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The prototype station for the IceCube Surface Array Enhancement

IceTop, the surface array of the IceCube Neutrino Observatory at the geographic
South Pole, serves as both, a veto for the in-ice neutrino detection and a cosmic-ray
detector. It consists of 162 ice-Cherenkov tanks, distributed over an area of 1 km2. Due
to snow accumulation on top of the tanks, the resolution of IceTop decreases and the
energy threshold increases.

The Surface Array Enhancement (SAE) will measure and mitigate the effects of the
snow accumulation, enhance the veto capabilities and improve cosmic-ray measurements
by increasing the detection sensitivity in the primary energy range of 100 TeV to 1 EeV.
Additionally, it serves as R&D for the large-scale surface array of IceCube-Gen2, the
planned next generation neutrino detector at the South Pole. 32 stations will be deployed
within the current IceTop footprint. Each station comprises of eight elevated scintillation
detectors with SiPM readout and three radio antennas, connected to a central DAQ.

In the frame of this thesis, the designs of two initial R&D stations have been merged
and optimized for the SAE. A prototype station was built and deployed at the South
Pole in January 2020. The characterization and calibration of the scintillation detectors
show a high light yield for individual particles, which enables a low energy threshold.
Temperature effects of the SiPM readout are evaluated and compensated in the data
analysis.

First analyses of air-shower data of the prototype station are performed. A method
to combine the data from the single detectors to air-shower events is established. The
comparison of measured events with expectations from simulations shows agreement.
Therefore, it can be concluded that the simulations are valid and that the scintillation
detector effects are understood. For events, which are measured in coincidence with
the scintillation detectors and IceTop, the comparison of the reconstruction results
show that the angular resolution of a single station for events with coincident hits
from eight scintillation detectors is competitive to the IceTop reconstruction. For triple
coincidences, i. e. events measured in coincidence with the scintillation detectors, radio
antennas and IceTop the reconstruction results of the zenith angle agree within 4°.

Based on these results, not only the design for the SAE is validated for the production
of the 32 stations, but also several hints could be provided for improvements, in
particular related to the firm- and software of the detector system. In addition, the
design will be used as the baseline design for the future surface array of IceCube-
Gen2. The experimental verification of the simulation confirms the simulation basis for
IceCube-Gen2. These are important steps in the planning, optimization and realization
of IceCube-Gen2.



Die Prototypstation für die Oberflächen-Erweiterung von IceCube

IceTop, das Oberflächenarray des IceCube Neutrino Observatoriums am geographi-
schen Südpol, dient sowohl als Veto für die Neutrinodetektion im Eis als auch als
Detektor der kosmischen Strahlung. Es besteht aus 162 Eis-Cherenkov-Tanks, die über
eine Fläche von 1 km2 installiert sind. Durch Schneeablagerungen auf den Tanks nimmt
allerdings das Auflösungsvermögen des Arrays ab und die Energieschwelle zu.

Die Oberflächen-Erweiterung (SAE) wird die Effekte der Schneeablagerungen messen
und korrigieren, das Vetovermögen erhöhen sowie die Luftschauermessungen verbessern
durch die Erhöhung der Detektionssensitivität in dem Energiebereich der Primärteilchen
zwischen 100 TeV und 1 EeV. Zusätzlich dient das SAE als F&E für das großskalige
Oberflächenarray von IceCube-Gen2, dem geplanten Neutrinodetektor der nächsten
Generation am Südpol. 32 Stationen werden innerhalb der IceTop-Grundfläche eingesetzt
werden. Jede Station umfasst acht erhöht aufgebaute Szintillationsdetektoren und drei
Radioantennen, die an eine zentrale Datenerfassung angeschlossen sind.

Im Rahmen dieser Arbeit wurden die Designs der beiden ursprünglichen F&E-
Stationen für das SAE zusammengeführt und optimiert. Eine Prototypstation wurde
gebaut und im Januar 2020 am Südpol aufgestellt. Die Charakterisierung und Kalibrie-
rung der Szintillationsdetektoren zeigt eine hohe Lichtausbeute für individuelle Teilchen,
wodurch eine niedrige Energieschwelle ermöglicht wird. Die Temperatureffekte des SiPM
werden evaluiert und in der Datenanalyse kompensiert.

Erste Analysen der Luftschauerdaten der Prototypstation wurden durchgeführt. Eine
Methode wurde erstellt, um die Daten der einzelnen Detektoren zu Luftschauerereignis-
sen zusammen zu führen. Der Vergleich der gemessenen Daten mit den Erwartungen von
Simulationen zeigt eine valide Übereinstimmung. Daraus kann geschlossen werden, dass
die Simulationen gültig und dass die Effekte der Szinitillationsdetektoren verstanden
sind. Für koinzidente Ereignisse von Szintillationsdetektoren und IceTop, zeigt der
Vergleich der Rekonstruktionen, dass die Winkelauflösung einer einzelnen Station für
Ereignisse mit acht koinzidenten Szintillatormessereignissen konkurrenzfähig ist zu der
IceTop-Rekonstruktion. Für Tripelereignisse, d. h. koinzidente Ereignisse von Szintillati-
onsdetektoren, Radioantennen und IceTop, stimmen die Rekonstruktionsergebnisse der
Zenitwinkel innerhalb von 4° überein.

Durch die Ergebnisse dieser Arbeit wurde nicht nur das Design für das SAE validiert,
wodurch die 32 Stationen gebaut werden können, sondern auch mehrere Hinweise
für Verbesserungen, insbesondere in der Firm- und Software des Detektorsystems,
gefunden. Zusätzlich wird das Design als Basis für das zukünftige Oberflächenarray
von IceCube-Gen2 dienen. Die experimentelle Verifikation der Simulationen bestätigt
die Simulationskette für IceCube-Gen2. Dies sind wichtige Schritte in der Planung,
Optimierung und Realisierung von IceCube-Gen2.
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1
Introduction

Cosmic rays are highly energetic charged particles hitting the Earth’s atmosphere. They
originate from galactic and extragalactic sources. The energy of cosmic rays covers many
orders of magnitude, reaching energies of 1020 eV and above [GER16; BEH09; Gri10].
When a high-energy cosmic ray collides with an molecule in the atmosphere, new
hadronic, muonic and electromagnetic particles are created which in turn interact with
the atmosphere, creating an avalanche effect. These particles can be measured on Earth
using air-shower experiments. Since the cosmic-ray flux decreases with energy, large
detector arrays are needed to measure the high-energy cosmic rays the with the best
possible statistics. Even though cosmic rays are studied since the beginning of the 20th
century, their sources as well as the acceleration mechanisms and propagation effects are
not fully understood. To constrain the models, measurements with the highest possible
accuracy are required. Also, by combining the information from several particle types,
like cosmic rays, photons and neutrinos, in a multi-messenger approach, a more complete
picture of the Universe can be obtained [GER16; Gri10; BEH09; HK10; Aab+16; Gru20].

The IceCube Neutrino Observatory helps to solve these open questions, measuring
both, neutrinos and cosmic rays. IceCube is a 1 km3 sized Cherenkov detector located
in the ice at depth between 1450 m and 2450 m at the geographic South Pole [Aar+17c].
IceTop, the surface component consisting of 162 ice Cherenkov tanks, is used as a
veto against atmospheric muons and as a 1 km2 air-shower detector. Due to snow
accumulation on top of the IceTop tanks, IceTop’s resolution decreases and the
cosmic-ray energy threshold increases [Abb+13; Raw16].

To mitigate the effect of the snow a Surface Array Enhancement (SAE) is planned,
within the IceTop footprint. Additionally, the SAE will lower the energy threshold and
improve cosmic-ray measurements. It is also used as R&D for the surface array of
the future IceCube-Gen2. The array will consist of 32 hybrid stations. Each station
comprises eight scintillation detectors and three radio antennas, which are connected to
a central data acquisition system (DAQ). Previously, two scintillator prototype stations
have been deployed at the South Pole, one of which was upgraded with two radio
antennas a year later. [Hub+17; Ice19c; IR19; Ice19a; Ice21c; Ice21d].

In this thesis, the designs of these previous prototype stations have been merged,
combining the advantages of both systems. The capabilities of the new design are
examined and the performance is compared to the requirement for the SAE. This shows
whether it can be used for SAE and as a baseline design for future IceCube-Gen2
developments. First, an introduction into the physics of cosmic rays and air showers is
given in chapter 2 and the IceCube Neutrino Observatory as well as the future plans are
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2 introduction

presented in chapter 3. The design of the station and the built hardware is described in
chapter 4. The deployment of the station at the South Pole and the commissioning are
can be found in chapters 5 and 6, respectively. The characterization and calibration
of the scintillation detectors is presented in chapter 7. In chapter 8, the analysis of
the first air-shower data is presented. The simulations of the scintillation detectors are
validated by comparison with measured data and the first reconstruction of air-shower
data is performed to benchmark the performance of the station.



2
Cosmic rays and air showers

Cosmic rays are charged particles from space. Upon colliding with Earth’s atmosphere,
they create cascades, whose particles can be measured on earth by air-shower
experiments [GER16; Gru20].

The study of cosmic rays is at the intersection of astrophysics, particle physics,
astronomy and cosmology. Before human-built particle accelerators were available,
these studies led, among others, to the discovery of the first known antiparticle and of
muons [And33; SS37]. Cosmic rays with energies above 1020 eV have been observed,
reaching energies not achieved by human-built accelerators. The study of particles at
these highest energies is not only of interest for research on predictions of the Standard
Model, but also when trying to understand the processes in the Universe shortly after
the Big Bang [GER16; Gru20; HK10; Gri10].

Today, one of the main goals to study cosmic rays is to obtain astrophysical
information. The particles are samples of matter outside our Solar System. The
sources of cosmic rays are not understood well and the sources of the most energetic
naturally occurring particles are unknown. Since multiple particles of different types
are created in collisions close to the sources, the properties of these sources can be
further investigated by combining the data from measurements of disparate particle
types, making cosmic-rays part of multi-messenger astronomy [Gru20; GER16; SSB18].

In this chapter, first a summary of the knowledge of cosmic rays is given in section
2.1. Afterwards, in sections 2.2 and 2.3, air-showers and methods of their detection are
explained.

2.1 Cosmic rays

Cosmic rays are mainly fully ionized atomic nuclei of cosmic origin. The energy
of cosmic rays covers several orders of magnitude, from a few GeV to 1020 eV.
While the cosmic-ray flux is ≈ 10 particles/m2/ms at low energies, it decreases
to less than 1 particle/km2/century for high energies. The composition of cosmic
rays is in a large energy range approximately as in the Solar System, differences
can be explained by propagation effects. Most particles hitting Earth are protons
and only a few particles have a higher atomic number than iron [Gru20; GER16; BEH09].

The current interpretation for energies up to PeV is that supernova remnants
accelerate the particles. The accelerated protons interact with interstellar matter,
producing neutral pions, which decay to high-energy gamma, indicating hadronic
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Figure 2.1: Energy spectrum of cosmic rays from ground-based measurements.
The flux is scaled by a factor of E2.7, so the marked spectral features are more visible.
As an example, the effect on the spectrum by the uncertainty on the absolute energy
scale of the Pierre Auger Observatory is indicated. Picture modified from [Sch19a].

processes in the source. Thus, the detection of high-energy gammas of a source is an
indication that the source can accelerate cosmic rays. The Fermi Large Area Telescope
detected such high-energy gammas from supernova remnants and there is evidence that
supernova remnants are cosmic-ray sources. For the highest energies, the sources are
still unknown [Ack+13; Gru20; Gri10; GER16].

Cosmic rays can be detected directly and indirectly [GER16]. In direct detection,
the cosmic rays interact with the detector in a balloon or in Earth’s orbit. Direct
detection provides an accurate measurement of the energy and mass of the cosmic ray.
However, due to the small aperture of the detectors and the decreasing cosmic-ray
flux, direct detection is limited to the TeV range [Spa19]. For the measurement
of higher energy cosmic rays, indirect detection via extensive air-showers is used.
When a cosmic ray interacts with the Earth’s atmosphere, secondary particles are
produced in atmospheric cascades, which can be observed with detectors on the
ground [KU12; GER16; Gru20; Gri10]. Details on this are given in the section 2.2 and 2.3.

The energy spectrum of cosmic rays is shown in figure 2.1. The shape of the energy
spectrum can be described by a power law,

dN

dE
∝ E

−γ . (2.1)

with changes in γ due to the maximum energy of acceleration mechanisms, rigidity
dependent propagation effects and/or changes in the source population [Tho+16]. These
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changes are visible features in the spectrum, called knee, second knee, ankle and cutoff.
γ is ≈ 2.7 up to 3 × 1015 eV, above which a steepening of the spectrum is visible to
γ ≈ 3.1. This break in the spectral index is called the knee and a decrease of the
contribution from the light elements is observed [Ant+05; GER16; Hau15]. A smooth
feature is visible at 100 PeV to 200 PeV, called the second knee [Sch19a]. Here, a decrease
of the heavy elements is measured and above the second knee, γ changes to ≈ 3.2. The
interpretation of these measurements is that galactic cosmic accelerators like supernova
remnants reach their maximum energy, with the maximum energy depending on the
magnetic rigidity

Rc =
pc

Ze
≈ E

Ze
. (2.2)

This means that the spectrum for protons steepens at E = Rce, for helium at E = 2Rce
etc., leading to mass-dependent positions of spectral breaks. With this interpretation,
the knees are the first observation of the Peters cycle [GER16; Dem+17; Pet61]. The
next feature of the cosmic-ray energy spectrum is the ankle at ≈ 3 × 1018 eV. Between
the second knee and the ankle, most probably a transition between galactic and
extragalactic sources takes place [Sch19a]. At the ankle, the cosmic-ray flux is proton
dominated. The dominant process for protons to loose energy is electron-positron
pair production on the cosmic microwave background (CMB), which leads to a
pileup effect [BGG06]. Above the ankle, γ flattens to ≈ 2.6, due to cosmic rays from
extragalactic sources [GER16]. Above 1019 eV, cosmic rays are no longer confined in
our galaxy, which indicates their extragalactic origin, but they originate from our
"cosmic neighborhood", with a maximum distance of ≈ 100 Mpc. The reasons for
this is the interaction of protons and nuclei with the CMB, during which they loose
energy. Additionally photo-disintegration of nuclei takes place. Above 4 × 1019 eV, a
strong suppression of the cosmic-ray flux is visible. This suppression could be due to
photo-disintegration of nuclei via the delta resonance with the CMB and photo-pion
production of protons with the CMB. An alternative theory is that the maximum
acceleration energy of the extragalactic sources is reached [Gri10; GER16; Gru20].

From the energy spectrum, constraints can be obtained about the sources of cosmic
rays. Since cosmic rays are charged, they are deflected in magnetic fields, so they do not
point back to their source. Only for the highest energies and low charge, the rigidity is
so high that they start pointing back to the sources. But these highest-energy cosmic
rays lose their energy fast, as described before, and no individual sources have been
observed for these energies so far. In a first order approximation, the maximum energy
is defined by the radius of the acceleration region and the magnetic field of the source
and the charge of the particle. Thus, one attempt to find possible source types is to
classify astrophysical objects by their size and magnetic field strength, referred to as
Hillas plot [Gru20; Gri10; Hil84].

The composition of the differential cosmic-ray flux is shown in 2.2. In this data-driven
approach, the position of the flux is estimated on a large data set by evaluating a
global spline fit. Estimations of element groups for the whole energy range are given.
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Figure 2.2: Composition of the all particle flux. The all-particle flux is shown
in as the black solid line. The contributions of different primary masses, sorted into
groups, are shown in the respective colors. The data points are scaled in energy, to
combine all measurements [Sch19a].

This approach provides the most accurate estimation of the cosmic-ray flux at the
moment and no theoretical assumptions are made [Dem+17]. From the composition,
information about the sources, acceleration and propagation effects are gained [KU12].

2.2 Cosmic-ray air-showers

An extensive air shower is started most frequently, when a primary cosmic ray
interacts hadronically with a nitrogen or oxygen molecule in the high atmosphere,
producing pions and other hadrons. Repeatedly, the particles propagate and succeeding
interactions create more particles, creating an avalanche effect [Gri10; Gru20; GER16].

The air showers have four components: the hadronic, electromagnetic, muonic and
neutrino component, see figure 2.3. The high-energy hadronic particles are mainly in
the core of the air shower, feeding the other components. Neutral and charged pions
are created in the core. The neutral pions decay almost instantly to two photons with a
mean lifetime of τ = 8.5 × 10−17 s [Par+20]. These photons initiate electromagnetic
subshowers with electron-positron pair production, bremsstrahlung and ionization in
the atmosphere. The model of the development of electromagnetic showers follows
later. A charged pion can either interact with molecules in the atmosphere, feeding
the hadronic component or, with higher probability for lower energy, the charged pion
decays to a muon and neutrino, contributing to the muonic component. The muons
have a low energy loss and interact rarely. Thus, they travel long distances and can
reach deep into the ground. The neutrinos produced in the air shower can have a high
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Figure 2.3: Schematic of the components of an air shower. The cosmic ray
interacts with an air molecule, initializing a cascade with hadronic (black), muonic
(blue), electromagnetic (red) and neutrino components (dotted lines) [Les21].

energy and carry a significant fraction of the energy of the air shower. The particle
cascades continue, until the energy cannot sustain further production. This leads to
the maximum development at the atmospheric depth Xmax, before the cascades die
out. The electromagnetic component of the air shower decreases after Xmax, while the
muonic component stops production, but travels further [Gri10; Gru20; GER16].

The development of electromagnetic showers is described by the Heitler model [Hei44].
When an electromagnetic particle with energy E0 interacts after a mean free path
λ, two secondary particles are produced, each with energy E0/2. Hence, after n
interactions, the particles posses the energy E0/2n, with n = X/λ with atmospheric
depth X. The process stops, when the energy of the particles cannot sustain further
production. It can be concluded that the higher the initial energy E0, the larger Xmax
and thus that the initial energy can be derived from Xmax [KU12; Gri10; GER16].

The model was extended to hadronic interactions [Mat05]. At each interaction
approximately ten pions are created, 2/3 of which are charged and 1/3 neutral. The
energy at each interaction is distributed accordingly E0/3 to the neutral pions and
2E0/3 to charged pions. The neutral pions decay quickly to electromagnetic subshowers
and thus contribute to the electromagentic component and therefore to Xmax. The
charged pions travel the distance λ and interact, producing new pions, until the energy
is so low that it is more likely that the charged pions decay to muons, feeding the muonic
component. In this model superposition is assumed: A primary cosmic ray consisting of
a nucleus with A nucleons and the energy E0, is taken as A individual nucleons, each



8 cosmic rays and air showers

delay

thickness

first
interaction

shower axis

θdetector array

showercore

plane front

Figure 2.4: Schematic of an air shower with its basic parameters for de-
scription and reconstruction After the first interaction, the air shower follows the
incident direction of the cosmic ray. As a first step, the curved disk of the air shower
can be approximated by a plane front moving at the speed of light. The point, where
the shower axis hits the ground, is the shower core position. Picture inspired by [Les21;
GER16].

with the energy E0/A, interacting independently. From this, it can be concluded that
heavier primaries have more muons compared to a proton-induced air shower of the same
energy N

A
µ = N

proton
µ A

0.15 and a lower X
A
max = X

proton
max − λ ln(A). In general, hadronic

cascades have a lot of complex interactions. Many interactions happen at higher
energies and in more forward direction than can currently be measured by particle
accelerators, so the hadronic models have to be extrapolated. This makes them the one
of the main uncertainties in high-energy comic-ray measurements [EHP11; KU12; Lip14].

To reconstruct cosmic-ray air-showers, as is described in chapter 8, their basic
properties need to be known. The main air-shower properties are illustrated in figure
2.4. A primary cosmic ray interacts in the atmosphere. The direction of the primary
particle is given in zenith and azimuth angles, like in a spherical coordinate system. The
resulting atmospheric cascade propagates longitudinally along the primary direction.
The impact point at ground is called shower core. It is the most dense region and a
large fraction of the cascade is measured within a few nanoseconds close to the core.
The lateral development of the air shower results from the traverse momentum from
hadronic interaction to individual secondary particles and from Coulomb scattering of
the electromagnetic component, resulting in big distances of particles to the shower core.
The spread is the thickness of the shower front and the disk spread increases, when
particles move away from the axis. The shower disk is curved, so particles at the edges of
the disk are delayed by up to a few hundred nanoseconds compared to close the shower
axis. However, especially for small detector arrays, a plane front approximation can be
done. The lateral distribution function (LDF) describes the lateral particle density or
signal distribution S as a function of distance perpendicular to the shower axis. It is
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one of the main tools to get information about the primary cosmic ray. Following the
work of [Les21], in this work the double logarithmic parabola is used as LDF,

SDLP(r) = Sref

(
r

Rref

)−β−κ log
(

r
Rref

)
, (2.3)

with the distance to the axis r, the reference distance Rref and the slope β. The spatial
and temporal development of the air shower varies with the energy, direction and
mass of the primary cosmic ray, leading to a different distribution measured at the
ground [Gri10; GER16].

