process.
The requirements for the fixture of the electronics and the optical coupling are followed:

¢ The mount must protect IceARM in all three degrees of clearance from possible
impacts on the detector housing during transport, deployment and from strong
winds.

¢ In order to increase the production speed of the detectors, it is reasonable to de-
sign the mounting kit so that IceARM can be completely assembled and pre-wired
independently of the rest of the detector.

* Since there are no wooden clamps and no other denser material than polystyrene
between the top and bottom plate, a form of " step protection" should be located
near IceARM. This was realized by the bracket between the Readout Board and the

2in Autodesk Inventor
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Figure 6.11: CADs and picture of the developed cookie holder and the modified cookie ( top
middle, not in scale). This mount keeps the cookie in position at possible impacts on
the detector housing during transport, deployment and from strong winds. The ad-
ditional stepping in the 3D printed holder in combination with the modified Cookie
adds additional safety for the optical cement connection, e.g. against fracture of the
cement.

GP Board. In addition, the height of the cookie holder (next point) was adjusted so
that it is almost form-fitting with the absolute internal dimensions of the detector.

¢ The cookie is cylindrical for (fast) manufacturing reasons and to simplify the de-
tector installation. This means that if the position of the detector, including the fiber,
were to change, the cookie would twist axially or roll away. This was achieved by
an additional two-stage mounting for the cookie (Figure 6.11).

¢ In addition to the optical cement that connects the fiber to the SiPM, the mounting
of IceARM, the cookie and the tangential degree of freedom could be connected to
each other for the safety of the connection, e.g. against fracture of the cement. This
was achieved by an additional stepping in the cookie holder and a later machined
grooved slot in the cookie (Figure 6.11).

6.3 Characteristics and function tests of the electronics

For pre-prototyping purposes and for the first IceScint detectors, several function tests,
characteristics and calibration of the whole Ice ARM electronics and IceTAXI DAQ have
been performed. For the purpose of clarity and in consideration of the full functionality
of the first IceScint Station at the South Pole, not each individual measurement of the
electronics will be discussed here. For each part of IceARM and of IceTAXI, a test routine
and inspection checklist was created together with students, which provide fundament-
ally checks for all parts of the 24 IceScint detectors. This ensured that the detectors and
DAQ were fully operational before being shipped to the South Pole (or other places such
as Madison, the IceCube headquarter). Figure 6.12 and Figure 6.13 show, as an example,
a test routine for measuring the stability of the Op-Amp gain of the readout board over
various pulse lengths. Two additional functional test measurements (overall gain of the
readout board and functional test of the temperature sensor) can be found in the attach-
ment. The characterization and calibration for IceTAXI is given in Chapter 8.
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Figure 6.12: Exemplary shown is the test routine setup for the readout board to measure the sta-
bility of the Op-Amp gain over various pulse lengths, which were selected of nano-
seconds intervals in which the whole SiPM pulse, e.g. the increasing edge and the
falling edge, fits in. This stability was checked, next to many other test routine meas-
urements, for every IceARM before the installation into the IceScint detector.

The main component to slow-mode control the readout board, read out the temperat-
ure and configure the SiPM on the cookie board, the python script of my master thesis [7]
was enhanced to fulfil the new requirements for scintillator based front-end readout and
control. A RS232 interface, since it is the easiest way to slow-mode control IceARM via
the IceTAXI DAQ, is used and, for test and calibration purposes, transformed via an ad-
apter into a more common USB interface. The software source code can be found in the
Appendix. A choice of the most important control commands is listed here:

¢ getOutputVoltage(self): "Query the voltage currently on supply output.”
* getOutputCurrent (self): "Query the measured output current.”

* getTemperature(self): "Query the measured output voltage."
¢ getTemperatureCorrectionFactor(self): “Query the setcorrection gradient (m—v) 7.
See Chapter 6.7 for details

¢ setTemperatureCorrectionFactor(self, dTl_s, dT2_s, dT1, dT2, tb): “Foren-
abling the temperature control loop (via the power supply)to set the gradients for
the control loop”

* getStatus(self): “Query an overview of set key parameters like SiPM voltage
on/off, overcurrent protection on/off, t-sensor connected yes/no, set SiPM bias
voltage, ...”

* setHighVoltageOutput(self, on): "Switch the high voltage output on and off."

* setTemperatureCompensationMode(self, on): "Enable and disable temperature
compensation mode."
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* resetPowersupply(self): "Reset power supply to default settings."
* setReferenceVoltage(self, voltage): "Setthe reference voltage (V)."

* getMonitoringInfo(self): "Get all measured and set parameters (e.g.: display
“everything”)"

¢ setOverCurrentProtection(self, on): "Set Over Current Protection Function
to protect the power supply and the SiPM"

* help(self): "Mostimportantand self-explaining”
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6. IceScint detector production, tests and calibration
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Figure 6.14: Left: Behavior of the SiPM operation voltage provided by the used power supply at
—70°C over time. The power supply [64] is constantly and stably working. Bottom
left: Power supply and a pen tip for scale. Next to it the soldered test board to in-
vestigate the power supply independently. Right: 3D-printed material test sample to
investigate the behavior under mechanical stress.

To ensure a possible and stable readout of the IceARMs inside the panels by IceTAXI,
therefore the opposite side of the readout chain, every physical channel (e.g. military
connector) was connected with every fully assembled IceARM, before it was installed
into the IceScint detectors and connected to the SiPM via the Cookie- and Adapter board.
At the SiPM signal input of the Readout board a pulse generator was connected and
reference rectangular pulses have been sent via the whole readout chain to IceTAXI. This
measurement principle was used to calibrate the ADCs of IceTAXI, too and is described
in more detail in Chapter 8.

In summary, great care has been taken to ensure that every single electronic component
of IceARM has been tested and calibrated for functionality for the IceScint detectors. Only
after all boards have operated within the tolerance range of the deviations found in the
data sheets, and have therefore shown full functionality, the complete IceARM modules
were installed in the IceScint detectors and finally lightproof sealed with black tube foil.

6.4 Temperature tests of the components

To investigate the behavior of the components at temperatures down to —70°C a pro-
grammable temperature chamber (Votsch VT 7021 [75]) is available at KIT.

Several temperature tests of the components were performed. To test the 3D-printed
material (Acrylonitrile butadiene styrene, ABS), which is used in the additional inner
photon shielding and inside the cookie to route the fibers and arrange the SiPM, test
samples were produced (Figure 6.14). The samples are tightened with a torque wrench at
different torques (22 Nm to 32Nm) to investigate the behavior under mechanical stress
and were stored for 24 hours at —70°C. Without storing at —70°C, one sample breaks at
room temperature at 31 Nm, one at 32 Nm and two of the samples (23 Nm and 27 Nm)
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6. IceScint detector production, tests and calibration

show bright lines in the material. The cooled down samples with torques between 22 Nm
and 30 Nm did not break or get cracks. Now, after nearly 2 years of operation of the first
IceScint station, the detectors are still operating and no indication was found yet that
there is any thermal or mechanical fatigue in the 3D printing components.

A main component of the analog readout module is the thumbnail-sized Hamamatsu
power supply C11204-02. A circuit board was produced to investigate the behavior of the
power supply at —70°C, independently of ARM. It was constantly biasing for five days
at —70°C. There is very low variation at the outgoing SiPM bias voltage ( Figure 6.14).
It was shut down and kept at —70°C for 25 hours and restarted again twice. This “cold
start” works [57]. As with the 3D printing materials, no change could be found in the
detector signals during continuous operation of the power supply at low temperatures.

The full ARM device has been tested at —70°C in the temperature chamber for 4.5 days
as part of the calibration measurements of the analog and digital temperature sensors,
including the glued cookie board inside the cookie and the SiPM. A dark count spectrum
at —70°C was obtained with an oscilloscope to investigate the behavior of the whole
module at low temperatures (Figure 6.23).

6.5 Characteristics of the SiPMs with SPOCK

The SiPM calibration measurements are performed in the Single Photon Calibration Stand
at KIT (SPOCK) (Figure 6.16, left) [76]. The calibration stand consists of a light-tight
wooden black box in which the measurement setup is placed. For calibration measure-
ments, pulsed LEDs of various wavelengths between 371 nm and 423 nm can be used.
During my bachelor thesis [2] I developed the light source of SPOCK. Initially the SPOCK
test stand was built for the calibration of the Multi-Anode Photomultiplier (MAPMTs,
Chapter 2) and part of the sensor module of the EUSO project. More details about the
modification of SPOCK to distinguish the efficiency of each SiPM and its optimal opera-
tional parameters used for, among others, IceScint can be found in my master thesis [7].

The pulsed LED is attached to an entrance port of an integrating sphere * (Figure 6.15)
which works as a splitter and diffuser of the incoming photons of the LED. One exit
port of the integrating sphere [77] houses a NIST-calibrated photo diode # with which the
optical power inside of the integrating sphere can be measured precisely [2]. The UV-
light from the LED-array is diffusely reflected inside the integrating sphere. The sphere’s
inside is made of PTFE ® which reflects 98% of UV-light in the region of 300-430 nm.
The sphere is working as a beam splitter and a diffuser. The number of photons N can
be calculated via the measurement of the number of photons inside the sphere. This is
done by placing a calibrated photodiode at the collimator exit. As a result the number
of emitted photons N is known. By measuring the amount of detected photons Ng;py
of the SiPM the ratio N&% corresponds to the photo detection efficiency of the SiPM
at this wavelength, the set bias voltage and the ambient temperature. A more detailed
description can be found in [76].

A collimator is attached to the second exit port of the integrating sphere to reduce the

3Labsphere 3P-GPS-053-SL
40sI Opto-electronics UV-100
SPolytetrafluoretylene
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6. IceScint detector production, tests and calibration

Photon shielding
LED-array
Photodiode 2 / Detector Integrating
Collimator sphere
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Figure 6.15: Single Photon Calibration Stand at KIT (SPOCK), edited from [76]. This setup has
been used to characterize each SiPM which was afterwards glued with an optical
cement into the IceScint detectors to read out the optical fibers which are routing
the scintillation bars. A optical cable connects the light source (LED-Array) to the
integrating sphere and a Collimator is directly connected to one of the outputs of the
integrating sphere. On the second exit port is a calibrated photo diode mounted in
order to measure and control the photon flux. The SiPM is located directly in front
of the collimator opening. The functions and sequence of the individual components
are explained in the corresponding text.

outgoing optical power by a factor of about 10-°. With this optical setup, light pulses
down to one photon per pulse can be send to the SiPM which has to be calibrated. Be-
cause of the low gain of the photodiode and the strong collimator reduction, the whole
LED-array is set to continuously emit light. The collimator factor R only depends on the
collimator geometry and is measured very precisely with both photodiodes. The number
of photons N can be calculated via the measurements of the number of photons inside
the sphere. As a result the number of emitted photons N is known. By measuring the
amount of detected photons Ng;pps of the SiPM the ratio N&% corresponds to the detec-
tion efficiency of the SiPM at this wavelength and temperature [7]

For the calibration of SiPMS, the positive SiPM signals are inverted and guided to a
Queued Analog-to-Digital Converter (QADC). The QADC measures the charge of the
incoming signal during an adjustable gate time which is synchronized with the pulse
time of the LED. By sending light pulses containing several photons per pulse to the
SiPM and measuring the charge of the resulting SiPM signals, a finger spectrum can be
recorded like it can be seen in Figure6.18. The pedestal peak as well as the first and
the second photo-electron (p.e.) peaks are visible. To illustrate the step between the
photon pulse and the integrated voltage in terms of ADC values for the charge deposit,
Figure 6.17 can be considered. It shows the test setup inside of SPOCK which consists
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Power Supplys
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Puls Generator
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Electronics

: Multiplexer

Figure 6.16: Single Photon Calibration Stand at KIT (SPOCK). This setup has been used to charac-
terize each SiPMs, soldered on the cookie boards, which were glued into the IceScint
detectors. With the SPOCK setup it is possible to emit close to single photons per
pulse with an uniform scattering at different wavelengths, depending on the sensi-
tive wavelength range of the photosensor to be calibrated.

of the integrating sphere with the LED array (Figure 6.15) and the cookie board with the
SiPM on it.

The readout is done via an oscilloscope. In yellow the photon gates are visible and
in the colored persistence mode the response of the SiPM. It shows the typical sharp
increasing flank and the exponential drop down to the baseline in a nice manner. Uni-
form SiPM responses and less dark counts and crosstalk is visible which enables a correct
integration behavior of the QADCs, resulting in single photo electron (SPE) charge spec-
tra (Figure 6.18) and its analysis (Figure 6.19 and following).

The positive SiPM signal is inverted via the linear fan-in/fan-out and the inverted sig-
nal is sent to the QADC. The calibrated QADC converts the voltage of the SiPM input
signal into a charge stage or QADC channel respectively. This channels are divided into
a higher and a lower charge range. Since the charge does not exceed 100 pC for SiPM
signals, even with the highest Op-Amp amplification of IceARM, only the lower measur-
ing range up to 100 pC is of interest. The QADC is connected to the DAQ computer via
USB cable, where the QADC signals are read out with a Labview program and a charge
respectively ADC spectra can be obtained (Figure 6.18).

By measuring finger spectra at different over voltages and dark spectra during which
no light pulses have been emitted to the SiPM, information about the breakdown voltage,
the gain, the photo detection efficiency (PDE) (Figure 6.19), the dark count rate, and the
crosstalk probability (Figure 6.20) can be obtained by an automated calibration procedure
with the SPOCK setup [7]. The characterization with SPOCK and IceARM was made for
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6. IceScint detector production, tests and calibration

Figure 6.17: Left: Picture of the test setup to measure the cookie board, connected via optical glue

Entries

to the cookie, included the 32 fiber which are cut off and the surface of the cookie
was polished. The integrating sphere emit photons, produced in a LED array to the
fiber which are transporting the photons to the SiPM surface. The integrating sphere
and the LED array and its pulser is controlled via SPOCK, the analog SiPM signal is
read out by an oscilloscope. Right: Screenshot of the oscilloscope, showing the SiPM
response by emitting photons to the photosensitive area of the SiPM. The photon
gates (~ 10-13 photons per pulse ) is shown in yellow, the response of the SiPM is
shown in persistence mode (heat map). The voltage scaling is 1 % for the LED pulse
1%

and 10 % and the time scaling for both 1 .
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Figure 6.18: Left: SiPM single photoelectron charge spectrum measured by using the Hamamatsu

SiPM evaluation board electronics [78] and SPOCK. This kind of (low charge range)
spectra are called “finger spectra” since single photo electron “fingers” are visible.
Right: Example of the SiPM finger spectrum resolution obtained within the within
this thesis developed IceARM readout electronic for the IceScint scintillation detect-
ors and with SPOCK. The dark count rate, the gain, the PDE, the after pulse rate and
the crosstalk probability can be obtained from the finger spectrum.
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Figure 6.19: Calibration results for the installed SiPMs into an IceScint detector. It shows the PDE
and the Gain of one specific SiPM versus the applied overvoltage [79]. The behavior
is as expected as known from the working principle of SiPMs. With a higher over-
voltage the gain of the SiPM increases, but the Dark Count rate, too. The calibration
results were obtained out of the recorded finger spectra with SPOCK at a specific
wavelength and at room temperature.

all the used SiPM [79]. A systematic derivation of how to obtain the these key metrics of
the used SiPMs can be found in this thesis.

The increase of the dark count rate and the crosstalk probability is negligible for scintil-
lators, because the MIP hits and its light yield with IceScint (Figure 6.36), are with ~4%7E
significantly higher than these noise effects. For the construction of a imaging camera
out of SiPMs for air shower fluorescence light detection the crosstalk probability and the
dark count rate contribute a great part to the signal-to-noise ratio [20], see also Chapter 2.

Since the amplification factor (gain) of SiPM is of great interest for the uniformity of
as example the IceScint detector array and how to distinguish operation parameters for
SiPMs, a short derivation of how the gain of SiPMs can be determined under laboratory
conditions follows. The quality of the uniformity regarding the gain of the IceScint array
prototype station in real measurement conditions at the South Pole is under investigation
in Chapter 8. In addition, the gain is of interest for the Cold-SPOCK upgrade which was
developed within this thesis to obtain finger spectra for low temperature SiPM character-
izations described in the Subchapter 6.6.

The p-n junction of a SiPM can be seen as a capacitor with capacitance C:

Q VOZ]

G==-c. (6.5.1)

Where Q is the charge deposit into the DAQ, e the elementary charge and V,, the over-
voltage with Vi, = Vyigs — Virear- Where V54 is the applied voltage on the SiPM and Ve
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Figure 6.20: Calibration results for the installed SiPMs into an IceScint detector. It shows the
Crosstalk probability and the dark count rate of one specific SiPM versus the applied
overvoltage [79]. The behavior is as expected as known from the working principle of
SiPMs. With a higher overvoltage the crosstalk probability and the dark count rate of
the SiPM increases. The calibrations results were obtained out of the recorded finger
spectra with SPOCK at a specific wavelength and at room temperature. The increase
of the dark count rate and the crosstalk probability is negligible for scintillators, be-
cause the MIP hits and its light yield with IceScint are significantly higher than these
noise effects.

the break down voltage of the SiPM.

It follows that the gain G is proportional to the overvoltage V,,. To determine G at a
given V,,, a finger spectrum is recorded, as shown in Figure 6.18. The positions of the
individual peaks are determined by fitting Gaussian curves with the following shape:

A x—x 2
. peak peak >
xX) = cexp | -2 | —— (6.5.2)
T = p( ( 20 )
Where x is the QADC channel, f (x) the QADC channel entries, x .4 the peak position
in the charge spectrum, A the events in the Gaussian fit and ¢ the standard deviation.
The distances of the individual peaks in the spectrum to their neighboring peaks cor-

respond to the gain in units of the QADC channels. The conversion to the actual gain Gis
done with

Gchcmnel -k
A-e
With the amplification in units of the QADC channels G 1, the transformation fac-

G = (6.5.3)
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tor from channel to charge k and the amplification factor of the signal A. The statistical
and systematic uncertainties on the value of the gain result from the uncertainties on the
conversion of QADC channels to the actual gain and the uncertainties on the determi-
nation of the peak positions. This leads to the statistical uncertainty on the gain factor
0

2 k ? ( Genannel 2
cnanne,
UG = <A e ’ UGChnnnel) + < A-e : Uk) ’ (654)
and the systematic uncertainty on the gain Ag
k ?( Genannel > ( Genannel K 2
Az — . cnanne, . cnanne. . 5.
(A-e U'GCh(mm,,) + ( Ao Uk) + <A2-€ UA) , (6.5.5)

with the uncertainty of the transformation factor oy and the amplification c4. These
uncertainties are, as example, used in Figure 6.19.

