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ABSTRACT

Potential of the IceTop Enhancement
with a Scintillation Detector Array

The energy spectrum of cosmic rays manifests features that prompt studies on their relation

to the astrophysical origin of cosmic rays. The sharp steepening around PeV is believed to

emerge from a leakage of primary protons out of the Galaxy and/or limitations of the acceler-

ation power of the Galactic sources. To sustain the measured flux at higher energies, another

population of astrophysical objects is required, preferred at extragalactic distances. However,

it is unclear at which energies extragalactic contribution becomes the dominant cosmic-ray

accelerator. Indications can be provided by the measurement of individual primary mass

spectra, revealing signatures of different astrophysical scenarios.

The necessary indirect method of cosmic-ray observations at these energies, via extensive

air showers, makes it challenging to precisely infer the mass of the individual cosmic-ray

primaries. Large uncertainties do not allow for constraining the astrophysical hypothesis ef-

ficiently. However, the approach of hybrid measurements with multiple detection channels is

improving the sensitivity to different air-shower components and hence, to the determination

of the elemental composition as well as the absolute energy of the cosmic rays.

The IceTop experiment, the surface array of the IceCube Neutrino Observatory, measures

extensive air showers covering this energy region. Due to its limitations, emerging from the

environmental conditions at the South Pole, an enhancement with scintillation detectors is

planned.

A detailed simulation study of the performance of this extension, as well as the fundaments of

the analysis pipeline are essential for an evaluation of its scientific capabilities. In the scope of

this dissertation, scintillator array simulations have been developed and incorporated in the

existing IceTop framework. The characteristics of the single detector as well as response of

the array to air showers were broadly studied and used for an optimisation of the layout of the

detector array. Further, the basis for the future data analysis was established, including the

reconstruction procedures adjusted to the particular design. This allowed for an assessment

of the reconstruction performance of the fundamental air-shower observables, like direction

and shower core location. The scintillator array alone will be able to determine the shower

core with an accuracy of 5 m and the direction with an accuracy of less than 0.5◦ at 10 PeV.

The cosmic-ray energy can be estimated with a reference distance, which was found to be

nearly independent on the primary mass at high energies. Studies of the dependence of the

reconstructed parameters on the primary mass were performed, including γ-ray induced air

showers. Combining specific parameters from IceTop and scintillator reconstructions, which

found to be sensitive to the cosmic ray’s mass, results in an improved discrimination power

of light and heavy primaries. They are supposed to be included in the future composition

analysis in the primary energy range of 1–100 PeV.



The obtained results have shown that a scintillator array enhancing the ice-Cherenkov tanks

of IceTop turns the IceCube surface array into a hybrid detector to observe extensive air

showers, boosting the quality and accuracy of the cosmic ray measurements. Moreover, it

will enable lowering the energy range by doubling the current sensitive area allowing for

a more comprehensive investigation of the energy range of the knee feature in the energy

spectrum of primary cosmic rays. The estimated accuracies of the developed analysis chain

give confidence that current open questions in the mass composition around the knee and

the transition region from Galactic to extragalactic sources of cosmic rays will be addressed.



ZUSAMMENFASSUNG

Potenzial der IceTop-Erweiterung mit einem
Szintillations-Detektor-Array

Das Energiespektrum der kosmischen Strahlung weist Eigenschaften auf, die Rückschlüsse

auf den astrophysikalischen Ursprung der kosmischen Strahlung erwarten lassen. Es wird

vermutet, dass das Knie im Spektrum im PeV Energiebereich durch den Austritt primärer

Protonen aus unserer Galaxis und/oder durch die Grenzen der Beschleunigung der galak-

tischen Quellen hervorgerufen wird. Um den gemessenen Fluss bei höheren Energien zu

erklären, wird eine andere Population astrophysikalischer Objekte als Quelle der kosmis-

chen Strahlung benötigt, vorzugsweise in extragalaktischer Entfernung. Es ist jedoch un-

klar, bei welchen Energien extragalaktische Quellen beginnen das Spektrum der kosmis-

chen Strahlung zu dominieren. Hinweise können durch die Messung der einzelnen primären

Massenspektren gegeben werden, die Signaturen verschiedener astrophysikalischer Szenar-

ien reflektieren.

Die bei diesen Energien notwendige indirekte Beobachtungsmethode der kosmischen

Strahlung, mittels ausgedehnter Luftschauer, macht es schwierig die Masse der kosmischen

Strahlung zu bestimmen. Durch große Unsicherheiten in der Rekonstruktion ist es nicht

möglich, bestimmte astrophysikalische Hypothesen effizient auszuschließen. Der Ansatz

von Hybridmessungen, indem mehrere Komponenten des Luftschauers parallel gemessen

werden, erhöht jedoch die Sensitivität auf Unterschiede in der Luftschauerentwicklung und

dadurch auch die Sensitivität auf die Messung der Massenkomposition und der absoluten

Energie.

Das IceTop-Experiment, das Oberflächendetektorarray des IceCube Neutrino-

Observatoriums, misst ausgedehnte Luftschauer, wobei der Energiebereich von PeV bis

EeV abgedeckt wird. Aufgrund der Limitation der Performanz des Arrays, die durch die

Umweltbedingungen am Südpol gegeben sind, ist eine Erweiterung mit Szintillationsdetek-

toren geplant.

Um das wissenschaftliche Potential dieser Erweiterung zu beurteilen, ist es unerlässlich

das Verhalten mittels detaillierter Simulationen zu studieren und die Grundlagen der

Analyseroutinen festzulegen. Im Rahmen dieser Dissertation wurden die Simulations-

Routinen für das Szintillations-Detektor-Array entwickelt und in das existierende IceTop-

Programmiergerüst integriert. Die Charakteristiken eines einzelnen Detektors sowie die

Antwort des gesamten Arrays auf einen Luftschauer wurden umfassend untersucht und

genutzt, um das Layout des Detektorarrays zu optimieren. Zusätzlich wurde die Basis

für die zukünftige Datenanalyse geschaffen, einschließlich der auf dieses spezielle Design

angepassten Rekonstruktionsprozedur. Dies erlaubt eine Beurteilung der Rekonstruktions-

fähigkeiten fundamentaler Luftschauerobservablen wie Einfallsrichtung und Position des

Schauerkerns. Das Szintillatorarray wird in der Lage sein, die Position des Schauerkerns mit

einer Genauigkeit von 5 m und die Einfallsrichtung mit einer Genauigkeit von weniger als



0.5◦ bei 10 PeV zu bestimmen. Die Energie der kosmischen Strahlung kann mittels einer Ref-

erenzdistanz abgeschätzt werden, wobei gezeigt werden konnte, dass diese eine geringe Ab-

hängigkeit von der Masse des Primärteilchens besitzt. Weiterhin wurden detaillierte Studien

über die Abhängigkeit der erhaltenen Parameter von der Art des Primärteilchens durchge-

führt, wobei auch γ-induzierte Luftschauer miteinbezogen wurden. Die Kombination spezi-

fischer Parameter des IceTop- und des Szintillatorarrays, die sensitiv auf die Masse der kos-

mischen Strahlung sind, resultiert in ein verbessertes Diskriminierungsvermögen. Diese Pa-

rameter sollen somit in der zukünftigen Analyse der Elementzusammensetzung der kosmis-

chen Strahlung in dem relevantem Energiebereich von 1- 100 PeV einbezogen werden.