To measure cosmic-ray air-showers, the secondary particles and the radiation of the
air shower are measured on the ground. The size of the air-shower footprint determines
the scale of the instrumented area. To detect an air shower, one searches for time
coincident signals of neighboring detectors. From the time delay of the shower front
reaching the detectors, the arrival direction is determined. The shower core position is
obtained by fitting the LDF and the energy of the primary cosmic ray from the size
of the detector signals. However, there are large fluctuations due to different primary
masses and from fluctuations in the shower development [GER16; Gri10].

2.3 Detection methods of cosmic-ray air-showers

The detection and measurement of cosmic-ray air-showers is possible via several
channels: The fluorescence emission from excited nitrogen particles, the measurement
of radio emission from the air-shower and the measurement of the energy deposit of
particles at the surface, see figure 2.5. A description of the most deployed detector
types follows.

Fluorescence telescopes When an air-shower propagates in Earth’s atmosphere,
nitrogen molecules are excited. The excitation energy is released by emission of
fluorescence light, which is detected by fluorescence telescopes. This technique
provides the most precise measurement of the longitudinal profile and thus Xmax. The
disadvantages are the necessity to understand the atmospheric profile and the low up-
time, since the measurements are only possible in dark, moonless nights [GER16; Gri10].

Cherenkov detectors When relativistic particles pass through an optically trans-
parent dielectric medium, like water or ice, with a speed faster than the speed of
light in this medium, Cherenkov radiation is emitted and can be detected. When
instrumenting large detector volumes, they can be used as telescopes. This method is
very reliable and has a high uptime. An example of such a telescope is given in chapter 3.
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Figure 2.5: Air-shower detection techniques The cosmic ray interacts with an air
molecule, initializing an air-shower with hadronic (purple), muonic (green), electromag-
netic (orange/blue) and neutrino (black dashed) components. Particle detectors measure
mainly the electromagnetic and muonic component. Radio antennas, air-Cherenkov and
fluorescence telescopes are only sensitive to the electromagnetic component [Sch17].

Air-Cherenkov detectors The charged particles in an air-shower can have such high
kinetic energy that Cherenkov radiation is produced. Since this method is sensitive to
the electromagnetic component of the air-shower, a good determination of the primary
energy is possible. Air-Cherenkov detectors have a low energy threshold on the order
of 30 GeV. When using more than one telescope, the shape of the air-shower can be
obtained and thus a photon-induced air-shower can be distinguished from hadronic
showers. The limitation of the measurement time to clear, moonless nights results in a
low uptime and it is necessary to have a good atmospheric density profile [GER16; Gri10].

Radio antennas Air-showers emit radiation in the radio frequency range. The two
main effects creating the radio emission are the geomagnetic effect and the Askaryan
effect. In the dominant geomagnetic effect, the electrons and positrons are spatially
separated in Earth’s magnetic field by the Lorentz force, creating an electric field.
The number of electrons and positrons grows until Xmax and drops afterwards, thus
creating time varying net currents, which leads to radio emission. In the Askaryan
effect, the ionization of the atmosphere during the development of an air-shower
results in electrons in the shower front, while the heavier ions are left behind. The
number of charge carriers grows and drops with the shower development, creating
time varying net currents. Most experiments use signals in the 30 MHz to 400 MHz
band region, because this provides the best signal-to noise ratio. Radio antennas
are only sensitive to the electromagnetic component of the air-shower. Because
they provide a good estimation of Xmax, the energy and the mass composition can
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be obtained, especially when combining with other detectors. Compared to other
detectors, radio antennas are cheap and have a high uptime [KL66; Ask62; Sch17; Bal19].

Scintillation detectors The particle detectors are made of scintillation material.
When particles pass through the material, ionization takes place and creates light with
a respective light yield. This light is collected and measured. The detectors mainly
measure the electromagnetic and muonic component of the air-shower, especially the
minimum ionizing particles (MIP). The light intensity gives the deposited energy in
the material and the time of the signal the time of arrival of the MIP. It is a reliable
detection method and independent of external conditions. By using different detectors,
each reacting differently to the components of the air-shower, a discrimination of the
mass of the primary cosmic ray is possible [Gri10; Gru20]. The scintillation detectors
used in this thesis are organic plastic scintillators. The energy from the traversing
charged particles is absorbed, leading to excited states of scintillator molecules. When
transitioning to the ground state, photons are emitted. The de-excitation can happen
fast via a fluorescence channel or delayed by up to milliseconds from the de-excitation of
longer-lived states. Due to a small overlap between the emission and absorption spectra
of the scintillator, they partially absorb their own light. By doping the scintillator
material, scintillator light production is improved and additionally the light is shifted
to the visible light range, which enables longer propagation distances of the light and
makes it easier to detect [Kno00].





3
IceCube Neutrino Observatory

The IceCube Neutrino Observatory, hereafter IceCube, is a 1 km3 neutrino telescope
at the geographic South Pole [Ahr+01]. Its primary goals are to detect astrophysical
neutrinos of all flavors in the energy range of O(TeV)− O(PeV) and to detect neutrino
sources at cosmological distances [Aar+17c]. Among others, IceCube also studies the
properties of neutrinos and searches for the sources of cosmic rays [Ahr+03; HK10]. To
detect neutrinos, IceCube uses the Cherenkov effect with the transparent Antarctic ice
as Cherenkov medium [Ahr+01].

Among IceCube’s achievements are the discovery of high-energy extraterrestrial
neutrinos and the identification of a source of the cosmic neutrino flux [Ice13; Aar+18c].
On 22 September 2017, IceCube measured a neutrino with ≈ 290 TeV, pointing back
at a blazar. Since neutrinos interact weakly and are not deflected by magnetic fields,
they point back at their source [Des06]. The real-time alert following this neutrino
measurement, triggered follow-up observations by Fermi, MAGIC and other telescopes.
Using this multi-messenger data, it is evident that blazars are sources of the cosmic
neutrino flux and are therefore a source of cosmic rays [Aar+18c; Aar+18d], even
though constraints show that they only make up up to ≈ 27 % of the observed
astrophysical neutrino flux [Kow15; Aar+17b].

3.1 IceCube

A schematic of IceCube is shown in figure 3.1. The upper ≈ 1.5 km of the ice are
used as natural shielding against background, like atmospheric muons produced by
cosmic rays. Below, in a depth between 1450 m and 2450 m, the ice is instrumented
with 5160 Digital Optical Modules (DOM), 60 of which are attached to each string,
melted into the ice [Aar+13a]. Each DOM consists of a photomultiplier tube (PMT)
with a data acquisition system (DAQ) to detect the Cherenkov light emitted by the
charged particles generated by neutrino interactions, digitization electronics, a control
and trigger system and light emitting diodes (LED) for calibration [Ach+06; HK10].
The local clocks in the sensors are calibrated with nanosecond precision, which enables
the successful reconstruction of neutrino events.

DeepCore is an infill array in the center of IceCube, deployed in the clearest ice
below 2100 m. It has a higher module density and uses PMTs with a higher quantum
efficiency. DeepCore is a low-energy neutrino detector and by using the rest of IceCube
as a veto, a threshold of ≈ 10 GeV is achieved [Abb+12]. This enables the observation

13
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Figure 3.1: The IceCube Neutrino Observatory. The IceCube Neutrino Obser-
vatory uses ice-Cherenkov detectors to measure high-energetic neutrinos. Strings of
Digital Optical Modules (DOM) are melted into the ice. On the surface two Cherenkov
tanks at the top of each string form IceTop, which is used as an air-shower detector, a
veto and for calibration [Ach+06]. Inside the IceCube Lab (ICL) is the server room with
all data acquisition and online-filtering computers [Aar+17c]. Picture credit: IceCube
collaboration.
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Figure 3.2: Shape of neutrino signals in the in-ice detector. The color indicates
the arrival time, going from red first, to green last. The shape of the signal depends on
the flavor of the neutrino. Muon neutrinos have track-like events (left), while electron
neutrinos create "bangs" (middle), because the electrons interact strongly with the ice
atoms and get reabsorbed. The decay of a tau neutrino results in the "double-bang"
shape (right), one "bang" from the cascade of the target nucleus and the other from the
decay of the tau [Aar+18b; HK10].

of GeV neutrino oscillations [Aar+18a].

The Cherenkov light used for the detection of the neutrinos is produced by particles,
which are created by interactions of the neutrinos with the ice. When a neutrino interacts
with a target nucleus in the ice via the charged current interaction, charged leptons are
created. These are muons, electrons or taus, depending on the flavor of the neutrino.

ν` + N W±
−−→ ` + X. (3.1)

If the speed of the produced charged particle is higher than the phase velocity of light in
the ice, i. e. faster than ≈ 75 % of the speed of light in vacuum, Cherenkov radiation in
the blue, near UV-spectrum is emitted in a characteristic Cherenkov cone. Additionally,
the neutrino transfers energy to the nucleus during the interaction, which creates a
hadronic cascade. The secondary particles from this hadronic cascade also produce
Cherenkov radiation. The Cherenkov light of both contributions is detected by the
DOMs. The neutrinos can also interact via the neutral current interaction,

ν` + N Z0
−→ ν` + N. (3.2)

In this case, IceCube measures the hadronic cascade generated by the nucleus
recoil [Aar+13a; HK10; AHH18]. From the pattern of the detected Cherenkov light, the
direction of the neutrino, its energy and its flavor can be reconstructed [Ahr+01]. The
direction is evaluated from the relative timing of when the DOMs detect Cherenkov
light. The amount of detected light is proportional to the energy for contained events.
The flavor of the neutrino is determined from the shape of the signal in the detector,
see figure 3.2 [HK10; AHH18].

A recent result of IceCube is the detection of the Glashow resonance at 6.3 PeV.
This detection indicates that electron antineutrinos are part of the astrophysical flux
and confirms the prediction of the standard model of particle physics. The Glashow



16 icecube neutrino observatory

(a)
(b)

Figure 3.3: The surface array IceTop. The left picture shows an IceTop station
during deployment at the South Pole. The two ice-Cherenkov tanks are 10 m apart.
Today, all IceTop tanks are covered by snow. Picture credit: Tom Gaisser. On the right
the snow coverage on top of the Icetop tanks in December 2020 is shown. The snow
depth measurements are performed twice a year. Picture credit: IceCube collaboration.

resonance is the interaction of an electron antineutrino with an electron, forming a W−

boson,

νe + e− → W−. (3.3)

The detected W− decayed hadronically. In the DOMs closest to the interaction, the
Cherenkov light of the secondary muons, created by meson decay in the hadronic
cascade, is detected before the Cherenkov light of the electromagnetic component of
the cascade, because the muons are faster than the speed of light in the ice [Ice21b].

3.2 IceTop

The main background for the neutrino observations of the IceCube Array are
down-going muons from cosmic-ray air-showers [Aar+13a; HK10]. IceTop, the surface
array of IceCube, is used to veto these cosmic-ray events [TP19]. It is also used for the
calibration of the in-ice detector and to study cosmic-ray air-showers [Ahr+01].

81 stations are located in an area of 1 km2, with each station close to an in-ice string.
A station consists of two ice-Cherenkov tanks with an inner diameter of 1.82 m, which
are separated by 10 m, see figure 3.3 a). Each tank is filled with clear ice and the walls
are covered by a diffusely reflective layer made of zirconium dioxide or Tyvek [Abb+13].
Two DOMs are installed in each tank to detect the Cherenkov light. The DOMs operate
at different gains, so the dynamic range is increased [Aar+13b; Ach+06; Ahr+01].
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There are two types of hits for the IceTop stations: Soft local coincidences (SLC),
when only one detector of a station has signal-over-threshold and hard local coincidences
(HLC), when both detectors detect an event. For all SLC and HLC events the timestamp
and the integrated charge is send to the ICL. For HLC events the waveform is send
additionally [Abb+13]. To trigger the detection of an air-shower 6 HLC within 5 µs are
necessary. On the servers in the ICL a global trigger decision is made and a preliminary
analysis of the data is done. All events are stored on hard disks in the ICL and the
hard disks are transfered to the North once a year. Interesting events are sent as soon
as possible via satellite, with the IceCube collaboration deciding every year on what
the filter criteria are [Aar+17c].

IceTop reaches its full efficiency for air showers of approximately 1015 eV to
1018 eV [Ahr+01; Aar+19]. Due to the high altitude of the array, the observation
level is close to the shower maximum. This facilitates the accurate reconstruction of
the primary particle [Les19]. The big advantage of IceTop for cosmic-ray physics is
its location above the IceCube Array. High-energy muons that are produced in the
air-shower, can be detected in the in-ice array, making IceCube a 3D detector. This also
enables the measurement of the composition of air-showers: The highest energy muons,
originating from the first interactions in the atmosphere, are correlated to the mass of
the primary and can be measured in the in-ice detector. So if these muons are measured
in coincidence with IceTop events, a separate measurement of the electromagnetic
component by IceTop and the high-energy muonic component by the in-ice detector is
done. Using this, it was confirmed that the cosmic-ray composition gets heavier at the
second knee [Abb+13; Aar+19].

During the deployment, the IceTop tanks were buried in snow to minimize temperature
variations and the accumulation of snow [Abb+13]. However, the snow height on top
of tanks increases by ≈ 0.2 m/year on average and the accumulation is not uniform,
see figure 3.3 b). The snow attenuates the electromagnetic component, which leads
to increased uncertainties and a higher energy threshold of IceTop. Efforts have been
made to understand and account for the attenuation [Raw16]. To further investigate
these complex effects of the snow and to decrease the uncertainties, a Surface Array
Enhancement is planned.

3.3 Surface Array Enhancement (SAE)

To mitigate and calibrate the effect of the snow accumulation on the IceTop tanks, a
Surface Array Enhancement is planned. It consists of two detector types: scintillation
detectors and radio antennas.

By increasing the active area with the scintillation detectors, the energy threshold for
air-shower observations is lowered to ≈ 100 TeV. This leads to an improved veto for the
neutrino measurements of the IceCube Array. Also, the scintillation detectors have a
different response to the air-showers than the IceTop tanks. Thus, the separation of
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Figure 3.4: The layout of the Surface Array Enhancement takes on-site con-
straints, like roads and the IceCube Upgrade area, into account. Each station consists
of 8 scintillation detectors and 3 radio antennas, each of which is cabled to the central
DAQ in a FieldHub. The scintillation detectors are marked in red, the radio antennas
in blue. Picture modified from [Les21].

the electromagnetic and the muonic component of the air showers is improved, which
enables better composition studies [Les19; Les21]. Radio antennas also have a better sky
coverage, going up to zenith angles of 70°. The Xmax of an air shower can be obtained
by analyzing the time structure of the radio signals, which will additionally improve
composition studies [Ren20; Sch17; HSH19]. Both detector types have a high duty cycle.
By combining the information gained from all detectors, scintillation detectors, radio
antennas, IceTop and IceCube Array, it is possible to investigate the big questions like
the origin of cosmic rays, in particular, for the transition galactic to extragalactic, the
mass composition of cosmic rays and hadronic interaction models [Sch19b; Hau+19].

The layout is optimized to reduce the trenching while simultaneously achieving
a uniform distribution between the IceTop tanks, see figure 3.4. 32 stations will be
deployed in the current IceTop footprint [Les21; Les19; Ice19a]. Each hybrid station
consists of eight scintillation detectors and three radio antennas, which are read out by
a central DAQ. To avoid snow coverage, the hardware is elevated above the surface.
The design allows an easy, cost-efficient deployment [Sch19b; Hau+19; Hub21; Ren20].
Further details about the hardware can be found in chapter 4.

Two prototype stations, consisting of seven scintillation detectors each, but using
different DAQs, were deployed in the Antarctic Season 2017/2018 in the scope of the
work of [Hub21]. Both stations worked and proved the design [Hub+17; Ice19c]. In
the Antarctic season 2018/2019, one station was extended by two radio antennas in
the scope of the work of [Ren20]. The final design combines the advantages of both



3.5 icecube-gen2 19

systems and is the topic of this thesis. A prototype station, called the Surface Array
Enhancement (SAE) prototype, was successfully deployed in January 2020 in the scope
of this thesis, see chapter 5. The stations also serves as R&D and as the baseline design
for IceCube-Gen2.

3.4 IceCube Upgrade

The IceCube Upgrade will improve the measurements of low-energy neutrino events in
the GeV range and enhance the knowledge of both, the in-ice detector response and the
Antarctic ice. Thus, it will open new measurements channels for neutrino astrophysics
and multi-messenger observations [Ice19b].

The IceCube Upgrade is an extension near the bottom center of the existing IceCube
Neutrino Observatory, consisting of seven strings with more than 700 newly developed
optical sensors and calibration devices. Due to the denser spacing of the optical modules,
the capability to detect neutrinos in the GeV range will be enhanced. The calibration
devices like the camera system and the acoustic modules, will improve the understanding
of the in-ice detector response and the optical properties of the glacial ice. The IceCube
Upgrade is planned for the 2022/2023 deployment season, so the deployment will be
in parallel to the Surface Array Enhancement and also serves as R&D for IceCube-
Gen2 [Ice19b; IS21; Ice21e; Ice21a; Ice21f].

3.5 IceCube-Gen2

In order to measure the neutrino sky in the energy range of O(TeV) − O(EeV) and to
investigate the acceleration and propagation of cosmic particles by multi-messenger
observations, plans for expanding IceCube have been made. By increasing the detection
volume to 7.9 km3, the amount of detected high energy neutrinos and particles will be
significantly increased. A better measurement of the spectral features in the high energy
neutrino flux and an enhanced sensitivity for point source searches will be enabled. For
this reason the next-generation observatory, IceCube-Gen2 is forseen [Aar+21; San18].

A schematic of IceCube-Gen2 is shown in figure 3.5. To instrument the ice, new
DOMs are developed with an updated electronics system, while keeping the same
structural elements as the IceCube DOMs. The new DOMs have a larger photocathode
area, which leads to a larger photon collection efficiency. As a complementary
detection channel for neutrino observations, radio antennas are deployed in shallow
depths into the ice. The radio emission is generated through the Askaryan effect.
This will increase the energy range for neutrino observations to EeV. Additionally,
IceCube-Gen2 will have a lower uncertainty on the angular resolution of high-energy
events. To veto atmospheric muons, the energy threshold will be three times higher
than it is for the current IceCube, if only an in-ice veto is used [Aar+21; Aar+17a; San18].
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Figure 3.5: The planned IceCube-Gen2. IceCube-Gen2 consists of an expanded
array of light-sensing modules in the ice with an extended surface array, shown in
blue. An instrumented volume of 10 km3 is foreseen. The currently operating IceCube
Neutrino Observatory is shown in red and the densely instrumented DeepCore in green.
The stations extending beyond the colored regions are the radio array [Aar+21].

It is planned that IceCube-Gen2 will also contain a surface air-shower array to extend
the cosmic ray measurements and improve the veto capabilities for atmospheric muons.
This will allow to reduce the energy threshold for neutrino searches in the southern
sky. The surface array will consist of hybrid stations of scintillation detectors and radio
antennas, similar to the stations used in the Surface Array Enhancement. A hybrid
station is planned to be deployed near the top of each string. Besides acting as a veto,
the surface air-shower array will be able to measure the spectrum and the composition
of the primary particles of air-showers in the range 30 PeV to EeV [Aar+21; Aar+17a;
San18; Hau+19; Sch19b].



4
Detectors and DAQ of the SAE prototype

In this chapter the detector system of the deployed station, the Surface Array
Enhancement (SAE) prototype, will be explained. The focus will be on the scintillation
detectors and the corresponding electronics, because they are the main topic of this
thesis.

Two R&D scintillator stations with seven scintillation detectors each have been
deployed in January 2018 [Hub+17; Ice19c; Hub21]. In January 2019, one of the
stations was upgraded with two radio antennas [IR19; Ren20].