Figure 6.22 shows a table with the performed measurements of each SiPM which is in
use for the scintillator read out of the IceScint detectors. For the normalization of the
charge histograms during the measurement runs at the South Pole the PDE is important.
The gain and the bias voltage is used for the gain stabilizing temperature control loop of
the SiPMs to ensure an uniform detector array (Chapter 6.7).
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6. IceScint detector production, tests and calibration

Another example of a preparation test is the uniformity of the SiPM area. Figure 6.22
shows the setup for characterisation and functional tests of the Cookie board and the
SiPM. Like with the IceARM electronics, each Cookie board was tested and each SiPM,
soldered on it, tested and calibrated (Figure ??). The uniformity regarding the gain and
light yield of the IceScint detectors is influenced by a bunch of different components
(Chapter5). At the end of the optical part, i.e. the intersection between the fiber bundle
and the SiPM, the uniformity of the photosensitive area of the SiPM regarding the photo
detection efficiency (PDE) is important, since the light yield of the fiber, and therefore the
MIP induced photon bunch from different parts of the scintillator bars of the detector, is
distributed to a region of the photosensitive area (Figure 6.1). A SiPM which is used for
IceScint was scanned via a collimator and the PDE was determined in different regions on
the 6x6 mm? area with its ~56000 APDs. No significant differences were found between
the regions (Figure 6.22, right) that would major affect the performance of the detector.
At this point it is referred to [79] for further analysis and information.

6.6 SiPM calibration in a cold environment

To obtain the gain and the dark count spectrum of the SiPM as well as its changes dur-
ing temperature cycles, first measurements were done by applying the bias voltage and
connect the readout board to the SiPM, which was placed into the cooling chamber ( Fig-
ure 6.23). Dark count spectra were recorded at days long measurement cycles to, as initial
test, check if the chosen SiPM [52] is operating at low temperatures below —70°C since the
data sheet only ensures a operation assurance at ambient temperatures of above 0°C. At
a first glance, by analyzing the waveforms and the charge spectra of dark counts at low
temperatures, no major changes in the operation of the SiPM was found. To ensure a
stable photo detection efficiency and other key characteristics of SiPMs like the crosstalk
probability, well defined light pulses have to be emitted to the photosensitive area of the
SiPM and its flux counter-measured like with the SPOCK setup, as described above.

To enable these cold temperature measurements, an upgrade of the SPOCK setup was
developed in the frame of this thesis. It includes several components in order to obtain
key parameters for the operation of SiPM at low temperatures like down to -70°C. In this
subchapter a short summary of Cold-SPOCK follows. In more detail, Cold-SPOCK is
described in the bachelor thesis of Branko Mitic [80].

In order to ensure, for example, that the gain factor is correctly determined at low
temperatures, only the collimator and the SiPM and its front-end electronic are allowed
in the cold chamber (Figure 6.25). The reason for this is to avoid systematic and statistical
uncertainties caused by temperature changes of as many components as possible, such
as the narrowband LEDs. For this reason the integrating sphere and the photodiode are
located outside the cold chamber and are in a dark box. The photon pulses are brought
into the cold chamber via a light guide and onto the photosensitive surface of the SiPM.

Figure 6.26 shows one result of the Cold-SPOCK measurements. The gain of an identical
SiPM was measured at different temperatures at two different measurement cycles. The
pre-measurements, like the temperature dependency of the collimator or the change in
the sensitivity of the photodiode can be found in this [80]. In addition, the changes in
the dark count rate of the SiPMs at different temperatures are also detailed in[80]. For
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Figure 6.22: Right: Close-up of the measurement setup for characterizing cookie board and the
SiPMs mounted on it. The reference light source consists of the integrating sphere,
the collimator and a LED-array which is not shown in the photo but explained in
Chapter 5. The light pulses from the LED become isotropically distributed by the
integrating sphere; The collimator attenuates the intensity of the light exiting the
integrating sphere down to a level of one photon per pulse hitting the SiPM surface.
The photo was taken with a white cardboard inside of SPOCK in respect for a better
contrast [79]. Right: Scanning the of different regions of the SiPM photosensitive
area ( 6x6 mm? ) with its ~56000 APDs. In respect of the statistical uncertainty of the
PDE measurement routine and the collimator positioning, no significant differences
were found in the uniformity of the PDE of the SiPM regarding the illuminated APD
region.

File Vertical Timebase Trigger Displ s Measure Math Analysis

Measure P1:arealCT) P2:max(C1) P3--- Pa-- P5-frea@v(C1) P PT--- Pg- .-
value 47.39154 pVs 1.3 mv
status v v

T 100 #/ci
200 m!

TELEDYNE LECROY 33112017 6:08:15AM

Figure 6.23: Dark count spectrum obtained with ARM and the full optical coupling at —70°C.
The full device is working at low temperatures. The measurement was done with the
IceARM readout, the optical coupling, the temperature chamber and an oscilloscope.
The whole system (SiPM and IceARM) is operating at —70°C. Small p.e. fingers are
visible since the temperature chamber was, at this point, not as light tight as SPOCK.
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Figure 6.24: Sketch of Cold-SPOCK, edited from [80]. The developed components are numbered.
1. LED (different wavelengths with narrow-band emission distribution)
2. Optical fiber (Thorlabs M93L01 [81])
3. Integrating Sphere (Labsphere 4P-GPS-010-SL [82])
4. Photodiode with new fixture (Ophir Photonics PD-300 and PD300UV [83])
5. Temperature Chamber (Votsch VT 7021 [84])
6. New developed collimator
7 Additional photon shielding

the gain measurements, since it was not sure not sure if, as example, the wafer or the
outer surface layer of the SiPM survives both, a cooling cycle and a heating cycle, in both
temperature directions were changed.

The linear fit function parameters for the whole measurement cycle of this example
IceSinct SiPM characterization, so cooling down and heating up combined, are shown in
Table 6.2.

The value for R? is close to 1, the normalized RMSE is sufficiently small at 1.2 % and
the Chi-square test of goodness-of-fit shows that the variables are interdependent. There-
fore the gain is highly temperature dependent and needs to be stabilized for a uniform
IceScint detector array, which is described in the next subchapter.

Figure 6.27 shows the origin of one single measurement point of Figure 6.26. The gain
was obtained by fitting the finger spectra peaks, which was recorded at a specific temper-
ature, like described above when we discussed SPOCK. In addition, it shows the huge
difference of operating SiPMs at room temperatures or at temperatures like found at the
South Pole.

As example, the dark counts nearly vanish at low temperatures. This can be seen by
the entries between the pedestal and 1 PE fingers which is showcasing the capabilities
and advantages of the usage of SiPM at low temperatures. Since the light yield of the
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Figure 6.25: Block diagram of the Cold-SPOCK upgrade (edited from [80]). All components which
are not drawn inside the temperature chamber (center) or the new photon shielding
(left) are part of SPOCK. The addon consists of the new mechanical and electrical
interface for the SiPM inside of the temperature chamber, a new photon shielding, a
new integrating sphere and its ports.
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Figure 6.26: The gain of a IceScint SiPM versus the temperature during the cooling and heating
process from 20°C to —70°C and back to 20°C, edited from [80]. The linear behaviour,
when plotted logarithmically, is also clearly visible for the combined data sets. As
shown, the gain is highly temperature dependent and needs to be stabilized for a
uniform IceScint detector array.
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Entries
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Figure 6.27: Top: Finger spectra of one IceScint SiPM at 20°C, recorded with the Cold-SPOCK
setup. Bottom: Same measurement with the same SiPM operation voltage, same
setup but recorded at —70°C (edited from [80]). It shows the increase of gain of the
SiPM by decreasing temperature. For a uniform IceScint detector array, the gain have
to be stabilized for each detector. In addition the dark count rate nearly vanish at
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Table 6.2: Fit function parameters for Figure 6.26.

Gradient —5.34-10* + 1.87-102
Y-axis intercept 3.33-10° + 6.84-10°
Standard derivation 1.86 - 102
R 0.998
RMSE 6.28 - 10*
RMSE (normalized) 12172
XZ static = 1.86 - 10°, pvalue = 0.0
Hamamatsu S13360-6050PE
T=+20°C
1000 1500 2000 2500 3000 3500
Hamamatsu S13360-6050PE
T=-70°C
1000 1500 2000 2500 3000 3500

QADC channel

temperatures like found at the South Pole.
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IceScint detectors is high, the dark count rate is not as important as like with imaging
telescopes.

The next subchapter explains the stabilization of the gain by using a temperature con-
trol loop which was developed within this thesis.

6.7 Temperature control loop for the SiPMs

Since SiPMs are semiconductor-based, their characteristics are highly temperature de-
pendent. The temperature dependence of the breakdown voltage can be explained by
the ionization rate B (E, T) [7]. Due to Brownian motion at higher temperatures, charge
carriers lose more energy through crystal lattice scattering. Therefore, the electric field
strength must be increased to provide sufficient energy for ionization. The ionization
rate (E, T) depends on three parameters, the ionization energy threshold ¢;, the energy of
the optical phonons €; and the mean free path length of a charge carrier A (T) within the
crystal lattice.

The ionization rate can be expressed by two different models in relation to the strength
of the electric field. For weak electric fields, the charge carriers would have to move
within the crystal lattice without scattering to reach the ionization energy threshold ;.
The ionization rate B (E, T) can be described, with the electric field strength E, the tem-
perature T and the elementary charge g as

pEm =15 e (1r)

At strong electric field strength, i.e. the SiPMs operate in Geiger mode [7], the energy
loss of the charge carriers due to scattering is smaller than the energy gained during
acceleration by the electric field. The ionization rate can be approximated to

B(ET) ~ exp (w_i(;)smz> |

A more detailed derivation can be found in my master thesis. Figure 6.28 shows the
behaviour of the gain and breakdown voltage depending on temperature and illustrates
the need to regulate the operating parameters of SiPMs in real time during scintillator
measurements. If no control-loop would keep the, for example, gain stable, it would
be unequal at different times and at different detectors at the South Pole and it would
not be possible to deduce from the charge deposition the number of ionized particles
interacting with the scintillator material. In addition, it is visible that the producer of the
used SiPM for IceScint, Hamamatsu photonics, just checked the operating temperature
and the performance of SiPMs only to —20 C. To ensure the operation of the SiPMs at
South Pole temperature conditions, the SPOCK upgrade was necessary and applied.

The invented control loop was realized based on controlling the bias voltage of the
SiPMs during operation, with simultaneous temperature measurement directly at the
SiPM inside the detectors. To achieve this, detailed pre-measurements in the lab were
necessary, such as the gradient Alg;pys of the temperature dependence of the breakdown
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Figure 6.28: Left: Gain vs. ambient temperature of a typical SiPM used for IceScint at fixed reserve
voltage. The idea of the temperature control loop is to keep the gain stable, therefore
keeping the gradient Ciacm close to zero. Right: Reserve or breakdown voltage vs
ambient temperature with fixed gain [85]. At this point the temperature control loop
has its working principle. By adjusting the bias voltage the gain of the SiPM can be

stabilized at changing ambient temperature.

voltage of the SiPM, the optimal operating voltage of the SiPM at room temperature
Usipm (25°c), determined with SPOCK and the conversion of the values of the analog tem-
perature sensor. These two parameters were measured for each produced IceARM and
each installed SiPM into the detectors.

The conversion between the decimal values, i.e. the values given by IceTAXI, and the
temperature next to the SiPMs can be calculated to ©

Tiec,fit = 0,08 - T> — 209 - T + 43562 (6.7.6)
d
Toe A —209 - % T + 43562 - dec 6.7.7)
43562 — Ty,
= Tr TR (6.7.8)

By distinguishing AUs;pp and Ug;pas (252c) in the lab, the only necessary input of the
control loop during the air-shower measurements at the South Pole are

Usipym = Function of temperature T

T = Function of decimal value.

The quadratic term is dropped in respect of the larger systematic measurement uncertainties.
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Figure 6.29: Shown is one calibration example of the temperature sensor behaviour of one of the
26 IceARM electronics for the IceScint detectors, measured in the IKP cooling cham-
ber. To investigate possible influence of the IceTAXI DAQ and in order to cross-check
the readout software on IceTAXI, the temperature was read out analogue and fitted
with the readout board (lila) and with the full DAQ system (green) each. The influ-
ence of the data processing and conversation by IceTAXI is negligible in respect of
the systematic uncertainty of the temperature sensor of AT = £0.25°C.

This leads to a general temperature-gain-control loop formula of:

mV
Usipm = Usipp (25°:0)V — AUsipm ol AT (6.7.9)
mV
uSiPM<T) :USiPM (25°C)V — AUSipM T . (25°C — T) (6710)

By using these two, in the lab, pre-measured values, the control loop formulas for the
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first IceScint station at the South Pole is given to:

Upanet o027, = 56.89V — 0.022 Kc - (25°C — W) = IceTAX Ichannet 3 (6.7.11)
Upanet 004y, = 56.61V — 0.021 KC - (25°C — % ) = IceTAX Ichamer 4 (6.7.12)
Upanero0s g, = 5645V — 0.019 ZC - (25°C — %) = IceTAXIchanner 2 (6.7.13)
Upanet 0067, = 56.56V — 0.022 Kc - (25°C — W) = IceTAXIchanne 6 (6.7.14)
Upanet o077, = 56.76V — 0.024 KC - (25°C — %) = IceTAXIchanet 5 (6.7.15)
Upanet o0s 7, = 56.64V — 0.022 KC - (25°C — % ) = IceTAXIchanne 0 (6.7.16)
Upaner 009y, = 56.84V — 0.020 KC - (25°C — %) = IceTAXIchanne 1. (6.7.17)

After all, the control-loop stabilize the gain of each at the South Pole deployed IceScint
detector and enables a uniform IceScint detector station in which the integrated charge
deposition per detector is only dependent on the incident particles and is not affected by
the thermal fluctuations of the p.e. gain of the individual SiPM. The performance of this
control-loop is discussed in Chapters 8 and 9.

6.8 Test Measurements with the KIT Muon Tracking
Detector

In order to examine the developed and built IceScint scintillation detectors for function-
ality and to determine their efficiency, the muon tracking tower is available at the IKP.
This setup allows semi-automated determination of general parameters, such as the 5
ratio, but also to determine the uniformity and efficiency with respect to the scintillator
and the optical coupling in different areas of the detector by means of a 1x1 cm? spatial
resolution of the incoming HE electrons and muons.

In this subchapter the operation of the muon tower is explained, the measurements
performed and an analysis of the efficiency distribution of the individual IceScint detect-
ors described.

6.8.1 Measurement principle of the muon tracking detector

At the KASCADE experiment at Karlsruhe, a muon detector with limited streamer tube
(LST) chambers was in operation [86]. The muon detector was placed close the central
detector and its purpose was to investigate the muonic component of air showers Fig-
ure (6.30). Next to the usage in classical hodoscope conditions (placement of detectors on
top of each other, different trigger levels at each stage), the muon detector is able to track
muons due to its good spatial resolution of LST chambers. The design and the size of the
chambers allowed a spatial resolution of 1x1 cm?.
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Figure 6.30: Cross-section of the KASCADE Muon tracking detector, the origin of the muon
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In recent past, for the calibration of surface detectors like the AugerPrime SSD (Chap-
ter 2), a part of the KASCADE muon detector was refurbished, fitted to the purpose of
obtaining key parameters of new surface detectors.

For the IceScint prototypes and the first three IceScint stations with 7 detectors each,
the muon tracking detector was adjusted to read out IceARM and, later, use IceTAXI in
between, in order to calibrate the IceScint detectors, too. An example of the placement of
an IceScint detector can be seen in Figure 6.31.

6.8.2 Calibration procedure of the IceScint detectors

In order to define the amount of photo electrons (PE) per MIP, for check of production
errors like broken optical fiber routing, uniformity of the sensitive area, electrotechnical
issues and for general functionality per developed and produced detector, each detector
was tested in several measurement procedures before shipping to the South Pole or the
Physical Science Lab in Madison. For the following measurements, following colour code
and units for the charge histograms and the muon tomography are used:

e Green: All pulses respectively charged particles which fulfilled the trigger condi-
tion of the muon tower

¢ Blue: MIP - Window selected pulses

e Red: MIP -Window selected pulses with charge corrected by cos (6) of the muon
track

* Black: Only PE / pulses
* h: Pulse height or peak (usually given in V units)
¢ g: Charge of the pulse (usually in Me units)

 AoP: Area over Peak, AoP = }. Effective pulse length (usually given in ns units)
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Figure 6.31: Left: Setup for the calibration and efficiency measurements with the muon tracking
detector. Right: Photo of the setup. Every IceScint detector was place at the same
position and height, between the bottom and middle LST panel (#2 and #3).

6.8.3 Muon tower tomography and charge histograms

Just before the final production step of one IceScint detector, the riveting of the alu-
minium housing in order to mechanically close the detector, a final test procedure was
performed to each detector. For this purpose the muon tower was used. The Setup of the
calibration measurements with the muon tower can be seen as schematic and as photo in
Figure 6.31). In order to increase the analysis speed, every IceScint detector was placed
at the same position in comparison with the three LST panels of the muon tower.

The results of the muon tower measurements are explained exemplary at one IceScint
detector (#006), since the performance of all detectors is very similar (Figure 6.36). The
measurement results for all the other IceScint detectors can be found in the Appendix.
The main performance results like the charge histogram with the MIP peaks and the
efficiency of the detectors are discussed in more detail in the following.