Die in dieser Arbeit erzielten Ergebnisse zeigen, dass die zusätzliche Beobachtungsmeth-

ode für Luftschauer mit Szintillatoren die Messungen kosmischer Strahlung verbessert, ins-

besondere durch hybriden Schauernachweis mit verschiedenen Detektortypen. Außerdem

verringert sich die Energieschwelle durch Verdoppelung der sensitiven Fläche, wodurch eine

umfangreichere Untersuchung des Knies im Spektrum der kosmischen Strahlung möglich

wird. Die bestimmten Genauigkeiten der entwickelten Analyse stimmen zuversichtlich, dass

die offenen Fragen bezüglich der Massenkomposition in der Knie- und Übergangsregion von

galaktischem zu extragalaktischem Ursprung der kosmischen Strahlung mit diesem neuen

Detektor beantwortet werden können.
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INTRODUCTION

After the explosive death of a star, the remaining ejecta propagate with high velocity creating

a shock wave. Such a violent environment lasts for hundreds, thousands of years, accelerating

particles and nuclei to very high energies [1]. After escaping the accelerator some of these

cosmic rays reach Earth’s atmosphere, creating a spectacular avalanche of particles. Even

though scientists developed large experiments and novel methods to relate these cascades

with the properties of the incoming cosmic rays, their exact origin leaves room for specula-

tions. A more clear picture only will be available by a better understanding of the processes

in these distant accelerators.

Already in the early 1930’s, scientists established the first calculations making a link be-

tween supernovae and observed intensity of high-energy cosmic rays [2]. Many attempts,

theoretical and experimental, have been made to verify this hypothesis. Today, it is com-

monly accepted that at least up to 100 TeV primary energy, supernovae constitute the main

galactic source of cosmic rays [3].

However, an order of magnitude above this energy a very distinct feature has been observed

in the cosmic-ray energy spectrum. The sudden drop of the flux, called "the knee", observed

already by many different experiments [4, 5, 6], suggests a change in the source object, in the

acceleration process or in details of the propagation of the cosmic rays through our Galaxy [7,

8]. A model, assuming dependence of the acceleration and propagation processes in the

Galactic magnetic fields, indicates that such feature could be connected to the maximum

rigidity of a given cosmic ray type [9]. Experimental efforts have been made to infer the spec-

tral changes with respect to the cosmic ray mass. The KASCADE experiment has shown a

significant change in the spectrum for light and heavy elemental groups exactly around the

knee [10]. However, the large uncertainties of these measurements require deeper studies in

this energy range to disentangle the mass groups with the highest possible accuracy. More-

over, despite big challenges originating from the lack of full understanding of the Galactic

magnetic fields, an anisotropy of the cosmic rays in the PeV energy region for different ele-

mental groups would constrain the models.

Going even higher in energy raises more questions. Before reaching the ultra high energies,

where anisotropy of arrival direction points outside our Galaxy [11], from PeV to EeV region

another source of cosmic rays is needed to sustain the observed flux [12]. The understand-

ing of this transition region is essential to obtain a consistent picture linking the different

observed features of cosmic ray spectra of individual masses.

The main challenge for the air shower experiments to measure the cosmic ray composition

lies in the precise determination of the cosmic ray mass on event-by-event basis. Large un-

certainties, emerging from different models of hadronic interactions needed to interpret the

distributions of measured signals as well as determination of the primary energy, result in

limited constraints in the astrophysical models. In addition, the intrinsic fluctuations of the

air showers diminishes the precision further.
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INTRODUCTION

To address these urgent challenges the air-shower observatories undergo broad upgrades [13,

14, 15]. In particular, the surface array of Cherenkov tanks, IceTop, which is the surface

component of the IceCube Neutrino Observatory at the South Pole [16], will undergo such an

upgrade. This unique location is relevant not only for the neutrino observations but also gives

a great advantage for cosmic ray measurements. The high altitude at the South Pole brings

the observation level higher, i.e closer to the shower maximum, where observed distributions

provide a better insight into the cascade development. Additionally, the large volume of

instrumented ice offers a possibility to detect high energy muons coming from the central

region of a cascade.

However, due to the Antarctic environment and associated continuous accumulation of snow,

signals detected by IceTop are attenuated [17]. This is the main source of the uncertainty in

the air shower measurements and limits the possibility for a precise determination of the cos-

mic ray mass on event-by-event basis. These constraints will be overcome with the enhanced

instrument. The scintillation detector response and geometry differs from the Cherenkov

tank, giving a complementary sensitivity to the air shower components.

In this work the scientific capabilities of the foreseen enhancement of the IceTop with the

scintillation detectors is obtained based on analysis of comprehensive simulations. The

proper understanding of the new detector response is essential in context of the sensitivity

of the air shower array to the variation of the air shower development due to different cosmic

rays masses. After laying the foundations of the classical procedure for the reconstruction of

the cosmic ray observables and description of the main characteristic distributions, the key

factors determining the scientific capabilities of the new array are presented.

2



C h a p t e r 1

HIGH-ENERGY COSMIC RAY PHYSICS

1.1 Milestones in cosmic ray research

Deep interests in the extraterrestrial environments have always accompanied scientists. De-

spite the long journey of discoveries, breakthrough observations and better theoretical un-

derstanding of the Universe, still many questions remain open. To pursue the next avenues,

different branches of science merged into astroparticle physics. This research field was born

in the beginning of the 20th century, during the first observations of, what was at that time

concluded to be, cosmic radiation. The observations of Domenico Pacini [18] and later Vic-

tor Hess [19], among others, concluded an increase in the measured radiation intensity with

increasing altitude. This was a clear indication of the extraterrestrial nature of this emission.

After centuries of optical observations, the possibility to detect particles coming from space

was a driving force to the rapid development of technology, theoretical explanations of the

nature of these cosmic messengers and even to the birth of particle physics.

The next decades brought conclusive evidence about the nature of these particles. Jacob Clay

pursued numerous measurements at very different locations, observing lower intensity [20]

and higher penetration power of cosmic rays closer to the Earth’s equator [21]. It has been

explained by the distribution of the geomagnetic field lines, which prevent low-energy par-

ticles from entering the atmosphere. Nowadays, it is well established that cosmic rays are

charged and undergo deflections in the interstellar magnetic fields. It is remarkable that this

simple property is the main reason hiding their astrophysical origin.

In the following years, the attempts to determine the sign of the charge were made [22]. It has

been shown by, inter alia, Thomas Johnson in 1933 [23], that cosmic-ray intensity is higher

from the west than from the east due to their positive charge, what is know as the East-West

effect. Early balloon experiments with coincidence counters provided indications that cosmic

rays interacting at high altitudes are mainly protons [24].

Simultaneously, the counters developed by Hans Geiger were employed for the first time in

coincident measurements of Compton scattering [25, 26]. After this success, Walter Bothe

and Werner Kolhörster attempted to apply this technique in the field of cosmic rays [22].

This idea was later utilised by Bruno Rossi [27], who significantly improved the coincidental

device and tested it in different configurations. For the first time, Rossi spanned the modules

horizontally, observing multiple coincidences between counters, what is today known as the

air-shower phenomenon [28, 29].

Pierre Auger and his group made a great contribution to this discovery by extending the

coincidence separation to 300 m and estimating the energy of measured cosmic rays to PeV

energy [30, 29]. His work has shed also a new light on the description of air-shower develop-
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CHAPTER 1. HIGH-ENERGY COSMIC RAY PHYSICS

ment. The understanding of these atmospheric cascades improved as the knowledge of par-

ticle physics developed, including the discovery of, among others, positron [31], muons [32,

33], pions [34, 35] and kaons [36].

The next decades brought many new experiments, distributed over the world and investi-

gating characteristics of the cosmic rays. In parallel, the first theoretical explanation of the

nature behind their accelerators appeared. Enrico Fermi proposed a shock front acceleration

in the interstellar space [37]. The fundamental analysis can be performed by calculating the

energy needed to power the measured flux of cosmic rays at different energies. This directly

led to conclusions that up to PeV energies, or even higher, they can be powered by Galactic

supernovae [2].