The SAE prototype was deployed in January 2020 and builds on the experiences
made with these predecessors by merging and optimizing their designs. The design of
the scintillation detectors was upgraded compared to the version deployed in 2018. The
new electronics design allows to connect a third radio antenna to the station, which
enables the direction reconstruction of the radio signals.

4.1 Overview

A station of the SAE will consist of eight scintillation detectors and three radio
antennas, which are connected to a hybrid central DAQ, see figure 4.1. The central DAQ
supplies power, communication and timing to the station. The signals of the scintillation
detectors are digitized inside the panels by a custom electronic board, Scintillator
MicroDAQ v4.1, and are then sent to the central DAQ. Also, the scintillation detectors
trigger the readout of the analog radio signals inside the central DAQ. The hybrid
central DAQ sends the scintillator and radio data to the surface DAQ in the ICL,
using a White Rabbit layer. From the surface DAQ, the data is then transferred via a
satellite link to the IceCube servers.

The power is passed on from the ICL to the central DAQ. From there the power is
distributed to the scintillation detectors and the radio antennas, whereby the necessary
voltages are generated by DC-DC converters inside the central DAQ.

For timing the White Rabbit (WR) system is used, providing sub-nanosecond
accuracy [JPW13]. The WR switch is located in the ICL, the WR-LEN inside the
central DAQ. From there, the timing is passed on to both, the scintillation detectors
and the main board in the central DAQ, the TAXI board.

For communication, the surface DAQ in the ICL is connected via a 1 Gbit fiber link
under a White Rabbit layer to central DAQ. The central DAQ in turn is linked with
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Figure 4.1: Overview of the DAQ of the SAE prototype. The scintillation detectors
and the radio antennas are connected to a hybrid central DAQ. The central DAQ of
the SAE prototype is deployed in the field and manages the control, timing, and data
readout of both, scintillation detectors and radio antennas. It is linked to the surface
DAQ, which supplies access to the SAE prototype and is used for data handling. The
surface DAQ and the White Rabbit system used for timing are deployed in the ICL.

the scintillation detectors, using RS-485 [TIA98]. Further details can be found in the
corresponding sections below.

4.2 Scintillation detectors and Scintillator MicroDAQs v4.1

In January 2018, two scintillation detector stations with different designs have been
deployed at South Pole and performed well [Ice19c]. Based on these experiences, the
designs have been merged and optimized. The design of the detectors is based on
[Hub21] with a readout electronics based on the µDAQ design described in [Hub+17].
The resulting design is presented in this section.

When an ionizing particle crosses the scintillation detectors, the produced scintillation
light is collected and guided via wavelength-shifting fibers to the Silicon Photomultiplier
(SiPM). All fibers are connected to the same SiPM, so it measures the total scintillation
light without positional information inside the detector. The SiPM signals are read
out and digitized by Scintillator MicroDAQ v4.1 inside the panel. With this informa-
tion it is possible to reconstruct the directions and the energies of cosmic-ray air-showers.

The scintillation detectors have 1.5 m2 total sensitive area, consisting of 16 extruded
plastic scintillator bars, which are made of polystyrene with a doping of 1 % PPO
and 0.03 % POPOP produced by the FNAL [Bez+04; PDBR03]. A (0.25 ± 0.13)mm
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(a)

(b) (c)

Figure 4.2: Inside view of the scintillation detectors. In a) the scintillator bars
and the routing of the wavelength shifting fibers inside the detector are shown. To
ensure the uniformity of the light guiding of the detector, all fibers have the same
length. To avoid light losses, the minimum bending diameter of the fibers is taken into
account. The fiber ends are glued to a SiPM with optical cement. b) shows a close-up
of the glued cookie. The fibers are bundled in the PMMA coupler of the cookie and end
approximately 1 mm above the surface of the SiPM. This avoids a loss of active area of
the SiPM due to the space between the round fibers. The SiPM and the temperature
sensor are connected to the MicroDAQ, which is under a protective plate, see c). To
reduce the risk of moisture induced shortcuts, a desiccant bag is attached next to the
electronics. Picture credit: a) and b) [Oeh18], c) photo by Michael Riegel.
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(a) (b)

Figure 4.3: Outside view of the scintillation detectors. a) To shield the interior
of the detectors from external light, they are wrapped in light-tight foil. The edges
of the foil are welded together and folded several times. The housing of the detector
is shown in b). On the right side of the detector is the connector between detector
electronics and the central DAQ. The handles are used for transporting and for elevating
the detectors. The outer dimensions of each detector are 2.22 m × 0.87 m × 0.05 m and
its weight is ≈ 43 kg [Hub21]. Pictures credit: [Oeh18].

thick TiO2 coating of the bars serves as reflective layer. The dimensions of the
bars are 0.05 m × 0.01 m × 1.875 m and they have two kidney shaped holes with
a diameter of (2.5 ± 0.2)mm. Wavelength-shifting fibers Y-11(300) produced by
Kuraray [KC] are routed through these holes. The 32 fiber ends are melted to
smooth the surface to avoid light losses, are then bundled into a PMMA coupler
and glued to a SiPM S13360-6025PE produced by Hamamatsu [HPDG16] with
an effective photosensitive area of 6 mm × 6 mm, see figure 4.2. When a particle
crosses the scintillators, UV light is generated, which is then shifted to blue via
the dopants and then shifted to green via the wavelength-shifting fibers to increase
the detection efficiency by the SiPM. A temperature sensor close to the SiPM
measures the temperature of the SiPM. After the gluing process, styrofoam is placed
on top of the scintillator bars and the routing to avoid a shifting of the bars and
fibers. Then the detector is wrapped in opaque ESD material for light shielding
and placed in an aluminum housing, see figure 4.3. The handles of the housing are
used for transport and for the elevation of the scintillation detectors with poles as
described in chapter 5.4. More details about the detector design can be found in [Hub21].

The Scintillator MicroDAQ v4.1 (MicroDAQ) is a microprocessor-based board placed
inside the scintillation detector frames, which reads out and digitizes the SiPM signals
before sending them to the central DAQ of the SAE prototype. The design is based on
a previous board deployed in January 2018 [Hub+17; Ice19c] and is designed by Chris
Wendt. Power, timing and communication is provided through the fanout board in the
central DAQ. A photo of a MicroDAQ is shown in figure 4.4. All information about
MicroDAQ is taken from [Wen; Wen17; Hub+17].

The layout of MicroDAQ is shown in figure 4.5. The temperature sensor measuring the
SiPM temperature is read out and converted to Kelvin on MicroDAQ. The SiPM signal
is amplified and then shaped by a linear RLC network. To increase the dynamic range,
each MicroDAQ has three amplification channels. The linear RLC network creates a
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Figure 4.4: The Scintillator MicroDAQ v4.1 is the electronics inside the scintil-
lation detectors. The analog SiPM signal and the temperature sensor are connected via
the blue input connectors. The temperature is converted to Kelvin on the MicroDAQ
and is sent in a digital format. The analog SiPM signal gets integrated and digitized by
the three amplification channels simultaneously. The data is stored in the buffer of the
microprocessor and is sent upon request to the central DAQ.

shaped signal Vout, which has a flat top for ≈ 100 ns and which then returns to the
baseline within ≈ 500 ns. The amplitude of the flat top is proportional to the number
of single P.E.s measured by the SiPM. Vout is read out by 12-bit sample-and-hold
ADCs and the result is saved as the charge of the measured hit. The time of the
hit is evaluated using a discriminator. The timestamp corresponds to the moment
when the signal surpasses the threshold. A sketch of how the pulses of the SiPM, the
discriminator output and the shaped pulse correspond to each other is shown in figure 4.6.

In case a second MIP arrives, a second contribution to Vout is created. Like the one
created by the first MIP, this second contribution itself has a flat top for ≈ 100 ns,
before it decreases to the baseline within ≈ 500 ns. Vout is the superposition of both
contributions. So the contribution created by the first MIP will start to decrease after
≈ 100 ns, while the one from the second is still approximately constant, resulting in an
overall decrease of Vout. This means that the ADC sampling delay time should not
exceed 100 ns in order not to underestimate the signal.

The threshold is set via a 12-bit DAC in the microprocessor of MicroDAQ. For
the time capture, separate signals are generated by logic gates for the leading and
trailing edges of the discriminator output to get tstart and tstop. The time capture
is done by a counter running with 180 MHz, which is synchronized to the WR
signals, resulting in a time resolution of ≈ 5.5 ns. This is improved to ≈ 1 ns by
using the eight delay lines shown in figure 4.5. The signal is delayed by ≈ 1 ns by
each delay, resulting in an accuracy of ≈ 1 ns. Further details can be found in appendix A.
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Figure 4.5: Layout of MicroDAQ. It is a microprocessor-based DAQ. The SiPM
signals are amplified, shaped and then read out by ADCs. To increase the dynamic
range, three amplification channels with different gains are used simultaneously. The
starting and ending time of the pulse are evaluated from the discriminator output. By
using the eight delay lines, the resolution can be improved to ≈ 1 ns. Picture modified
from [Wen17].
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Figure 4.6: Schematic of the pulses. When a MIP passes the detectors, the resulting
SiPM pulse, Vin, is fed into MicroDAQ. The threshold is marked as dotted line in Vin.
When Vin crosses the discriminator threshold, the discriminator output changes levels
and the start and stop time, tstart and tstop are measured. In the schematic, tstop is
indicated for the case of a single MIP (blue curve). Simultaneously, Vin is amplified
and fed into the shaping network. The resulting Vout is proportional to the charge of
the SiPM pulse for ≈ 100 ns. Several possible ADC sampling delay times are indicated.
The case of another MIP arriving shortly after the first is described in the main text.
Picture modified from [Wen17].
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When the signal crosses the threshold, a trigger signal is sent from MicroDAQ to the
central DAQ to trigger the readout of the radio antennas. This trigger signal is coupled
to the discriminator output of MicroDAQ. The length of the trigger signal sets the
coincidence window for the triggering of the radio antennas and can be changed in
software. For the data presented in this thesis, 1 µs is used.

MicroDAQ has two measuring modes with different data output, which are used in
this thesis:

• hitbuffer data:
For each hit the following information is saved: The time of the hit, the charge of
the pulse for all three amplifications, a flag whether the hit was CPU-triggered
or signal over threshold, the time over threshold. Once a second a soft-triggered
(CPU-triggered) hit is saved, which can be used to evaluate the baseline. All this
information is stored in the buffer of the microprocessor. When the buffer is full,
the subsequent hits are not saved.

• histogram data:
The charge of the pulses is saved as a histogram in the buffer of the microprocessor,
so this charge histogram is already built on MicroDAQ. Therefore neither timing
information is saved, nor whether it was a CPU-triggered hit or not. The advantage
of this mode is that especially for low thresholds, longer measurement times are
possible without buffer overflow.

The data is sent upon request to the central DAQ.

4.3 Central DAQ

The central DAQ of the station consists of the TAXI board, the fanout board, the
radioTads and the WR-LEN, see figure 4.7. The fully assembled central DAQ with the
housing open can be seen in figure 4.8.

The main board of the central DAQ is the Transportable Array for eXtremely large
area Instrumentation studies (TAXI) board, whose original version was designed by
Karl-Heinz Sulanke [Kar+14]. The TAXI used in this thesis is the board TAXI v3, a
version modified by Alexander Menshikov. In this thesis, TAXI always refers to this
board TAXI v3, which can be seen in figure 4.9. TAXI’s key components are an ARM
MCU (Stamp9G45, ARM) [tas11], running a Linux environment, which is connected
via a 3 MBd connection to a FPGA Xilinx Spartan 6 (XC6SLX45 ) [XIL11] and DRS4
sampling chips [Pau16]. Details about the TAXI board can be found in [Kar+14; Hub21].

The MicroDAQ Fanout v5.0 (fanout) board connects the TAXI boards and the
scintillation detectors and was designed by Chris Wendt. It is connected to the FPGA
of the TAXI board via the two-pin headers, see figure 4.10. The timing, PPS and
10 MHz coming from the WR-LEN, is split on the fanout board and transferred to
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Figure 4.8: The inside of TAXI v3 no. 04 fully assembled. The WR-LEN is
used for the timing and connects the central DAQ to the network of the ICL via the
fiber. The fanout board for the scintillation detectors is beneath the mounting plate.
The radioTads are shielded to reduce the Radio-Frequency Interference (RFI). Photo
by Bernd Hoffmann.
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Figure 4.9: The TAXI v3 board. The Linux environment runs on the ARM, which
has a 3 MBd connection to the FPGA. The analog radio signals are fed into the 37-pin
connectors at the bottom of the board. Then, the signals are sampled by the DRS4s
and afterwards digitized by the ADCs. The fanout board for the scintillation detectors
is connected to the row of two-pin headers.

both, the TAXI board and the scintillation detectors. Via I2Cs the power of individual
scintillator panels can be switched on and off. The fanout board enables communication
with the scintillator panels using RS-485. All communication goes from the ARM on
the TAXI board through FIFOs on the FPGA, through the fanout board to the panels
and back. The scintillator data is saved to file on the TAXI board.

The scintillation detectors give the trigger signal for the readout of the radio
signals with TAXI. When the scintillation detectors have a signal over threshold,
they send a trigger signal through the fanout board to the FPGA on the TAXI
board, where they are evaluated. The trigger condition that xcoinc detectors have
signal over threshold within a coincident time window tcoinc. If it is met, the analog
waveforms of the radio antennas are read out. The time interval tcoinc is set on
MicroDAQ, by changing the length of the trigger out signal of MicroDAQ. The number
of triggered detectors xcoinc is set on the FPGA on the TAXI board: the FPGA checks
if xcoinc detectors have a high trigger signal at the same time. So when the trigger
signal of the x

th detector goes up, the radio waveforms are read out and the times-
tamp of this moment is assigned to the radio event. xcoinc can be varied between 1 and 8.

The single-ended analog signals from the radio antennas, see section 4.4, are fed into
the radio front-end electronics, called radioTads, see figure 4.11. These boards, based
on the radioTads used in [Ren20; IR19] and redesigned by Roxanne Turcotte-Tardif,
convert the signals to filtered differential analog signals, which are then transferred
to the TAXI board via 37-pin D-sub connectors. As can be seen on the left side in
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Figure 4.10: The TAXI v3 no. 04 with fanout board. The red fanout board is
connected to the FPGA via the two-pin headers on the TAXI board. With the ICs
on the fanout board the power of each scintillation detector can be switched and the
reprogramming of one detector can be enabled. The digitized detector signals are sent
through the fanout board and the FPGA to the ARM, where they are saved to file.

figure 4.7, a bias-tee is used to power the Low-Noise Amplifier (LNA) mounted directly
on the antenna, while receiving the radio signal in the same cable. A low-pass filter
and a high-pass filter result in a passband of 70 MHz to 350 MHz. Higher frequencies
are not used, because of the air-traffic communications at 360.2 MHz at the South
Pole [Uni; Rad]. Afterwards, the signal is fanned-out into four parallel amplifiers, which
amplify the signals by 2 dB to 3 dB and converted them to differential pairs [Ice21c].

These differential analog signals are fed into the TAXI board. The waveforms are
sampled with DRS4 sampling chips [Pau16], which are ring buffers used with a sampling
frequency of 1.0 GHz. Each DRS4 has 8+1 input channels with 1024 sampling cells
each. Since the radio signals are fanned-out on the radioTads, the DRS4 channels
can be cascaded, thus enabling trace lengths of 1024 ns, 2048 ns or 4096 ns. When the
readout of the radio waveforms is triggered by the scintillation detectors, all DRS4
channels are read out by 8-channel, 14-bit ADCs and stored into FIFOs on the FPGA.
The radio data is then forwarded from "in memory" of the FPGA FIFO, through the
AMR, to the surface DAQ in the ICL via TCP/IP and saved to disk there.
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Figure 4.11: The radioTad transforms the single-ended signals to differential analog
signals. The two polarisations of an antenna are fed into the same radioTad. The filters
set the passband to 70 MHz to 350 MHz.

4.4 Radio antennas

Three dual polarisation Log-Periodic Dipole Array (LPDA) antennas, SKALA-2, de-
veloped by the SKA collaboration [LAFV16], are connected to the central DAQ of a
station. The antennas cover a range of 50 MHz to 650 MHz [LA+15a], including the
region of interest, 70 MHz to 350 MHz. A picture of a deployed antenna is shown in
figure 5.7b). Each polarisation of each antenna has a LNA mounted directly at the
top of the antenna, which pre-amplifies the signals with a gain of 40 dB. The noise
is ≈ 40 K, which is below the Galactic and thermal noise, as desired. Measurements
confirm this low noise [Ice21c].

4.5 Firm- and software

The firm- and software used for the SAE prototype builds on code from the previous
stations [Hub+17; Ice19c; Hub21; Ren20]. A schematic of the TAXI software is shown
in figure 4.12. All userspace applications run in the Linux environment on the ARM.
These are mainly C programs and bash scripts. The majority of the data used in this
thesis was acquired using programs written by Andreas Weindl. The Linux environment
also serves as the networking interface to the ICL. Drivers and libraries are used to
interface with the FPGA. To include the MicroDAQs, the FPGA firmware was updated
during this thesis by Markus Imm.

All applications to configure and control the radio system run on the ARM. The
Event Sender is a C program that forwards the radio data to the surface DAQ in
the ICL via TCP/IP. The radio data is saved to disk there. Once a day the data is
compressed and transferred to the IceCube data warehouses.
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The MicroDAQ DAQ are scripts and programs used to control the MicroDAQs and
to acquire data from the scintillation detectors. All signals to and from the MicroDAQs
go through the FPGA. This includes the RS-485 serial communications, the I2C bus
for controlling the power of each scintillation as well as the I2C bus for changing
communication modes between data taking and reprogramming. For the reprogramming
of MicroDAQ a full-duplex communication is needed, using stm32flash. Therefore,
the line, which transports the PPS signal in data taking mode, is replaced with the
programming TXD line to achieve the full duplex connection in reprogramming mode.

The MicroDAQ firmware is developed by Tim Bendfelt, Chris Wendt et al.
It runs on the microprocessor and is written in C. Several different MicroDAQ
firmwares have been used during this thesis, see section 6.2.1. The data analyzed
in chapter 8 was measured using uDAQv4.0-chw-tjb-3sec-to-20200619.bin. With
all tested firmware, MicroDAQ has a data-taking mode and a data-sending mode,
so it is not possible to measure while simultaneously sending the data to the central DAQ.

To obtain measurement data from the scintillators, they first need to be configured.
For this the configuration commands are sent from the central DAQ to MicroDAQ. The
configuration includes among others the setting of the threshold, the ADC sampling
delay times and SiPM bias voltage. Then the following command structure is sent to
MicroDAQ in a loop:

• Command to start data taking.

• Command to stop data taking.

• Command to send the data to the central DAQ.

The measurement time, i. e. the time between the start and stop data taking commands,
is set in a program running on TAXI.

The measurement data from the scintillation detectors is sent in a digitized format to
the central DAQ. It is stored in FIFOs in the FPGA, which are read out and then the
data is saved to file on the ARM. The size of the FIFOs is considerably smaller than
the size of the buffer on MicroDAQ, so the data is split up into frames by MicroDAQ
and sent frame by frame. The frame needs to be read out of the FIFO before the next
one arrives. Otherwise a FIFO overflow occurs, which leads to corrupted data. Since
no handshake protocols were used during the creation of this thesis, the timing had
to be optimized to minimize these FIFO overflows and transmission errors can also
lead to corrupted data. Once a day the data is transferred to the surface DAQ in the
ICL, is compressed and integrated into the IceCube data stream to the IceCube data
warehouses. The radio and scintillator data are merged offline, after arriving in the
data warehouses.

To enable continuous data taking with the scintillation detectors, it is intended to
soon upgrade to new software that is currently being written. This also includes a new
MicroDAQ firmware, in which the buffer on MicroDAQ is split up into 1 kB pages. As
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soon as a page is full, it can be read out and sent to the central DAQ. Afterwards, it is
available to be written into again. Then it is possible to simultaneously write data into
one page, while sending another.
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Deployment of the SAE prototype at the South Pole

The SAE prototype was deployed at the South Pole in January 2020, replacing the
previous stations. Before deployment, tests were performed to ensure the functionality of
the components of the station, see chapter 5.1. Then, the deployment itself is described.
The final layout can be found in chapter 5.2. The deployment of the central DAQ, the
scintillation detectors and the radio antennas is described in chapters 5.3, 5.4 and 5.5,
respectively.