During the first series of test measurements a high-frequency (MHz) oscillating noise
was registered by the Muon Tower DAQ. This resulted from a common-mode noise, in-
duced by the different terminating resistors of IceARM respectively the GP-Board, which
were chosen for the readout by IceTAXI, and the Muon Tower DAQ. Common-mode dis-
turbances are caused by common-mode interference sources, the origin of which can be
found in capacitive coupling, potential elevations of ground or grounding points or in
potential differences of grounding points that are spatially separated. Common mode in-
terference sources occur in an equivalent electrical circuit between a circuit and ground.
A common mode noise filter (CMNF) removes the source of interference (Figure 6.32).
Due to time pressure, a CMNF from an old Ethernet network card was used. This en-
abled the following analysis of the IceScint detectors with the Muon Tower.
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Figure 6.32: Sketch of the common mode noise cancellation between the differential analog SiPM

signal and the muon tower.

Caption for Figure 6.33; Muon tower histograms:

(a) Charge histogram recorded and integrated with the muon tower and integrated
after the usage of the peak finding algorithm which seeks the recorded waveform
traces of the IceScint detector during the coincidence gate of the muon tower for
SiPM peaks.

(b) Charge histogram of (a), but of the logarithm of the charge. This graph provides
a quick indication of the signal-to-noise ratio (MIP/VMIP peak vs. Noise/PE peak),
i.e. the functionality of the detector.

(c) Pulse height (peak) histogram. The average pulse height of the detector, after
the SiPM amplification, the readout board amplification and the cable suppression
can be seen.

(d) Area-over-peak (AoP) histogram. Pulses are affectively 130 ns long. This scales
with the full-system amplification and shows, among others, if the used 70 m cable
shows a higher impedance is eventually damaged.

(e) Histogram of number of pulses per trace. Increased tail means light leakage,
i.e. a damaged photon shielding of the detector or increased electronic noise or
common-mode interferences.

(f) Pulse arrival times (x-axis) and Ig (k) (y-axis) vs. the muon trigger (at t = 0).
This basic plot contains a lot of information about the actual detector performance.

Caption for Figure 6.34; Muon tower tomography plots:

(g) Mean vertical-equivalent charge (q) over the detector. The uniformity shows
that the amount of generated and collected photons in the scintillator are uniform
distributed over the whole detector area and that the optical coupling with the fiber
to the SiPM is uniform, too.

(h) The same figure as (g), but in logarithmic scale. In this scale of the vertical-
equivalent charge the single fiber of the detector are visible.

(i) Mean Area-over-Peak (AoP) over the detector. It shows the mean of the recor-
ded and integrated SiPM pulses. The detector shows an uniform distribution of the
SiPM pulses. In addition, even the fiber bundle (x = 0.8-1.4m and y = 2.7-3.1m)
are visible, therefore the fibers are detecting a significant amount of MIP induced
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Figure 6.33: Muon tower histograms for (exemplary) the IceScint #006 detector. The figures (a) -

(f) are explained in the text.
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Figure 6.34: Muon tower tomography plots for (exemplary) the IceScint #006 detector. The figures
(g) - (1) are explained in the text.
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Maximum 45.55 %
Minimum 35.56 %
Mean | 39.43 +0,57 5
o 2.47

Table 6.3: Distribution properties of the % histogram. In mean, the produced series of 23 detec-

tors have in mean a yield of 39.43 % with, as far as possible to distinguish with this
small series production, very less variation in the performance.

photons without scintillation bars. This effect is slightly different used for an out-
reach experiment (Chapter 10).

* (j) Projection of the mean log-charge along the x-axis. Shown is the charge dis-
tribution along the width of the detector, the length is in “z-axis”. It shows the
uniformity of detector and would reveal a cracked optical fiber or a bad optical
coupling.

¢ (k) Projection of the mean log-charge along the y-axis. Shown is the charge dis-
tribution along the length of the detector, the width is in “z-axis”. It also shows
the uniformity of detector and would reveal a cracked optical fiber or a bad optical
coupling, too.

¢ () IceScint detector hits divided by total muon tracks of the muon tower which
equals to the efficiency of the detector. Black equals 100 percent. Like in (i), even
the fiber bundle towards the SiPM coupling is visible.

6.8.4 Results charge deposits and histograms

In this subchapter, the most important measurements are explained and analysed in de-
tail in order to be able to make reliable statements about the performance and efficiency
of the IceScint 001-023 detectors. To obtain the performance and the functionality of each
produced detector, a (by the muon tower) triggered charged histogram was recorded.
Each detector is showing the typical behaviour of the charge deposit (Figure 6.35). At
low charges (0-120 Me) the Single Photo Electron (SPE) “bumps” can be found, including
the electronical noise, between 120-300 Me is the valley is placed and afterwards the MIP
peak arises. It was checked if the MIP peak charge is at every detector at the same value
in order to guarantee uniform detector and so an uniform detector array for deployment
at the three different locations (Hybrid-Array at KIT , Physical Science Lab near UW-
Madison, geographical South Pole ).

For the 22 IceScint detectors (panels) with aluminium housing and with a 25 um pitch
SiPM, following properties can be obtained of the histogram with the % distribution
(Figure 6.36). Whereby SD is the standard derivation, the square root of the variance o,

defined as

a—li(x—f)z (6.8.18)
“NL . 8.
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Figure 6.35: Left: Part of the recorded charge histogram, zoomed into the low charges (0-120 Me).
The single SPE “bumps” at low charges were visible in the wooden prototype detec-
tor with 50 um pitch SiPMs. Right: Charge histogram from the muon tower measure-
ments for the wooden prototype detector with 25 um pitch SiPM. Due to the higher
PDE of these SiPMs, the % ratio is higher compared to the followed and deployed
series with 25 um pitch SiPMs
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Figure 6.36: Left: Distribution of the Photo Electrons (PE) per minimum ionizing particle (MIP),
as measured with the muon tower for all IceScint detectors with a 50 um pitch SiPM,
as deployed at PSL, KIT and at the South Pole. Right: In comparison the two bench-
mark respectively prototype detectors with a 50 ym pitch SiPM. Due to a higher photo
detection efficiency which goes with a larger APD cell size (Chapter 5), the PE/MIP
ratio is higher.
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Figure 6.37: Left: Charge and time distribution of pulses detected with the prototype detector.
The top region shows the high-charge band. The lower region the low-charge band
therefore the SPE and the baseline and electronic rippling noise. The dashed rectangle
shows the quality cut for the MIPs (blue line in the right hand side plot). The distance
between the high and low charge band shows the high light yield and therefore the
signal-to-noise ratio of a MIP compared to the base line. Right: Counts vs time of the
pulses of the prototype detector. In green all signal counts are shown. The blue line
shows the MIP counts.

6.8.5 Results muon tomography

For a brief overview of the detector performance, Figure 6.34, (f) and (d) are showing in
two plots the signal-to-noise ratio and a possible light leakage, i.e. a damaged photon
shielding of the detector or increased electronic noise or common-mode interference.
Where (f) shows the detector performance, (d) shows major issues in the electronics or in
the external cabling of the detector.

The charge spectrum for through-going muons is shown in Figure 6.35. At this first
prototype detector, one MIP produces an average charge of 75 p.e. Correcting for the
muon zenith angle that is known from the spatial resolution feature of the Muon Tower
leads to an average charge for a vertical muon (VMIP, red curve) of 63 p.e.

In Figure 6.34 the efficiency of the detector is shown. Due to the optimal optical cou-
pling, less electronic noise of ARM and the good SiPM response of the single APDs the
efficiency of the detector is close to 100 percent. Every MIP, no matter of the energy de-
posit location, which is triggering the muon tower also appears at the prototype detector.
Even the pulses generated by MIPs only crossing the optical fibers are visible.

The uniformity of the detector is highly uniform (Figure 6.34). In this plot the average
pulse charge depending on the particle detection position in logarithmic scale is shown.
Due to the optimal positioning of the fibers to the SiPMs the routing of the single fibers
are visible. The pulse width, so the signal of the energy deposit of a MIP, is equal in every
region of the detector.
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Figure 6.38: Left: Inside view of one of 3 cooling chambers of PSL. Two or even more IceScint
stations can be tested and calibrated simultaneously. Right: One full IceScint station
installed close together inside a cooling chamber. It contains 7 IceScint detectors, the
IceTAXI DAQ, a power supply that provides the power that, in field, the field hub
will deliver an 7 by 70 m of cable.

6.9 Full IceScint system test at PSL cooling chambers

In Summer 2017 a full system test was performed at the Physical Science Lab (PSL), Illi-
nois, which cooperates with the UW-Madison and WIPAC. This full system test of an
IceScint prototype array in was performed in the large cold chambers (Figure 6.38) which
are used for the low temperature tests calibration of the IceCube Observatory compo-
nents.

In Figure 6.38 the IceScint panels, the IceTAXI DAQ with its housing and the cables are
visible inside the large cooling chamber. The difference to the, at this point, proposed
measurements at the South Pole is that the IceScint detectors are operated in a hodoscope
condition due to the lack of space in the cooling chamber for installing an array. There-
fore the following presented measurements with a high coincide level are predominantly
high energetic muons that propagate through all detectors and deposit energy in the scin-
tillator bars.

For the full system test we shipped by cargo flights and by hand carry all components
of the IceScint station to the PSL, including a set of 70 m cable.The commissioning of the
IceScint Station was not dissimilar to the requirements to the South Pole deployment and
consisted on the first hand of setting up IceTAXI: Establishing a TCP/IP connection with
the PSL system, setting up access to IceTAXI external to the institute network and writing
automated configuration and boot scripts.

For this purpose, threshold scans (Figure 6.39) and calibration charge histograms (Fig-
ure 6.38) had to be performed to find the correct operating parameters for the detec-
tors and the trigger unit of IceTAXI. In addition, all IceScint detectors were individually
checked for possible transport damage by comparing them with the calibration measure-
ments at KIT. Due to the robust detector design, the choice of the right tube foil and the
consideration that no parts of the detectors have a degree of freedom of movement, the
comparison measurements were identical to the KIT measurements.
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Figure 6.39: Example of one performed threshold scan with the IceScint station in hodoscope con-
dition. Shown is the variation of the discriminator threshold in mV compared to the
measured eventrate, seen by IceTAXI. For the altitude of the PSL and the present de-
tector area a muon rate of 200 % is estimated, which, in addition to noise components,
fits to the detector response at a threshold level which is set high enough to trigger
only on MIPs. This threshold scan was made at —40°C, the scintillators read out at
high-gain mode and with the full IceScint detector chain, including 70 m of cable to
IceTAXI, each.

Figure 6.39 shows the behavior of the detector eventrate, seen by IceTAXI at different
signal-over-threshold voltage levels, called threshold scan. A bash script was written
which starts to distinguish the eventrate by calculating the mean value of the eventrate
within a 3 second interval and continues to the next possible discriminator threshold
voltage value 7 and repeat the measurement till the whole threshold range is scanned. As
expected, if the threshold is set low, both electronic and SiPM noise is also considered a
signal and a high event rate is recorded by IceTAXI.

If the discriminator levels are increased, the event rate decreases significantly, changes
into a gradient and then remains almost constant at high threshold voltage. This gra-
dient can be explained in analogy to the charge histograms 8 of the detectors. At low
threshold voltage the number of entries of low deposited charge is increased, i.e. the SPE
peak is increased, the gradient towards the almost constant event rate corresponds to the
"valley" in the charge histograms and the constant event rate at high threshold increases
the number of measured MIPs, i.e. increases the signal-to-noise ratio.

Figure 6.40 shows a 7 times coincidence event in terms of response of the SiPM, so
most likely one muon crossing all 7 detectors, depositing an amount of energy into the
scintillator bars, each. The waveforms are showing the typical SiPM characteristics like
a fast increasing flank and an exponential decreasing flank [7]. Due to the alignment of
the detectors (stacked to each other) the time difference between the single SiPM pulses

"Range: 0-512mV
8Detailed charge histogram analysis can be found in Chapter 9
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Figure 6.40: Example waveform plot of the individual IceTAXI channels during a 7 times coinci-
dence event, measured at High Gain with a SiPM bias voltage of 56.1 V. The whole
IceScint system, including IceTAXI and 7 by 70m cable, is cooled down to —60°C.
Each subplot shows the waveform, sampled by the DRS4 chip, at a signal-over-
threshold event of one detector, from the set trigger time (~ at 70ns) -70ns before
the trigger and 954 ns after it, so in total 1024 ns (Chapter 5).

is very short (ns region, indicating a muon propagation through all 7 detectors, there-
fore through a total geometrical dimension of at least (in terms of a total vertical muon)
7-50 mm detector and 7-10 mm scintillator bars. Channel 0 (first row, first column) shows
the noise channel where no detector is connected. The noise channel is used in the mea-
surements in Chapter 9 to estimate the baseline of the detectors.

By integrating the measured waveforms ( a.e. Figure 6.40) at a signal-over-threshold
event, a charge histogram, like explained in Chapter 5, can be obtained. If there is in one
channel a amplitude seen which is over the set discriminator threshold, the waveform
in this time interval (Ons to 1024 ns) of all 8 IceTAXI channel is stored. By a following
integration, in respect of the amplification, SiPM gain and elementary charge (Chapter
9), a charge spectra like Figure 6.41 can be created.

For the IceScint scintillators with a low to medium threshold set, the SPE peak at low
charges, the valley and the MIP peak are expected to be visible. This typical spectra is
visible in measurement runs. The mean charge deposit at the MIP peak position indicates
the uniformity of the single detectors. The mean width of the MIP peak indicates the
variation of the light yield, e.g. how much photon loss or reflection by the fiber routing
of the scintillator bars till they are detected by the SiPM (including the uniformity of
illuminating all of the APD cells of the SiPM by the optical coupling).
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Figure 6.41: Example of charge spectra of the individual IceTAXI channels, out of integrated
waveforms from (a. e.) Figure6.40. The whole IceScint system, including IceTAXI
and 7 by 70m cable, is cooled down to —60°C. Each subplot shows the charge his-
togram, integrated from the signal-over-threshold waveform events. The measure-
ment time was around 4 hours and IceTAXI and the IceScint detectors were set at
proposed operation parameters, measured before at KIT. All channels and therefore
all detectors are showing the SPE peak and the MIP peak at close the same charge de-
posit position, which indicates for a uniform processing of all IceTAXI channels and
uniform detectors, which proves the muon tower measurements at KIT. The whole
system was checked and was afterwards ready to ship from PSL directly to the South
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Figure 6.42: Left: Two scintillation detectors in one aluminum box which was formerly used a
trigger unit for the KASCADE central detector [87]. Compared to IceScint detectors,
the scintillation material consists out of one solid block of scintillator which is read
out by one wavelength shifting block. Due to the different transmission and reflec-
tion of scintillation light because of the large variety of transmission length to the
wavelength shifter (green colored), photons are getting absorbed again and do not
reach the PMT. This results in a dependency of the charge deposit, seen by the DAQ
after the PMT photon detection, from the location where the ionizing particle was
hitting the detector. This results in a large width of the MIP peak (Right). It shows
the charge spectrum of one detector in units of ADC channels for a cut above the SPE
peak and the valley.

The narrow width of the histogram shows that even a single detector forms a uniform
detecting area for ionizing particles, i.e. it is negligible at which spot of the 1.5 square
meter sensitive area the particle generates a light signal. This uniformity distinguishes a
detector system consisting of scintillator bars with optical routing from a scintillator block
that is coupled only with one single wavelength shifting block (Figure 6.42) attached to
the scintillator material, transferring the photons to a PMT or SiPM ([87], [88]).

After 2 weeks of testing and calibration, the IceScint system was fully tested and stable
recording MIP events. The remote control of the IceScint station was already working via
SSH control and therefore, it was shown that following items works successfully:

¢ the by the DRS4 sample waveforms of the SiPM show typical signal shapes, indic-
ating for example, the optical coupling did not crack during transport,

¢ the threshold scans show a similar behaviour with expected event rates, indicating
that the detectors are uniform and inside the detectors all scintillator bars and its
fiber routing are fully operational, means they all form a 1.5 m? detector surface for
ionizing particles, therefore no fiber is broken or the scintillator bars moved out of
position,

* the charge histogram is typical for scintillators. The SPE peak, the “valley” and,
most important, the MIP peak is clearly visible. The mean charge deposit in each
detector is close to identical, showcasing uniform detectors with no broken or dam-
aged components,

e the serial 486 interface for the slow mode control of the detectors (detector software
communication ),
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¢ the Ethernet and WR connection to a remote control PC via EventSender and EventRe-
ceiver software (measurement data communication, WR communication),

* turning on/off the detectors, switching between high and low gain, adjusting the
bias voltage of the SiPM (Detector configuration communication),

e activating / deactivating the DRS4 waveform sampling, the data stream packages
transferred and the FPGA online integration for online generated charge histo-
grams (FPGA control communication)

This is true for temperatures below —60°C, so at this point the whole IceScint prototype
station was ready to be shipped to the South Pole.
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7 Deployment at the South Pole

In the frame of the IceCube Collaboration an enhancement to IceTop was designed and
proposed consisting of an homogeneously-spaced scintillator array (IceScint) with an
areal coverage similar to IceTop. It was planned to deploy up to 37 scintillator stations
over several years as shown in Chapter4. Each IceScint station in the first design com-
prise of seven scintillation detectors. In 2020 the layout of the proposed deployment map
and the layout of the individual station changed [41, 42].

This Chapter describes the deployment of the first IceScint prototype station, the pos-
itioning of the station, the scintillators and their different arrangements and the location
of IceTAXI in respect to the ICL and the geographic South Pole. Furthermore, a selection
of the results of the first commissioning measurements and the operational functional
tests are discussed and the setup of the satellite uplink for slow control and data transfer
is presented. In addition, some remarks useful for future deployments are noted. In Fig-
ure?7.1 the deployment sketch for the first IceScint station including the central surface
Fieldhub (SFH) with the DAQ systems, can be seen. In that season, two different scintil-
lator stations with different scintillators and DAQ were tested. The IceTAXI one, which
is in focus of this thesis and “uDAQ” [89] which is mainly developed by colleagues at
UW-Madison.