At this time, the first energy spectra of cosmic rays were obtained, based on the estimated

number of particles in the air shower. In the PeV region, George Khristiansen and German

Kulikov established the, today well-known, feature of spectral softening at 3 PeV, named as

the knee [4] of the cosmic ray spectrum, using correlated hodoscopes. This was interpreted

as the first hint that the observed feature is correlated to the highest energies of the Galactic

sources.

After discovery of the cosmic microwave background (CMB) [38, 39], Kenneth Greisen,

Georgiy Zatsepin, and Vadim Kuzmin brought up the conclusion that if the highest-energy

cosmic rays are produced at large distances, a suppression of the intensity will be observed at

a few tens of EeV due to the interaction with CMB photons [40, 41]. Since then, the search for

the maximum energy and indications of the suppression become of even greater relevance.

With constant improvement of the detection methods and extensive work on the new detec-

tion channels using Cherenkov and scintillation light produced by secondary particles in the

detector, the next ground-based experiments were built. The highly pioneering work was

performed by an M.I.T. group led by Bruno Rossi with two experiments based on scintilla-

tion detectors, the Agassiz experiment [42] and the Volcano Ranch experiment [43, 44]. The

latter was constructed in late 1950’s by John Linsley and Livio Scarsi, who have brought an

extraordinary contribution to the air shower physics. They established analysis tools for the

determination of the cosmic ray observables from the spatial and temporal distributions of

the signals. They are still used by many groups today. The Volcano Ranch array detected, at

that time, the highest-energy cosmic ray of 100 EeV [45], encouraging even more to find out

what powerful objects and mechanism produce these messengers. Other large experimental

arrays, like Haverah Park, built from water Cherenkov detectors, or the Yakutsk experiment,

built from scintillation detectors, have illuminated the features of the cosmic ray spectrum at

the highest energies [46, 47], covering the region between the knee and expected end of the

spectrum.

The field was brought forward when another remarkable idea was implemented by the Fly’s

Eye. This experiment observed air showers via fluorescence emission in the atmosphere [48].

This instrument provided a basis for the technique which nowadays is an important part of

hybrid cosmic-ray observations, performed e.g. by the Pierre Auger Observatory [49] and

the Telescope Array [50]. Fly’s Eye detected to date the highest-energy cosmic ray of energy

4
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above 300 EeV [51]. The enormous showers were later confirmed by the array of scintillation

and muon detectors in Japan at AGASA experiment [52].

The spectral features raised many discussions about their possible explanations. Theoretical

attempts were made to infer the imprints of their astrophysical origin and perhaps changes of

this origin at different energies. During this period, the astronomical instrumentations have

significantly broadened the wavelength coverage of the observations. It started to be possible

to observe objects in radio, UV, X-ray and γ-ray ranges. Space- and ground-based telescopes

were observing deeper and better into the Universe. This resulted in numerous discoveries

of new classes of objects, improving the understanding of our astrophysical environment,

and hence allowed for a better correlation of the cosmic ray properties with the possible

astronomical objects [29].

In the meantime, yet another field was born, nowadays known as neutrino astronomy. It

started with the first detection of a solar neutrino in an underground detector of the Homes-

take experiment in the U.S. [53]. With development of our knowledge about particle interac-

tions in the air showers, it became clear that neutrinos are also produced in the atmosphere.

The first detection of atmospheric neutrinos was reported by underground experiments in

a South African gold mine [54] and in the Kolar Gold Mines in southern India [55], which

experimentally supported our understanding of the interactions in air showers. Around two

decades later an outstanding event pushed the development of the astrophysics even further

— an explosion of a supernova 1987A occurred and was widely observed by astronomical

instruments and neutrino experiments [56]. For the first time it was possible to obtain a

comprehensive picture of the supernova explosion in a wide electromagnetic range and to

observe a neutrino signals from such a distant object. In the following decades, the develop-

ment of astroparticle physics has been continued and after this long path, the large neutrino

detectors were built, obtaining a clear signature of extraterrestrial neutrinos by the IceCube

Observatory.

With a better understanding of the surrounding Universe, the possibility to explain the ori-

gin of cosmic rays increased. However, the exact answer to an already long-standing question

is more challenging than maybe initially thought. Nevertheless, this parallel progress in dif-

ferent fields of research allows today for opening yet another window to the Universe. The

real-time observation of signals originating from different astrophysical channels comprised

a new goal of today’s astroparticle physics, namely multi-messenger astronomy [57, 58]. It

became clear that a complete picture of the astrophysical phenomena powering very ener-

getic cosmic-rays can be obtained only via comprehensive synergy of different astrophysical

channels: cosmic rays, electromagnetic radiation, neutrinos and gravitational waves. All of

them bring to Earth particular signatures of a distant and violent Universe.

This short historical background shows how relevant and up-to-date are the questions about

the nature of cosmic rays. It seems that only the observation of different astroparticle chan-

nels and merging the data can answer that puzzle. The following work is an attempt to put

one piece of this puzzle on place, focusing on the improved detection of high-energy cosmic

rays covering the prominent spectral characteristics.

5



CHAPTER 1. HIGH-ENERGY COSMIC RAY PHYSICS

1.2 High-energy cosmic rays

The cosmic rays coming to the Earth are mainly fully ionised nuclei which travel a long

distance from different acceleration sites. The energies of these particles cover several orders

of magnitude, starting from GeV particles produced in our Solar System to EeV cosmic rays

born in extragalactic astrophysical objects, which are far more powerful than any human-

made particle accelerator. The measured intensity of cosmic rays steeply drops with energy,

generally following a power low behaviour with the spectral index of -2.7 and deviating from

it at the higher energies starting from roughly 1 PeV [6]. The known distinct features, power

breaks, at these energies are clearly visible in Figure 1.1. The spectrum shown in Figure 1.1 is

multiplied by E2.6 to magnify the features: the knee at about 3 PeV, the second knee at about

100 PeV and the ankle at 5 EeV.

Figure 1.1: The cosmic-ray energy spectrum measured by different ground-based experi-
ments. The three prominent features are marked in blue: a softening at 3 PeV and 100 PeV,
and a hardening of the spectrum at 5 EeV. The plot is taken from the latest update of the
Particle Data Group [6].

The whole range of energies where the cosmic rays are studied, conventionally is divided

into sub-ranges: low energy, high-energy and ultra-high energy regions. The high-energy

cosmic rays can be defined in the energy range from 100 TeV to 1 EeV, while the low-energy

and ultra-high energies span below and above this region, respectively. The borders of this

division are not very well defined and are rather a convention.

As briefly discussed in the previous section, the interest towards high-energy cosmic rays has

been driven primarily by the measurements of the spectral breaks. Moreover, convincing ex-

perimental evidence of the mass-dependent position of these spectral breaks on the energy

scale [10] was found. It has been shown that the knee is caused by the decrease of the contri-

bution from the light mass group, while the second knee is most likely due to the suppression

of the heavy component. This will be discussed in more detail in section 1.4.

6
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1.3 Detection methods

From the experimental perspective the measurements of the cosmic rays can be performed

in direct and indirect ways [59]. In the first technique, the cosmic ray itself can interact

in the detector, which is deployed in Earth’s orbit or mounted on a balloon. It can provide

highly accurate information about the cosmic ray’s energy and mass. These instruments take

advantage of the great technological developments of the particle detectors in high-energy

physics. However, the steeply falling spectrum limits these experiments to measurements in

the TeV range due to their small aperture [60].

In the case of indirect measurements, at higher energies, the phenomenon of extensive air

showers is utilised. The cosmic ray first interacts with the Earth’s atmosphere, which in this

case acts as a large calorimeter, and the secondary particles from the atmospheric cascades

can be observed by ground-based detectors. A coincident measurement of the signals from

detectors distributed over a large area allows for inferring the information about the primary

cosmic ray based on the spatial and temporal distributions of the cascade components.

Details about the extensive air showers and their use for deriving the cosmic ray properties

are discussed in the following sections.