5.1 Tests before deployment

The environmental conditions at the South Pole are harsh with temperatures dropping
below −70 ◦C. To ensure the functionality of the installed components, all were
previously tested in the laboratory.

Scintillation detectors After the scintillation detectors were build in 2017, they
were tested in a hodoscope, the muon tower at KIT, using different, analog detector
electronics. By measuring the trajectory of muons crossing the hodoscope, the detection
efficiency can be calculated as the ratio of hits in scintillation detectors and muon
tower. With this, broken fibers or non-uniformity in the detection efficiency of the
sensitive area can be detected. All detectors showed good results. The detector efficiency
was close to 100 percent [Hub21]. Further results and details from the muon tower
measurements can be found in [Hub21].

The electronics inside the scintillation detectors, MicroDAQ, was redesigned by Chris
Wendt, see chapter 4.2. Before refurbishing the scintillation detectors with the new
electronics, the MicroDAQs were tested by Chris Wendt. The tests included

• reprogramming the microprocessor on MicroDAQ,

• a scan of the discriminator threshold to generate hits when the discriminator
threshold passes the baseline and afterwards checking these recorded hits,

• verification of the trigger signal sent by MicroDAQ for the triggering of the radio
antennas,

• checking the White Rabbit timing function by requesting a timestamp and

• checking the SiPM supply voltage.

The MicroDAQs used in the scintillation detectors all passed these tests.

37
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Figure 5.1: Example of a charge histogram after refurbishing the detector
with the new electronics. The measurement was performed at ≈ 24.1 ◦C. Above the
pedestal at ≈ 300 ADC units, the exponential dark noise component is apparent. The
MIP peak is clearly visible at ≈ 800 ADC units. Picture credit: Matt Kauer.

After the refurbishment of the scintillation detectors with the new electronics, charge
histograms were measured at room temperature and at ≈ −40 ◦C to check the function-
ality of the detectors. The scintillation detectors were connected via a fanout board
to a BeagleBone for these measurements, because the software for the central DAQ
to communicate with the MicroDAQs was not written at this point. An example of a
charge histogram is shown in figure 5.1. Afterwards, the panels were transported to the
South Pole.

Central DAQ Before transporting the central DAQ to South Pole, it passed the
following functionality tests. The central DAQ was connected to a power supply, a
WR-switch, eight MicroDAQs and a function generator at the analog radio inputs.
A laptop was used for controlling the setup. For easier access and to avoid thermal
insulation during these tests, the housing of the central DAQ was open. First, a system
test was performed at room temperature. This encompassed

• a basic functionality test, so a check if the central DAQ boots and if the commu-
nication with the central DAQ works,

• for each scintillation detector channel
– check, if the reprogramming of the microprocessor on the MicroDAQ works,
– verification that the central DAQ receives the trigger signals from the Micro-

DAQs, using the firmware uDAQv4.0-chw-trigout1Hz-20190821.bin,
– check the communications between the central DAQ and the MicroDAQ,

using the firmware udaq-raw-ascii-sept_11_2019.bin,
– check that the timing is forwarded correctly to the MicroDAQs by requesting

a timestamp,

• for each radio channel, using a sine-wave from the function generator as input
signal, a check if the analog signal is digitized and saved correctly and
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• a test of the temperature sensors on the TAXI board.

Then, the central DAQ was temperature cycled twice in steps of 5 ◦C between 30 ◦C
to −70 ◦C and tested at each step using the test procedure described above. During
one temperature cycle, the central DAQ was running continuously. While at the other
temperature cycle, the central DAQ was turned off at each step for at least ≈ 30 minutes,
before a cold start of the central DAQ was performed. Afterwards, the housing of the
central DAQ was closed and the central DAQ was tested again at room temperature.
All tests were passed successfully.

5.2 Final layout of the deployed station

We deployed the SAE prototype at the South Pole between January 10, 2020 and
January 30, 2020, replacing the previous stations deployed in 2018 and 2019. We
deployed a new central DAQ, eight new scintillation detectors, one additional radio
antenna and replaced one old antenna mount with a new version. The buried cables
from the previous stations were reused, as were the two deployed radio antennas.
The scintillation detectors from the previous stations had already been disassembled,
when we arrived. Also, the fiber link between the ICL and the station, which had
been accidentally cut earlier in the season, had been fixed via fiber fusion splicing already.

The layout of the SAE prototype is as planned for the Surface Array Enhancement
described in chapter 3.3 within the available accuracy. The positions from a GPS
survey are shown in figure 5.2. To increase the visibility of both, the relative rotation
and the relative position of the components of the SAE prototype, the station layout is
shown in figure 5.3 with enlarged sizes. The color code used for the channels of the
scintillation detectors is used throughout this thesis.

Figure 5.4 shows the central components after the deployment: the FieldHub, two
scintillation detectors and a radio antenna. The deployment of the single components is
described in the following chapters. Further photos of the deployment can be found in
appendix H.

5.3 Deployment of the central DAQ

The first step of the deployment of the central DAQ was to retrieve the old DAQs. Due
to snow drifts, the old DAQs were buried under ≈ 1.5 m of snow and had to be dug
out. All cables were disconnected from the old DAQ, labeled with driller’s tape [Cor20]
and raised to ground level, since the cables were reused for the SAE prototype. During
the digging of the FieldHub pit, the shielding of the fiber link broke in three places,
but no measurable fiber damage was done. The shielding was fixed with driller’s tape
and five fibers were tested and shown to work. After retrieving the old DAQs, the pit
was refilled again.
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Figure 5.2: Map of the SAE prototype and the cable trenches, measured by a
GPS survey of the United States Antarctic Program after the deployment. For the
scintillation detectors, the positions of the four corners were measured. The position of
the radio antennas was determined by the position of the baseplate.
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Figure 5.3: Layout of the prototype station. To increase the visibility, the sizes
of the detectors and antennas are enlarged. The grey circles indicate the nearby IceTop
tanks. IceTop is used as a reference detector array in chapter 7 and 8. The color code
of the scintillation detectors is used also in the further chapters of this thesis.

Figure 5.4: Photo of the center of the SAE prototype. The central DAQ is in
the elevated FieldHub. The two central scintillation detectors (channel 0 and channel 1)
can be seen on the right side. On the left side in the background, antenna A2 elevated
on a new mount is visible. Picture credit: Marie Oehler, IceCube/NSF.
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(a)

(b) (c)

Figure 5.5: Deployment of the FieldHub and the central DAQ. The space
inside the FieldHub is limited, especially due to the stiffness of the cables. To fasten
the electronics, everything is screwed to the wooden plate located at the bottom of the
FieldHub, see a). For the central DAQ, angle connectors are used for the fastening. The
eBox provides the power for the SAE prototype and the nearby IceACT telescope. The
communication with the central DAQ and the timing signal for the SAE prototype is
done via a fiber link to the ICL via the fiber housing. Since the electronics are not buried,
larger temperature variations of the central DAQ are expected than for the previous
stations. To stabilize the temperature for the electronics and to keep the operation
temperature of the electronics as warm as possible, a lot of insulation is used, see b).
This includes extruded polystyrene foam on the inner walls of the FieldHub, fiberglass
batting on top of the electronics and polyethylene foam to seal the feed throughs. The
FieldHub is elevated to avoid snow coverage, see c). The cable slack is rolled up and
hanging from the poles. Picture credit: Marie Oehler, IceCube/NSF.
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Before the deployment in the field, the central DAQ of the SAE prototype was tested
in the ICL to ensure that it was not damaged during transport. An optical inspection
was followed by a check of the power, establishing an ssh connection and a check of the
communications with the central DAQ. Then the central DAQ of the SAE prototype
was deployed in the elevated FieldHub designed by John Kelley, see figure 5.5. The
FieldHub serves as R&D for the FieldHubs of the future IceCube-Gen2. Due to the
elevation, the electronics are easily accessible in coming seasons without digging. The
power for the central DAQ is provided and can be switched on and off remotely via
the eBox. Communication and timing is done via a fiber link to the ICL using a WR-layer.

Since the space inside the FieldHub is limited and the cables are stiff, first the cables
had to be connected to the central DAQ, before it could be screwed to the wooden base-
plate, so this had to be done in the field. After receiving IP addresses for the TAXI and
the WR-LEN inside the central DAQ, the deployed central DAQ was tested. Ping and
logging into TAXI via ssh worked, as did taking radio test data and rebooting the system.

5.4 Deployment of the scintillation detectors

The scintillation detectors of the SAE prototype reuse the buried cables from the
previous stations. To be able to elevate the scintillation detectors, extension cables
with a length of 25 ft each were attached to both ends of the cables, amounting to
a total cable length of 85.24 m. The scintillation detectors were transported to their
destination on a snow mobile. According to the station layout of the Surface Array
Enhancement, the two neighboring detectors are at 45° angle to the radial axis of the
center of the SAE prototype and the centers of the detectors are 5 m apart. To achieve
this layout, a square box and poles were used, see figure 5.6a).

The scintillation detectors are elevated on poles with hooks ≈ 1.2 m above the surface
to ensure that the scintillation detectors are not covered by snow drifts. Different
types of poles and hooks were used to benchmark the types against each other. So
far no difference in the performance could be observed, but the poles using threaded
connectors were easier to deploy. To increase the stability, two posts are screwed
together, so that more than 1.5 m of each pole is below the surface. The snow has a
layered structure with different densities. Therefore, some poles sank into the snow very
easily, which leads to a reduced height of the scintillation detectors above the ground,
while others had to be driven in by force using a pile driver. Then the scintillation
detectors are hooked in using the handles, see figure 5.6b). All poles are extendable by
attaching another post, so the scintillation detectors can be elevated further, when
snow drifts make it necessary. Two fully deployed scintillation detectors are shown in
figure 5.6c).

The channel numbers of the scintillation detectors are marked by labels on a pole
made of driller’s tape. To confirm the assignment of the scintillation detectors to the
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(a)

(b)

(c)

Figure 5.6: Deployment of the scintillation detectors. a) shows how the align-
ment of the panels was performed. First, a corner of a square box was aligned towards
the center of the station. Then, by using two poles as extensions, the angle and the dis-
tance between the neighboring detectors was set. To avoid snow coverage, the detectors
are elevated above the ground using four poles. For this the handles of the scintillation
detectors are suspended into hooks, each fastened to a pole, see b). The cable slack,
which is necessary to elevate the panels further in ≈ 5 years, is hanging from one of the
poles. c) shows two neighboring scintillation detectors after deployment. They are at a
90° angle to each other and their centers are 5 m apart. Photo credit of a): Matt Kauer,
IceCube/NSF, b) and c) Marie Oehler, IceCube/NSF.
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(a) (b)

Figure 5.7: Deployment of the radio antennas. For the deployment of the third
antenna, the ≈ 30 m cable trench had to be trenched by hand, see a). b) shows a fully
deployed radio antenna. The mahogany mount elevates the antenna above the surface.
Both mounts can be extended by attaching extension poles on top of the four vertical
poles. Picture credit: Marie Oehler, IceCube/NSF.

channels of the central DAQ, a test measurement was made with only the even channels
connected. Since at the time of deployment the firm- and software of the central DAQ
was not fully programmed, the communication, the trigger lines from MicroDAQ to the
central DAQ and the reprogramming of the microprocessor on MicroDAQ was tested
using special MicroDAQ firmwares and TAXI scripts.

5.5 Deployment of the radio antennas

In January 2019 two radio antennas were deployed, extending the scintillator station.
These two antennas and the corresponding cables were reused for the SAE prototype,
elevating one of these antennas above the ground by changing the antenna mount to a
new version. The other radio antenna was already elevated > 1 m above the ground.
Additionally, a third radio antenna was deployed, also elevated by a new antenna mount.

The new mount for the radio antennas was designed by Roxanne Turcotte-Tardif and
can be seen in figure 5.7b). It consists of sapele mahogany. A baseplate on the ground
is fixed with 1 m long wooden snow spikes. Four 1 m dowels are connected to a square
brace, to which the radio antenna is fastened. By adding extension dowels below the
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brace, the mount is raisable [Ice21c].

To deploy the third radio antenna, a new cable trench had to be dug by hand with a
length of ≈ 28 m and a depth of ≈ 1 m, see figure 5.7a). After putting in the cable, it
was secured using magnetic band ≈ 30 cm above the cable to ensure that it can be found
and retrieved again, before refilling it with snow. The radio antenna was assembled
inside the ICL and then transported together with the mount to the deployment site
with a snow mobile. The ground was slightly leveled, before placing the base plate. The
deployment of both, the mount and the antenna was successful. Fixing the baseplate
with the snow spikes worked well; the spikes did not break when we hammered them
into the ground. The lower support bracket broke, but could be fixed with driller’s tape.
Washers were used for leveling the radio antenna, to ensure that the axis is perpendicular
to the ground. A fully deployed radio antenna with a new mount is shown in figure 5.7b).

Background radio data was measured during the deployment to test the radio antennas
and the part of the central DAQ, which records the radio data. The recorded radio
waveforms look reasonable, so recording of radio waveforms functions as anticipated.
Additionally, DRS4 baseline calibration runs were performed successfully.



6
Commissioning

After the deployment, the commissioning had to be done, before data could be measured
and read out from the SAE prototype. This chapter describes the commissioning steps for
the timing of the SAE prototype in chapter 6.1, the scintillation detectors in chapter 6.2
and the radio antennas in chapter 6.3.

6.1 Timing

After the deployment, it was found that the SAE prototype is not receiving timing
information from the WR system. This was caused by a misconfiguration in the WR-
LEN init script, which sets a static IP address, which is not served by the DHCP
network. Thus, the WR-LEN was not reachable from the network, so the IP address
could not be changed and the SAE prototype did not receive valid timestamps. To
reconfigure the WR-LEN, a separate DHCP network was created, which assigns the
static IP address to the WR-LEN. With this, it was possible to log into the WR-LEN
and configure it. Since then, the timing of the SAE prototype works.

6.2 Scintillation detectors

The commissioning steps for the scintillation detectors comprise the communication
between the central DAQ and the MiroDAQ and the trigger signals for the readout of
the radio antennas.

6.2.1 Communication

At the time of deployment, the firm- and software for the SAE prototype was not fully
programmed. Therefore only checks of the communication and trigger lines could be
performed.

Extra 0xFF During the development of the software, it was found that for commands
sent from the central DAQ to a MicroDAQ, several undesired 0xFF are received by the
central DAQ. This is due to a flank and the following high baseline, which is created by
a chip on the fanout board, when switching between transmitting and receiving in the
communication. Since these 0xFF occur at predictable places in the data stream, they
are filtered out offline during the data processing.

Corrupted data The full firm- and software was tested during the writing process.
For the scintillation detectors, the data is split up into frames, each containing a 16-bit
Fletcher checksum [Fle82] and being encoded using Consistent Overhead Byte Stuffing
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(COBS) [CB99] with the delimiter zero. However, the data received from the scintillation
detectors in the test measurements was always corrupted, so either the COBS-decoding
or the verification of the checksum failed. This indicated that the communication
did not work properly. Therefore, the communication was checked for transmission errors.

Looking at the communication lines with an oscilloscope on a clone located
at the Campus North of KIT consisting of the central DAQ connected to eight
MicroDAQs, did not show any transmission errors. An echo test was written, in
which data packets are sent to MicroDAQ, which mirrors the message using the
firmware udaq-echo-aug_6_2019.bin. Then the answers were verified offline, showing
only negligible differences. For example, in one run with 150000 data packets, each
containing 1000 bytes, only 23 data packets showed differences. All differences were
missing parts of a data packet, but no change in the pattern.

In parallel, many firmware versions were written for MicroDAQ by Tim Bendfelt
and tested in combination with various versions of firm- and software of the central
DAQ. A list of all tested MicroDAQ firmwares can be found in appendix A.4. Some
of these mirrored all communication to the debug output of MicroDAQ to check if
it matches the communication with the central DAQ. These showed that MicroDAQ
receives the commands correctly, but showed discrepancies between the frames
sent by MicroDAQ and the ones received by the central DAQ. This and the results
from the echo tests indicate a problem related to the timing of transmitting and receiving.

Therefore, Andreas Weindl wrote C-programs for the central DAQ with different
timings. Finally, a combination of firm- and software for the MicroDAQs and the central
DAQ was found with stable communication on the clone setup at KIT. For the SAE
prototype deployed at South Pole, further optimization of the communication delays and
a power cycle on November 27, 2020 were necessary to ensure a stable communication.
Now, the corruption rate of the files is below 15 %, see figure 6.1

Dead time As described in chapter 4.5, the firm- and software used in this thesis
does not allow the scintillation detectors to measure while simultaneously sending the
data. Therefore, the commands to start measuring, to stop measuring data and to send
the data are sent to all MicroDAQ in a loop. This leads to a firm- and software-induced
dead time in addition to the dead time of the scintillation detectors, which is evaluated
in chapter 7.1.6. For measurements with all eight scintillation detectors measuring
simultaneously, the following dead times are obtained for the two different measurement
modes.

• Hitbuffer data: A typical measurement time m, before the buffer of MicroDAQ is
full, is m ≈ 35 s for the highest possible threshold (DAC 4095) and m ≈ 6.5 s for
a threshold of ≈ 0.5 MIP. A typical file size is 65 kB. The communication speed is
3 MBd.

– Theoretical limit: This leads to a readout time of a single MicroDAQ r of
0.2 s. Since the detectors are read out sequentially that gives a total dead
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Figure 6.1: Fraction of corrupted files of total number of files per channel
and day from October 22, 2020 until July 12, 2021. After improving the soft-
and firmware, especially with regard to the timing of the communication, and a power
cycle on November 27, 2020, the fraction of corrupted files dropped. Since then, the
higher number of corrupted files on single days can be explained by special runs or a
not valid timestamp of the detector. The higher corruption rate of channel 7 from end
of May until beginning of June is still under investigation.
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time of τDAC 4095 = 8r
8r+m ≈ 4.4 % for the highest possible threshold and

τ0.5 MIP ≈ 19.8 % for a threshold of ≈ 0.5 MIP.
– Reality without parallel radio data taking: Since the FIFO depth on the

FPGA is smaller than the buffer size of MicroDAQ, the data needs to be split
up and sent in frames. A frame write delay of 300 µs is set on MicroDAQ to
give the central DAQ the time needed to read out the FIFO. This leads to a
readout time of r ≈ 1.4 s and consequently a dead time of τDAC 4095 ≈ 24.2 %
and τ0.5 MIP ≈ 63.3 %.

– Reality with parallel radio data taking: Additionally to the limited size of the
FIFO, problems were found when multiple processes use the FPGA at the
same time, leading to a higher rate of corrupted scintillation detector data
files and a slower readout. This gives a readout time of r ≈ 7.5 s and hence a
dead time of τDAC 4095 ≈ 63.2 % and τ0.5 MIP ≈ 90.2 % respectively.

• Histogram data: A typical file size for a histogram is 13 kB, which are sent with
3 MBd.

– Theoretical limit: This leads to a readout time r of a single MicroDAQ of
0.04 s and a total dead time of τhistog ≈ 0.2 %.

– Reality with parallel radio data taking: The data is sent in frames with a frame
write delay of 300 µs to account for the limited FIFO depth. For histogram
data, the frames are shorter, consisting only of one bin of the histogram,
which leads to an increased readout time of r ≈ 30 s due to the frame write
delay. Therefore, the dead time τhistog is ≈ 61.5 %.

However, as mentioned in chapter 4.5, a new firm- and software for the SAE prototype
to reduce the dead time will soon be ready for deployment. This new firm- and software
will allow the MicroDAQs to simultaneously measure and send the data to the central
DAQ, as well as optimized communication between the MicroDAQs and the central
DAQ. Thus, the dead time due to the current firm- and software will be eliminated.

6.2.2 Triggers

In the measuring mode, the MicroDAQs send out a trigger signal when they record a
hit with signal-over-threshold. These triggers were observed in the central DAQ and
were used for triggering the radio antennas. If six scintillation detectors observe a hit
within 1 µs, the waveforms of the radio antennas are read out. This was possible, even
when the data from the scintillation detectors were corrupted, see chapter 6.2. An
analysis of one day of radio data by Serap Tilav showed that approximately 75 % of
the events triggered by the scintillation detectors with a maximum threshold have
corresponding IceTop events [Til20]. This proves that the scintillation detectors work
and measure cosmic-ray air-showers.