The concept and the components of the FieldHub and its cabling is simplified sketched

Scintillator station

to next
Scintillator Field Hub (SFH

2. sensor readout + SFH DAQ

ICL: White Rabbit +
DAQ server

surface cabling V4

208VAC power
+ optical fiber

3: power/communications/timing
+ ICL DAQ equipment

Figure 7.1: Deployment sketch of one of the 37 forseen scintillator stations as planned in 2017.
Seven scintillation detectors are connected to a central surface field hub (SFH), which
includes the IceTAXI DAQ, the power supply and timing and communication via
a white rabbit (WR) node. The IceScintprototype station installed in early 2018 fol-
lows this deployment plan [89]. The WR node communicates with the central IceCube
DAQ, the IceCube Lab (ICL).
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To

Scints

Figure 7.2: Simplified FieldHub Schematic, edited from [90]. It shows the two housings of the
IceTAXI and uDAQ DAQ), the White Rabbit System and the “ebox” Power Supplies.
In addition a simplified cabling of the Fieldhub is drawn. The blue cables are go-
ing to the IceScint detector positions, yellow connects the IceTAXI WR node with the
FieldHub WR switch, the orange one loops the current from the uDAQ box to the
IceTAXI voltage converter. Green connects the WR node of the uDAQ hub and red
supplies the current from the ICL to the Field Hub.

in Figure7.2.

At the FieldHub the uDAQ and the IceTAXI system are divided into two crates. The
crates consist of standard PE plastic casings (one box with a lid each) from the hardware
store, which were prepared during the two-week PSL stay in August 2017. In order to
fix the components an approximately 1 cm thick plywood plate was fixed. IceTAXI, the
voltage converter and the White Rabbit system were mounted on this plate. In the uDAQ
box there is a WR switch, which transfers the WR signal to the two WR nodes. A picture
of the deployed FieldHub can be seen in Figure 7.6.

7.1 Alignment and positioning of the first IceScint station

Figure7.3 shows an edited photo of the first IceScint station which was made by the
USAP! staff during a fly over is shown. Visible are the ICL, the IceCube specific cargo
crates in front of it, the ~350m path to Position A which includes the fieldhub with
IceTAXI and the hexagonal shaped IceScint prototype station (A-G). The Amundsen-
Scott South Pole Station is around 800 m distance to the ICL.

1United States Antarctic Program. In specific: Jeff Warneck, National Science Foundation
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IceCube Lab

—| A || +DAQs

8% 63

Figure 7.3: Edited Photo of a fly by over the IceScint prototype station, taken by the United States
Antarctic Program (USAP) staff [91]. The distance to the ICL to the detector location
“A” and the IceTAXI DAQ is around 350m. The hexagon alignment of the IceScint
detectors is visible and, by close look, the new trenching for the cables. Top right
corner shows a photo of one location of the IceScint detectors.

The cable and fiber trenching between the ICL and IceTAXI and between the IceScint de-
tector positions are visible as small “bumps” in the snow. The 6 overlapping IceTop tanks
at this aera (Figure7.4) are buried under snow and are, like each other IceTop tank, not
visible anymore.

The accumulating snow of the IceTop tanks is continuously increasing the energy thresh-
old for the detection of cosmic ray induced air showers (Chapter4). The attenuation
effects of the snow add systematic uncertainties to air-shower measurements, particu-
larly in the mass composition analysis [91]. In order to acquire first experimental data on
the charge deposition and the event rates between the IceScint detectors and the IceTop
tanks covered with snow, the deployment plan was developed with the hexagon, which
is mainly limited by the cable length due to the star-like positioning of the DAQ in the
middle of the hexagon, to achieve as much overlap as possible between IceScint detectors
and IceTop tanks. The result of these efforts can be seen in Figure 7.4. With the hexagon
spanned by 70 meters of cable length it was possible to cover three IceTop stations with
2 tanks each by the positioning of the IceScint detectors.

Since the positioning of each IceScint detector was determined at all 4 corners of the
detector with a dual GPS receiver, the radial alignment of the detectors with respect to
each other is also visible. It was found that after one year it makes a considerable dif-
ference in the height of the snowdrift whether the scintillators are placed in or against
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the wind direction at the South Pole. The impact and an option to align quickly future
detectors, all longitudinal parallel to or against the wind direction was investigated and
worked out by a group of three high school students in form of a cooperation of KCETA
at KIT with the Thomas-Mann-Gymnasium in Stutensee. These results were applied to
the new IceScint array layout, which is presented in Chapter 11 as an outlook and can be
found in detail in the PhD thesis of A. Leszczynska [42].

7.1.1 GPS coordinates

Once the IceScint Station was fully cabled and installed, a USAP landscape surveyor was
called-in to record the trenching and positioning of the detectors and the fieldhub DAQ.
A mobile stereo GPS was used and the individual detectors with 4 measuring points
each (at the corners of the detectors) were added to the system. The resulting map can be
found below.

Figure 7.5 shows a general overview of the first IceScint station in respect of the series
number of the detector, the connected port at IceTAXI and uDAQ the alignment of each
detector. This illustration was largely used since it gives an “one glance” overview of the
IceScint station during working with the measurement data in terms of commissioning
and first analysis. The black numbers with a cross inside of the drawn circle is showing
the number of the IceTop tank nearby or next to the Scintillators. The numbers with dots
corresponds to the IceCube strings with DOMs. The central FieldHub, which contains
among others the uDAQ readout and the IceTAXI DAQ, was placed in the middle of the
hexagon at position A (Figure 7.6).
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7. Deployment at the South Pole
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Figure 7.4: Left: GPS accurate positioning map of the first IceScint prototype station compared to

the overlapping IceTop tanks. This map was made in order to showcase the rotational
alignment of the IceScint detectors and its position in respect of the IceTop tanks. The
distance between the Field Hub with IceTAXI (center) and the IceScint detector posi-
tions is shortened by a factor of~12. The single Positions ( A- G ) are in true scale in
order to showcase the IceScint station. Left: The overall positioning map in true scale.

7.1.2 IceScint detector deployment

To check whether the IceScint detectors had survived the transport to the South Pole,
an identical second IceTAXI(01) was brought to the pole in addition to the IceTAXI(02)
to be installed in the field. Before the detectors were installed, a checklist was prepared
for each detector, which covers the most important functional parameters in a brief time
frame:

Switching the operating voltage of the detectors on and off.
Response to slow-mode read & write commands of the RS485 interface of IceARM.

A feedback response to the setting of the discriminator threshold voltages and the
SiPM operating voltage.

A valuable monitoring data package of the Hamamatsu Power Supply on IceARM.

Visible changes in the event rates registered by IceTAXI at different discriminator
thresholds.

Reasonable temperature sensor data of the cookie boards.

All detectors have withstood the transport without malfunction. The first detectors were
driven into the field on the day of the last checks in the ICL. It was possible to install three
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Figure 7.5: General overview of the first IceScint station with IceTAXI and uDAQ detector
readout, in respect of the series number of the detector and the connected port at
IceTAXI and uDAQ. In addition, the alignment of each detector is visible. Also the
positioning at each location relate to the second station installed, uDAQ.

—Closed
~Fieldhubi™

Figure 7.6: Left: The Fieldhub of the first IceScint station. The uDAQ hub and IceTAXI are placed

in two separated black crates. Right: The closed fieldhub with additional protective
plywood on the top.
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7. Deployment at the South Pole

Figure 7.7: Left: The IceScint detectors were driven to their designated positions by a snowmobile
with an attached sled. Due to the robust and vibration-resistant design of the detectors
(Chapter 6), this method of transport was feasible and substantially speeded up the
installation of the IceScint Station. Right: A fully-installed detector.

to four detectors in one day and connect them to IceTAXI. As this was the first IceScint
station, every step was first thought about, executed and then evaluated. These steps
are largely eliminated for subsequent stations and the deployment and connection of one
IceScint station per day and per two technically qualified persons is quite realistic.

Figure 7.7 illustrates the deployment procedure. At each position of the bars, a cavity
about half a meter deep was shovelled and the poles including a wooden board with
a hole to give additional static stability were inserted. The IceScint detector was then
placed on the transport handles in the hangers on the poles and the cavity was shovelled
back up and the snow compacted. Since then not a single detector has fallen over or
flown away.

Figure7.9 shows the different alignments of each detector position. In order to compare
the two different readout methods of the scintillators, via IceTAXI and via uDAQ, and to
investigate the event rates and the charge deposits as a function of the snow coverage,
different alignments have been chosen. Three different setups were deployed:

* The IceScint detectors placed on the surface, stacked to each other (Channel 1, 3
and 5).

* Next to each other on poles (Channel 0 and 6) and

* One detector on the surface and the other one hooked in poles (Channel 2 and 4).

The effect of the different alignments on the charge deposit and on the event rates at fixed
discriminator threshold at all over the IceScint station is described in Chapters 8 and 9.
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7. Deployment at the South Pole

Figure 7.8: Left: Taken after the Fieldhub installation. From left to right: Matt Kauer (UW-
Madison), Marko Kossatz (DESY), Thomas Huber (KIT/DESY). Right: Inside of the

ICL.
| 1ceTax
5 uDAQ B e o] | eaxt | | uoaq |
uDAQ IceTAXI uDAQ J J ) J
| §7 7 @7 7 7 7 W v

Figure 7.9: Illustration of the different alignments of the detectors. 4 different alignments have
been chosen to compare the detector response between the IceTAXI and uDAQ sys-
tems. The coloured boxes indicate the IceTAXI channel and the for the IceScint de-
tector specific chosen colour.

7.2 Satellite uplink and first data traffic analysis

After the IceScint detectors and IceTAXI were deployed in the field and the first local
commissioning of the station was completed, it was necessary to compile the "EventRe-
ciever" system developed for IceTAXI on the computer in the ICL, which was designated
for the readout and control of the stations. The data bus system combined with this soft-
ware allows to switch on or off different data packages, e.g. whether the DRS4 sampled
waveforms or the GPS time stamp should be transmitted in the stream. The coding of the
bus system and the addresses of the individual data packets are documented and stored
at dedicated institutes server. The companion piece, the "EventSender", was already in-
stalled on IceTAXI during the weeks of preparation at the PSL.

In order to transfer the data to the north, various cron jobs were set up which can
be started and deactivated via SSH. The SSH tunnelling from the north to the IceTAXI
system in the field was set up and documented.

To reach IceTAXI, the following SSH tunnelling is necessary:

—username@msn-sps.icecube.wisc.edu to
—username@sps-access.icecube.usap.gov to
—pdaq@sdaqO1 to

—root@taxil2.
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Figure 7.10: Data rate per day for the months May to September 2018 of the IceTAXI (red) and
uDAQ (blue) system, edited from [92]. The nominal allocation was 5%. For the

commissioning runs, more data at single runs were manually transferred. No one
complained about that as for short periods it ins in the margins of the collaboration.

For an easier connection and to make it more accessible for more people working with the
IceScint data, a simple bash script has been written and distributed to connect to IceTAXI
at the South Pole.

Figure7.10 shows the traffic of the IceTAXI and uDAQ system for the months May
to September in the year 2018. Before deployment, a proposal was written to IceCube
for a maximum data rate of 5%. In order to gradually familiarize and understand the
data logistics of IceTAXI and the ICL and the satellite uplink (bottleneck), short daily
measurement phases were set up first, with measurement times doubled in July. This is
visible in the graph. In addition, the commissioning runs stand out, which were executed
manually and were planned in advance, with which modified operating parameters of
IceTAXI and the IceScint detectors the most findings and results can be expected.These
runs are explained and analysed in detail in Chapters 8 and 9.

After deployment and after returning to KIT, an analysis was made for the data traf-
tic. Figure7.11 describes how a single data point of Figure7.10 is created. The different
packet types are listed, its address, single and total count and the size in units of Bytes.
Next to the listing one high-coincidence air shower event measured by IceTAXI at the
Pole is shown in order to showcase the larges packet type, the DRS4 sampling, with the
addresses 0x4001 to 0x43ff. By enabling the DRS4 sampling, each single adress saves
for a 1ns intervall, which is correlated with the DRS4 single channel capacity of 1nF
(Chapter 5), the ADC counts at a specific time after a signal-over-threshold event. This
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Size of Taxi data: One air shower event
1 packet = 18 bytes T —_— T
Typename Typeno Packet count Total count Byte Size | ™ - = e
Header 0X10060 1 1 18 .l |
Sampling 0x4000 1 -
0x4001 1 -
ox43ff 1 1024 18432 -
Baseline 0x5000 1 e
0X5001 1 2 36 it
charge 0X6000 1 -
0x6001 1 36 =
Timing 0X7000 1 1 18 -
PixelRate 0x2000 1 -
0x2001 1 2 36 T oo
whiteRab ©x8000 1 1 18 s
GPS 0X9000 1 1 18
Misc 0xe000 1 1 18

Figure 7.11: Left: Decoding of the datastream of IceTAXI in respect of the packet type and its size.
Right: One high-coincidence air shower event measured by IceTAXI at the Pole. It
showcases the largest packet type.

means the data transmission for the later analysis of the waveforms of a air-shower event
increases by 18432 bytes. By an online waveform amplitude integration via the FPGA on-
board of IceTAXI, only the charge and a timestamp is transmitted, which is basically the
standard readout of scintillators, used a.e. at KASCADE-Grande or AugerPrime-SSDs.

The total event size with all packets? included sums up to:
(18 4+ 1843 + 36 + 36 + 18 + 36 + 18 + 18 + 18) bytes = 18630 bytes.
The total event size for the same data stream, but the DRS4 waveform packages excluded:
(18 436 + 36 4 18 + 36 + 18 + 18 + 18) bytes = 198 bytes.

The ratio of these two event sizes is already showcasing the large increase of data traf-
fic by obtaining at a single signal-over-threshold-event the sampled waveforms. For a
larger IceScint array with 31 stations as projected, regular waveform transmission is not
feasible. Even with only one station with 7 detectors, the data volume increases rapidly.
Therefore, an algorithm was written that filters out interesting events and automatically
transmits the waveforms for these events. This algorithm is flexible and can be adapted
as a boundary condition, e.g. only events with a detector signal that has reached a suf-
ficiently high signal amplitude or only events with a 7-fold coincidence, i.e. most likely
an air shower. Figure7.12 shows the event rate vs. coincidence at a 12 hours long com-
missioning run. As higher the coincidence level, therefore more IceScint detectors are
seeing a signal-over-threshold in the 1024 ns time frage, as most likely an air shower has
been measured. The data volume per day would decrease rapidly by just transmitting
the waveform at high coincidence levels.

2Important note: Including the DRS4 waveform sampling package
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Figure 7.12: Left: Event rate vs detector coincidence level or respectively multiplicity. A high
multiplicity corresponds to more signal-over-threshold signals in a single IceScint
detector in the 1024 ns time frame. By, as example, just transmitting the waveforms
at a 7 times multiplicity, the data volume per (a.e.) day would decreasing rapidly.
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Figure 7.13: Showcasing a recorded waveform of the two polarisations of one SKA radio antenna

with the DRS4 and IceTAXI [41].

Starting with the deployment season 2018 the surface extension was extended by anten-
nas [47]. Since the Fourier transformation of the radio traces, which is usually necessary
for radio data of air show experiments to deduce interesting events [41], it was decided
to use the DRS4 chips and the connected waveform sampling for the radio traces and
no longer for the IceScint detectors. Figure7.13 is showcasing a radio trace, sampled by

connecting several DRS4 channels® of IceTAXI.
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Figure 7.14: DRS4 calibration performed during the first functional test at the South Pole. The
top shows the used, but uncalibrated DRS4 chip of IceTAXI and its sampled wave-
forms received from the SiPMs of the IceScint detectors at a signal-over-threshold
MIP event (Channel #6) right after deployment of the station. After the DRS4 calibra-
tion process, the bottom shows the DRS4 sampled waveform of each IceScint detector
(Channel #0 to #6) and the noise channel #7.
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Figure 7.15: Eventrate vs. the set discriminator threshold, measured during the first commission-
ing runs at the South Pole. Plotted is each IceScint detector of the station. At a higher
threshold voltage, only MIP events are registered as event. If the threshold is set too
low (< 50 mV) electronic noise triggers IceTAXI, too.

7.3 First functional test runs during the South Pole stay

In order to check the functionality of the IceScint Station and thus the set operating para-
meters, it has been found that a threshold scan quickly reveals any problems or whether
the station is measuring correctly. Increasing the discriminator threshold voltage on-
board of IceTAXI will raise the required value of the SiPM amplitude, which will gener-
ate a signal-over-threshold trigger at IceTAXI and thus store an event (Chapter 5). If the
threshold is set low, the event rate increases and if the threshold is high, the event rate
decreases. In the former case (< 50mV), electronic noise also triggers, and in the latter
case, only SiPM amplitudes generated by a MIP in the detector will trigger. This can be
seen in Figure 7.15. For this figure, a bash script has been written which automaticity in-
creases the threshold, is recording the eventrate for 30 seconds for all detectors and which
is saving the mean of measured event rates.

First, it can be seen that every detector behaves identical, which is showcasing the great
uniformity of the IceScint detectors and its whole readout chain. At higher thresholds,
the rate stabilizes at around 1000 Hz, which is in good agreement with the expected MIP
flux at 3000 m altitude and in a scintillator volume of 1.5m? - 0.01 m (Chapter 2), In Fig-
ure7.16 another threshold scan is shown. It shows one IceScint detector operated once

3In order to increase track length.
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Figure 7.16: Eventrate vs. the set discriminator threshold, measured during the first commission-
ing runs at the South Pole. Plotted is one IceScint detector in the two Op-Amp modes
High-Gain and Low-Gain.

in High-Gain and Low-Gain. At the low-Gain Channel, the SiPM signal is only ampli-
fied by a factor of 1,1. At higher threshold, the rate drops faster then by operating the
IceScint detector in High-Gain, since not that much SiPM signal amplitudes are reaching
the discriminator level. The larger scattering at higher threshold voltages is due to the
few events where the SiPM amplitude is over the threshold.

One of the last steps of being sure that the first IceScint station was operating was to check
if the detectors are seeing MIPs. Charge histograms were generated to verify this. The
EventSender and the EventReciever software was used to send event packets with DRS4
sampling switched on to the sDAQ machine and then the waveforms are integrated with
a Python script.
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Figure 7.17: “Hello world” charge histogram of the first IceScint station at the South Pole. This
was one of the first generated charge histogram out of the IceScint station at the South
Pole during the first commissioning phase. The integration has been done “offline”
via manually integrating the DRS4 sampled waveforms. The noise and the PE. peaks
can be found at low charges, followed by the “valleys” and afterwards at around
750 Me the MIP peaks arises. The nearly identical charge deposit in each detector is
showcasing the uniformity of the IceScint detectors with its whole readout chain.