Extensive air showers

Extensive air showers are cascades of secondary particles initiated by the cosmic ray inter-

acting in the Earth’s atmosphere [61]. In the first interaction, the cosmic ray collides with a

nucleus and produces mainly charged and neutral pions and other hadrons. These products

propagate further and in the subsequent interactions generate other particles. The process

repeats, leading to an avalanche of the particle interactions limited only by the competition

between the interaction and decay probabilities.

The neutral pions π0 generated in the first interaction and in the subsequent interactions

decay immediately into photons in the reaction (in brackets the characteristic decay time is

given [6]):

π0→ γ +γ (τ = 0.85× 10−16 s).

The electromagnetic particles develop extensively creating numerous sub-cascades. The en-

ergy which is contained in these cascades is then lost through ionisation of the atmosphere.

The charged pions and kaons can start other interactions with nuclei of the atmosphere sus-

taining the development of the hadronic component of the shower. With decreasing energy

probability of their decay increases, leading to a creation of the muonic component (in brack-

ets the characteristic decay time is given [6]):

π±→ µ± + νµ(ν̄µ) (τ = 2.6× 10−8 s).

The resulting muons have low energy losses, rarely interact and hence can travel long dis-

tances, penetrating even deep into the ground. A substantial fraction of the hadrons on the

ground emerge from the interactions in the hadronic core of the shower. Neutrinos produced

7
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in the different interactions can reach high energy and carry a significant part of the cascade

energy.

Primary particle

π±

π±

π±

π±

π±

π±

e+

e+
e+

μ±

μ±

e-

e-

e-

e-

ᵧ

ᵧ

ᵧ
ᵧ

ᵧᵧ

ᵧ
ᵧ

νμ

νμ

νμ

π0

π0

p

n

Figure 1.2: Scheme of an air shower induced by a high-energy cosmic ray and generating
cascades of different particle components: hadronic (gray), electromagnetic (red), muonic
(blue) and neutrino (dotted lines) component. The scheme was inspired by [62].

Due to the kinematics of the collisions, the generated secondary particles propagate mainly

forward along the momentum of the primary cosmic ray. However, the transverse momen-

tum and multiple scattering lead to the lateral spread of the shower. The particle cascades

continue to increase until the energy contained in the shower cannot sustain further pro-

duction and the maximum development is reached. The atmospheric depth at which this

happens is referred to as the shower maximum, Xmax. Eventually, the cascades die out and

mainly the energetic components survive until the ground. The electromagnetic component

decreases very quickly after the maximum, while muons essentially stop their production.

The theory of these electromagnetic cascades has been developed in the 1930s with one of

the first works by Homi Bhabha and Walter Heitler [63]. The cascade equations were further

studied by Lev Landau and Georg Rumer [64], applying more accurate assumptions. In the

next decades, Nishimura and Kamata found new solutions to the theory [65, 66, 67, 68].

Greisen found also a practical approximate form which is still widely used [69, 70].

Walter Heitler provided also a model which is very useful for understanding the basis of

the air showers [71]. It assumes that after the interaction of an electromagnetic particle, two

secondaries are produced, splitting the initial energy, E0, equally. After n of such interactions

the energy is reduced to E0/2n. Number of such divisions, n, can be expressed as n = X/λ,

where X is a thickness of the passing medium, in this case atmospheric depth X, and λ the

mean free path of electromagnetic particles, both given in g/cm2. From this, a dependence

of Xmax on primary energy can be deduced, which shows that higher energy cosmic-rays

generally manifest a bigger Xmax since the cascade is sustained longer.
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James Matthews extended this model to hadronic showers [72], assuming similarly that n

hadron interactions are generated. This time, the energy is divided in a different way due to

existence of 3 types of pions: 2/3 of initial energy goes to charged pions and 1/3 to neutral.

As already mentioned, neutral pions generate further electromagnetic cascades which deter-

mine the Xmax position which depends on the primary energy and number of subsequently

generated secondaries. An important implication of the aforementioned assumptions is a su-

perposition model. Namely, the cosmic ray being a nucleus of A nucleons and given energy

E, can be represented as A individual nucleons with energy E/A. This can simply explain

the higher number of muons for heavier nuclei and lower value of Xmax at a given energy:

NA
µ =N p

µAα and XAmax = Xpmax −λ ln(A) [72].

These rather basic assumptions are a great tool to explain fundamental features of air show-

ers. However, in the case of hadronic cascades in particular, there is far more complexity in

their interactions. In very energetic air showers, a significant number of the hadronic inter-

actions occur with a low momentum transfer. This causes a divergence of the solutions in

perturbative QCD [73]. Due to a lack of exact descriptions or good approximations, there

are many phenomenological models attempting to describe hadronic interactions and are ex-

tensively used in the simulations. Hence, at present they constitute the main uncertainties

across different high-energy cosmic ray measurements. With a bulk of data from particle ac-

celerators they are constantly being tuned to describe the observed collisions, and at the same

time agree with the measurements from the air showers. However, cosmic rays interactions

happen at higher energies and in more extreme forward direction than available in acceler-

ators. Thus, hadronic models apply extrapolations of the cross sections, from available data

to the required phase space.

Detection channels

When these secondary particles and radiation come to the ground, they leave signals in the

detectors spanned across hundreds of metres to several kilometres depending on the energy

of the primary particle. The size of the emerging footprints essentially determines the scale of

the instruments that should be used for their detection, which can be realised with different

detector types [61], briefly described in the following section.

Particle detectors

The secondary particles of the air showers can be detected on the ground with particle detec-

tors consisting of a scintillation material [61]. The passage of particles in this material ionises

it, creating a light with respective light yield. By collecting and measuring the intensity of

this light one can estimate the energy deposited in the material by the crossing particles.

More details are given in the next chapter. Cherenkov detectors work in a similar way. In

this case, relativistic particles traversing a dense and optically transparent medium (water

or ice) generate Cherenkov radiation which again can be measured by optical sensors. The

technique of the particle detectors is very reliable and does not depend on the external condi-

tions and effectively detect various shower components. Utilising different particle detectors,
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which respond differently to these components, increases the capabilities of the cosmic ray’s

mass discrimination.

Radio emission detection

Air showers can be also observed via detection of radio emission [74]. The electric field is

generated when air-shower particles are separated in the Earth’s magnetic field [75] or due

to the differences in their movement [76, 77]. Since this emission is mainly driven by the

electromagnetic component, it carries a large fraction of the initial cosmic-ray energy. Thus,

on one hand the radio array can provide a good estimation of the cosmic ray energy and on the

other hand, in combination with other methods, which are sensitive to different components,

it can enhance the mass composition sensitivity [78].

Fluorescence detection

During the propagation in the atmosphere, the air shower excites the air molecules, mainly

nitrogen. Release of such excitation causes an emission of fluorescence light [79]. Through

this effect, the atmospheric cascades can be seen by fluorescence telescopes. This method pro-

vides the most precise measurements of the longitudinal profile of the air shower and hence

the shower maximum and the cosmic ray energy. A good understanding of the atmosphere

profile is however required to correctly analyse the measurements, which has been overcome

in the recent experiments by precise atmospheric monitoring [80]. Unfortunately, the energy

threshold for air shower detection using this technique is high.

Air-Cherenkov-light detectors

Due to high kinetic energy, many of air shower particles exceeds the speed of light in the

air, causing an emission of the Cherenkov light. This emission comprises another detection

channel for air showers which is highly sensitive to the electromagnetic component, pro-

viding a better determination of the primary energy. However, such measurement can be

performed only during clear and moonless nights, which limits the operation time and hence

the exposure of the Cherenkov detectors.

1.4 Important results of studies of high-energy cosmic rays

Our current knowledge about cosmic rays and their related phenomena is very broad. Besides

new ground-based experiments, space and balloon borne missions significantly contributed

over the years to the current understanding of these messengers. However, in the following,

only important and rather recent results from high-energy cosmic rays will be discussed.