Since November 24, 2020 no more triggers were received from channel 5, but commu-
nication and data taking with the scintillation detector still work. The reason for this
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is unknown. Neither reprogramming and reconfiguring the MicroDAQ fixed it, nor a
power cycle. To check if the cause is inside the scintillation detector or in the central
DAQ, the cables of the neighboring scintillation detectors on channel 4 and 5 were
swapped by the winterovers, the on-site IceCube operators, on January 18, 2021, so
that the scintillation detector previously connected to channel 5 is now connected to
channel 4. Still no triggers were received on channel 5. This shows that the MicroDAQ
itself is still working. Possible reasons for not receiving triggers are the cabling of the
central DAQ, the connector or throughput at the central DAQ, the routing on the
fanout board or the TAXI board or the FPGA intput. On January 24, 202 the cables
were swapped back to the original layout.

6.3 Radio antennas

Since the deployment, the radio antennas measure software-triggered background
events. Further details on the background data can be found in chapter 7.2. Since the
scintillation detectors could be configured and put into measuring mode, scintillator-
triggered events are recorded additionally. For events measured in coincidence with
scintillation detectors, radio antennas and IceTop, see chapter 8.6.

The operating parameters cascading and SerDes delay were optimized. As described
in chapter 4.3, the trace length of the sampled radio waveforms can be set to 1024 ns,
2048 ns or 4096 ns by cascading the DRS4 channels. The advantage of a short trace
length of 1024 ns is that the analog radio waveform is sampled in four DRS4 channels
in parallel. Therefore, noise spikes, which occur in individual traces and could be
misinterpreted as radio air-shower signals, can be filtered out by taking the median of
the four traces. The advantage of the long trace length of 4096 ns is a better signal-to-
noise ratio due to the relative lengths of the air-shower signal and background signal.
The relative timing between the trigger signal and the readout of the radio waveform is
set via the SerDes delay, using the Serializer Deserializer (SerDes) blocks in the FPGA.
Thus, the interesting region, containing the air-shower event, can be shifted in the
sampled trace. Since April 23, 2021, the SAE prototype samples radio waveforms with
a trace length of 4096 ns and a SerDes delay of 256.





7
Characterization of the scintillation detectors and radio
antennas

In this chapter the characterization of the scintillation detectors and the radio antennas
is described in 7.1 and 7.2, respectively, with the main focus on the scintillation detectors.
The characterization is necessary to understand and correctly interpret the data obtained
from the detectors. The characteristics of the entire SAE prototype, so for example the
angular resolution of the SAE prototype, is evaluated from air-shower measurements
and can be found in chapter 8.

7.1 Characterization of the scintillation detectors

The characterization of the scintillation detectors includes the calibration of the Micro-
DAQ settings, like the SiPM supply voltage and the threshold, as well as the temperature
sensor in chapter7.1.1. The hit rate as a function of the threshold is presented in chap-
ter 7.1.2. Additionally, the stability of the baseline is assessed in chapters 7.1.3 and 7.1.4.
The timing and the dead time are evaluated in chapters 7.1.5 and 7.1.6, respectively.
The calibration of the scintillation detectors with respect to MIP is done using the
measured charge histograms. For this, the gain and the MIP light yield is evaluated
in chapter 7.1.7. The temperature compensation is explained in chapter 7.1.8 and the
saturation of the scintillation detectors is determined in chapter 7.1.9.

7.1.1 Characterization of settings of the Scintillator MicroDAQs

To operate the scintillation detectors and interpret the data correctly, a characterization
of the main scintillation detector settings is necessary. This includes the temperature
sensor, the SiPM supply voltage and the threshold.

Temperature sensor Since the SiPM is a semiconductor device, it has a temperature
dependent behavior. Therefore, it is necessary to monitor the temperature of the
SiPM. For this, a temperature sensor is soldered close to the SiPM and is read out by
MicroDAQ. The temperature is converted to Kelvin on MicroDAQ and sent digitally to
the central DAQ upon request.

To convert the raw values from the temperature sensor to Kelvin, MicroDAQ uses
an extrapolated fit. All raw values given in the data sheet in the range 0 ◦C to −50 ◦C
are fit with a linear fit and then this fit was extrapolated down to −70 ◦C. In order to
verify the validity of the extrapolation used in the current firmware, the temperature
sensor was connected to a MicroDAQ and both put into a temperature chamber. The
temperature of the temperature chamber was compared with the temperature measured

53
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Figure 7.1: Calibration of the temperature sensor close to the SiPM. In a)
the temperature measured by the temperature sensor is plotted as a function of the
temperature of the temperature chamber. The differences are shown in b) for different
SiPM supply voltages (AUXDAC). The temperatures agree within the uncertainty of
the temperature sensor of ±1.8 ◦C. Pictures modified from [Nuh21].

by the temperature sensor and converted to Kelvin by MicroDAQ in the range of 20 ◦C
to −70 ◦C in 5 ◦C steps. The measurement was done in the scope of the Bachelor’s
thesis of Ömer Nuhoğlu [Nuh21] and the results are shown in figure 7.1. According
to the data sheet, the temperature sensor has an uncertainty of ±1.8 ◦C [Tex13] and
the temperatures agree within this uncertainty. However, as can be seen in figure 7.1,
this is a conservative limit from the manufacturer and the measured values agree with
higher precision. It can be concluded that the temperature sensor, its readout and the
conversion to Kelvin work and can be taken as reference temperature of the SIPM,
especially for measurements at the South Pole.

SiPM supply voltage The SiPM supply voltage is set using the command AUXDAC.
The parameter range is 0-4095, since a 12-bit DAC is used internally. The mapping
of the AUXDAC command to the SiPM supply voltage is shown in figure 7.2a).
According to the producer Hamamatsu, the recommended SiPM supply voltage is at
5 V overvoltage, so at ≈ 58 V. Hence, the AUXDAC command has a linear behavior in
the voltage range, in which the SiPM is operated. Only for very low and high values of
AUXDAC, divergences from the linear behavior can be observed. These are due to the
characteristics of the used DAC.

To check, if the SiPM supply voltage has a temperature dependency, the AUXDAC
range used for measurements at the South Pole, AUXDAC 2550 to AUXDAC 2750,
was measured at different temperatures. In case of a temperature dependency, this
dependency would show up in the further analyses, e. g. figure 7.17 and would therefore
need to be included in the interpretation of the data. To cover both, measurement in
the laboratory and at South Pole, a temperature range of 20 ◦C to −70 ◦C was chosen.
The temperature dependent measurements were performed by Ömer Nuhoğlu [Nuh21].
The result is shown in figure 7.2b). The SiPM supply voltage is mostly independent
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Figure 7.2: The mapping of the AUXDAC command to the SiPM supply
voltage is shown in a). The non-linearity for very low and high AUXDAC values
is expected due to the DAC. b) shows that the SiPM voltage as a function of the
AUXDAC setting is almost independent of temperature for the AUXDAC region used
for measurements at the South Pole. b) modified from [Nuh21].



56 characterization of the scintillation detectors and radio antennas

0 1000 2000 3000 4000
ADC value

100

101

102

co
un

ts

1st percentile 406.0
ADC0, 5448 events
DAC 1450

(a) (b)

Figure 7.3: Mapping of the DAC command to the threshold given in units
of ADC for the high amplification. In a) a histogram of all measured hits of the
measurement with DAC 1450 are shown. The value in ADC units, which corresponds to
the setting DAC 1450, is evaluated from the 1st percentile of the measured hits and is
marked in red. The data is from the threshold scan done on March 24, 2021. b) shows
that the mapping of the DAC command to the threshold is almost identical for all
scintillation detectors.

of the temperature. Only for temperatures below ≈ −50 ◦C and for voltages below
≈ 54 V a slight deviation is visible. Since voltages above 54 V are used for hitbuffer
measurements, no deviation is expected in the further analyses, which would need to
be corrected.

Threshold The threshold for triggering the readout of hits is set on MicroDAQ using
the command DAC. The parameter range is 0-4095, since a 12-bit DAC is used. To
set the threshold correctly, it is necessary to know which value of the DAC parameter
corresponds to which value in ADC units, because the measurement data is recorded in
ADC units.

To map the parameters of the DAC command to a trigger threshold in ADC units,
the data from the threshold scan performed on March 24, 2021 is used, cf. chapter 7.1.2.
The threshold in ADC units is evaluated from the 1st percentile of the measured hits,
see figure 7.3a). The result is shown in figure 7.3b). A linear behavior is observed and all
channels show almost identical results. The threshold can be set between approximately
245 ADC and 3560 ADC of the high amplification. This means that the trigger threshold
can be set in the range of very roughly 0 MIP to 2.5 MIP, depending on temperature
and SiPM supply voltage.

7.1.2 Threshold scan of the scintillation detectors

A threshold scan of the scintillation detectors at South Pole was performed on March
24, 2021. A trigger threshold was set on MicroDAQ and then a hitbuffer measurement
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Figure 7.4: Hit rate as a function of the threshold DAC from the threshold
scan on March 24, 2021. No hits are measured when the threshold is below the baseline,
because the signals do not cross the baseline. When the threshold is in or slightly above
the baseline, the readout is triggered almost constantly and is mainly limited by the
dead time. In this case, noise can also trigger the readout. When the threshold is far
above the baseline, the hit rate decreases as expected, because the higher the threshold,
the higher needs to be the amplitude of the SiPM signal to trigger the readout, which
only happens for MIP hits.

was performed with a runtime of 110 s. From the hitbuffer files, the hit rate is evaluated.
This was repeated for the entire threshold range and for all scintillation detectors. The
hit rate as a function of the threshold is shown in figure 7.4. No hits are recorded,
when the trigger threshold is below the baseline, because the trigger threshold is not
crossed. The readout of hits is triggered almost constantly, when the trigger threshold
is in or slightly above the baseline of the SiPM. This leads to very high hit rates at
approximately DAC 1300, which are primarily triggered by noise and are mainly limited
by the dead time. When the trigger threshold is set above the noise-level, only MIP hits
trigger the readout and the rate stabilizes at ≈ 1000 Hz. This agrees with the expected
rate from the MIP flux at the South Pole and the sensitive area of the scintillation
detectors [Hub21]. For higher thresholds, fewer events deposit enough charge to trigger
the readout, so the rate decreases. For the shown scintillation detectors, channel 0 and
channel 4, the spread of the baseline decreased below 10 ADC on March 19, 2021, so
these measurements were already taken in darkness, cf. chapter 7.1.3 and 7.1.4. The
results for the shown detectors are almost identical, which shows the uniformity of the
detectors. Also, the results are in good agreement with the measurements from the
previous station [Hub21].

7.1.3 Influence of sunlight on the baseline during the austral summer

Knowing the baseline is necessary for choosing the correct measurement settings, e. g.
the threshold, and for converting the measured hits from units of ADC to MIP. The
baseline is evaluated from the CPU-triggered hits, so from software-triggered readouts
approximately once per second. These CPU-triggered hits are saved together with
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the signal-over-threshold triggered hits into the hitbuffer file, flagging which data is
CPU-triggered.

For the following plots, the hitbuffer file of each run with a runtime of 110 s is taken,
then the CPU-triggered hits are selected and the mean and standard deviation of the
CPU-triggered hits are calculated. The mean of the run is plotted as the marker, the
standard deviation as the error bar. It was expected that the baselines are stable within
a few ADC units. However, while channel 1 and channel 7 show the expected baseline
stability, drifts of the baseline spanning more than 1000 ADC units were observed for
other channels, see figure 7.5.

After ruling out all other possible causes, which are described below, it was finally
concluded that the baseline drifts are caused by light leaks in the scintillation detectors.
For many days, the peaks in the baseline show a periodicity of one day. Once a day,
when the sunlight hits exactly the leak, the sunlight leaks into the scintillation detector.
This additional constant stream of photons gets transported to the SiPM and is read
out, which leads to an overall elevated signal amplitude. So the CPU-triggered hits
do not measure the baseline at zero photons, but instead at this increased amount of
photons, which are constantly coming from the sun. When the sun moves across the
horizon, the sunlight does not hit the leak exactly anymore, less photons leak into the
scintillation detector and therefore the baseline decreases again. The argument for light
leaks is further strengthened by the fact that the baselines are stable during the austral
winter, see chapter 7.1.4.

To find the position of the light leaks in the scintillation detectors, the baseline drifts
were further analyzed. The peaks in the baselines do not appear at the same time. For
example the peaks of channel 2 and channel 3, which are neighboring scintillation
detectors and thus at a 90° angle, have an offset of approx 6 h, see figure 7.6a).
Correlating the peaks in the baseline with the direction of the sunlight shows that the
peaks in the baseline always occur, when the sunlight hits the long side of the detector
opposite to where the connector is. This is shown in the example of the neighboring
detectors on channels 2 and 3 in figure 7.6b). For all detectors, see appendix C.

During the refurbishment of the scintillation detectors with the MicroDAQs, holes
were found in the black foil, which is the light shielding of the detectors, see figure 7.7a).
The holes were always at the edges of the wooden clamps, which fix the position of the
scintillation bars. From the position and the state of the holes, it was concluded that
the holes are probably torn in the foil, when the inner part of the detector is pushed
into the housing. The found holes were fixed with additional foil and tape during the
refurbishment, see figures 7.7b) and c). Concluding from the drifting baselines, the
holes were either not fixed well enough, the fixed parts broke again or new holes were
created during the refurbishment, transport or deployment of the scintillation detectors.
To avoid the issue of light leaks in future detectors, the construction of the detectors
was adjusted. The aluminum housing of the scintillation detectors, the wooden clamps
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Figure 7.5: Baselines of scintillation detectors from January 6, 2021 until
January 10, 2021. The marker is the mean of the CPU triggered hits of the high
amplification of a run, the error bar is its standard deviation. The baselines of channel
1 and 7 show the expected constant baseline. The baselines of channels 0, 2, 3 and 6
drift drastically, channel 4 and 5 drift a bit. A daily pattern is visible.
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Figure 7.6: The comparison of the baselines of channel 2 and 3 is shown in a).
The peaks of the baselines, marked as crosses, have an offset of ≈ 6 h. The position of
the sun at the point of the peaks is calculated. b) shows the position of the scintillation
detectors as obtained from the GPS survey. The position of the connector is marked
as a black circle. The direction of the sunlight, as calculated from the peaks in a), is
indicated by the arrows pointing at the center of the respective scintillation detector. It
is concluded that the peaks in the baseline appear, when the sunlight shines on the
long side opposite the connector of the scintillation detector.
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(a) (b)

(c)

Figure 7.7: A hole in the black foil is visible in a). The hole was probably torn
by pushing the detector into the housing. To make the detector light-tight again, first
some black foil was put into the hole and then everything was taped, first with a black
tape and then additionally with a cold-resistant tape, see b). The fully fixed, light-tight
detector is shown in c). The red circles mark the fixed holes. The connector with the
white inner cable is on the opposite long side. Picture credit: a) photo by Matt Kauer,
c) photo by Michael Riegel.

and the way the inner part of the detector is put into the housing were adapted.

Other possible causes of the drifting baselines were checked, which are described
in the following, to avoid overlooking issues in the SAE prototype. External and
hardware-related parameters were checked. No correlation between the baseline drifts
and the temperature could be observed, neither the temperature measured by the
temperature sensor close to the SiPM nor the temperature of the atmosphere measured
by the meteorological station at the South Pole. The peaks in the baselines do not
appear at the same time, so the drifts are not due to some machinery, which is
turned on or off. The scintillation detectors are only configured once and the rest
of the day only the commands to measure data, stop measuring data and send
the data to the central DAQ are sent to MicroDAQ in a loop. So the baseline
drifts are also not caused by configuring the scintillation detector, because then the
baseline would be stable until the next reconfiguration. Since the measurements
were always measured with the same SiPM supply voltage, the baseline drift is
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Figure 7.8: The baselines of the three amplifications high a), medium b) and
low c), show the same drifts. For ADC0, the baseline is so high that the 12-bit
ADC is saturated. The gap around 6 a m is due to the histogram measurements. All
amplifications respond together in lockstep. Therefore the drifts in the baseline is not
due to ADC chips going bad, since each would deteriorate differently and therefore
they would not show the same behavior.
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not caused by a change in the SiPM supply voltage. Another theory was that
the ADC chips deteriorate, which read out the charge of the hits. However, the
baseline drifts can be observed in all three amplification channels and the drifts
look identical considering the different amplification factors, see figure 7.8. Since not
all ADC chips would get corrupted in exactly the same way, this theory could be negated.

Two other possible sources for the baseline drifts were an oscillation instability
involving the discriminator and possible current leakage paths from the SiPM supply
voltage into the front-end electronics of MicroDAQ. In case of the oscillation instability
of the discriminator, the baseline drift would be independent of the SiPM supply
voltage, but the hit rate plotted versus the threshold would show strange effects. If
a current leakage from the SiPM supply voltage would cause the baseline drifts, the
drifts would still be visible at a reduced SiPM supply voltage, although with a smaller
amplitude, and only vanish for zero SiPM supply voltage. Therefore, to test both
possibilities, threshold scans with different SiPM supply voltages were performed. The
results for the threshold scan using the usual SiPM supply voltage of AUXDAC 2650
is shown in figure 7.9, using channel 3 as an example, because it showed the highest
baseline drifts. The results for the threshold scan of channel 3 with half of the usual
SiPM supply voltage and zero supply voltage can be found in figure 7.10. The results
for all channels look as expected. No oscillation instability involving the discriminator
could be observed; all jumps in the hit rate can be explained by the threshold being
in or slightly above the baseline, leading to a very high hit rate. There is also no
evidence for a conductive leakage, because the baselines were stable for both, AUXDAC
1350 and AUXDAC 0, and no baseline drifts could be observed. It can therefore be
concluded that the baseline drifts were not caused by MicroDAQ.
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Figure 7.9: Results of the threshold scans for the usual SiPM supply voltage,
AUXDAC 2650. AUXDAC 2650 is the voltage normally used for measurements. Channel
3 is plotted as an example, because it showed the highest baseline drifts. Since the
threshold DAC was increased with time during the threshold scan, a) and b) show the
same shape. Comparing a) and c) shows no correlation with temperature, especially
since the temperature was very stable during the threshold scan. The hit rate in d) is
evaluated from the hitbuffer files and looks as expected: When the threshold is below the
baseline, the signals do not cross the baseline, therefore no hits are measured. When the
threshold is in or slightly above the baseline, the readout is almost constantly triggered,
leading to a very high hit rate, see e. g. DAC ≈ 1900. For very high thresholds, the hit
rate shows the expected decrease.
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Figure 7.10: Results of the threshold scans for half and zero SiPM supply
voltage. The results for half of the usual voltage, AUXDAC 1350, are shown in a), c)
and e) and the results for zero voltage, AUXDAC 0, in b), d), f). The baselines do not
show the drifts observed for the normal SiPM supply voltage and are almost constant.
Also, they look the same for half and zero voltage. Therefore the drifts are not caused by
a current leakage from the SiPM supply voltage into the front end electronics, because
then the drifts would still be visible at a reduced level for AUXDAC 1350.
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Figure 7.11: Baseline of channel 3 during austral winter and spread of the
baseline over time. As can be seen in a), the baselines are stable during austral
winter. The outliers towards higher ADC units are caused when by chance a MIP hits
the detector while the baseline is being measured. The spread of the baseline is defined
as the difference of the 95th percentile and the minimum. It is visible in b) that the
spread decreases with the daylight. When the spread decreases below 10 ADC units,
the measurements are defined as taken in the dark.

7.1.4 Baseline stability during the austral winter

With fading sunlight, the baseline drifts decreased, until they were stable in the
darkness of the austral winter. The stability of the baseline is important, because the
threshold can be set to a reasonable value. This improves the quality of the data.

The mean of the CPU-triggered hits of a single measurement is taken as its baseline.
An example for a baseline in austral winter is shown in figure 7.11a) for channel
3, which had the highest baseline drifts during austral summer. The mean of the
CPU-triggered hits is plotted as the marker and the standard deviation as the error
bar for each run. The outliers towards higher ADC are caused by MIPs crossing the
detector during the measurement of the baseline by chance.

To exclude the MIP-caused outliers, only the 95th percentile of each day is considered.
The spread of the baseline on this day is defined as the difference between the minimum
and maximum of this subset. As can be seen in figure 7.11b), the spread drops
significantly with the decreasing light. When the spread drops below 10 ADC units, the
measurement is defined as measured in darkness. Channel 3 was the last to drop below
this limit on March 30, 2021, see figure 7.11b). Therefore all physics-related analyses
are done with data after March 30, 2021 to avoid data corruption due to the light leaks.