One of the first* charge histograms can be seen in Figure7.17. The noise and the P.E.
peaks can be found at low charges, followed by the “valleys” and afterwards at around
750 Me the MIP peaks arises. The nearly identical charge deposit in each detector is show-
casing the great uniformity of the IceScint detectors with its whole readout chain in re-
spect of the fiber efficiency, the identical bending radius and therefore the constant re-
flection coefficient of the fiber, the optical coupling with its constant distance to the SiPM
surface, the uniformity of the SiPM photosensitive surface, the working temperature-
control-loop to stabilize the gain, the pre-measured electronics i.e. the Op-Amps at the
readout board, the less noise catching 70 m double-ended differential SiPM signal trans-
mission from IceScint to IceTAXI and the general intactness of the detectors after the long
and bumpy transport to the South Pole as well as the bumpy transport of the detectors
via snowmobile and sleds to their positions in the hexagonal alignment.

“The “Hello World” charge histogram
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8 Commissioning and on-site calibration
of lceScint

This Chapter describes the calibration of the IceTAXI DAQ using measurement data from
the station at the South Pole and the local IceScint station clone at KIT. The station is integ-
rated in a hybrid array consisting of Mini-KASCADE and radio antennas. The procedure
of daily runs and commissioning runs are discussed in detail as well as the results of the
initial analysis. A function for fitting the charge histograms generated by the IceScint
Station and the MIP peak contained therein was determined and compared with fit func-
tions used for data of the IceTop Cherenkov tanks.

8.1 Hybrid array at KIT

The hybrid array is located at the Campus North of KIT, in and around a available bar-
rack (Figure 8.1). Eight IceScint! panels and 12 detectors? of Mini-KASCADE (Chapter 2)
are in use. In addition, for the radio enhancement of IceTop, SKA antennas are placed
in order to integrate the antennas into the IceTAXI DAQ chain and to perform prototyp-
ing measurements [41]. For reading out the Mini-KASCADE detectors, the KASCADE
electronics KAFE?[93] and a specific for Mini-KASCADE rewritten software is in use.
Mini-KASCADE provides besides the trigger signal a calculation of the center-of-gravity
of the shower core and the shower arrival direction in polar coordinates [87, 88]. The
DAQ of the IceScint detectors is by IceTAXI which is an exact copy of the deployed first
IceScint station at the South Pole, including the 70m long cable length between IceScint
and IceTAXI.

This novel experimental setup allows detailed combined studies of IceScint, IceTAXI
and the radio antennas, like the reconstruction accuracy and center-of-gravity location in
respect of Mini-KASCADE as well known detectors and DAQ. Since the data connection
to the Amundsen-Scott Station, and thus to the ICL, is very limited or even partially ex-
tremely limited depending on the satellite uplink availability in terms of bandwidth and
time , the cloned IceScint station at the Hybrid Array can be used to perform bugfixing,
test new firmware and obtain more valid and detailed information about the detector and
IceTAXI response than would be possible with only one station at the South Pole. This
was used inventively during the commissioning phase after the deployment.

17x with 25 um and one with 50 um pitch SiPM readout
22 detectors each in one aluminium housing
SKASCADE Array Front-End Electronic
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Figure 8.1: Left: Sketch of the hybrid array at KIT as in October 2018 [41]. The IceScint clone sta-
tion (boxes filled in Grey) and a part of Mini-KASCADE (squared red boxes) are placed
inside a barrack. The antennas (blue stars) are placed around the barrack (modified).
For the IceCube deployment season 2018/19 three of them were shipped to the South
Pole. For a short time also the IceACT telescope was installed in this environment for
specific tests.

8.2 IceARM and lceTAXI calibration

In this subchapter, the calibration of the scintillator readout and the IceTAXI DAQ will
be explained and shown. Since for future upgrade and enhancements, like with radio
antennas, the TAXI DAQ system will further be used, the focus aims on the results of
the behaviour of discriminator threshold, the trigger timing, the DRS4 and the ADC. In
addition, the overall amplification of the IceARM plus IceTAXI system will be shown.
Most of the calibration process and analysis was performed in terms of the supervision
of the bachelor thesis of Eugen Raspopin. The measurements were done at the hybrid
array at KIT and part of the the setup can be seen in Figure8.3. On the 8 channels of
IceTAXI7 IceScint detectors and one pulse generator were connected. In order to calibrate
each channel of IceTAXI, the pulse generator was permuted between each channel. The
measurements and analysis shown above are exemplary for one channel.

Unless otherwise stated, the incoming signal shape used to calibrate the IceARM and
IceTAXI is pictured in Figure8.4. The amplitude, pulse width and frequency were, as
long at is was possible for the specific measurement, chosen in a dynamic range of the
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Figure 8.2: Left: Inside the barrack. Visible are eight IceScint detectors and four Mini-KASCADE
detector housings with 2 detectors each. The DAQ, IceTAXI for IceScint and KAFE for
Mini-KASCADE, is in another room of the barrack, visible behind the open door top
left left of the picture. Right: Photo of one of the SKA antennas in front of the barrack
with the mechanical structure as used in season 2018/19.

Figure 8.3: IceTAXI DAQ in its housing at the Hybrid array at KIT. 8 channels, connected with 7
scintillation detectors and one modified cable for a pulse generator input. The White
Rabbit Node can be seen on the left side, a network which is used for timing, synchro-
nization between different stations. The power supply is located on the right-hand
side of IceTAXI. The main board of IceTAXI is below the aluminum holder and the
IceTAD board. An external power supply for operating IceTAXI can be seen at the
right.
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Figure 8.4: Signal form of the input pulse. In this example, the amplitude of the pulse generator
signal is 200mV and the pulse width 200ns. Unless otherwise stated, this waveform
shape was used to calibrate IceARM and IceTAXI. Visible on the signal shape is that
the baseline and the square-wave pulse are lowered at the same time. The reason for
this is an AC coupling, described in the text.

incoming SiPM signals. Also visible in Figure 8.4 is that the symmetrical square wave
signal input is amplitude shifted between the increasing flank and the decreasing flank
of the signal. This is due to the AC coupling of the used signal transmission method.

With an AC-coupled signal, the coupling capacitor stores the sum mean values of the
signal . The figure shows the difference in bias voltage between a sine wave and a square
wave or pulse signal, both being AC-coupled and having a ground related load resist-
ance. At the input both signals vary by the same voltage. After the capacitor there is a
difference: The signal varies by the amplitude while the pulse signal varies by a voltage
that depends on the duty cycle. How strong it varies depends on the frequency of the
signal and on the time constants of the capacitor capacitance C and the loop resistance R,
which is in most cases the input resistance i.e. the whole amplifier.

Therefore, AC coupling requires a wider dynamic range for a square wave signal with
variable duty cycle than for an equivalent sinusoidal signal. For this reason, all amplifiers
are DC-coupled for pulse applications to maintain the dynamic range. SiPM signals from
a scintillator behaves like a pulse signal and is therefore best DC-coupled. Nevertheless,
signals must be AC-coupled as soon as two parts of a system have separate power sup-
plies. A DC connection of two power supplies is dangerous and normally prohibited by
regulations.

8.2.1 jTAXI analysis framework

jTAXIis a Java framework to visualize, analyze and debug the IceTAXI DAQ with recorded
(sample) events offline or online by connection directly to the Linux system embedded
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in IceTAXI. It was developed and self-debugged together with A. Weindl[94]. Next to
the easier access of the data from the IceTAXI DAQ, it was used to have a quick look into
the South Pole data files and in addition, to give the original developer of the IceTAXI
system in DESY Zeuthen a quick feedback on new firmware updates. For the commis-
sioning runs it was used to cross check the set parameters of IceTAXI and IceARM in
order to ensure valid IceScint data without wasting too much satellite link time and, in
specific, bandwidth. It is up to now in steady development to visualize and analyze the
radio antenna data, too.
The key features of jTAXI are:

¢ Executable in Windows and Linux, operatable via an graphical user-interface (GUI)
or command line.

* Designed for commissioning and debugging the IceTAXI DAQ with over 80 classes,
still in development.

¢ Configurable by a xml configuration file. Version control via apache subversion
(SVN) control.

* Able to process offline and online data from IceTAXI, direct-connect realized via
jermoq package to IceTAXI.

¢ Adjustable to different IceTAXI data streams, depending on the firmware and the
connected detector system.

The graphical user interface of jTAXI can be seen in Figure8.5. It provides several
save options which can be seen as “export option” for students as an easier access to the
IceTAXI data format. Next to the information about the current signal-over-threshold
event, it gives several options to visualize one specific event or a selection of several
events at one, like with the option to display the charge histogram.

jTAXI can be, among others, used to:

* Debug the IceTAXI data stream and display event and monitoring information.

* Display the waveform sampled by the DRS4 chip, showing event and arrival time
distribution with the jfreechart package.

* Loop manually Trough (interesting) buffered events.

¢ Performing several analysis (among others determine the signal baseline, integrate
waveform, create charge histograms, show arrival direction and statistics like the
array trigger multiplicity for selected events).

¢ Calibrate the ADCs (Chapter 8.2.2), do an event selection on the charge (or ADC
value).

e Save event selection in ASCII format

¢ Adjustable to do all above with different detector systems and different array align-
ments and positioning (coordinate files).

For future ugrades of the jTAXI framework the development is focussed on the visu-
alisation and progressing abilities of radio traces, since the DRS4 onboard IceTAXI will
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Figure 8.5: Left: Main control panel of the graphical user-interface of the jTAXI. The different
options and displays can be shown by clicking on the the items in the menu on the
left. The raw information about the actual event of the station is shown on the right.
The top shows the event identification numbers, in color the 8 channels of IceTAXI,
or, respectively, the 7 IceScint detectors. Right: A high coincidence event of an air-
shower, measured with the IceScint station at the South Pole. The Y-axis shows the
ADC counts, so the sampled voltage of each SiPM peak of the IceScint detectors and
the X-axis the time in Nanoseconds. The air-shower plane axis of this event is most
likely vertical to the South Pole surface, due to the small time difference between the
increasing flanks of two detectors.

most likely used for the read out and sampling of the radio antennas of the stations. This
includes the implementation of the DRS4 cascading mode, used for sampling the radio
traces, radio calibration methods, a peak finding and fitting functionality and the abil-
ity to Fast-Fourier-Transform (FFT) radio traces. An institutes internal SVN repository is
provided.

8.2.2 ADC and discriminator calibration via pulse generator

The underlying idea of the measurements was to feed a well-defined reference pulse (Fig-
ure 8.6), which in its amplitude, frequency and pulse width approximately corresponds
to the pre-amplified SiPM signal, into the whole Ice ARM-IceTAXI DAQ chain in order to
analyse the sampled and integrated signal.

This enables conclusions about the operational functionality of the individual IceTAXI
channels, the limitations of the DRS4 sampling, the linearity and the saturation of the
ADCs. In addition, the maximum possible event rate that IceTAXI can process can be
examined. The accuracy and scaling of the discriminator circuits are also determined by
measurements with a reference input signal.

In addition, the time stability of the trigger is examined. This measurement is crucial
for the accuracy of reconstruction of the air shower and becomes increasingly important
when the IceScint Station is correlated with IceTop, radio antennas or, as a large new
surface array, with other IceScint Stations.
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Figure 8.6: Screenshot of an exemplary reference pulse used for the following measurements, gen-
erated with an Agilent 81101A pulser. Its amplitude, pulse width and frequency was
chosen to be SiPM like. Its frequency as it is expected for the MIP rate at South Pole
conditions measured by an IceScint detector.

The measurement setup for analysing the discriminator threshold and calibrating the
station’s ADC at KIT is shown as block diagram in Figure 8.7. The red framed segments
in the diagram correspond to components placed on IceTAXI. A pulse generator* is used
for the input signal.

For each IceTAXI channel a calibration was done to distinguish the behaviour of the
incoming signal amplitude and its corresponding ADC-Counts (Figure 8.8). These in-
vestigations give a conclusion on the linearity of the ADCs, their real saturation values
and thus the dynamic range, with regard to the maximum possible ADC values to be
assigned before they go into saturation. The slopes in the linear transformation range of
incoming amplitude and ADC values are used to adjust the scripts for the analysis of the
charge generation per channel from a signal over threshold event.

In Figure 8.9 the maximum ADC value of 4 IceTAXI input channels is exemplary shown.
The measurement (16702.34 £ 54.33) is in good agreement to the maximal values of the
used 14 bit ADCs’. The detailed quality cut for the approximated stop of the linear region
of the ADC can be found in [95].

Figure 8.10 shows the pixel rate as a function of the threshold. The pixel rate is in
good approximation, down to single losses per second, equivalent to the (MIP-) event
rate transmitted from the IceScint detectors to IceTAXI and passing the discriminator
threshold set at the start of the measurement. The pixel rate behaves like expected. It

*Agilent 81101A 50 MHz
5142 = 16384
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Figure 8.7: Block diagram for the analysis of the discriminator threshold and ADC calibration per
channel. The analog signal is fed-in using the pulse generator. The signal is processed
and digitized in the IceTAXI data acquisition system. The data can then be transmit-
ted and evaluated via Ethernet. The exact processing of the signal with IceTAXI is
described in Chapter 5.
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Figure 8.8: ADC values plotted versus the analog signal of the pulse generator for Channel 0. At
800mYV the saturation of the ADC starts. The IceTAXI option of the Op-Amps choice

is set to high gain. The linearity is proven with a gradient of (18.91 & 0.02) miv and the
intersection of the ordinate is 910.87 £ 6.57.
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Figure 8.9: Consideration of the maximum ADC value at which saturation of the ADC occurs.
The last four points of Figure 8.8 are used, fitted which a linear regression. The inter-
section of the ordinate is 16702.34 £ 54.33.

is noticeable that the pixel rate increases close to the threshold set by the discriminator
voltage, the formation of a plateau. Close to the threshold voltage, the signal fluctuates
due to electronic high-frequency interference signals®, which is raised to a level close to
the threshold voltage.

8.2.3 ADC and discriminator calibration via lceARM input

This measurement equals the setup described before, beside of that the IceARM elec-
tronic, which is usually inside of the IceScint detectors, was included into the readout
chain (Figure 8.11) in order to cross-check if the IceARM signal and its GP-board signal
modulation changes the behaviour of the characteristics. In addition, this setup equals
the whole DAQ chain at the South Pole IceScint station, whereby Setction 8.2.2. is for
detailed interest for the connection of radio antennas to the input signals of IceTAXI. For
this purpose one IceARM was electronical adjusted so that, instead of a SiPM signal, a
pulser can be connected to the Adapter board. The measurement procedure was the same
like without IceARM and the detailed results can be found in [95].

Figure 8.12 shows how the incoming pulser signal (Figure 8.6) is modulated by the GP-
board. The signal shape of the pulse is viewed with the jTAXI software. The amplitude
of the pulse generator at high gain is 400 mV and the pulse width is 200ns. The pulse
generator is connected to input the High-Gain input of the GP-board of IceARM.

Figures 8.13,8.14, 8.15 show, exemplary, for the different IceTAXI input channels the
results of the calibration. The general behaviour follows the results of the measurement
described in the last Subchapter 8.2.2.

As one main result of these calibration measurements, Figure 8.16 shows exemplary for

6Therefore: Noise.
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Figure 8.10: Pixel rate as a function of the threshold. The threshold is dimensionless and makes it
clear that the size is given in decimal. The pixel rate rises and forms a plateau before
reaching zero. The increase is caused by high-frequency interference signals, which
are related to the amplitude of the superimposed square-wave pulse [95].
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Figure 8.11: Block diagram for the calibration of the discriminator threshold and the ADC linear-
ity behavior included the Analog Readout Module (ARM), used for IceScint.
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Figure 8.12: Signal shape of the input pulse, viewed with the jTAXI program. The amplitude of
the pulse generator at high gain is 400mV and the pulse width is 200 ns. The pulse
generator is connected to input HG of the GP-Board.

—m Linear Fit T
= Value -7
25000 -
& 20000 T
- e
c T
g ’.’/’.‘....'-..iﬁld.ﬁi‘.l--
8 15000 et
-4
O "(“
2 )/,,.,-’
10000 L
s
-
g
A
e
5000 LS Channel: 7
™ Connection: HG
Firmware Setting: high gain
0
0 100 200 300 400 500 600 700 800 900 1000

Amplitude [mV]

Figure 8.13: Linear trend and the saturation range of the ADC values for channel 7 of IceTAXI,
plotted versus the analog signal of the pulse generator connected to the HG of the
GPB. The option of the IceTAXI firmware is set to high gain. The selected range for
linear regression is (100 - 500) mV. The gradient is (27.49 & 0.19) miv and the intersec-
tion of the ordinates is 1102.48 + 61.28 [95]
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Pixel rate trend as a function of the threshold in the voltage range of (520 - 570) mV.
The pulse generator was connected to the low gain and the firmware option of Ic-
eTAXI was set to high gain. Like seen in the measurement without ARM, the values
of the maxima decrease with the height of the amplitude.
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Figure 8.16: Comparison of slopes and intersections at the ordinate for all channels of IceTAXI.
The pulse generator is connected to the HG of the GPB and the option of the IceTAXI
firmware is set to high gain.

the High-Gain setup of the IceScint station at the Hybrid Array a comparison of the slops
and intersections at the ordinate for all 8 input channels. These values are used in the
analysis tools, described in Chapter 6 and for the analysis of the air shower reconstruction
and IceScint detectors performance which are discussed in Chapter 9.

8.2.4 Readout time behaviour of lceTAXI

In this measurement, the behaviour of the readout time and thus the trigger time was
investigated. Using jTAXI, it was observed at what point in time the pulse is completely
mapped as a function of frequency. The difference to the previously presented calibration
measurements is that the frequency of the reference pulse was varied.