Energy spectrum

A compilation of the differential cosmic-ray spectrum measured by many different indirect

and direct experiments was recently combined into one global spline fit [81]. The results are

presented in Figure 1.3. The method estimates the position of the actual flux based on the
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large set of the cosmic ray data and systematically accounting for the experimental statistical

and systematic uncertainties. Since the direct observations are the most accurate, they drive

the correction. This data-driven approach provides the most accurate estimation of the cos-

mic ray’s flux to date. In contrast to other models the global spline fit parametrisation does

not rely on theoretical assumptions. However, comparison of this result with other models

like H4a [82], that assume particular classes of the sources can provide new insights. In ad-

dition to the all-particle spectrum, the global spline fit parametrisation provides estimations

of the elemental groups from proton to nickel for the whole energy range of the observed

cosmic ray data.

Figure 1.3: Compilation of differential cosmic-ray flux measurements from modern direct
(filled markers) and indirect experiments (open markers). The all-particle flux is presented
in black and individual elements and elemental groups in different colors. Global Spline Fit
to the combined measurements was performed. Figure is taken from [81].

In this combined picture, the prominent spectral features are even more visible. The features

are also observed in the individual spectra at shifted energies. Despite these clear character-

istics, their nature remains not fully understood. There exist several interpretations which

can be constrained with more precise measurements.

Mass composition

The mass or elemental composition is one of the key measurements that can be performed in

the field of the cosmic ray astrophysics. It traces the information from the source, the acceler-

ation as well as the effects associated with the propagation. Highly accurate measurements of

the composition can provide insights into these complex and not fully understood processes.

The main challenge, however, lies in the indirect nature of the mass composition studies at

high energies. The information is convoluted in the air shower development and detector

response. Nevertheless, it has been shown that some characteristics of the air showers are

correlated to the primary cosmic-ray mass. Commonly used observables are the shower max-

imum or the relative number of muons and electrons [83].
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One of the best measurements in this context were performed by KASCADE and its exten-

sion, the KASCADE-Grande experiment. With detection of different air shower components,

the effective separation of different elemental groups was achieved [10, 84]. The results are

depicted in Figure 1.4. At PeV energies, the abundance of the light elements is higher and

starts to decrease at the end of the knee. A drop of the light component causes a soften-

ing of the knee and the heavier elemental group becomes dominant. The measurement of

KASCADE-Grande (Figure 1.5) further support this argument showing the ankle-like struc-

ture for light primaries and a significant contribution of the heavy cosmic-rays to the second

knee [85, 86].

Figure 1.4: Differential flux of cosmic rays:
total (black) and elemental groups (colors)
measured by the KASCADE-Grande experi-
ment. Figure is taken from [10].
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Figure 1.5: The cosmic ray spectrum mea-
sured by KASCADE-Grande, indicating light-
mass enriched (H-like) and heavy-mass en-
riched (Fe-like) contributions. Figure is taken
from [86].

The observed dependence is probably the first observation of the so called Peters cycle —

gradually shifting the position of the spectral break with the charge of the primary cosmic

ray [9]. This emerges from the rigidity dependence of the strength of the particle interaction

with the magnetic fields for the accelerating source and the interstellar medium. The relative

abundance of the elements changing over this cycle traces astrophysical processes both in

the source and during the propagation to the observer. Despite this pivotal evidence, more

precise measurements are essential to understand details of this behaviour. Recently, also

IceTop results confirmed these features, but due to large uncertainties the fine details can not

be resolved.

After the second knee, the cosmic ray flux continues until energies of 100 EeV where a sup-

pression is observed. Nuclei of such high energy cannot be confined in our galaxy and they

will escape indicating their extragalactic origin. Moreover, the lack of the local anisotropy

and significant observation of a dipole structure pointing outside of the galaxy support this

hypothesis [11]. It is unclear at which energy the galactic contribution is surpassed by the

extragalactic accelerators. The big question about the transition is also on the existence of

an additional component of the galactic cosmic rays [12, 3] which fills the gap between the

contribution from supernovae and from the extragalactic sources.

12



1.4. IMPORTANT RESULTS OF STUDIES OF HIGH-ENERGY COSMIC RAYS

Anisotropy

The presence of galactic and extragalactic magnetic fields perturbs initial trajectories of the

cosmic rays and changes the overall picture of their propagation. The values of the fields

affect the paths of the cosmic rays, in the way that at Earth they are almost fully isotropised.

This means they propagate in a diffuse motion. Indications of some asymmetries in this

context are a hint of the nearby sources.
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Figure 1.6: Parameters of the dipole anisotropy analysis in high-energy range obtained by
different ground based experiments. The amplitude and phase of a dipole changes with
energy. Figure is taken from [87].

Recently several research groups reported about an observation of an anisotropy of the in-

coming directions of the cosmic rays in the energy range of the transition and also below [87,

88, 89, 90, 91]. An anisotropy at lower energies seems to be consistent between various ob-

servatories, and points close to the direction of the Galactic Centre. The parameters of the

dipole anisotropy are shown in Figure 1.6 for three experiments covering different energy

ranges. The dipole amplitude increases at higher energies while the phase changes the di-

rection to the opposite one at EeV energy. However, further investigation needs to be made,

correlating anisotropy with spectral features of the individual spectra of different cosmic-ray

species.

Attempts to identify sources

Based on the significant progress in the understanding of the characteristics of the astro-

physical objects, many attempts have been made to identify where cosmic rays come from

and how they are accelerated. The current interpretation states that up to PeV energies, or

even higher, the cosmic rays are powered mainly by Galactic supernovae.

Further insights can be obtained by observations of the electromagnetic counterpart from

a given cosmic-ray source [93]. If a given object produces neutral pions decaying to gamma

rays, it indicates that there are hadronic processes occurring in the source. This in turn means

that such object can accelerate cosmic rays. The observations of high-energy gamma rays

from the Galactic supernova remnants, performed by Fermi-LAT satelite [94], gave evidence

that the supernovae are in fact Galactic cosmic-ray sources [95]. A picture of this particular

Fermi source is presented in Figure 1.7. In this context, the softening of the spectrum at
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PeV energies has multiple interpretations. The main ones point that either the softening is

connected to the particles escaping from the Galaxy or the main Galactic components, i.e. su-

pernovae, are running out of the acceleration power. Both conclusions lead to a dependence

of the spectral feature on the cosmic-ray mass.

Figure 1.7: The picture of IC

443 supernova remnant in optical

(red) and X-ray (blue) ranges. Fig-

ure is taken from [92].

The measurements of gamma-rays in the context of un-

derstanding the cosmic-ray origin is limited by the inter-

actions of photons with the interstellar medium. Pho-

tons of around 1 PeV energy can travel roughly a radius

of the Milky Way and hence at these energies one can ob-

serve only Galactic sources. Neutrinos are another mes-

sengers which can point back to the cosmic-ray sources,

since they are produced, among others, in the decay of

charged pions [96]. They are characterised by low cross-

section, which together with neutral charge, makes them

difficult to measure. Nevertheless, astrophysical neu-

trino search has been particularly successful after in-

stallation of the IceCube Neutrino Observatory at the

South Pole (see Chapter 2). Neutrinos together with GeV

photons significantly contribute to search for cosmic-ray

sources.

Therefore, a parallel development in cosmic-ray, gamma-ray and neutrino observations in a

realm of multi-messenger astronomy at different energies is crucial to address the problem

of the cosmic-ray origin.

1.5 Remaining challenges

Figure 1.8: The experimental and model uncer-

tainties on the mass composition of the cosmic-

rays over the transition region and above. The

figure is taken from [81].