7.1.5 Timing of the scintillation detectors

The timing of the scintillation detectors is important for air-shower analyses, because
the direction of the shower is calculated from the timestamps. Therefore, if the timing
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is not correct, the wrong direction is reconstructed. The timing is distributed from
the central DAQ to the scintillation detectors. Due to the propagation of the signal in
the cables, a delay is added and the exact cable delay is unknown. If the delay by the
cables is not identical for all scintillation detectors, the timing of the detectors would
be asynchronous, which would impair the reconstruction.

To determine the cable delays, air-showers are used, which fulfill the following criteria:

• The air-shower was measured by all eight scintillation detectors within 1 µs.

• The charge measured by each scintillation detector is above 1 MIP.

• The air-shower was measured by IceTop.

• The reconstructed zenith angle θ from the IceTop reconstruction, called Laputop,
is below 15°, so only vertical showers.

• The distance between core position determined by Laputop and the center of the
SAE prototype is below 100 m.

This gives a total of 804 events. Since IceTop is a well studied and calibrated detec-
tor [Abb+13], it is taken as reference to calculate the expected timestamps for the
scintillation detectors, using a plane front approximation. Ideally, the differences be-
tween the expected and the measured timestamps are only due to the curvature of the
shower front, which can be described by

∆t = ar
2 + b (7.1)

according to the studies in [Les21]. In case of a cable delay relative to the other
detectors, the mean of the residuals for all events for this scintillation detector is
approximately the cable delay. Therefore, the cable delay can be determined iteratively
by fitting the shower front with equation 7.1 and calculating the mean of the residuals.
The value of the mean of the residuals is subtracted from the ∆t for each detector
and then the process is repeated until it converges. The obtained cable delays can
be found in appendix D. All data shown in this thesis is corrected with these cable delays.

To check the distribution of the timing to the eight scintillation detectors, the time
difference between the neighboring panels is evaluated. For this, only air-shower data
measured in the dark was used and only when all 8 scintillation detectors recorded a hit
within 1 µs. The result is shown in figure 7.12. As expected, the mean time difference
between neighboring scintillation detectors is negligible, considering the time resolution
of the scintillation detectors. The standard deviation of ≈ 20 ns is expected due to the
layout of the station, in which the centers of the scintillation detectors are ≈ 5 m apart
and due to propagation effects in the scintillation detectors [Ice19a]. This information
and other checks show that the timing distribution to the scintillation detectors works.
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Figure 7.12: Time difference between the hits in neighboring panels. Only
events with 8 coincident hits in the scintillation detectors with a threshold of ≈ 0.5 MIP
in the dark, so between June 15, 2021 and July 28, 2021, were used. The standard
deviation in the interval −100 ns to 100 ns is ≈ 20 ns. This deviation is expected, since
centers of the panels are ≈ 5 m apart and the panels are at 90° to each other and
uncorrelated noise can trigger single detectors at this threshold.
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7.1.6 Determination of the dead time

In order to measure air showers and to serve successfully as a veto for the in-ice
detector, the dead time of the scintillation detectors needs to be evaluated. For the veto,
the dead time should be as small as possible to minimize the number of missed events.
For air-shower measurements, for example the systematic uncertainty of measured
event rates increases with the dead time of the detectors.

To check the internal dead time of MicroDAQ, the time differences between
consecutive events is evaluated. A histogram of the time differences for channel 0
for one day is shown in figure 7.13. In figure 7.13a) all recorded time differences
are shown. The expected exponential decay for larger time differences is visible.
A zoom-in on the small time differences can be seen in b), with a clearly visible
cut-off at ≈ 22.6 µs. This cut-off is constant for most days, as can be seen in
c). Some outliers towards smaller time differences are visible. All outliers have
been checked and all are caused by a single hit with a smaller time difference to
the next hit. An example for this is shown in d). These are probably caused by
glitches in the timestamp. Since these glitches in the timestamps occur very rarely,
in average less than once a month, they are not taken into account in the further analyses.

To crosscheck this, the dead time is also evaluated from the hit rate. When the
threshold is in the baseline, the hit rate is mainly limited by the dead time of the
scintillation detector. In the threshold scan on March 24, 2021 is the maximum hit rate
for channel 0 is ≈ 3.7 × 104 Hz, so in average every 27 µs an hit is measured. This is
consistent with a dead time of 22.6 µs.

The dead time of 22.6 µs is composed as follows: ≈ 12 µs are needed to transfer
the data from the ADC chips into the microprocessor and ≈ 10 µs are necessary for
processing the data after it is received in the microprocessor and to reset the trigger.
Since for the measurements analyzed in this thesis only three ADCs were used, a new
MicroDAQ firmware could be written that is optimized to read out only these ADCs in
parallel. That could reduce the time to transfer the data from the ADC chips to the
microprocessor from ≈ 12 µs to ≈ 3 µs [Wen]. However, such a firmware would restrict
the capabilities of MicroDAQ and studies of the arrival time profile and sampling delay
times above 100 ns would not be possible.

An air-shower has a thickness of O(10 ns) [KW12]. Therefore, with a dead time of
22.6 µs, an air shower is measured once. With the rate measured in the threshold scan
of 1 kHz, cf. chapter 7.1.2, the dead time probability of a scintillation detector is 2.26 %.
This dead time probability is comparable to that of a single IceTop tank, referred to as
SLC mode [Abb+13].
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Figure 7.13: Determination of the dead time of MicroDAQ. In (a) the his-
togram of the time difference between consecutive hits is plotted on the example of the
day April 1, 2021. (b) shows the same for small time differences only. The cut-off at
≈ 22.6 µs is visible. The minimum time difference per channel and day is shown in (c),
on the example of channel 0. Usually, it is at ≈ 22.6 µs. The minimum time difference
is lower for single days. These lower values always correspond to one single hit, as can
be seen in (d), which is probably caused by a glitch in the timestamp.
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7.1.7 Gain and MIP light yield from charge histograms

The evaluation of the MIP light yield is important, because one of the reference units
used in air-shower physics is MIP and the reconstruction algorithms used in chapter 8
use number of MIPs as the input parameters. The position of a single MIP in a
measured charge spectrum depends on SiPM characteristics. Since the gain of the SiPM
is temperature dependent, the position of the MIP shifts accordingly. This effect needs
to be corrected for. Therefore, the gain of the SiPM and the MIP light yield is evaluated.

To get both, the SiPM gain and the MIP light yield, measured charge histograms are
used. An example is shown in figure 7.14 for all amplifications. The baseline of the
SiPM is recorded via software-triggered readouts once per second. This is visible as
the peak at very low ADC units, called the pedestal. To determine the position of the
pedestal, it is fit with a Gaussian.

Directly above the pedestal, no hits are recorded, because the threshold is set slightly
above the baseline to reduce the measured noise, cf. chapter 7.1.2. Then, at low ADC
units, the exponential dark noise component is visible. For the high amplification, the
single Photo Electron Equivalent (P.E.) peaks on top of the dark noise component
can be discerned. Then a valley is visible at ≈ 850 ADC units and the MIP peak at
≈ 1600 ADC units in a). The pedestal, the exponential dark noise, the valley and
the MIP peak are visible for all amplifications, with the positions shifted according
to the lower amplification. According to [Hub21], the optimal fit function for the
whole spectrum is a Landau+exp()+exp() function. However, this was numerically not
stable enough for the analyses in this thesis. Therefore the position of the MIP peak is
evaluated by fitting a Gaussian function, as is described in [Ice19c].

The gain of the SiPM can be measured with MicroDAQ in-situ at South Pole using
the high amplification channel of MicroDAQ. The single P.E. peaks in the histogram of
the high amplification correspond to a certain number of fired SiPM pixels, so if a single
P.E. peak corresponds n detected photons, the next one corresponds to n + 1 detected
photons and so on. If the threshold is set at n single P.E., MicroDAQ will measure a
charge spectrum including all P.E. peaks ≥ n. For high numbers of detected photons,
the peaks smear out due to statistical fluctuations and noise [Gar20]. Therefore, the
threshold is set low enough that the single P.E. peaks are measured. From the dis-
tance between the single P.E. peaks in the charge histogram, the SiPM gain is evaluated.

To determine the gain, two methods are used:

a) The positions of the single P.E. peaks are evaluated by fitting a Gaussian to each
peak. The distance between these peaks, and thus the SiPM gain, was calculated
from the difference of the mean µ of the Gaussians, see figure 7.15a).

b) The distance between the single P.E. peaks is evaluated from the Fast Fourier
Transform (FFT) of the part of the charge histogram containing the single P.E.
peaks, as described in [Ice19c]. The charge spectrum with the single P.E. peaks
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Figure 7.14: Charge histogram of channel 7 for high a), medium b) and low
amplification c). The peak at low ADC values from the baseline and called the pedestal.
The exponential dark noise component and the single p.e. peaks are visible until
≈ 650 ADC units in a). The peak at ≈ 1600 ADC units in a) is the MIP peak. The
positions of the pedestal and the MIP peak are determined by Gaussian fits for all
amplifications.
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Figure 7.15: Evaluation of the gain from Gaussian fits to the single p.e. peaks in
a) and using the FFT of the left side of the histogram in b). A Gaussian is fitted to the
peak in the FFT.
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Figure 7.16: Comparison of the gain evaluated from fits to the single p.e.
peaks and evaluated from the FFT. The outliers at ≈ 20 ADC for the gain from
FFT are caused when the FFT fits the first harmonic instead of the fundamental peak,
The results of both methods agree reasonably well. The linear regression has a slope of
1.021, so the methods only differ on the 2 % level.

corresponds to a sine wave in frequency space. After fitting the peak in the Fourier
transform, see figure 7.15b), it is transformed back.

Both methods work and give almost the same result. The results differ on a 2 % level,
see figure 7.16. However, method b) sometimes fits the first harmonic instead of the
fundamental, which leads to the visible outliers. Therefore, the gain evaluated with
method a) is used in this thesis.

To characterize the scintillation detectors and the incorporated SiPMs, the histogram
measurements are repeated every day at the South Pole with several SiPM supply
voltages (AUXDAC 2550 - 2750). Since the temperature changes during the year, a
characterization for the full temperature range at South Pole is done. The SiPM gain is
obtained as a function of the SiPM supply voltage and the temperature, see figure 7.17.
Since the breakdown voltage of the SiPM decreases approximately linearly with the
temperature, the gain increases linearly with temperature and overvoltage [Ott+17;
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Gar20]. Therefore, a plane fit is performed. As can be seen from the distribution of the
residuals in figure 7.17c), the fit describes the data well. The characterization of the
SiPM gain as a function of bias voltage and temperature can be used to adjust the bias
voltage of the SiPM according to the observed temperature changes, in order to keep
the gain constant, see chapter 7.1.8.

The light yield, so the MIP in P.E., is evaluated from the measured histograms. The
pedestal is subtracted from the position of the MIP peak in ADC units and divided by
the gain,

α =
MIP − pedestal

gain . (7.2)

When plotting the MIP in P.E. as a function of the SiPM supply voltage and the
temperature, another linear dependence is observed, see figure 7.17b). The linear
dependence is probably due to the approximation of the gain as linear, since the
breakdown voltage does not decrease linearly for large temperature ranges and
the photon detection efficiency of the SiPM as a function of overvoltage is not
linear [Col+11; CS66; Oeh18]. Another plane fit is done for the MIP in P.E. as a
function of the SiPM supply voltage and the temperature. As can be seen from the
residuals in figure 7.17d), the plane fit describes the data well.

All hits used in the analyses in this thesis are recorded in parallel with three
different amplifications, so the same hits are contained in the histograms of the three
amplifications. Since the gain can only be evaluated for the high amplification, the
scaling factors between the three different amplifications are needed to convert the
data to MIP, where MIP is the number of minimum ionizing particles. The scaling
factors are determined from comparing the pedestal-corrected position of the MIP
peak. A histogram of all obtained scaling factors is shown in figure 7.18. The inverse
scaling factors relative to the high amplification are determined by Gaussian fits to the
histogram.

With this information, all measured hits can be converted from ADC units to MIP.
The temperature is taken from the monitoring files of the scintillation detectors. The
SiPM supply voltage is taken from the log files. For the hitbuffer measurements analyzed
in this thesis, the voltage is always AUXDAC 2650. With this, the gain and the number
of P.E. per MIP α are obtained from the plane fits, see figure 7.17. For histogram
measurements the baseline of the measurement is evaluated from the position of the
pedestal, while for hitbuffer measurements the baseline is evaluated from the mean of
the CPU-triggered hits. Then the conversion to units of MIP is done as follows for the
high amplification,

hit in MIP =
hit in ADC − pedestal in ADC

α · gain . (7.3)
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Figure 7.17: The gain and MIP dependence on the SiPM supply voltage
and the temperature is shown in a) and b), respectively. A plane fit was applied to
both. As can be seen from the histograms of the residuals in c) and d), this describes
the data sufficiently well for the analyses performed in this thesis. A Gaussian is fitted
to the residuals and the obtained variance is taken as the uncertainty of the gain and
MIP, respectively.
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Figure 7.18: The ratio of the amplifications is determined from the relative
positon of the MIP peaks of the high and medium amplification channel a) and the high
and low amplification channel b). The Gaussian fits lead to the inverse scaling factors
relative to ADC0 of AF, ADC2 = 6.51 ± 0.02 for ADC2 and AF, ADC12 = 81.13 ± 1.52
for ADC12.

For the other amplfications, the inverse scaling factor has to be included, leading to

hit in MIP =
hit in ADC − pedestal in ADC

α · gain · 1/inverse scaling factor
. (7.4)

7.1.8 Temperature compensation

To mitigate temperature effects of the SiPM, it is planned to keep the SiPM
gain constant. For this, the SiPM supply voltage is adjusted according to the
temperature of the SiPM, using the plane fit in figure 7.17. This temperature compen-
sation will be done internally on MicroDAQ, so without intervention of the central DAQ.

This is not implemented yet. For all hitbuffer measurements analyzed in this thesis,
the SiPM supply voltage was constant and set to AUXDAC 2650. Therefore, the
correction for the temperature effects is done in the data analysis, when the hits are
converted from ADC units to MIP as described above. Since the SiPM gain and thus
also the position of the MIP are not stabilized, the stability of these parameters over
time cannot be checked.

7.1.9 Saturation

To increase the dynamic range, MicroDAQ has three amplifications: high, medium
and low. The higher the amplification, the better the resolution due to the finer
binning in MIP units. However, with increasing energy, events will first saturate the
ADC reading out the high amplification, then the one for the medium amplification
and finally the one for the low amplification. When the ADC is saturated, just a
lower limit for the deposited charge in the detector can be given from this readout.
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(a) (b)

Figure 7.19: Difference of the charge in units of MIP between low and
medium amplification as a function of the charge in ADC units for the medium
amplification. In a) the entire range is plotted. For almost the entire range, the difference
between the charge measured by the amplifications is negligible. At around 3600 ADC
units, the charge in MIP diverges. This is due to the saturation of the ADC.

Therefore, if an ADC has a value in the saturation range, the less amplified signal
should be used for the evaluation. So if an event saturates the ADC reading out the
high amplification, the medium amplification should be checked for saturation. If the
ADC reading out the medium amplification is not saturated, this value is taken for
the conversion to units of MIP. If it is also saturated, the low amplification is checked
for saturation. For events that saturate the ADCs of all three amplifications, a flag
that the detector was saturated, is added in the files containing the events in units of MIP.

According to the characteristics, the range of saturation of the ADC is not only the
last ADC bin, but is an extended range of the last ADC units. In order to convert to
units of MIP correctly, it is necessary to determine this saturated range. To obtain this
range, the measured charges of all amplifications are converted to units of MIP and are
compared. For the not-saturated range, the charges show only a negligible difference due
to the different resolutions of the three amplifications. If an ADC is saturated, however,
the charges deviate a lot. The difference of the measured charges in units of MIP
between the medium and the low amplification are shown in figure 7.19. As expected,
almost no deviation between the charges is visible for most ADC bins. The small
deviations at very low ADC units are caused by statistical fluctuations of the baseline.
A deviation is clearly visible for the high ADC bins, starting at ≈ 3600 ADC units. This
is the range of saturation of the ADC. The same result is obtained when comparing
the charges in units of MIP between the high and the medium amplification. This is
expected, since identical ADCs are used for the readout of all amplifications. Therefore
the saturated range encompasses the ADC bins 3600 to 4095. The limit, when the
charge evaluated from a lower amplification is used, is set to 3600 ADC units.

To check, if the scintillation detectors measure events which saturate all amplifications,
the measured events are plotted in a histogram. In case of saturation, a pileup in the
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Figure 7.20: Histogram of the charge for low amplification from the hitbuffer
measurements between March 30, 2021 and June 14, 2021. Above ≈ 3500 ADC units
a pileup is visible. This indicates a saturation of the electronics for very high energy
air-showers.

range of the high ADC units for the low amplification is expected. The histogram
is shown in figure 7.20. A pileup above 3600 ADC units is clearly visible, indicating
a not negligible amount of saturated events. The same behavior is observed for all
scintillation detectors.

The number of MIPs, which can be measured with a scintillation detector with-
out saturation depends on the temperature and the SiPM supply voltage. As a
rough estimate, using the measured histograms with the current settings, a linear
extrapolation is done. For the low amplification, the position of the pedestal is
subtracted from the position of the MIP peak in ADC units, resulting in a mean
of ≈ 19 ADC units per MIP. The position of the baseline is ≈ 200 ADC units. Since
the used 12-bit ADCs have 4096 ADC bins, this results in a limit in the order of 200 MIP.

This linear extrapolation is only valid, if the SiPM is still in the linear regime for
measuring the number of photons. Therefore, a rough estimate on the upper limit of
the measured photons is done. The number of detected photons per MIP is below
75, cf. figure 7.17b). The ADCs saturate at ≈ 200 MIP for the low amplification.
That leads to an upper limit on the number of detected photons of 15 000 photons.
According to [Bre+17], this is still in the linear regime of the SiPM. This also
means that no saturation effects of the SiPM occur and that only the electronics saturate.

Therefore, to increase the amount of MIP a scintillation detector can detect without
saturation, the amplification of the SiPM signals can be reduced. This will extend the
range measurable with the low amplification of MicroDAQ and allow to measure higher
deposited charges. A reduction in the amplification by a factor of ≈ 3 could be achieved
for future scintillation detectors by adjusting resistors [Wen].
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7.2 Radio electronics

For the interpretation of the measured radio waveforms, the frequencies of the signals
are very important. Therefore, all components used in the electronics chain for
recording the radio signals are calibrated in the laboratory. The gain as a function of
the frequency is shown in figure 7.21. It is visible that the gains of the LNA, the cable
and the radioTad are approximately constant over frequency range of interest from
70 MHz to 350 MHz, as desired. The TAXI board shows a suppression of the higher
frequencies of interest. The total gain behavior of the system is taken into account in
the analyses of the radio signals [Ice21d; IC21].
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Figure 7.21: Measurement of the electronic gain as a function of frequency.
For the sake of visibility, the total gain and gain of the LNA are subtracted by 40 dB.
The range of interest from 70 MHz to 350 MHz is covered. The loss of the gain for higher
frequencies is accounted for in the analysis of the radio signals. Picture credit: Hrvoje
Dujmović.
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Figure 7.22: Median background spectrum for each antenna and polarization,
evaluated from measurements of the SAE prototype on April 17, 2021. The black line
shows the expected galactic noise and a thermal noise of 40 K, convoluted with the
electronic chain and fits well to the data. Therefore the noise floor is dominated by the
galactic noise, as intended. Picture credit: Roxanne Turcotte-Tardif.
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Ideally, the background of radio measurements consists only of the thermal and galactic
noise. To check how well this is achieved for measurements at the South Pole, software-
triggered background measurements are performed with the deployed SAE prototype.
These measurements are compared with the expected background, consisting of the
Cane model and the predicted thermal noise of the LNA of 40 K [LA+15b], convoluted
with the electronic chain. The result is shown in figure 7.22. The measurements with all
antennas and polarizations look very similar. The small differences between model and
data for medium frequencies could be due either to the not ideal calibration of the SAE
prototype or due to additional noise in this range. However, the measured data and
the expected background fit well. Therefore the noise floor is mainly the thermal and
galactic noise, as intended [Ice21c; IC21].