The threshold of the discriminators is set to the fixed decimal value of 84. At this
value, the frequency of the pulse generator matches the rate of the signals registered on
the IceTAXI. The amplitude at the pulse generator is 200mV. The entire measurement
series was performed on channel 7 of IceTAXI.

The data flow was written to a ".bin" file with the "eventReceiver" for 20 seconds at a
fixed frequency. Afterwards, 10 events at each fixed frequency were examined. The time
at which the ADC value begins to rise to the square pulse is noted. It was found an issue
with the stability of the trigger time at, compared to the expected MIP-rate, high income
signal rates. Figure8.17 shows exemplary that the trigger time is not stable to a fixed
value. Indeed, it varies over the whole 1024 ns region. This issue could be solved by a
firmware bugfix.

After the firmware upgrade of IceTAXI the trigger time dependency of the signal rate
was measured again (Figure8.18). Over the whole range IceTAXI was able to set the
signal start after it passes the signal-over-threshold trigger at one specific time. A detailed
discussion and the analysis of systematic uncertainty can be found in [95].
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Figure 8.17: Signal shape at 57500 Hz, viewed with the program jTAXI. The trigger fluctuated at
very high pixel rates over the whole range of 1024ns. This could be solved by a
firmware bugfix of IceTAXI.

In respect of this part of the calibration, it can be summarized that the behavior of the
readout and trigger time is stable. The stability is important for the integration of signals,
so that a fixed starting value can be set in order to identify signals of MIPs from charge
histograms later. The previous issue with unstable trigger time at high frequencies were
not really important for the performance of IceScint, since the expected MIP rate for the
scintillator size and at 3000 m altitude is two orders of magnitude smaller.

8.2.5 Full system amplification

In order to be able to draw conclusions about the energy deposited (measured in charge)
in IceScint by a MIP event, the overall gain of the electronics, i.e. of IceARM combined
with IceTAXI, is of great interest. This was measured for all input channels of IceTAXI
and in high-gain and low-gain mode. The measurement setup is the same as that used
in the previous Subchapter. Figure 8.19 shows an example of the overall amplification of
the full IceScint DAQ. Visible is the overall amplification depending on the pulse width
for IceTAXI channel 7 in high gain mode. For the identical setup, but low gain mode, it
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Figure 8.18: Readout time as a function of frequency. The average of the total readout time values
for all frequencies is (104.10 & 3.94) ns [95].

is shown in Figure 8.20. These measurements have been integrated into the calculation
of the deposited charge for the charge histograms see Subchapter 8.3 and used the obtain
the results of the South Pole IceScint Station described in Chapter 9.

The gain of the low-gain channel depends on the pulse width, due to the Op-Amps
dynamic range, have been chosen for a stable amplification of the pulse width of SiPM
signals. A smaller gain factor of about 8 was measured at high gain. According to the
components used, a factor of 10 would have been expected. The gain loss is caused by the
70 m cable (i.e. cable supression). However, the attenuation does not cause any problems
for the data acquisition of IceScint.

8.2.6 Dead time of the system

An important parameter for the performance of IceScint is the dead time between two
signal-over-threshold events. Hence, the question how long IceTAXI is blind for short
consecutive MIP events. The DRS4 requires a certain number of cycles to read a certain
amount of data, which results in a dead time in which no new data can be read. This
dead time can be estimated from signal-over threshold events, with a discriminator level
set in the region of real MIP events measured with the IceScint station at the South Pole.
Figure 8.21 shows a histogram of the time difference between two signal-over-threshold
events, out of the commissioning runs.

The dead time was examined for each IceScint detector. On the one hand to exclude
irregularities between individual detectors and its channels and on the other hand to
increase the statistics. The dead time of IceScint, by summarizing each channel, results
in a mean of 65.445 + 0.002us. Figure 8.22 shows for a better visualization a “zoomed in”
version of the last figure. The dead time is twice as much as expected for the DRS4 buffer
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Figure 8.20: Identical to Figure8.19, but for low-gain. Shown is the overall amplification as a

function of the pulse width. After a rise up to 200 ns, the amplification factor remains
approximately constant in the range 1.10 to 1.15. The gain at low gain depends on
the pulse width. The Op-Amps dynamic range have been chosen for a stable ampli-
fication of the typical pulse width of SiPM signals.
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Figure 8.21: 4.13: Histograms of the time differences between two signal-over-threshold events,
measured with the IceScint station at the South Pole. At,,;, corresponds to the small-
est value in the histogram. [96].

cycle [65]. This was found to be due to signal redundancy considerations; each DRS4
buffer is read twice by the FPGA.
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Figure 8.22: These histograms are showing for a better visualization, a “zoomed in” version into
the bins between 0 and 100 us of Figure 8.21 .

8.3 Commissioning of the first South Pole IceScint station

After the first tests of the functionality of the IceScint Station (Chapter 7) at the South Pole,
a detailed analysis and adjustment of the operating parameters of the IceScint detectors
and the IceTAXI DAQ was performed via SSH access. For this purpose, several com-
missioning measurement phases were carried out to study the behaviour of the IceScint
detectors, in particular of the SiPMs at low temperatures and of IceTAXI, there in partic-
ular the FPGA programming.

In order to avoid, in the worst case, that the DRS4 Waveform sampling, for example,
overloads the data connection to the ICL, every measurement was carefully considered
and configured. Initially, before an automated daily data acquisition was set up, the data
acquisition from IceTAXI and the transmission of the data in the entire chain IceScint
detectors — IceTAXI — ICL — South Pole Station (sDAQ machine) — KIT was manually
monitored.

The performed commissioning runs are described in Figure 8.23 and the daily meas-
urement phases are listed and described in Table 8.1.
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Run #1 - Specific for Air-Shower arrival reconstruction and IceTop coincidences search

- | High-Gain | Without waveforms | Without FPGA online Integration |

- | In datastream only header and Coincience Time Stamps | WR on | T-Control-Loop on |
-| Threshold 140 dec. | Baseline 880-930 ns | 6.6 Gb | ~ 12 Hours runtime |

-| feventData_1543320548_2018-11-27_12-09-08.bin |

Run #1.1 - Control Measurement: With waveforms on for troubleshooting

-| 7.4 Gb | ~ 20 Minutes runtime | Same setup (of course) like Run #1 |
-| /eventData_1543385444 2018-11-28_06-10-44.bin |

Run #2 - Specific for investigating the dynamic range of the TAXI system

- | Low-Gain | Without waveforms | With FPGA online Integration |

-| WR on | T-Control-Loop on |

-| Threshold 140 dec. | Baseline 880-930 ns | 280 mb | ~ 6 Hours runtime |
-| feventData_1543473972_2018-11-29_06-46-12.bin |

Run #2.1 - Control Measurement: With waveforms on for troubleshooting

-1 7.9Gb | ~ 60 Minutes runtime | Same setup (of course) like Run #2 |
-| /eventData_1543560517_2018-11-30_06-48-37.bin |

Figure 8.23: The manually performed commissioning runs for the IceScint station. It exceeds the
proposed daily traffic limit of 5%, but it was found that it is necessary to increase

the runtime with actived DRS4 waveform sampling in order to increase the statistics
for an air-shower coincidence rate estimation and for the SiPM waveform analysis.

Table 8.1: Setup of the daily IceScint measurement runs during Season 2018

From 14.06.2018

Application of the examined IceScint Data run parameters.
Obtained by commissioning runs #1
First test: All 4 hours for 30s, incl. DRS4 waveform (wf) sampling

From 19.06.2018

To 01.10.2018

Start of “short runs”: 3 times a day for 30's, incl. DRS4 wf sampling
(0:00 AM, 8:00 AM, 4:00 PM NZT-Zone).

Start of “long runs”: 3 times a day for 300 s online FPGA charge
integration, no DRS4 wf sampling

(4:00AM , 12:00 PM, 8:00 PM NZT-Zone)

End of daily measurement runs, start of new deployment season at the
South Pole, preparations for radio antenna integration
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8.3.1 Temperature control loop analysis

For the operation of an array consisting of detectors like IceScint, which are spatially
distributed but should measure identical observables, it is crucial that each individual
detector operates with the same efficiency. This uniformity must be achieved in the best
possible way. It should be as independent as possible from the detectors, which energy
the ionizing particle emits into the scintillator material, and how the signal looks like.
Hence, all detectors need to generate the same detector signal at a normalized energy
output of an ionizing particle.

One disadvantage of SiPMs comes with the high temperature dependence of the gain
(Chapter 5). To ensure a stable gain a temperature control loop was developed (Chapter 6),
tested in the laboratory and applied in-field at the South Pole.

To check if the temperature control loop works, several commissioning runs have been
recorded. Run 1, without control loop, consists of 47 measurements from 03.07 to 18.07
and run 2, with control loop, consists of 47 measurements from 23.07 to 07.08.2018 each
at different day times, resulting in different temperatures during the runs (Figure 8.24).

The expectation is therefore that in the analysis of run 1 there will be a temperature
dependent result and in the analysis of run 2 the temperature will not be a factor so that
the gain is stable for all temperatures.

The first step of the analysis is the integration of the waveforms to get a charge spec-
trum. The gain can be determined by the position of the MIP peak in the charge spectrum
(Chapter 6). Since only the position of the peak is to be determined, but not a fit for the
entire spectrum, a simple fit is sufficient. A Gaussian fit is therefore performed. Figure
8.25 shows an example of such a fit of the MIP peak.

For each channel 47 Gaussian fits were done with ROOT version 5.34/30. Therefore,
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Figure 8.24: Temperature at the South Pole during arctic Winter, measured with the IceScint de-
tectors. Noticeable is the huge temperature fluctuation of AT = 35°C. At the gap
around 22.07 IceTAXI was offline a few days.
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Figure 8.25: Exemplary MIP peaks of IceTAXI channel 1. The bin unit is in Me and is the charge
deposit seen at IceTAXI. Left: Run 1 with control loop. Right: without control loop

two times 329 fits for run 1 and run 2 were made. The predefined fit function “gaus” is
used. The range of the fit is carried out in such a way that more values are included on
the high charge side of the peak, because the curve runs out long here and thus more
measurement points are used, which increases the statistics.

To obtain more precise values, a longer measuring time to increase the statistics for
the fit and more frequent measuring intervals would have been necessary. This was not
possible at that time, because we would have exceeded the nominal bandwidth limit for
the satellite uplink by transmitting the DRS4 waveforms.

Figure 8.26 shows the charge deposit at the MIP peak without (left) and with (right)
enabled temperature control for two different detectors. The stabilisation of the gain
with enabled control loop is visible. The charge deposit and therefore the gain is more
stable over time and in addition, the mean charge is more identical between the IceScint
detectors. The still visible slight variations could be due to a delay of the temperature
change of the detectors.
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Figure 8.26: Charge deposit at the MIP peak in two detectors without (left) and with (right) en-
abled temperature control loop for two weeks of measurement time, each. At the
top and at the bottom the same IceScint detectors are shown. The stabilization of the
charge deposit and therefore of the gain with enabled temperature control loop is vis-
ible. The charge deposit is more stable over time and the mean charge (a) 315.2 £ 5.1
b) 330.7 £ 5.4 ¢) 354.2 + 5.2 d) 339.6 £ 6.1) is more identical between two detectors.

8.3.2 Charge spectra analysis and calibration

For run 1 and run 2 the waveforms are integrated to obtain a charge spectrum. Exem-
plary, Figure 8.277 shows the charge histograms of run 2 in logarithmic scale for each
detector. Notable is the uniform charge deposit of each IceScint detector in the same Me
region. In the following, in order not to go beyond the scope of the thesis, only results of
run 2 is shown.

To find fit functions for the IceScint charge histograms, different test fits were made.
The aim was to find two different fit functions for IceScint: One for the analysis of the
MIP peak and one for the whole charge histogram.

Fit function to determine the MIP peak in the charge spectrum

Two different fits are tested for the MIP peak region, namely a Gaussian and a Landau fit.
Like for the temperature control loop validation, a Gaussian fit is tried first. Less mea-
sured values must be included on the high charge region of the curve, since the curve

7Settings; Baseline 880-930 ns, Gain factor 1.1 (LG), plotted range 0-7500 Me, number of bins 500
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Figure 8.27: Charge histogram of run 2 in logarithmic scale. All 8 IceTAXI channels are plotted.
The PE peak, the valley and the MIP peak are visible. Notable is the uniform charge
deposit of each IceScint detector. At channel 7 (brown) no detector is connected. The
two groups are due to absorber above the scintilaltor by snow or another detector
and therefore different rate.

has a long slope to higher charges and is therefore not really following a Gaussian distri-
bution. The range is optimized that as many values as possible are included. Figure 8.28
shows all applied Gaussian fits to run 2 charge histograms.

The curve has a long slope on the right and a steep rise on the left, which is more
like a Landau function. Hence, a Landau fit is used to describe the peak and not the
whole spectrum. For the fit the Landau function defined in root is used. The fit function
describes the curve in the MIP peak area very well. Figure 8.29 shows all applied Landau
fits to run 2 charge histograms. In Figure 8.30 the mean MIP peak values for the Gaussian
and Landau fit are shown. The Landau function fits better as the Gaussian function since
for the Gaussian function many higher charge values of the curve are excluded.

Fit function for the whole charge spectrum

A first approach on how to fit a whole charge spectrum,the IceTop data was examined.
Two publications [18, 97] have been studied in which the fit functions for the charge
spectrum of the IceTop tanks is discussed.

Muons are minimally ionizing particles (MIP), i.e. they lose a constant amount of en-
ergy per distance. The distribution of the charge deposit in the IceTop tanks is therefore
dominated by muons traveling different distances, depending on the incident angle [18].
Figure 8.31 shows the distribution of the muon track lengths. The suggested fit for the
charge spectrum of IceTop tanks is described as[18] :

1.85 1
f(x) =po |L(x;p1,p2) + . — + p3-exp(pa- x). (8.3.1)
P2 fem
fu
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Figure 8.28: Charge spectra for all IceScint detectors with events recorded in run 2 with a Gaussian
fit and its parameters for determine the MIP peak in the charge spectrum.

This formula includes a muon part f, consisting of vertical muons and edge clippers,
and a part for the electromagnetic background fe;. In the muon part f, po describes the
number of muons which are not edge clipping. The number of edge clipping muons
is 1.85 - py, the factor reveals the geometry of the IceTop tank. L(x; p1, p2) is the Landau
distribution with the parameters p; and p,, describing through-going muons. The second
term is a Fermi-like function. This function describes the edge clipping muons. The
part for the electromagnetic background f,,, is a single exp() function [18]. Figure8.31
shows a charge spectrum of one DOM in IceTop tank 61A. Equation (8.3.1) is used. The
electromagnetic background is examined in more detail. A double exp() fit, a single exp()
fit and a power law are applied. Figure 8.32 shows the three different background fits. It
is concluded that a double exp() fit describes the electromagnetic background best [97].
In three different functions are suggested for the charge spectrum fit of the tanks. The
first fit is a Landau distribution with a single exp() background:

x) =po- ——exp | 05— +exp | ——"—
p(x) =po T p( <p2 p pz
+exp(ps + pa - x). (8.3.2)
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Figure 8.29: Same as above (Figure 8.28), but now fit with a Landau function. The landau function
fits better since not that much higher charge values have to be excluded for the fit.

This fit version approximates the muon signal with most likely vertical muons. Edge
clipping muons are not taken into account. To reduce parameters, the electromagnetic
background is only described by a single exp() function [97].

The second fit is expressed as Landau distribution with a double exp() background:

1 T ( o ) ))
=po - —05 + -
PCx) =po p2r F < ( p P P2
+exp(ps + pa-x) +exp(ps + pe - x). (8.3.3)

As shown in Figure 8.32 the double exp() function describes the the electromagnetic back-
ground the most [97].

The third fit is a Landau distribution with a continuous step function and a double
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Figure 8.30: The mean of the MIP peak for Landau and Gaussian fit at run 2. Shown are all
IceTAXI channels where a IceScint detector is connected. The Landau function fits
better than the Gaussian function since, described in the text, many higher charge
values of the curve have to be excluded for it to obtain a suitable fit. Although this is
due to the quality cut of the Gaussian fit not visible here, it shows the uniformity of
the IceScint Station again. The mean value of the MIP peak between the individual
detectors varies only by ~3%.
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Figure 8.31: Left: Distribution of muon track lengths in an IceTop tank for a cos?3@ zenith an-
gle distribution. In green the through-going muons are shown. The sharp peak at
90 cm is caused by vertical muon tracks. In red the clipper muons are shown [18].
Right: Charge spectrum of a DOM in IceTop tank 61A. The black curve equals the in
equation8.3.1 described fit with the muon part f, in green and the electromagnetic
background f,; in red [18].
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Figure 8.32: Left: Fit functions to the simulated electromagnetic background signal of IceTop
tanks. A double exp() fit (blue), a single exp() fit (yellow) and a power law (pink)
are applied. The best matching fit is the double exp() fit[97]. Right: Fit functions to
the whole charge spectrum of an IceTop tank[97]. The shown fit functions are applied
to IceScint data.

exp() background:
: S rer(Z50))
=pp - —0.5 + —
P(x) =po pvar b < ( pp P p2
+ps-0.5- (1 —tanh(p7 - (x — p9))) (8.3.4)
+exp(p3 + pa- x) +exp(ps + ps - X). (8.3.5)

The step function describes the edge clipping muons[97]. Figure8.31 shows a charge
spectrum of an IceTop tank. These functions, described in equations (8.3.2,8.3.3 and 8.3.5)
are investigated.

A possible fit for the whole charge spectrum of the scintillator signals contains of a Lan-
dau function describing the muons, a step function describing the laterally muons and
one or better two exponential functions describing the electromagnetic background. As
step function the Fermi function is used [97]. It is shown, that the most suitable fit func-
tion for the electromagnetic background is a double exponential fit, so this one is cho-
sen [97]. Figure 8.33 shows results for this fit function applied to run 2 data.