Despite significant progress in high-energy

cosmic rays, the evidence for a particular

source of cosmic rays with energies above

PeV is not very strong, especially in the

region where extragalactic sources are ex-

pected to overcome the contribution of the

Galactic cosmic-ray flux. Currently, the un-

certainties across different experiments in

the determination of individual mass spec-

tra are large and do not allow for definite

conclusions. In Figure 1.8 current uncer-

tainties on the measurements of the mass

composition are presented together with

possible astrophysical models. To constrain

these models, more precise measurements

are needed. For further details see [81].
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Besides difficulties in mass estimation, the reconstruction of the primary energy still carry

large uncertainties. Many experiments in the high-energy range rely on simulations, which

in turn depend on the phenomenological models of hadronic interactions. Because these

hadronic models are used to interpret the observed air-shower measurements, it can lead to

discrepancies in the estimation of the absolute value of the cosmic-ray spectrum observed

by different experiments, in particular particle detectors. The attempt to achieve an overlap

in energy range with direct measurements will help to understand some of the resulting

uncertainties from less accurate air-shower measurements.

Deeper and better astrophysical searches keep opening in front of the scientists new windows

on the Universe. Like Rossi and Auger to cosmic rays, now IceCube together with many other

detectors open the next one by identifying sources of high-energy neutrinos. The field cur-

rently enters a new era of multi-messenger astronomy and large multi-wavelength campaigns

to seek for remaining unanswered questions, and perhaps even beyond them.
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C h a p t e r 2

ICECUBE AS COSMIC-RAY DETECTOR

2.1 IceCube
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IceCube Array
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 8 DeepCore strings 

DeepCore
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IceCube Lab

IceTop
81 Stations, 
each with 2 tanks

Bedrock

Figure 2.1: A scheme of the IceCube

detector. Vertical lines show positions

of the strings with optical modules.

The DeepCore, a denser region inside

the centre of the IceCube is also indi-

cated, as well as the positions of the

IceTop stations at the ice’s surface. The

scheme is taken from the IceCube col-

laboration.

The IceCube Neutrino Observatory, hereafter Ice-

Cube, is located at the geographical South Pole [97].

Its primary goal is the detection of sources of

cosmic-ray acceleration via the observation of high-

energy astrophysical neutrinos from 10 TeV to a few

PeV. IceCube consists of more than 5000 digital op-

tical modules with photomultiplier tubes, attached

to 86 strings installed around 2.5 km deep in the

Antarctic ice. The scheme of the detector is depicted

in Figure 2.1.

When a high-energy neutrino travels through ice,

it can interact leaving a high-energy muon, elec-

tron or tau depending on its flavour, or a hadronic

cascade. The secondary charged particles produce

Cherenkov emission which can be then observed in

coincidence by optical modules. Analysis of the sig-

nals and timestamps allows for reconstruction of the

direction and energy of the incoming neutrino. The

topology of the deposited signals indicates in addi-

tion the flavour of the neutrino.

The inner part of IceCube, where strings are in-

stalled denser, referred to as DeepCore, serves as a unique low-energy neutrino detector,

observing GeV neutrino oscillations [98]. These neutrinos are not of astrophysical origin but

come from air showers, as described in Chapter 1.

Latest results

Measurements of high-energy muon tracks in IceCube allow for cosmic-ray anisotropy stud-

ies, by assuming that these tracks follow the primary cosmic-ray direction. In collaboration

with the HAWC experiment the map of cosmic-ray arrival directions has been obtained at

energy of 10 Tev, showing large and small anisotropic structures [99]. The map with a mul-

tipole fit is shown in Figure 2.2, confirming that the large-scale anisotropy is aligned with

the Local Interstellar Magnetic Fields. This feature could be explained by the rotation of the

Solar System. However, conclusions, in particular based on small structures, are highly non-

trivial due to the large uncertainty in the strength and directions of the Galactic magnetic
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fields.

(A) (B)

Figure 2.2: Relative intensity before (left) and after (right) subtracting the multipole fit from
the large-scale map. Fit and Local Interstellar Magnetic Fields line are marked in black.
Figure is taken from [99].

In the context of cosmic-ray research, the most prominent recent IceCube result has been

done in a very different direction. In 2017 IceCube detected a high-energy neutrino in co-

incidence with other observatories detecting electromagnetic radiation [100]. The results

from Fermi-LAT revealed an activity of a blazar — an active galactic nuclei pointing towards

Earth [57]. The simultaneous observation of neutrino and gamma rays is an indication that

such an object is probably a cosmic-ray accelerator. There are many theoretical approaches

discussing this possibility [101, 102, 103]. This boosted a large campaign of real-time alerts

between different observatories distributed over the globe and in the orbit, creating for the

first time multi-messenger realm of astroparticle physics.

To discover even more, IceCube is currently undergoing an upgrade phase. New solutions

for optical modules are being tested and will be deployed in the next years to increase the

sensitivity to low-energy neutrinos. They will be also tested in terms of the next generation

of IceCube. IceCube-Gen2 is expected to cover 10 km3. Such extension will essentially allow

for increased statistics and better measurement of the spectral features in the high-energy,

astrophysical neutrino flux, as well as enhanced sensitivity for point source studies.

2.2 IceTop

The surface array of the IceCube Neutrino Observatory, called IceTop, is a cosmic-ray detector

measuring extensive air showers initiated by primaries with energies from PeV to EeV. This

covers the very interesting range where transition from cosmic-ray energies dominated by

Galactic sources to extragalactic sources is expected to happen [104]. It comprises of 81 pairs

of ice Cherenkov tanks located close to the IceCube strings. A photo of such a pair of IceTop

tanks is shown in Figure 2.3.

Due to the rather high altitude of 2835 m, which corresponds to 680 g/cm2 (vertical atmo-

spheric depth), the air showers seen by IceTop have their maximum of development very close

to the detection level or even below. This is an advantage, since it provides a higher sensitiv-

ity to the cosmic-ray mass than the measurements taken at sea level due to less fluctuations

in the signatures. IceTop provides very accurate measurements of the air-shower lateral and

time distributions. Due to the good response of the tanks to muons, it can distinguish the
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Figure 2.4: The average natural logarithm
of the cosmic-ray atomic number as a func-
tion of energy. Despite large uncertainties,
the increased contribution for heavy nuclei is
observed towards the second knee. Figure is
taken from [104].

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
log10(r/m)

1.0

0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

lo
g 1

0(S
/V

EM
)

339 m 646 m

0

2000

4000

6000

8000

20 50 100 200 500 1000
r/m

Figure 2.5: The lateral distribution of Ice-
Top hits for proton induced air showers of
PeV primary energy. The distinct, thumb-
like feature corresponds to muons arriving
far away from the shower axis. The plot is
taken from [105].

muonic contribution at larger distances from the shower axis [105]. The signal of muons is

visible as a distinct feature in the lateral distribution depicted in Figure 2.5. However, due to

the accumulation of snow on top of the tanks, around 20 cm/year on average [17], the energy

and mass determination from IceTop data suffers from increased uncertainties. Nevertheless,

large efforts have been made to understand and account for this effect [17].

Figure 2.3: The IceTop ice Cherenkov tanks

during deployment at the South Pole. Two

detector placed next to each other comprise

a station. The IceTop tank is equipped

with two optical modules collecting the

Cherenkov light. The photo is taken from

IceCube Collaboration.

The remarkable benefit of IceTop is the unique

location above the in-ice array. The air show-

ers produce, besides a bulk of secondary par-

ticles of different and relatively low energies,

also high-energy muons. They will penetrate

deep into the ice, leaving a track correlated

in time and space. This signal of the shower

core can be later reconstructed in coincidence

with the surface measurements, making Ice-

Cube a 3D cosmic-ray detector. This idea was

employed in a recent analysis of cosmic-ray

mass composition [104]. The results are pre-

sented in Figure 2.4. Clearly, the heavy com-

position at the position of the second knee can

be observed. However, large systematic and

still statistical uncertainties limit further con-

clusions.
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2.3 Surface enhancement

The further improvement of IceTop as a cosmic-ray detector requires a new approach which

can boost the measurements, but at the same time enables easier and more cost-effective de-

ployment [106]. As a solution, detectors of new types were proposed to be installed, namely,

a surface enhancement with scintillation detectors and radio antennas distributed across the

IceTop footprint [107].