8
Results of first air-shower data analysis

The basic characteristics of a cosmic-ray air-shower are its arrival direction, the location
of the shower axis core and the shower size, see chapter 2.2 [Gri10; Gru20; GER16]. This
information can be used for astrophysical studies like anisotropy and multi-messenger
searches [Aab+17; Sch19a]. In this thesis, the analysis of these characteristics is used to
check if the SAE prototype and the reconstruction of the data work or if improvements
are necessary before deploying the entire array.

First, the event rate as a function of the multiplicity of the scintillation detectors is
evaluated in chapter 8.1. The effects of the atmospheric temperature and the pressure
on the single panel hit rate are shown in chapter 8.2. In chapter 8.3 the timing difference
between the scintillation detectors and IceTop are obtained. A comparison of data
measured with the SAE prototype and simulations can be found in chapter 8.4. The
results of the reconstruction of the air-shower from the data of the scintillation detectors
are shown in chapter 8.5. Triple coincidences are events measured in coincidence with
the scintillation detectors, the radio antennas and IceTop. The data of each of these
detector types is reconstructed individually and the results are compared in 8.6.

Due to the light leaks described in chapter 7.1.3, only data measured in darkness is
used for the presented analysis. Two data sets with different measurement settings are
used:

• Between March 30, 2021 and June 14, 2021, the highest possible trigger threshold
is used, DAC 4095. The SiPM supply voltage is constantly set to AUXDAC 2650.
The advantage of the high threshold is a lower firm- and software-induced dead
time (cf. chapter 6.2.1). Additionally, a high trigger threshold of the scintillation
detectors is advantageous for the triggering of the radio antennas, because of the
higher energy threshold of the radio antennas.

• Between June 16, 2021 and July 28, 2021 the trigger threshold of the scintillation
detectors is ≈ 0.5 MIP. In order not to miss any low-energy air-showers, the
threshold of the scintillation detectors should be as low as possible. However, there
is an exponentially decreasing noise component, so if the threshold is too low,
mainly noise events are recorded. As a compromise, a threshold of ≈ 0.5 MIP is
used. The threshold is calculated and set for each scintillation detector individually
based on the characterization described in chapter 7.

The scintillator data analyzed in this chapter is first converted to units of MIP, as
described in chapter 7.1.7. So temperature effects of the detectors are calibrated out. If
at least three scintillation detectors recorded a hit within 1 µs, these hits are merged to
a scintillator event.

81
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Figure 8.1: The number of coincident events for eight simultaneously mea-
suring detectors is shown in a). The events were measured between June 16, 2021
and July 28, 2021 with a threshold of approximately 0.5 MIP. The expected exponential
decrease for larger multiplicities is visible. b) shows the event rate over the multiplicity
of the scintillator coincidences. It is evaluated from data with 8 scintillation detectors
measuring simultaneously and the total uptime is ≈ 356 088 s.

8.1 Event rate as a function of multiplicity

To verify that the trigger rate is realistic for the future Surface Array Enhancement,
the event rate of the scintillation detectors of the SAE prototype must be evaluated.
With a threshold of ≈ 0.5 MIP, the single panel hit rate evaluated form the hitbuffer
files is ≈ 1 kHz. This is consistent with the results from the threshold scans presented
in chapter 7.1.2. Since the single-panel rate is in the same order of magnitude as the
single-tank rate of IceTop [Abb+13], the trigger rate for a threshold of 0.5 MIP is not
unrealistic for the future array.

To reconstruct air-showers, several detectors need to be triggered within a coincidence
time window. A coincidence time window of 1 µs was chosen, because the size of the
station is ≈ 135 m, which leads to ≈ 0.5 µs for horizontal showers to cross the station
at the speed of light. A factor of 2 was applied, not only considering delayed particles
of the air-shower, but also to take into account electronic delays. To do a directional
reconstruction, at least 3 scintillation detectors need to be triggered. So only events
with at least 3 detectors are evaluated.

The number of coincident events as a function of triggered detectors (multiplicity)
within 1 µs is shown in figure 8.1a) and the event rate in 8.1b). The expected exponential
decrease with the multiplicity is clearly visible. Due to the low threshold, uncorrelated
noise can trigger the readout of the detectors. Therefore, the rate for low multiplicities
is slightly higher than expected from a single power law.
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Figure 8.2: The pressure and the temperature of the atmosphere are plotted
against each other. No correlation is visible. Original plot by Martin Pittermann,
modified.

The readout of the radio antennas is triggered, if at least six scintillation detectors
record a hit within 1 µs. This gives a readout rate of ≈ 0.59 Hz, which is reasonable.

8.2 Environmental effects on the single detector hit rate

Seasonal variation are expected, i. e. effects due to the atmospheric temperature and
pressure. To check for these variations, the hit rate of the single detectors is evaluated.
The plots in this chapter are based on the work of Martin Pittermann.

The weather data is measured by a nearby station and is accessible here [NON]. The
pressure of the atmosphere is plotted over its temperature in figure 8.2. No correlation
between the pressure and the temperature of the atmosphere is visible.

The data with the high threshold, DAC 4095, has better statistics due to the higher
uptime, as well as negligible noise. For that reason it is used in this study. Since the
hardware threshold in this data set does not include temperature corrections, a cut
on the data excludes all hits below 4 MIP. All detectors show the same behavior. The
results of channel 7 are shown in figure 8.3. The plots for all other channels can be
found in the attachment, see appendix E.

In the calibration process, the MIP is calculated as a function of the SiPM
supply voltage and temperature. Therefore, the data used in this analysis is already
temperature compensated and no correlation with the temperature is expected. This is
confirmed by measurements, see figure 8.3a).

With increasing atmospheric pressure, more sencondary particles are absorbed by
the atmosphere. This leads to a decrease in the hit rate [Gri10]. This expectation is
confirmed, see figure 8.3b). A decrease of 0.6 % per mbar is found.
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(a) (b)

Figure 8.3: Hit rate of channel 7 as a function of the temperature and
pressure. A cut on the data excludes hits below 4 MIP for a) and b). Due to the
cut, which is based on the calibration described in chapter 7.1.7, no dependence on
the temperature is observed in a). As expected, a decrease of the hit rate with the
atmospheric pressure can be seen in b). Original plots by Martin Pittermann, modified.

8.3 Timing difference between scintillation detectors, IceTop and radio an-
tennas

The events of the scintillation detectors, radio antennas and IceTop are merged
according to timestamps. The timing difference between the scintillation detectors,
radio antennas and IceTop is evaluated to check if both, the timing and the merging of
the events work.

The merging, written by Hrvoje Dujmović, is done as follows: If at least three
scintillation detectors record a hit within 1 µs, these hits are merged into a scin-
tillator event and the timestamp of the first scintillator hit is taken as reference.
The radio trigger time is corrected with a constant offset of +899 998 909 ns and
merged with the scintillator events using a 10 µs window. For coincident scintil-
lator and radio events, the scintillator reference time is taken as start time of
this event. If the start time is in the interval between the start and stop time of
an IceCube event, the events are merged with the IceCube event. Typically, the
duration of an IceCube event is 20 µs with the trigger centered in this interval [Aar+17c].

To check if the timing of the scintillation detectors, radio antennas and IceTop match,
the core times of coincident events are compared. Scintillator events are reconstructed
with the reconstruction described in chapter 8.5 and the reconstructed core time is
taken as reference. For radio the trigger time is used. IceTop events are reconstructed
with the IceCube reconstruction software Laputop and the core time is taken. The
result is shown in figure 8.4. The timing of most events matches. Therefore the timing
of the events works.
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Figure 8.4: Time difference between the reconstructed core time of the
scintillation detectors, the reconstructed core time of IceTop (IT) and the
radio trigger times. For most events, the timing matches very well.
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Figure 8.5: Time difference between the core times evaluated by Laputop
and the scintillator reconstruction. Only events with 8 coincident scintillator hits
within 1 µs and with an coincident IceTop event are evaluated. The timing differences
due to the difference in the position of the core is corrected. This value of standard
deviation is compatible with the expected performance of the reconstruction from
simulations.
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In figure 8.5 the differences between the core times of IceTop and the scintillation
detectors are shown for scintillator events with a multiplicity of eight and a corre-
sponding IceTop event. Since the Laputop and scintillator reconstruction can yield
different core positions, the core times are shifted accordingly. This effect is corrected
for in figure 8.5. The median is a constant offset and can be corrected. The standard
deviation of 200 ppb is in the range expected from the reconstruction algorithms and is
not critical for the merging of the events.

8.4 Comparison with simulations

To check if the measured detector behavior is understood the measured data is
compared to simulations. The reconstruction used in chapter 8.5 was developed based
on simulations. Therefore, it is necessary to check if data and simulations agree to
verify that the scintillator reconstruction can be used. Since the simulations use a
detector threshold of 0.5 MIP, the data set measured between June 16, 2021 and July
28, 2021 is taken.

For the comparison, the distributions of the arrival directions, the core positions
and the energies of the air showers need to match between data and simulations. To
get this information, all air-shower events which were measured in coincidence with
IceTop are taken and the reconstruction of IceTop is taken as reference. This is possible,
because IceTop is a well studied and calibrated detector [Abb+13]. The distributions
reconstructed from IceTop are shown in figure 8.6 and are taken as input for the
simulations.

The simulations were done by Agnieszka Leszczyńska. Air showers induced by
proton and iron primaries are simulated with CORSIKA [Hec+98], with zenith
angles up to 71.6° in steps of sin2(θ) = 0.1. The energy of the air showers is between
log(E/eV) = 13.0 and log(E/eV) = 16.8 in steps of log(E/eV) = 0.1, so mainly
low-energy air-showers. The core of the simulated air-showers is within a 500 m
radius from the center of the SAE prototype. The layout of the scintillation detectors
is based on the GPS survey (see figure 5.2) and the model of the scintillation
detector behavior is taken from [Les21]. 100 air showers are simulated per energy and
zenith angle bin and each air shower is resampled 5 times. The weighting of the air-
showers is done by energy according to the H4a model [Gai12] to represent a realistic flux.

The distribution of the simulations can be found in the appendix F. It is visible
that the distributions of the simulations and of the events measured in coincidence
with IceTop match. The multiplicity of the triggered detectors per event for data
and simulations is shown in figure 8.7. The cut excluding multiplicities below 3 is
also applied to the simulations. Due to uncorrelated noise hits, more hits with low
multiplicities are measured in data. Overall, the distribution of the multiplicities
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Figure 8.6: Distribution of the azimuth (a) and zenith angles (b), and the
energy (c) reconstructed with Laputop from June 16, 2021 until July 28, 2021.
Only events with a scintillator coincidence of ≥ 3 within 1 µs and with a corresponding
IceTop event are evaluated. The energy reconstruction from IceTop has not been
validated for the data from 2021 and can be inaccurate due to snow attenuation effects.
As expected, the distribution of the reconstructed azimuth angle is very uniform and
the number of events decreases for high zenith angles. Mainly air-showers in the PeV
range are measured due to the steeply falling cosmic-ray spectrum. Since the scintillator
station has a lower energy threshold than IceTop, more low-energy air-showers will be
detected with the scintillation detectors only.

4 6 8
multiplicity

10−2

10−1

co
un

ts
in

ar
b.

un
it

s

simulation

data

Figure 8.7: Comparison of the multiplicity between simulations and data.
Uncorrelated noise hits increase the low multiplicities in the data. Overall, the multi-
plicities of simulations and data are compatible.
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Figure 8.8: Distribution of the timestamps (a), c)) and of the charge (b),
d)) for simulations and data. The distributions are plotted exemplary for one of the
central scintillation detectors (channel 0) and one outer scintillation detector (channel
2). In a) and c) the timestamps of the events relative to the first timestamp of the
scintillation detectors of the event are plotted. Since the first timestamp of each event
is set to zero, a pileup in the first bin is visible. In the data, single uncorrelated muons
and noise contribute to the tail for large times. The cut at 1 µs is due to definition
of the coincidence time window. Overall, data and simulations agree. In b) and d)
the measured charge is shown. The behavior of simulations and data is similar. The
saturation of the detectors in the data leads to the pileup at around 150 MIP. In the
simulations a hard value of 200 MIP is used as a saturation level.

between data and simulation are compatible.

The distribution of the timestamps and the charges for single detectors are shown in
figure 8.8 for two detectors. All simulations are used and are weighted with the H4a
flux. To simulate the saturation of the detectors all charges above 200 MIP are assumed
to be saturated and therefore their signal value is fixed to 200 MIP. A cut excludes all
charges below 0.5 MIP and all multiplicities below 3 for both, simulations and data.
Channel 0 is one of the central scintillation detectors and channel 2 is one of the
outer detectors. The plots for the other detectors look similarly. The timestamps are
relative to the first scintillator timestamp of the event. In the data, likely uncorrelated
muons and noise contribute to the constant tail on the percent level for large times.
The saturation of the scintillation detectors (cf. chapter 7.1.9) is clearly visible in the
data as an excess at around 160 MIP. The spikes in the simulations are due to the
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Figure 8.9: Average curvature of the air-shower front a) and LDF b) for
simulations and data. In a) the time delay with respect to the plane front approxi-
mation ∆t is plotted as a function of the distance to the shower axis. To maximize the
information per event, only events with a multiplicity of eight are included. The average
is calculated per bin, including weighting for the simulations. The error bars indicate
the weighted standard deviation per bin. The constant offset between the simulations
and data is corrected to simplify the comparison of the shape. Misreconstructed core
positions in combination with low statistics lead to the fluctuations for large distances.
The average curvature of the air-shower front agree for simulations and data. The lateral
distribution is shown in b). The weighted average and standard deviation is calculated
per bin. The fluctuations for large lateral distances are due to misreconstructed core
positions and low statistics. Simulations and data agree.

weighting and the low statistics. The behavior of both, timestamps and charges, agree
for simulation and data.

The average curvature of the air-shower front is shown in figure 8.9a). The time
delay is calculated with respect to the plane front approximation from the scintillator
reconstruction. Also the lateral distance is calculated with respect to the scintillator
reconstruction. The constant time offset is corrected in the data. For lateral distances
above 200 m, the statistics are low for simulations. Fluctuations are visible for
large lateral distances. This can be explained by misreconstructed core positions
in combination with lower statistics: If the core position is misreconstructed, the
calculated lateral distance will change accordingly. Thus, the smaller time delay for
small lateral distances will be put erroneously into the bin for larger lateral distances,
leading to a smaller average time delay for this bin. The opposite, so if the core position
is misreconstructed in a way leading to an erroneously small lateral distance, the effect
on the average time delay of the bin is negligible due to larger statistics for small lateral
distances.

The average lateral distribution is visible in figure 8.9b). The lateral distance is
calculated with respect to the scintillator reconstruction. For simulations, all charges
above 200 MIP are set to 200 MIP in this plot, to mimic the saturation of the detectors.
The average charge is calculated per bin. In the data, temperature changes affect



90 results of first air-shower data analysis

10−1 100 101 102

charge of ch a in MIP

10−1

100

101

102

ch
ar

ge
of

ch
b

in
M

IP

100

101

102

nu
m

be
r

of
ev

en
ts

(a) (b)

Figure 8.10: The comparison of the charge of the neighboring scintillation
detectors is plotted in a). To increase statistics, all four detector pairs are taken into
account. Channel a is the sum of all detectors with even channel numbers and channel b
with odd channel numbers. It is assumed that the 5 m distance between the neighboring
detectors are negligible compared to the size of the air-shower footprint. Therefore,
both detectors measure at similar lateral distances and the expectation value for the
signals is similar. This is visible in a). In b) the signal spread is shown. For high charges
the signal spread drops due to saturation effects of the scintillation detectors and for
low charges due to threshold effects. The grey line corresponds to fluctuations according
to Poisson statistics. The results are consistent with the simulations done in [Les21].

the saturation threshold of the scintillation detectors, lowering it below 200 MIP for
low temperatures. This leads to the small difference for small lateral distances. The
fluctuations for large lateral distances are due to misreconstructed core positions.

The layout of the SAE prototype has four pairs of scintillation detectors, with only 5 m
distance between the neighboring detectors. Compared to the footprint of an air-shower,
this distance should be negligible. Therefore, the expectation value of the measured
charge for both detectors is nearly the same. This is visible in figure 8.10a). The signal
spread, so the accuracy of the signal, is shown in figure 8.10b). The method is based
on [Ave+07; Les21]. The signal spread is due to the differences in the air-shower
development and fluctuations in the detector response. The decrease at high charges
is caused by the saturation of the scintillation detectors. For low charges, threshold
effects decrease the spread. Since the fluctuations in the air-shower development and
the detector response are stochastic, the spread is expected to be proportional to
Poisson statistics. In the plot this expectation corresponds to the square root of the
charge and is plotted in grey. However, the data does not follow Poisson statistics. This
could originate from the wrong assumption that the distance between the neighboring
scintillation detectors is negligible in the steeply falling lateral distributions close to the
core. The correction for the lateral distribution function (LDF) should be applied in
the future to validate this. Further investigations are necessary to clarify the reason for
this non-Poissonian behavior. However, the comparison of the charges of neighboring
detectors as well as the signal spread is consistent with the simulations performed in
[Les21].
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8.5 Reconstruction of air showers

The measurement of the cosmic rays using air-showers is indirect. Therefore, the
properties of the primary particle have to be reconstructed from the distribution of
the signals and timestamps recorded by the array [Gri10]. Based on simulations, a
reconstruction algorithm was developed to obtain, among others, the direction of the
primary particle. Since simulations and data match (cf. chapter 8.4), the reconstruction
can be tested on data of the SAE prototype. The analysis of the reconstructions presented
in this chapter is thus a check of both, if the reconstruction algorithm succeeds to
reconstruct data and if the SAE prototype works as a cosmic-ray air-shower detector
station.

8.5.1 Reconstruction of scintillator hitbuffer data

The reconstruction for the scintillation detectors used in this thesis was written by
Agnieszka Leszczyńska using the RockBottom framework [Les21]. The basic idea is
to fit the lateral distribution of the signals and the trigger times of the scintillation
detectors for each event. These fits are done by iteratively minimizing the negative
log-likelihood functions [Les21].

The scintillator reconstruction procedure is described in the following. As a first
estimate for the core position, the mean of the scintillator positions (ri) weighted with
the signal (Si, charge in MIP) is calculated,

r =

∑
i riSi∑
i Si

. (8.1)

The first estimate for the direction of the air shower is taken from the plane front
approximation. In this approximation, the direction of the primary particle n and the
core time t0 are obtained by minimizing

χ
2 =

∑
i

(ti − t0 + nxxi/c + nyyi/c)
2

σ
2
i

(8.2)

with the timestamp of each detector ti, its position (xi, yi) and σi = 5 ns. Since
the relative heights of the scintillation detectors are approximately the same, the
z-components are neglected. These first estimates are used as the initial parameters in
the following steps.

To obtain the core position (x, y), the core time (t0), the direction (θ, φ) and the
shower size (Sref = S(Rref)), the lateral distribution and the shower front curvatures
are fit. The shower front curvature is fit with a parabola,

∆t(r) = ar
2 + b (8.3)
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Figure 8.11: Fit of the curvature of the air-shower front a) and LDF fit b)
to single events. Only events with a scintillator coincidence of 8 are used to have
as many data points per event as possible. A parabola is fit to the time delays with
respect to the plane front from the Laputop reconstruction in a). From the mean of the
obtained fit parameters, a and b in equation 8.3 are fixed. In b) a LDF is fit to obtain
κ and β.

with the lateral distance r, by minimizing the negative timing log-likelihood

ln Lt = −
∑

i

√
Si

1
2 ·
(

∆ti

σti

)2
+ ln

(√
2πσ

2
ti

) . (8.4)

The double logarithmic paraboloid function is used to fit the lateral distribution of the
detector signals,

S(r) = Sref ·
(

r

Rref

)−β−κ log10

(
r

Rref

)
. (8.5)

This is done by minimizing the sum of the negative log-likelihoods for the triggered
detectors Ltr, the saturated detectors Lsat and the silent detectors Lsil,

ln L = ln Ltr + ln Lsat + ln Lsil . (8.6)

In the first step, the core position and Sref are fit, while fixing all other parameters. In
the second step, the direction, the core time and Sref are fit, while keeping the core
position fixed. In a third step, the core position and Sref are fit again. Further details on
the reconstruction procedure can be found in [Les21]. To obtain stable reconstruction
results, at least five scintillation detectors must record a hit. For all events with a
lower multiplicity only the plane front approximation and the first estimate of the core
position are performed.