The IceTop tanks have a larger detector volume compared to the IceScint detectors.
Almost all muons go through the whole height of the Icescint detectors since the used
scintillator bars are just 1 cm thick. Only a few muons cut the volume of the scintillator
bars. Due to that, the step function is for IceScint not appropriate. A fit only containing
the Landau function and the two exp() functions is applied. All applied fits of run 2 for
this fit function are shown in Figure 8.34.
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Figure 8.33: Charge spectra of IceScint recorded in run 2 and a with Lan-
dau()+Fermi()+exp()+exp() fit applied

In terms of these studies, the most suitable fit function for IceScint detectors are:
¢ A Landau function for analyzing the MIP peak and

e for the whole charge spectrum a Landau+exp()+exp() function.
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Figure 8.34: Charge spectra of IceScint recorded in run 2 and a with Landau()+exp()+exp() fit
applied.

In this Chapter a part of the commission phase was described as well as the calibration
of IceTAXI and the results of the initial analysis. For IceScint, suitable fit functions for
charge histograms with a MIP peak could be found by a study of fit functions applied
to the data of the well analysed IceTop Cherenkov tanks. Since the detector volume and
the signal generation is different, the fit function of the whole charge spectra for IceScint
could be simplified. These commissioning runs and its analysis were essential to show
the presented capabilities of the IceScint Station and its air shower reconstruction results,
presented in Chapter 9.
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O Results of the first South Pole IceScint
station

In this Chapter first analysis of the data taken with the deployed IceScint station and the
resulting capabilities of the station is shown. The air-shower and local single or twofold
coincidence events were recorded between March and October 2018, with daily short and
for long runs and in addition with the dedicated commissioning runs (Chapters 7 and 8).

The first part shows the detector focused performance with air-shower data. These
analysis were made in close cooperation with [96], published as Bachelor thesis.

In addition, the effect of the temperature and the atmospheric pressure on the event
rate as well as the light tightness of the detector housing and dead time of the measured
charge deposit of the individual detectors were investigated. This is followed by the
analysis of the air-shower physics capabilities of the IceScint station and in coincidence
of the high multiplicity events with the IceTop array. In the last part of this Chapter
a determination of the reconstruction accuracy with a quality cut of IceScint events in
respect of in coincidence measured air showers with IceTop is shown. These analyse can
be found in great detail in [96] and [42],. In addition, a summary of the most important
results can be looked up in [91].

9.1 Event rates

The event rate in Figure 9.1 equals approximately (Chapter 8) the signal-over-threshold
rate of one detector. Therefore, since the discriminator threshold was chosen above the
valley in the charge histogram via threshold scans with pre-commissioning runs, it shows

the MIP rate per IceScint detector. It includes the statistical Poisson error 7ng”n"”“ and are
exemplary taken from the runs of 21.08.2018. This was a typical daily measurement run
with 6 runs in total, divided into 3 short runs and 3 long runs, recorded at different time
of the day. The three runs at each day, long and short run, were recorded at different time
at the day (Chapter 8).

Comparing these three measurements per day, no major difference in the rate can be
found. The hit rate of the detectors seems to be independent of the time of day at the
South Pole. As expected, the rate decreases with increasing multiplicity. These values can
be used as approximation how much DRS4 sampled waveforms have to be transferred
via the satellite uplink. Like discussed in Chapter 8, the size of the data packages increase
significantly by enabling the DRS4 waveform data package.

The daily means of the event rate in Figure 9.2 were calculated according to

Y (xi — %)?

S = (n—1)-n

(9.1.1)
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Figure 9.1: Event rate as a function of hit multiplicity. As expected, the rate decreases with increas-
ing multiplicity [96]. In addition, it is visible that the statistics is lower and therefore
the error is larger at the short runs (left) compared to the long runs (right).

where x; is the rate of each run and # is the mean value per day. For these these figures,
the daily runs of September 2018 have been used. The runs have been separated, like in
Figure 9.1, between the daily short runs (left) and the long runs (right).

The behavior of the multiplicity of the IceScint array vs. the rate follows the expectation
as seen for a daily run analysis. Due to the short measurement time of the short runs the
errors bars are larger.

In conclusion, Figure9.1 and Figure 9.2 shows that the multiplicity rate of the IceScint
station changes neither on the day nor in the month. This is showcasing that, assuming
an approximately constant MIP rate at the South Pole, this IceScint station is in stable
operation and there are no large fluctuations due to, as example, temperature-related
changes in either the IceTAXI DAQ or the IceScint detectors components. This allows
reliable operation and gives good prospects for the future IceScint stations at the South
Pole.

For completeness, Figure 9.3 shows the fit functions and their parameters. The details
of the fits can be found in[96]. These functions can be used to estimate, in conjunction
with the packet size prediction from Chapter 8, how many DRS4 sampled waveforms per
day would have to be transmitted via satellite uplink if suspected and thus interesting
high multiplicities of the IceScint station are to be transmitted for a detailed analysis, i.e.
air shower events in conjunction with its SiPM peaks.

164



9. Results of the first South Pole IceScint station

September
Daily-means - short Runs Daily-means - long Runs
¥ 01918 ¥ 16.9.18
X x ¥ 02918 ¥ 17.9.a8
¥ 039018 t 18.0.18
1074 1034 ¥ 04.9.18 19.9.18
¥ 05918 20.9.18
2] ¥ 06.9.18 21.9.18
- 10%4 - 10 ¥ 07918 22.9.18
0 © v ¥ o08.9.18 23.9.18
N N 1] . % 09.9.18 24.9.18
G\J 1004 i qA,J 10 ¥ 10.9.18 25.9.18
0 ® b ¥ 11918 & 26.9.18
v p v 100 o ¥ 129a8  f 27918
v L § v = ¥ 13.9.18 ¥ 280918
1074 [ * M ¥ 14.9.8 ¥ 29.9.8
¥ % 1014 X ¥ 15918 ¥ 30918
1072 ¥ * + 10-2 1 2
0 2 4 6 0 2 4 6
multiplicity multiplicity

Figure 9.2: Daily means of the rates as function of the multiplicity for long and short runs plotted
separately. The shown uncertainty is calculated by the standard error of the mean.
The measurement run were performed the whole September on a daily basis [96]
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Figure 9.3: Fit functions, for background (orange) and most likely air-shower events (green) vs.
the mean rate of the daily averages as a function of multiplicity [96].
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Figure 9.4: The sun altitude « in relation to the South Pole surface [96].

- versus solar altitude

Due to the special geographical latitude of the South Pole, it is possible to investigate
how the IceScint station and its detectors behave during polar winters and summers. The
sun, for example, moves very close to the horizon in polar summer, oscillating slightly
throughout the day. The angle used and for illustration purposes are shown in Figure 9.4.

This means that the IceScint detectors, some of which are 1 meter elevated (Chap-
ter7), are laterally illuminated at different times of day. As the aluminium housing of
the IceScint detectors is not completely closed by riveting the top and bottom plates, the
black tube foil is illuminated. Experiments have been carried out (Chapter 6) with the foil
used to determine whether it becomes brittle at low temperatures, but long-term testing
was not possible.

This examination offers a natural possibility to find out if the foil has cracked and
photons have fallen on the optical fiber or on the SiPM, thus increasing the event rate.

In Figure 9.5 the even rate in relation of the sun altitude « for different days and for
the all IceScint detectors ( IceTAXI channel 0-6) of the station is shown. A negative angle
means the sun is below the South Pole surface. The sun altitude values taken from the
data set of the “Time and Date AS” corporation !.

The difference in the event rate between the individual IceScint detectors has its ori-
gin in the different installation (Chapter 7) of the detectors, i.e. if absorbing material like
another detector or snow is present or not. In addition, the groupings in the plot show
which detectors were installed in the same way, which is also reflected in the charge his-
tograms (Chapter 8). The fluctuation of the event rate of the individual IceScint detectors
over the days has its reason in the pressure dependence of the event rate. This in de-
tail and a plot corrected, which is smoothing the event rates over time, in comparison to
Figure 9.5 can be found in [96].

Already by when considering Figure9.5, it is noticeable that there is no correlation
between the sun latitude and the event rate. This demonstrates that the detectors are still
sealed light-tight and that the used tube film has not become brittle and cracked.

Thttps:/ /www.timeanddate.com/sun/antarctica/south-pole
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Figure 9.5: Event rate for each channel for long runs of some example days. In the lower part of
the diagram the sun altitude of these days is plotted. A negative sun altitude means
that the sun is below the horizon [96].

9.2 Air-Shower core determination with the IceScint station

For the analysis of the air-shower core determination with the IceScint station, the recorded
event data from the IceScint station were taken between 01.08.18 to 31.10.18. The center
of gravity (COG) of the air shower is calculated as an approximation with the weighted
square root of their charge with the mean value of the IceScint detectors position in the

event by

Eomepulses f[om] ) \/W (9.2.2)

Zomepulses Q [Om]

Xcoc =

where Q[om] is the baseline correction charge and Yomepulses the pulses in ADC counts [96,
42].

For the shower core position (Figure 9.6) the short runs (Chapter 8) were used, since
there is the DRS4 sampled waveform available. The overall reconstruction was successful
for 78608 events.

However the COG positions are located inside of the area of where the IceScint detec-
tors are placed. As the COG is the weighted average of the detector positions, no shower
core can be reconstructed outside of this area. For the short runs 1626 events could be
reconstructed.

In Figure 9.6 the events are displayed. The blue markers indicate the position of the 7
IceScint detectors and the reconstructed events are plotted as 2D-histogram.

No hot spot and no drift in one stations corner is visible and it can be assumed that
the reconstruction with the event data is uniform. In case an IceScint detector would
contribute a much higher signal rate, e.g. the overall gain would be different compared to
other detectors, therefore more SiPM waveforms would initiate the signal-over-threshold
trigger, a weighting would be visible.

This is another indication that the installed IceScint station behaves uniformly.
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Figure 9.6: Positioning of the shower cores, plotted as 2D-histogram distribution in the instru-
mented area. The blue markers indicate the position of the IceScint detectors [96].

Shower core footprint IceScint vs. reconstructed IceTop shower core

For the IceTop shower size, shower direction and core the Laputop reconstruction soft-
ware of the IceCube Collaboration is used. It is a maximum-likelihood reconstruction
algorithm for IceTop air shower events and takes the first guesses of the shower core and
plane as seed and makes a fit to the lateral distribution of charges in an event[98]. This
software was used for all following comparisons between the IceScint station and the
IceTop array, including the azimuth and zenith angular differences.

For the IceScint station, the same plane-front-fit like before is used and taken as seed
for a fit to the lateral distribution of the shower parameters. Like before, only the short
runs of the IceScint station and where the waveforms are available, were used. It was
possible to find 8413 events where the reconstruction with Laputop was successful [96].

The slightly “donut”-shape in core positions is caused by the geometry of the small
scintillator station inside the IceTop array. The distribution of the reconstructed shower
core locations is like expected and fits to the results of the CoG reconstruction of only
locally the IceScint station which were shown before.

9.3 Reconstructed IceScint versus IceTop arrival direction

The zenith and azimuth angle are in the following used as parameter for the air shower
arrival direction (Figure 9.8). The incidence direction was reconstructed by the same plan-
front-fit for the station and the IceTop reconstruction is made with Laputop.

9212 events were successful reconstructed with IceScint data. In total 20527 coincident
events were found, the loss of events is caused by difficulties in determining the base-
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Figure 9.7: Shower core position for the IceTop reconstruction of events in coincidence with the

IceScint data set. The blue dots are marking the position of the IceTop stations. Each
of the station consists of 2 IceTop tanks. [96].
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Figure 9.8: Illustration of the zenith and azimuth angle definition. Edited from [99]

line. Some events have a correct trigger timing but the charge of the pulse is negative. If
the baseline estimates was badly estimated, these events have been rejected in the recon-

struction [96]

The distribution of the zenith and azimuth is typical for an air shower array. Due to
the small station size and the small amount detectors, no major findings can be expected
apart from showcasing that the angular distribution is as it should be and that the IceScint

station is therefore working properly.

Histogram of differences between IceScint and IceTop reconstructions

The accuracy of the scintillator air-shower reconstruction is estimated by comparing the
reconstructed shower plane values with the ones obtained from IceTop data. In Fig-
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Figure 9.9: Distributions of the reconstructed zenith and azimuth angles of events detected by the
IceScint station which are coincident with IceTop events. [91].
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Figure 9.10: Histograms of the differences between the IceScint station event reconstruction
zenith (left) and azimuth (right) angles and the IceTop Laputop reconstructions. Only
IceTop events within the scintillator area are considered. The Gaussian fits are in red
with fit results shown in the top-left [91].

ure 9.10 the differences in the zenith and azimuth angle of the plane front between the
Icescint station and the IceTop Laputop reconstruction are shown. A quality cut for
events with by Laputop reconstructed shower core inside the IceScint station from events
with successful IceScint and IceTop reconstruction has been performed and led to 272 co-
incident air-shower events [96].

The via Laputop reconstructed angles of the IceTop events can be found in[96]. A
good correspondence between the results of the reconstructions is obtained, therefore the
quality of the timing information is rather good and sufficient for air shower detection.

The given resolution of ~3.4 and ~9.8 degree for zenith and azimuth are a folding of
the resolutions by IceTop and IceScint. This is very good and promising as IceTop has a
rather bad resolution of ~2-3 degree for these low-energy showers.

In conclusion, the direction of incident air showers are reconstructed accurately, taking
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into account the small number of the detectors and the size of the station. It shows no
hints that one IceScint detector is not uniform or that an IceTAXI DAQ channel is pro-
cessing the scintillator data differently. The reconstruction accuracy is well in agreement
with the values obtained from simulations of the IceScint station [42] and with IceTop air
shower events.

It is a proof of concept of the feasibility of the detector design and its IceTAXI DAQ
of the deployed IceScint station and showcases it fulfills the requirements of a surface
enhancement of the IceTop array with IceScint stations.
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10 IceARM for teaching and outreach

Since the basic IceARM electronics is, without the signal modulation by the GP-board to a
double ended differential, necessary for the South Pole IceScint station, a generic analog
readout of the SiPM, it can be used as multi-purpose readout for several experiments
which transforms light into an electronic signal by a SiPM. IceARM can handle a variety
of different types of SiPMs. This is possible since the power supply at the readout board is
fully programmable and as much variable as the following next part in the readout chain,
the digitization and DAQ of the specific experiment. In this Chapter three applications
of IceARM outside of IceScint are briefly presented. Additional applications, like a small
SiPM based muon tower or a underground background detector for possible dark matter
underground experiments are under discussion.

10.1 Low-Level-Light sensor demonstrator for SENSE

The SENSE project was a Horizon 2020' Coordination and Support Action aimed to co-
ordinate research and development efforts in academia and industry in low light-level
sensoring. In addition, SENSE aimed to transfer knowledge by initiating information
and training events and material, for sharing the status of existing LLL sensors and pro-
viding information by outreach experiments and activities [100]. During my PhD thesis I
used the previously and within the thesis learned expertise to contribute in the organiza-
tion team and expert group of the SENSE project 2. Next to small lectures about detectors
and sensors in astroparticle physics, several demonstrators were developed and shown at
different workshops and conferences (Figure 10.1). Most of the detector readout demon-
strators were based on the developed IceScint detectors readout, IceARM.

As example, at the Baksan school for the lecture “Application of Photosensors for as-
troparticle physics experiments” IceARM was used as demonstrator for SiPM readout
used and for the DPG spring meeting in Miinster the readout board and the cookie board
of IceARM with a SiPM soldered on it were used to showcasing dark box measurements
like the gain and the breakdown voltage of one specific SiPM, including analysis soft-
ware.

10.2 Mini-lceScint as student practice experiment

Based on the IceCube scintillation detectors, small scintillation detectors are built for the
advanced physics lab course at KIT ( “P3 Praktikum” ) in the frame of the master thesis
of Anja Schmidt[101]. The baseline design of the IceScint detectors is adopted with ad-

IGrant agreement no. 713171.
Zhttps:/ /www.sense-pro.org/about/organisation
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Figure 10.1: Left: SENSE Project Logo. Right: SENSE at DPG Miinster with readout demonstrator
for several SiPMs.

justments in the detector dimensions and the in IceARM readout electronics and in the
installed type of SiPM.

The dimensions, i.e. the MIP-sensitive area, is given by from the conditions in the
practical course, especially from the already existing magnetic coil, into which one of the
detectors will be placed in the experimental setup to determine the Landé Factor in terms
of a lab course for students. As for the IceCube IceScint detector, aluminum U-profiles
and aluminum sheets are used. Due to the height restriction in the magnetic coil, the
detector is constructed from U-profiles of different heights. The part where the scintilla-
tors are located is lower, the part where the optical coupling and electronics are located
is higher. The two parts are linked with connectors. The detectors for the physics lab
course get an additional double bottom for more stability. It should be possible to open
the detector at any time. Therefore sleeve nuts with matching screws are chosen instead
of screws and nuts or rivets. Nuts are also not used for fastening the angles and con-
nectors, instead the threads are cut directly into the components. Instead of one military
connector, a couple of connectors are used so that the functioning can be demonstrated
more clearly in the physics lab course.

The number and length of the scintillator bars is determined by the size of the mag-
netic coil. 10 bars with a length of about 93.5 cm are used, which is half the length of the
IceCube scintillator bars (Figure 10.2). Therefore five scintillators are grouped together in
the back routing instead of four. The front routing is also changed. A short straight piece
is inserted. This further separates the electronics from the magnet and the wavelength-
shifting fibers are long enough outside the scintillator to absorb the not desired wave-
lengths. Since reducing the number of scintillator bars also reduces the number of fibers,
Michael Riegel designed a new 3d printed fiber-fit-in for the cookie.

Summarized, the changes in the front-end readout electronics, and the SiPM for Mini-
IceScint are:

¢ The baseline design of the readout electronic is kept. Therefore an analog signal
output of the scintillators is readout with IceARM.
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Figure 10.2: Top: CAD of the housing of Mini-IceScint and the interior design. The baseline design
of the IceScint detector was adopted and adjusted to the smaller dimensions in terms
of MIP-sensitive area, therefore shorter and scintillator bars are used. The holder
of IceARM was redesigned to fit into the experimental setup of the student practice
“P3” experiment [101].

* The cookie board is used with no changes compared to IceScint.