The planned array will comprise of a large number of detectors, providing more points to

sample air-shower footprint and fit the underlying distributions. The choice of the detec-

tor layout is discussed within this dissertation in Chapter 4. The particular chosen layout

for the time being is planned to consist of 32 stations of 8 detectors each, where 2 de-

tectors are placed close to each others in pairs. This particular design was optimized for

trenching-length reduction and a uniform distribution of the scintillator panels among the

IceTop tanks.

Motivation

The scintillation modules were chosen due to their different response to the air-shower com-

ponents emerging not only from different light emission mechanism, but also from their very

different geometries. Both detectors are sensitive to muons and electromagnetic particles,

however in the IceTop tanks muons can generate a larger signal amplitude than in scintilla-

tors. This means that at some lateral distance the difference between two responses can be

maximised. Moreover, the energy deposit in tanks from air-shower photons is limited due to

the overburden by snow, introducing a bias in the signal measurements.

The plastic modules are also significantly easier to deploy due to their light weight. This is a

reason why they can be elevated above the snow, avoiding accumulation. Keeping scintilla-

tors snow-free will allow for improvements in non-trivial calibration of the tank signals with

respect to their snow heights.

The larger number of detectors, by almost doubling the sensitive area (currently: 405 m2,

after enhancement: 789 m2), effectively lowers the detection threshold of IceTop. Enabling

detection below the knee of the cosmic-ray spectrum can give better understanding of the

transitions between different mass groups. Going closer towards energies covered by the di-

rect measurements allows also for a comparison of the absolute energy scale, which is far

more accurate with direct instrumentations. The increase of the sensitive area will also rise

the capabilities for the in-ice measurements. Due to the large atmospheric background, most

neutrino tracks coming from southern sky need to be rejected. While the IceTop detection

threshold is currently high, it cannot efficiently veto low-energy air showers which can still

produce high-energy muons in the first stage of the shower development. More sampling

points at the surface simply increase the probability of their detection. However, these stud-

ies are complicated and include considerations of the very rare deep air-showers. Such cas-

cades exhibit a higher probability to produce a high-energy accompanying neutrino or muon,

while remaining undetectable at the surface. Therefore a detailed analysis needs to be per-
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formed to account for actual veto capabilities. Nevertheless, it can be improved as indicated

by this simple geometrical considerations.

In this context, scintillator detectors and radio antennas will serve in the upcoming years also

as a test for future solutions for the next generation of IceCube. It is planned to employ one

of these techniques as a large-scale veto array to increase the coverage of the southern sky.

This coverage does not only increase the statistics but it includes the region of the emission

from the Galactic Center. As it was discussed in other studies [108], it is a possible source of

PeV photons, which were so far not detected, making it even more interesting direction.

The planned installation of the radio antennas gives a bulk of new scientific cases and ad-

vantages, which are broadly discussed in [106]. Mentioning only few of them, installation

of the radio array together with scintillation modules will make IceTop a unique, hybrid

detector. Such solutions are not new [109, 110], but at the moment are explored also by

other experiments [111]. The radio detection provides an independent and accurate mea-

sure of the electromagnetic, thus leading component of the shower. Merged with other tech-

niques it enhances the mass separation capability of the array. Finally, due to the larger

aperture it enables measurements of very inclined air shower. They leave large footprint

in the radio signal [112] and manifest properties which are highly enhanced by their in-

creased trajectory in the atmosphere. In this case, scintillators can be considered as 2D

detectors, which are not capable of an effective air-shower detection at high inclination.
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Figure 2.6: An air shower recorded by the pro-

totype station. The circles indicate detector

positions and their size is correlated with the

signal amplitude. Colours represent the trig-

ger times. The event was detected in coin-

cidence with IceTop, which reconstructed its

energy as 0.7 PeV with the shower core 150 m

away from the station center.

Prototype deployment

The first two prototype stations, consist-

ing together of 14 detectors, with little dif-

ferent designs in mechanical structure and

the read out electronics, were deployed at

the South Pole in the Antarctic summer of

2018/19 for on-site testing. The detectors

have successfully taken data, enabling de-

tailed studies of their response and, in par-

ticular, behaviour of the data acquisition

system. The calibration using minimum

ionising particles was possible and com-

pared later with the simulation results de-

scribed in Chapter 3. The station was also

observing coincident signals from air show-

ers. An example of a 7-fold-coincidence

event detected by station is presented in Fig-

ure 2.6. By finding the coincidence time

window between the IceTop and the scintil-

lator stations offline, the detected air show-
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 = 1.6±1.01
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Diffrence between scintillator and tank reconstruction (3917 events)

Figure 2.7: A comparison of reconstructed zenith (left) and azimuth (right) angle by scin-
tillator station and the IceTop array for events measured in coincidence. Figure is taken
from [113].

Figure 2.8: Scintillator module (left) and radio antenna (right) deployed at the South Pole
in the austral summer of 2019/2020 and 2018/2019. Photos are taken from the IceCube
Collaboration.

ers could be reconstructed using simple algorithms and then compared to the more refined

and accurate IceTop reconstruction [113, 16]. The comparison between zenith and azimuth

angles of the incoming cosmic rays reconstructed by the scintillator station and the full Ice-

Top array is shown in Figure 2.7. The small differences on the level of tens of degree indicate

a good time resolution of the deployed station and proves the capability of this instrument

to detect air showers. In the following deployment seasons also prototype radio antennas

were installed at the South Pole. In the austral summer of 2019/2020 one full station of the

enhancement, 8 scintillation modules and 3 radio antennas, was deployed including the new

hybrid electronic system. The photos of the latest installed scintillation modules and radio

antennas are presented in Figure 2.8. The aspect of optimised data acquisition system is cru-

cial for coincident measurement of the air showers, but also for providing an external trigger

for the radio antennas, which cannot use a self-triggering system yet.
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2.3. SURFACE ENHANCEMENT

Scintillation detector module

The prototype design was inherited from AugerPrime [13]. The decision of a particular detec-

tor design and materials are strongly dictated by the analysis and measurements performed

by collaborations from other experiments like the MINOS Experiment [114, 115] and the

Pierre Auger Observatory [13, 116].

The scintillation detector consists of 16 extruded polystyrene bars with dimensions of

5 cm× 1 cm× 187.5 cm, giving 1.5 m2 of sensitive area. The plastic material is doped with 1%

PPO and 0.03% POPOP. Extrusion provides some resistance to damages. Each bar is coated

with a reflecting TiO2 layer of 250µm. A photo of a cross section of a single bar is shown

in Figure 2.9. Scintillation photons are guided through the wavelength-shifting (WLS) fibres

(Y-11(300) Kuraray) via kidney-shaped holes in the bars. The light is propagated to a readout

system, which is based on a silicon photomultiplier (SiPM) [107, 117].

To provide light-tightness, the scintillator is wrapped in a polyethylene foil with high static

dissipative properties. On top of the detector, styrofoam pieces are placed to provide support

and to fill the casing. Additional support structure is given by the wooden elements on top

and below the bars. The detector is encapsulated in a very thin aluminium sheets of a 1 mm

thickness. One of the prototypes is shown in Fig. 2.10. Such a module has a weight of less

than 50 kg which makes it easier to manually deploy them in the harsh environment.