For the reconstruction of the data of the SAE prototype, all parameters which are not
fit for each event must be fixed based on fits to simulations. To maximize the number
of sampled points per event, only events with a multiplicity of eight are used.
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Figure 8.12: 8 coincidence in scintillator data. The circles show the position of
the scintillation detectors in IceCube coordinates. The size of the circles is proportional
to the charge measured by the scintillation detectors and the color indicates the time
relative to the first scintillator timestamp of this coincidence. The arrow starts at the
reconstructed core position and points towards the reconstructed direction: θ ≈ 42.3°
and φ ≈ 41.5°.

• κ, β from equation 8.5: κ and β are defined by performing fits to single events, see
figure 8.11b). Bad fit results are rejected. The approximate mean of the fit results
is taken, κ = 0.6 and β = 2.7.

• Rref: The reference distance Rref is obtained by taking the average of
log10(r) [Kis12]. This results in a reference distance of ≈ 140 m, so roughly
the size of the SAE prototype. The reference distance of IceTop is 125 m. Since
the obtained 140 m are close to the IceTop reference distance, Rref is set to 125 m
for the following reconstructions. This enables better comparisons with the signal
strength of IceTop at the same lateral distance.

• a, b from equation 8.3: Single data events are fit with equation 8.3 as shown
in figure 8.11a). The mean of the obtained fit parameters is taken, leading to
a = −0.00183 and b = 0.

For measured data, the true direction and core position of the primary particle
is unknown. Therefore, the accuracy of the reconstruction is evaluated from the
simulations. The true and the reconstructed values are compared. The resolution of
the reconstruction is derived from Gaussian fits to the histogram of the difference
between true and reconstructed values. For a multiplicity of eight and true energies up
to log(E/eV) = 15.7, the resolution of the zenith angle θ is 2.61° and of the azimuth
angle φ 3.97°. One sigma corresponds approximately to the 68.27th percentile and
will hereafter be referred to as 68th percentile. The 68th percentile on the angular
distance between true and reconstructed direction is 7.49°. The 68.27th percentile on
the distance between the true and reconstructed core position leads to a core resolution
of ≈ 103.9 m.

With the described reconstruction method all measured scintillator events are re-
constructed. The reconstruction results look promising. An example event is shown in



94 results of first air-shower data analysis

−200 0 200
φLaputop−φscint in degree

0

100

200

300

co
un

ts

data, 5435 events

fit
µ≈ −0.20
σ ≈ 4.90
A≈ 3979.21

(a)

−50 0 50 100 150
θLaputop− θscint in degree

0

200

400

600

800

co
un

ts

data, 5435 events

fit
µ≈ 0.06
σ ≈ 2.36
A≈ 4305.47

(b)

0 50 100 150
angular distance in degree

0

200

400

600

800

1000

co
un

ts

data, 5435 events

68th percentile ≈ 6.01 degree

(c)

Figure 8.13: Difference between the azimuth (a) and zenith angles (b) re-
constructed with the scintillator reconstruction and reconstructed with La-
putop. Only events with a coincidence of 8 scintillator hits within 1 µs and with a
corresponding IceTop event are evaluated. With a 68th percentile of the angular distance
of 6.01°, the reconstructions show good agreement.

figure 8.12. The comparison of the reconstruction results with IceTop are shown in the
next chapter.

8.5.2 Comparison of the reconstruction results of scintillators and IceTop

To assess how good the scintillator reconstruction results are, they are compared to
IceTop. IceTop is a well calibrated detector [Abb+13] and can be taken as reference.
Only events which were measured in coincidence by both, scintillation detectors
and IceTop are taken for this comparison. The reconstruction of the IceTop data is
done with Laputop, while the scintillator data is reconstructed with the scintillator
reconstruction described in chapter 8.5.1.

The difference for the reconstructed azimuth and zenith angles are shown in
figure 8.13. Especially for almost vertical showers, a small difference in the direction
can lead to a big difference in the azimuth. This leads to larger differences in the
azimuth angles than for the zenith angles. With an angular resolution of 6.01° for a
scintillator multiplicity of eight, the reconstructions show good agreement. The results
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Figure 8.14: Distribution of the core position reconstructed with Laputop
a) and with the scintillator reconstruction b). Only events with a coincidence
of 8 scintillator hits within 1 µs and with a corresponding IceTop event are evaluated.
Overall, the distributions of the core positions agree.

for lower multiplicities can be found in appendix G.1.

The reconstructed core positions from Laputop and the scintillator reconstruction
are shown in figure 8.14. The scintillator reconstruction has a small bias towards the
positions of the scintillation detectors. The overall distributions of the core positions
agree. The 68th percentile on the distance between the core positions reconstructed
with Laputop and the scintillator reconstruction is 70.34 m.

It is worth noting that not only the uncertainty from the scintillator reconstruction
but also the uncertainty from Laputop influences the results. For 1 PeV the angular
resolution is ≈ 1° and the core resolution is ≈ 20 m [Abb+13; Ice16]. For lower energy
and for inclined events the resolution gets worse. Thus, the results of the scintillator
reconstruction are competitive to Laputop.

8.6 Triple Coincidences

With the SAE prototype events can be measured in coincidence with the scintillation
detectors and the radio antennas of the SAE prototype as well as IceTop (triple
coincidence). Each of these detector types can reconstruct the same air shower individu-
ally. This provides an opportunity to crosscheck the results from all three detector types.

The data from the scintillation detectors is reconstructed by the scintillator
reconstruction and for IceTop data the Laputop reconstruction is used. The data
processing and reconstruction of the radio data is developed by Hrvoje Dujmović et
al. The radio data, which is measured in coincidence with IceTop, is reconstructed in
the following way: An cut in energy is applied by requiring that Sref of Laputop is
above log10(Sref) > 0.5. A background-weighted frequency filter is applied to suppress
frequencies with known RFI [Ice21d; IC21]. Then the traces of both polarisations
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Figure 8.15: Example of a triple coincidence event. The air shower was measured
by the scintillation detectors, the radio antennas and IceTop. The circles show the
position of the scintillation detectors, the size of the circles is proportional to the charge
measured by the scintillation detectors and the color indicates the time relative to the
IceTop core time. The positions of the antennas is marked with black crosses. The
measured waveforms of the two directions of each antenna are plotted close to the
corresponding antenna as well as the envelope. For each of these detector types, the air
shower can be reconstructed. The core position reconstructed by Laputop is marked
by the grey cross. The reconstructed direction is indicated by the colored arrows for
each detector type respectively. The length of the arrow is proportional to sin(θ). The
reconstructions for all detector types agree. Picture credit: Hrvoje Dujmović.
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Figure 8.16: Difference between the zenith (a) and azimuth angles (b) be-
tween the three detector types scintillation detectors (scint), radio antennas (radio)
and IceTop (IT). The error bars are the statistical uncertainties. The median and the
68th percentile (q68%) are calculated. The reconstructions show good agreement.
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are added per antenna and the envelope is calculated using a Hilbert transformation.
Then, the highest peak in the envelope is found. A cut is applied to exclude all events
with a signal-to-noise ratio above 7 for all antennas, where the signal-to-noise ratio is
calculated as the amplitude of the highest peak divided by the median amplitude of the
trace. Additionally, all events are cut where the highest peak occurs at exactly the same
time, since these peaks are noise from the TAXI board. Afterwards, the cable delays are
corrected and the plane front is reconstructed from the time of the highest peaks [Ice21d].

An example of a triple coincidence event is shown in figure 8.15. The comparison of
the reconstructed directions of all three detector types can be found in figure 8.16. All
scintillator events with a multiplicity of eight and a corresponding IceTop event as
well as selected radio events are compared. Due to the higher energy threshold of the
radio antennas more scintillator events are found. The reconstructions of all detectors
agree within 4° for the zenith and 10° for the azimuth angle. The 68th percentiles of
the radio reconstructions are smaller because the shown radio data are from the high
quality sample. Thus, the crosscheck of all three detector types is successful and no
game-stoppers have been found so far.





9
Summary and Outlook

The surface component of the IceCube Neutrino Observatory, IceTop, is used to
study cosmic-ray air-showers and as a veto for the in-ice detector. However, due to
snow accumulation the systematic uncertainties as well as the energy threshold of
IceTop increase. To mitigate and calibrate the effect of the snow accumulation, to
lower the energy threshold and to improve cosmic-ray measurements, a Surface Array
Enhancement is planned.

The Surface Array Enhancement will consist of 32 hybrid stations, which will be
installed in the next years. Each station encompasses eight scintillation detectors and
three radio antennas, which are connected to a central DAQ. Two previous prototype
stations have been deployed at the South Pole in 2018 to 2019. In the frame of this
thesis, the designs of the previous stations have been merged to a new optimized design,
combining the advantages of both systems. While the previous stations were used
as R&D for the SAE, this station is the test of the actual design which will be used
in the enhancement. In the new design, the scintillation detectors are read out by
a Silicon Photomultiplier (SiPM) and the SiPM signals are integrated and digitized
inside the detectors. The digitized data is then sent to the central DAQ. Additionally,
the scintillation detectors send signals to the central DAQ to trigger the readout of the
radio antennas. The focus of this thesis is on the scintillation detectors. The signals of
the analog radio antennas are sampled and digitized inside the central DAQ.

A prototype station was built, shipped to the South Pole and deployed. Since
the commissioning, the station is constantly running and delivers data. A daily run
procedure is developed which collects both, data for the calibration of the detectors
and air-shower data.

The scintillation detectors are characterized and calibrated. The detectors show a
high MIP light yield, which enables a low energy threshold. The temperature effects of
the SiPM are compensated in the data analysis. Light leaks have been found in some of
the scintillation detectors. Thus, the design of the housing of the scintillation detectors
has been adjusted to prevent leaks in future detectors. The stability of the baseline is
good in the austral winter, which ensures good data quality.

The first analyses of the cosmic-ray air-shower data of the prototype station are
presented. A method to combine the individual scintillation detector measurements
to air-shower events is developed. The measured events of the scintillation detectors
are compared with the simulations of the IceCube collaboration and show good
agreement. This does not only imply that the simulations are correct, but also that

99
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our understanding of the scintillation detector effects is correct. The scintillator
reconstruction is applied for the first time to measured air-shower data. Previously,
the scintillator reconstruction has been developed for the full array [Les21]. In this
thesis, the reconstruction has been optimized for a single station. The reconstruc-
tion results show the expected air-shower distributions and performance of the detectors.

Events were measured in coincidence with the scintillation detectors and IceTop.
A comparison of the reconstruction results shows good agreement with an angular
resolution of ≈ 6° for events with hits from eight coincident scintillation detectors. The
angular resolution is competitive to the IceTop reconstruction. Triple coincidences,
i. e. events measured in coincidence with the scintillation detectors, the radio antennas
and IceTop are found. Each detector type is reconstructed individually and the results
agree with each other.

In the future, a new firm- and software will increase the uptime of the prototype
station. This will improve the statistics of the analyses and enable further studies. Since
the prototype station shows good results, it is used as the baseline design for the future
surface air-shower array of IceCube-Gen2. Also, the experimental verification of the
simulations confirms the basis for the IceCube-Gen2 simulations of the surface array
which are currently being developed. As soon as additional stations will be deployed,
the reconstruction of air-showers can be further improved, leading among others to a
better directional resolution and core position as well as enabling studies of the primary
particles mass. This will be further improved by combining the reconstructions of the
scintillation detector, the radio antennas, IceTop and IceCubes in-ice detector, turning
it into an composite hybrid detector array. Thus, the prototype station paves the path
to gain knowledge and make new discoveries in astroparticle physics.



Appendix

A Supplementary material about MicroDAQ

A.1 Shaping network

The shaping network is a linear RLC network. Its output is proportional to the number
of single P.E.s. The network has a linear response, so if for example the amount of the
P.E. is doubled in the input, Vout is doubled, etc. It is optimized for SiPM signals, so
other waveforms will lead to different results.

The basic idea of the RLC network is to approximate a square wave by a Fourier series.
Therefore, the linear network has a ringing behaviour. Like a lot of small resonating
circuits behind each other, it responds with "wiggles" on different time scales. These
different contributions add up to a "square wave" with an amplitude proportional to
the number of P.E.s. After some time (≈ 100 ns), Vout decreases to the baseline [Wen].

A.2 Sampling delay times above 100 ns

MicroDAQ has 2 ADCs for the high amplification and 4 ADCs for the medium and low
amplification respectively. The sampling delay times of the ADCs of an amplification
channel can be set to different values. The sampling delay times of the different
amplification channels are linked, however. Finding reasonable settings is not trivial, so
contact Chris Wendt to crosscheck the settings before starting the measurements. This
can be used for

• creating an arrival time profile. When sampling at the time ti < 100 ns, it measures
integral number of photons up to this time

∫ ti
0

dN
dt dt. For ti > 100 ns further studies

are required to get proper results, see next item.

• making studies about how "earlier MIPs" influence Vout for sampling delay times
above 100 ns. So e. g. if you have one MIP, usually Vout has dropped to 30 percent of
the original Vout value after x ns etc. With studies like this, it is possible to increase
the sampling delay time of some ADCs to capture more delayed particles [Wen].

A.3 Improvement of the timing accuracy by using the delay lines of Mi-
croDAQ

The time counter capture registers on MicroDAQ run with 180 MHz. So after ≈ 5.5 ns,
the counter is increased by 1. The signal of the discriminator is fed into eight subsequent
1 ns delays. The output of a delay line is connected to the input of the next delay line,
so each input sees the edge ≈ 1 ns later than the one before. For each of these delayed
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signals, the counter capture registers record the value of the counter at the moment
of the edge of the signal, see figure A.1. By averaging the captured time values, an
accuracy of ≈ 1 ns is achieved.

The delays are not identical and the delay times can differ up to ≈ 50 %. Additionally,
the paths inside the microprocessor are also not completely identical. So to improve the
accuracy further, the delays have to be calibrated. The basic idea of this calibration
is to take data and plot the captured time values in the registers as a histogram. If
the delays are all identical, the bins in the histogram all have the same height. If the
delay times are not identical, the ones with bigger delays will cause higher bins in the
histogram. To calibrate the delays, the delay times are "shifted" until the histogram has
even-height bins. This is not implemented yet. If you want to do this, please contact
Chris Wendt for further information [Wen].

A.4 List of firmwares for MicroDAQ used in this thesis

• udaq-beacon-aug_6_2019.bin: for testing receiving messages on TAXI, raw-ascii.

• udaq-echo-aug_6_2019.bin: for testing sending and receiving messages, raw-ascii,
no fast timeouts.

• uDAQv4.0-chw-trigout1Hz-20190821.bin: for testing receiving triggers on TAXI.

• CLOCK_INTERNAL_NO_PPS_udaq-raw-ascii-with_echo_apr_2_2020.bin:
raw-ascii, using internal substitution for PPS signal from WR.

• AUX_UART_udaq-raw-ascii-apr_3_2020.bin: raw-ascii, communicating via the
debug pins.

• AUX_UART_NO_PPS_udaq-raw-ascii-apr_3_2020.bin: raw-ascii communicat-
ing via the debug pins, using internal substitution for PPS signal from WR.

• udaq-raw-ascii-sept_11_2019.bin: raw-ascii.

• udaq-raw-ascii-with_echo_mar_24_2020.bin: raw-ascii, everything MicroDAQ
receives or sends is also output on the debug pins to crosscheck the communication
between TAXI and MicroDAQ.

• uDAQv4.0-chw-20190715.bin: legacy COBS encoded, fast timeouts.

• uDAQv4.0-chw-tjb-3sec-to-20200508.bin: legacy COBS encoded, should be identi-
cal to uDAQv4.0-chw-20190715.bin except for more friendly timeouts. This is the
firmware used for measuring the data in this thesis.
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Figure A.1: Achieving ≈ 1 ns accuracy by using the delay lines of MicroDAQ.
The discriminator signal is fed into 8 subsequent delays and each time the counter is
read out. Then the average of the captured time values is calculated. Possible values
are n, n + 0.13, n + 0.25, n + 0.38, n + 0.50, n + 0.63, n + 0.75 and n + 0.88, resulting
in an improved accuracy of the timing [Wen17].
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B Grounding of the SAE prototype
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Figure B.1: Sketch of the grounding of the SAE prototype. Modified by An-
dreas Weindl.
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C Direction of the sunlight for peaks in baseline
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Figure C.1: Direction of the sunlight for peaks in baseline for the entire
SAE prototype. Only channels 0, 2, 3 and 6 have peaks distinct enough to do this
study. It is visible that the peaks always occur, when the sunlight hits the long detector
side opposite to the connector.
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D Cable delays of the SAE prototype

Table D.1: Relative cable delays of the scintillation detectors. The method to
obtain the cable delays is described in chapter 7.1.5.

channel cable delay in ns

0 -0.4
1 -4.4
2 0.0
3 -0.9
4 1.9
5 0.1
6 4.1
7 -0.4
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E Environmental effects on the single panel hit rate

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure E.1: Single panel hit rate as a function of the temperature. Hits below
4 MIP are excluded in these plots. Due to the calibration, no dependence on the
temperature is observed. The same behavior is observed for all channels. Original plots
by Martin Pittermann, modified.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure E.2: Single panel hit rate as a function of the pressure. Hits below
4 MIP are excluded in these plots. A decrease of the hit rate with the atmospheric
pressure is visible. The same behavior is observed for all channels. Original plots by
Martin Pittermann, modified.
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F Distribution of the simulated air-showers
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Figure F.1: Distribution of the true azimuth a) and zenith b) angles, the
core position c) and the energy d) of the simulations. The distribution of the
simulations matches the distribution of the coincident IceTop events.
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G Difference between the results of the scintillator reconstruction and La-
putop

Table G.1: Difference between the azimuth (φ) and zenith (θ) angles, the
angluar distance and the core positions reconstructed with the scintillator
reconstruction and reconstructed with Laputop for the multiplicities 5-8. The
given standard deviations are obtained by fitting a Gaussian. The 68th percentiles
(q68%) are obtained from the data without histogramming.

min multiplicity σθ σφ q68% angular distance q68% core distance
in degree in degree in degree in meter

5 4.31 8.36 12.13 142.47
6 3.54 6.99 9.64 112.84
7 2.89 5.76 7.47 88.66
8 2.36 4.90 6.01 70.34
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H Further photos of the deployment at South Pole

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure H.1: Further photos of the deployment at South Pole. Picture credit:
Yuya Makino, IceCube/NSF and Marie Oehler, IceCube/NSF.





Acronyms

APD Avalanche Photodiode

API Application Programming Interface

ARM ARM MCU (Stamp9G45 )

AUXDAC Command for setting the supply voltage of the SiPM, see figure 7.2

cf. confer

CMB Cosmic Microwave Background

COBS Consistent Overhead Byte Stuffing

DAC Threshold for signal-over-threshold of the MicroDAQ, see figure 7.3

DAQ Data Acquisition System

DESY Deutsches Elektronen-Synchrotron

DOM Digital Optical Module

DRS4 Domino Ring Sampler 4

e. g. exempli gratia / for example

FIFO First In, First Out

FFT Fast Fourier transform

GZK Greisen-Zatsepin-Kuzmin

HLC Hard Local Coincidence

I2C Inter-Integrated Circuit

ICL IceCube Lab

i. e. id est / that is

IV-curve Current-Voltage-Curve

KIT Karlsruhe Institute of Technology

Laputop Reconstruction tool for IceTop

LDF Lateral Distribution Function

LED Light-Emitting Diode
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LNA Low-Noise Amplifier

LPDA Log-Periodic Dipole Array

MicroDAQ Scintillator MicroDAQ v4.1

MIP Minimum Ionizing Particle

PCB Printed Circuit Board

PDE Photon Detection Efficiency

P.E. Photo Electron Equivalent

φ Azimuth angle

PMT Photomultiplier Tube

ppb Parts Per Billion

PPS Pulse Per Second

RFI Radio-Frequency Interference

SAE Surface Array Enhancement

SerDes Serializer Deserializer

SiPM Silicon Photomultiplier

SLC Soft Local Coincidence

SPOCK Single Photon Calibration Stand at KIT

TAXI Transportable Array for eXtremelylarge area Instrumentation studies

θ Zenith angle

UV Ultraviolet

WR White Rabbit

WR-LEN White Rabbit Lite Embedded Node
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