¢ Since the cable length is short compared to the 70 m cable of IceScint to TAXI, and
in addition the TAXI DAQ is not used, there is no need for a differential analog
signal generation and, therefore, the General Purpose (GP) board is not used for
Mini-IceScint,

¢ The Python control script of the Hamamatsu power supply onboard the readout
board for adjusting the SiPM parameters is adjusted for easier use for students,

* Like discussed in Chapter 5 and 6, there is the option to use SiPMs with a larger or
smaller amount of APD cells at the photosensitive area. For IceScint, the aim is to
increase the dynamic range of the full system by choosing the smaller pitch (25 pum)
which generates less charge and therefore needs lees ADC-counts to resolve the
charge deposit. For Mini-IceScint it turns out that is more important for the DAQ
to have a larger, more PMT-like, signal amplitude and shape. Therefore the version
with the higher pitch (50 ym) is used. The series of SiPM is, beside of the pitch size,
the same as described in Chapters 5 and 6.

e It is planned to digitize the analog signal of Mini-IceScint with a PicoScope. The
software to analyse the digitized data will be written in the frame of a master thesis
at KIT-ETP [102].

A “first light” was observed with the first full assembled detector (Figure 10.3). Shown
is a screenshot of an oscilloscope, connected to the IceARM setup inside of Mini-IceScint.
The waveforms of the three different (1x, 5x, 10x) amplifications ( blue, pink, yellow)
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Figure 10.3: Screenshot of the LeCroy Waverunner 620z oscilloscope, connected to all 3 (different
gain) connectors of the first assembled detector of IceScint. Visible is the waveform
of the “first light” by a MIP event.

are triggered at high charge events, therefore MIP-events. The thermal noise, like dark
counts, of the SiPM are visible as rippling noise at the baseline, which indicates the high
signal-to-noise ratio of the detector.

The electronics were tested separately before being installed in the single Mini-IceScint
detectors. This includes the check of the amplification factors of the readout-Board and
the dependence of the amplification factor on the pulse length (Figure 10.4, left). It shows
that, as it is fulfilled for IceScint (Chapter 8), the stable amplification of the SiPM signal
in the pulse length interval which is expected for MIP induced photon bunches. The
tests also include the determination of the SiPM breakdown voltage at 25°C (Figure 10.4,
right), which were made for each used SiPM and is necessary for the temperature-control-
loop formula (see Chapter 6).

The temperature dependence of the SiPM breakdown voltage was measured with the
cooling chamber, analog to the procedure described in Chapter 6. The temperature sensor
is also calibrated analog to [57]. With the results of these measurements, the temperature
control loop is set up, which adjusts the bias voltage of the SiPM with temperature to
stabilize the gain of the SiPM (Figure 10.5, right).

At this point of the PhD thesis, on basis of the developments for IceScint the detector
for this special application could be designed, constructed and is now being tested and
integrated in the lab course.

10.3 SiPM Muon Coffee Cans with IceARM readout

The “Kamiokanne” was originally developed in Mainz?® to explain and demonstrate the
Cherenkov Effect especially in schools and lab courses. Water-filled Cherenkov detectors
are an omnipresent experiment technique in (astro) particle physics research. The effect
is used, among others, in experiments like Super-Kamiokande in Japan to detect neutri-

Shttp:/ /kamiokanne.uni-goettingen.de/ geschichte.htm
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Figure 10.4: Left: Amplification factor G of the three Op-Amp paths onboard one of the readout

boards. A stable amplification factor for typical MIP induced SiPM signals is ex-
pected. Right: Example I-V curve to obtain the breakdown voltage of one of the four
used SiPMs at 25°C for Mini-IceScint. This specific breakdown voltage is necessary
to distinguish for the usage of the temperature control loop [101].
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Figure 10.5: Left: Dependency of the breakdown voltage of all 5 SiPMs on the temperature. Each

data point is obtained from one I-V curve (Figure 10.4, right). The slope of the linear
fits follow the previous measurements for the IceScint detectors. Right: The opera-
tional voltage vs the temperature for different set voltages (blue). The adjustments
by the temperature control loop are visible in pink [101].
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nos and other astroparticle [103]. In addition, detectors of the Pierre-Auger-Observatory
and IceCube are based on this effect. The condition for Cherenkov radiation is that a
uniformly moving electric charge in the medium has a velocity greater than the speed of
light in the medium. The speed of light in the medium is related to the speed of light in a
vacuum via the refractive index ¢, = % In contrast to luminescence, the electromagnetic
radiation emitted by the Cherenkov effect is a directional quantity, so that the radiation
is emitted at a certain angle to the direction of propagation [104]. This angle is given by
the relationship
0) = — 10.3.1
cos (©) = - (10.3.1)

The particle travels the distance v - At in the medium, while the wavefront, which trav-
els at the velocity v, travels the distance c,, - At. From trigonometric considerations, the
angle is related to the distance traveled: c¢,, - At = cos (@) - v - At. This leads to:
cm- At c

= — 10.3.2
v At n-v ( )

cos (©) =

Traditionally, the Cherenkov light produced is detected in detector volumes via a pho-
tomultiplier tube whose cathode is mechanically connected to the water in the detector
volume. This detector volume can be, as example, a coffee can filled with water. This
means that for the (movable intended) experimental setup an operating voltage of more
than 1000 V has to be generated to reach the breakdown voltage of the PMT. In addition,
since a large part of the PMT consists of a vacuum tube, the handling and transport of
the experiment is susceptible to shocks and breaks.

SiPMs have a lower operating voltage (~50 V) and the advantage over PMTs of not
being permanently damaged or destroyed even in light exposure (Chapter 5). A disad-
vantage of SiPMs is the small photosensitive area of currently maximum 6x6 mm?2. This
makes the sensor area about one order of magnitude smaller than the cathode of a con-
ventional PMT. For example, the Kamiokanne, one of the first outreach detectors, has a
PMT with a diameter of 50.8 mm and thus a detection area of 206 mm?. This requires a
redesigned optical coupling to the detector material, similar to the coupling of the scin-
tillator bars of IceScint, which in this case is water.

In contrast to scintillators, the water, and thus the detector material, can be removed
from the coffee can easily. In this way it can be made clear to pupils and students that
light is produced in water due to the Cherenkov effect and it can be discussed how this
effect is produced (Figure 10.6). Furthermore, by simple modifications (Figure 10.10) and
enhancements of the setup, the rate, the penetrating ability, the direction of incidence, the
velocity and the lifetime of muons can be determined [105].

To investigate the amount of light yield to obtain by the generated Cherenkov light,
different modifications of the IceScint optical readout were developed. Figure 10.7 shows
all used cookie boards for the first demonstrator at KIT for a cherenkov coffee can, with
different optical fiber setups. On the left side two unglued Cookie Boards are shown.
The other 3 boards are glued to the cookie with optical cement. All three mounts are
equipped with light conducting fibers whose ends are directly directed to the SiPM. In
the first cookie, the fibers are cut and polished so they are in line with the lower edge of
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Figure 10.6: Shown is one setup (left) for the proof of concept of reading out Cherenkov coffee
cans and its CAD (right). This setup was used for coincidence measurements with
scintillators which are placed on top and on bottom of the coffee can [106].

the cookie. Fibers are glued to the right of the cookie, which are attached in a straight line,
this shape is called "spaghetti". On the right side the cookie is glued with fibers which are
arranged in the shape of an egg whisk, i.e. both cable ends are glued to the SiPM surface.

For the very first demonstrator of the readout of coffee cans with the IceScint front-end
electronics and with SiPMs, the IceARM was used in nearly original state (Figure 10.8).
By first measurements with an oscilloscope it was possible to trigger high-charge de-
posit events, which means above the noise level of the electronic and SiPM and therefore
Cherenkov light. The trigger level threshold voltage was set to a value around hundred
times above the SiPM thermal noise and still the coffee can setup produced a high charge
event rate of ~4 Hz, inside of the lab building. This leads to further investigation of the
setup and to improvements in the mechanical coupling and different test setups to dis-
tinguish the optical fiber alignment with the highest light yield.

The incident muons comply with the requirements of a Poisson process and thus the
distances between the individual coincidences should be negatively exponentially dis-
tributed, analogous to the time interval between two high charge events measured and
seen with the IceScint detectors (Chapter 9). The distribution of the time intervals be-
tween the three and four-fold coincidences was checked for several measurement and
experimental setups. The exponential distribution was found in all measurements with-
out significant scattering (Figure10.9). It can be seen that an exponential fit describes
the distribution of the time intervals well. From this it can be concluded that there is no
interference from regular interference pulses, e.g. from a defective photon shielding.
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Figure 10.7: Left: Picture of the different readouts of the SiPM and the different optical fiber setups
to investigate the light yield produced by Cherenkov light. Right: Developed holder
for the glued cookie with the SiPM and the optical fiber. In addition it serves as
photon shielding and easy system to attach and detach different optical fiber setups
by an integrated thread which fits to the thread of the used coffee cans.

Figure 10.8: The first proof of principle electronic front-end setup for reading out the SiPM cof-
fee cans. The original IceARM and its connectors were used without modification.
Visible are the coffee can, the 3D-printed cookie holder, the adapter board and the
readout board of IceARM. The GP-board is missing since it is not necessary to gener-
ate a analog differential SiPM signal [106].
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Figure 10.9: Distribution of the time intervals between threefold (left) and fourfold (right) coinci-
dences. In this example, the black can with the spaghetti setup was measured for just
over 20 hours. The height of the bins is plotted logarithmically [106].
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Figure 10.10: Comparison of amplitudes (left) and integrated charges (right) with three differ-
ent configurations of SiPM Muon cans: With fiber and water (blue), only with
fiber without water (orange) and without fiber and without water (green). The
Cherenkov effect, induced by incident muons, is clearly visible.
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In order to demonstrate to pupils and students the functionality of the SiPM coffee
cans, i.e. that muons are actually measured via the Cherenkov effect, different amplitude
and charge integrated histograms were compared (Figure 10.10). The difference between
a SiPM muon can with optical fibers and water, only optical fibers without water and a
can without fiber and without water is clearly visible and shows the functionality of the
system of optical fibers, the Cookie and IceARM, adapted from IceScint.

With the Staatsexamen thesis of D. Schwer [106], in connection with an Ice ARM version
from this thesis, which was still identical at that time to the one used for IceScint, it could
be shown that muon coffee cans can also be read by a SiPM and that the cherenkov light
can be distinguished from the noise of the SiPM and the electronics. The wavelength
shifting fibers are collecting enough Cherenkov effect induced photons in an one liter
detector volume enough Cherenkov effect induced photons that a SiPM can produce a
signal resolvable for a Picoscope. Since the cookie board of IceARM was not developed
to be exposed to moisture, further tests and prototypes are necessary to prevent short
circuits.
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The surface component of the IceCube Observatory, IceTop, will be enhanced by new
detector components the coming years. IceTop examines the cosmic-ray sky by investi-
gating the muonic and electromagnetic component of air showers. However, the accu-
racy of IceTop is limited and therefore more detailed measurements are needed to un-
derstand the astrophysics of high-energy cosmic-ray. As basic element of the necessary
improvements to reach this goal, an enhancement of IceTop is proposed which consists
of homogeneously-spaced scintillator stations, IceScint, with an areal coverage similar to
IceTop.

Over the next few years, it is planned to deploy up to 37 stations including scintil-
lation detectors (IceScint) and radio antennas. Each IceScint station comprises of seven
scintillation detectors and three radio antennas communicating with a central DAQ.

For each IceScint detector 16 plastic scintillator bars are used in combination with
wavelength shifting optical fibers to collect and guide the light produced by a minimum
ionizing particle which is crossing the scintillator volume. The 32 optical fiber ends are
read out by a silicon photomultiplier (SiPM). This new kind of low light-yield photo sen-
sors have several advantages compared to classical photomultipliers like a more robust
design, is more cost effective and has an operation voltage below the high-voltage region.
In addition, the performance of SiPM increases at low temperatures.

A coupling is fixing the 32 optical fiber ends via optical cement along with the photo-
sensitive area of the SiPM, which is soldered on a printed circuit board. This PCB is a part
of IceARM, a new developed analog SiPM readout system which in addition consists of
an adapter, a readout and a general purpose board. The SiPM signal is read out and
amplified already inside the detector and the analog signal is transferred double-ended
differential to IceTAXI.

The IceTAXI DAQ consists of an FPGA and a micro controller unit embedded Linux
system. The used Spartan 6 FPGA timestamps the incoming scintillator signals with a
nanosecond precision. After each of the eight income channels of IceTAXI is discrim-
inated, the waveforms can either be sampled with a one nanosecond resolution by a
switched capacitor array named DRS4 or charge-integrated online by the FPGA.

The characterization measurements for each individual IceARM and SiPM have been
made and afterwards 24 detector units were built. A test procedure was developed and
performed to each detector. A full system test of the set-up IceScint station was success-
fully made in cooling chambers in the Physical Science Lab in Stoughton, Illinois.

After the shipment of the station and the travel to the South Pole, the station was de-
ployed and in a first commissioning phase installed and linked into the satellite uplink
to receive data at the Northern Hemisphere. Afterwards, IceTAXI was calibrated using
measurement data from the station at the South Pole and a cloned station set-up at KIT.
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For the South Pole station a daily run procedure was set up and several commissioning
runs performed. A SiPM temperature control loop to stabilize the gain of one IceScint de-
tector was developed and analyzed for functionality. The charge histograms have been
calibrated and fit functions developed. The performance status of the detectors at the
South Pole was tested after several months of the deployment and the data of the IceScint
station regarding air-shower reconstruction capabilities are analyzed.

The light yield of the IceScint detectors in terms of % is much higher then the set
requirements. The relatively large dark current of SiPMs is even when operating the de-
tectors at room temperature negligible. After the construction of the detectors each one
was tested and characterized with the KIT muon tower. The detectors are highly uniform
and operated as uniform station at the South Pole. It turned out that the development
of the whole detector system is well thought out. Not a single detector was damaged by
the hard transport to and at the South Pole. The climatic conditions did not affect the
interaction of the individual components. The electronics did not show a single system
failure during the whole measurement season.

The aim of this thesis was to develop and study this prototype IceScint scintillation
detector station foreseen for the IceCube IceTop Enhancement. The focus of this thesis
was to develop the scintillation detectors with its mechanical and electronic components.
The interface of the detectors with the IceTAXI DAQ was clarified and characterized.
It included the commissioning phase of the station and the characterization of IceTAXI
after the deployment at the South Pole. Afterwards, the investigation of the gained mea-
surement data from the South Pole and the analysis of air-shower reconstructions have
shown the detector capabilities and proven to have a fully operating IceScint station.

The flexibility due to the modular design of IceARM has benefited several other exper-
iments with needs of analog SiPM readout electronics, at the point of this thesis mostly
located in student teaching and outreach experiments.

The thesis provide a proof of design and concept not only for the scintillation detector
design with SiPMs but also for the IceTAXI data acquisition structure and the usage of the
White Rabbit timing system. It brings a significant contribution to the enhancement of
the current IceTop and paves the way for a new large-scale instrumentation of the South
Pole surface for new discoveries and insights in astroparticle physics.
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This appendix shows only a selection of the many CADs, technical drawings, board
designs, circuit diagrams, test routine instructions and commissioning protocols gener-
ated in the course of this thesis.

All material is located on a dedicated server of the IKP.
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Appendix E

Muon tower measurements of the IceScint detectors 001-023

001 002 003 004 005
006 007 008 009 010
011 012 013 014 015
016 017 018 019 020
021 022 023

Figure 1: Efficiency, defined as the probability to see “light” (even with a very small number of photons
or PE).
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Figure 2: Pulse arrival times (x-axis) and 1g(q/Me) (y-axis) vs. the muon trigger (at t = 0).
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Figure 3: Histogram of number of pulses per trace. Increased tail means light leakage or electronic
noise. Detector 001 is an example of such a strange behavior.
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Figure 4: Pulse height (peak) histogram. Note that detector 002 was measured in the high-gain channel
only with a low statistics.
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Figure 9: Mean logarithm of vertical-equivalent charge (1g(7/Me)) over the detector.
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Figure 10: Mean AoP over the detector.
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Figure 11: Projection of the mean log-charge along the x-axis.
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Figure 12: Projection of the mean charge along the x-axis.
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Appendix G

Commissioning and daily runs
first South Pole IceScint station

T
Date Time Run Gain ‘ Run Time Waveform control Comments
loop
First test runs
from 14.06.2018 every four hours first regular LG 30s yes no
data recording
from 19.06.2018 always at 0 a.m., 8 a.m., 4 p.m. short runs HG 30s yes g
to 20.06.2018 and
1 always at 4 a.m., 12 a.m., 8 p.m. long runs HG 300s yes no
restart
again from 25.06.
to 02.07.
4
restart
again from 02.07.
Commissioning Run 1
from 03.07.2018 always at 0 a.m., 8 a.m., 4 p.m. Run 2 HG 45 s ves no
to 18.07.2018
03.07.2018 09:18:15a.m. | Run1 HG | 1000s ves no |
05.07.2018 06:15:30a.m. Run 1 LG 1000s, yes iy
06:19:49 a.m.
06.07.2018 06:12:43a.m. Run 1 LG 1000 s yes fits)
06:25:00 a.m.
18.07.2018 Runs, to find HG 1000 s yes no from 19.07.2018
Channel-Panel right mapping,
mapping tested: 20.07.2018
from 23.07.2018 always at 0 a.m., 8 a.m., 4 p.m. Run 3 HG 45s ves yes
to 09.08.2018
24.07.2018 08:48:21a.m. Run 1 HG 1000 s yes no after Run 1
10:03:11a.m. T control loop
is started again
25.07.2018 09:38:39a.m. Run 1 HG 1000 s yes 6 after Run 1
T control loop
is started again
to 27.11.2018 ‘ normal Runs ‘ ‘
Pre-Commissioning Run
26.11.2018 | Threshold Scan HG ‘ 2min yes yes l
Commissioning Run 2
27.11.2018 | Run1 HG | 12h no ves |
28.11.2018 | Run 1.1 HG ] 20 min yes yes l
29.11.2018 | Run 2 LG | 6h no ves |
30.11.2018 | Run 2.1 LG | 1h ves ves |
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Appenix |

Selection CAD IceScint detectors 2017

IceScint prototype detector

IceScint detector as deployed January 2018

Zoom into the routing, optical coupling and IceARM placement
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Appendix L

People involved in IceScint (incomplete)
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