The data acquisition is based on FPGA system called TAXI [118]. It has been extensively

improved and adjusted to the particular case of the IceTop enhancement [119, 120]. The

system employs a µ-DAQ to read the data from the scintillators which are further send to

the Field Hub. The Field Hub is an external box for each station which holds all necessary

electronics to power the detectors and the readout and connects the station to the IceCube

laboratory. The integrated online charges and timestamps from the scintillators as well as

full radio waveforms are sent to the IceCube Lab where further selection and transfer of the

data to the North takes place.

Figure 2.9: The side view of the plastic scin-
tillator bar with kidney-like holes for guid-
ing the wavelength-shifting fibres. The white
layer around is a reflective material consist-
ing mainly of TiO2, which prevents photons
from escaping the bar.

Figure 2.10: View to the insight of a scin-
tillation detector with support structures and
parts of the electronic system. Such a module
is then encapsulated in an aluminum casing.
The photo is taken from [121]
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Scintillator characteristics
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Figure 2.11: Sketch of absorption and

emission spectra of organic scintillator

based on [122]. A small overlap between

both is present.

Due to their characteristics, the scintillator detec-

tors are used by many applications in physics, in

particular due to efficient conversion of particle

kinetic energy to scintillation light inside the ma-

terial.

The used plastic scintillators belong to the group

of organic scintillators. The scintillation process

in organic materials is the emission of photons

during the transition between excited states of a

molecule and its ground electronic state, follow-

ing the absorption of energy from charged parti-

cles [122]. However, the scintillator material can

also detect photons, when they cause an emission

of a charge particle inside the material. The main light is emitted via de-excitation in a fast

channel of fluorescence, which can be described by the exponential decrease with small char-

acteristic decay time. The second channel of the emission is delayed due to de-excitation via

longer lived states. It can contribute to the overall signal with a delay.

Figure 2.12: Scheme of processes happening in the scintillator and wavelength-shifting fi-
bres. Particles crossing the detector generate UV light which is shifted to blue via dopants
and to green via fibres. Figure was inspired by [123] and modified by [124].

Due to the fact that states for a prompt emission have in majority lower energy than the one

necessary for the absorption, there is a small overlap between the absorption and emission

spectra of a scintillator as shown in the sketch in Figure 2.11. This means that scintillators

only partially absorb their own light. To improve the main material, in our case polystyrene,

the base of the scintillator is doped with primary and secondary scintillating compounds. In

the case of the discussed modules these are PPO and POPOP. The primary dopant improves

the production of scintillation light, while the second one absorbs this light and shifts it to the

visible light range, which is easier to detect and which is attenuated after longer propagation

distances [122]. The emitted light is then collected by the wavelength-shifting fibres to shift

the light further in order to better match the range in which the SiPM operates. These fibres

provide a good light collection due to the reflections of the photons on their inner walls. The

above described process is summarised in Figure 2.12.
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C h a p t e r 3

THE SIMULATION BASIS

A proper understanding of every experimental result has to be based on a comprehensive

description of an underlying theoretical model or simulation. Exhaustive simulation studies

are particularly relevant when analysing processes which are largely fluctuating, like in the

case of extensive air showers. The variations in the development of the atmospheric cascades

have to be taken into account to be able to draw valid conclusions on the final observables

which can help to reconstruct the primary cosmic ray.

For the surface enhancement of IceTop, it is relevant to properly evaluate the capabilities of

a particular air-shower array; namely, the detection and reconstruction efficiency, as well as

resolutions of determining the physical parameters. Thus, a detailed simulation chain was

constructed. In the first step, the atmospheric cascade initiated by a cosmic ray is simulated,

providing a distribution of the particles at the observation level along with the information

about the air-shower development. Then particles are further propagated through the de-

tectors and the final detector signal is calibrated. The details of these steps are discussed

below.

3.1 Cosmic-ray air shower simulations

In the first step, the cosmic-ray air shower simulations are performed using CORSIKA (COs-

mic Ray SImulations for KAscade) [125], which was initially developed for the KASCADE

experiment. In the following years it has become the leading tool for the research in the

field of cosmic-ray physics. The program simulates the creation and the development of an

Name of parameter Set value

Primary (PRMPAR) H, He, O, Fe, γ
Energy slope (ESLOPE) -1 (within every energy decade)
Zenith (THETAP) 0◦–50◦

Azimuth (PHIP) -180◦ – 180◦

Observation level (OBSLEV) 2842 m
Energy cuts (ECUTS) 20 MeV, 10 MeV, 100 keV, 100 keV
HDPM Interaction Parameters (HADFLG) 0 1 0 1 0 2
To use NKG and/or EGS4 (ELMFLG) T T
To use Sibyll model (SIBYLL) T 0
To use cross-sections provided by Sibyll (SIBSIG) T
Electron Multiple Scattering Length Factor (STEPFC) 1.
Muon multiple scattering angle (MUMULT) T
Model transition (HILOW) 80 GeV
Model of atmosphere (ATMOD) 13
Magnetic filed (MAGNET) 16.40µT, -53.4µT

Table 3.1: List of input parameters for CORSIKA simulations in the scope of this work. Pa-
rameters which influence only on the additional output files are not listed.
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Figure 3.1: Zenith angle distribution of air-
shower simulations resulting from the COR-
SIKA sampling algorithm, for H primary with
energies from 100 GeV to 100 PeV. The fit
curve is proportional to the distribution for
the flat horizontal detector.
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Figure 3.2: Energy distribution of air-shower
simulations for H, He, O, Fe primaries with
the zenith angle range from 0◦ to 50◦. There
are more simulations in the lowest energy
bin.

extensive air shower initiated by a given cosmic-ray primary. Due to its quite broad flexibil-

ity, it allows a user to choose a configuration suitable for a particular experimental site and

introduce a set of initial parameters for every simulation. The entries in the steering card in-

fluence on the first stage of the air-shower simulation and therefore on the propagation of the

particles in the atmosphere. These properties shape the final air-shower characteristics at the

ground, which are further included into the detector simulations. The detailed description

of the possible settings can be found in the CORSIKA guide [126].

The set of relevant parameters used in the simulations in the scope of this work is listed in

Table 3.1. The existing steering cards suitable for IceTop simulations could not be directly

applied to the one for the scintillator array, due to the differences in the response of an ice-

Cherenkov tank and a scintillation detector. The energy threshold to produce Cherenkov

light is higher than the one for scintillation-light production. In the following paragraph a

motivation for the chosen values for the most relevant parameters is presented, guiding from

the primary particle interaction to the final output.

The 7.6400 version of CORSIKA was configured with the option of a flat horizontal array.

A random generation of the zenith angle, θ, was done, by sampling a dN/dθ ∝ sinθ cosθ

distribution which takes into account the geometrical acceptance of the surface detector. The

θ range varies up to 50◦ as shown in Figure 3.1, while the azimuth angle is chosen from -180◦

to 180◦. The South Pole atmosphere chosen for the simulations is that of the 1st October

1997, which is the beginning of the austral summer (MSIS-90-E [126]). However, it was

shown [127] that the extreme seasonal variations at the South Pole have a considerable effect

on the air-shower development. Changing the temperature influences the production of high-

energy muons, and therefore may affect the measurement of the cosmic-ray composition.

Therefore, dedicated studies accounting for the influence of this will have to be performed

for the data analysis in the future. Moreover a more accurate model of the atmosphere at the
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3.1. COSMIC-RAY AIR SHOWER SIMULATIONS
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Figure 3.3: The distribution of heights of the
first interaction for different cosmic-ray pri-
maries with 10–100 PeV energy.
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Figure 3.4: The vertical longitudinal profiles
representing all particles of single proton in-
duced air-showers with primary energies 10–
100 PeV.

IceTop site currently exists and should be used for future studies. The value of the magnetic-

field strength was chosen as 55.86µT with an inclination of -72.93◦. These are standard

values used for the IceTop simulation production. However, according to the International

Geomagnetic Reference Field model for 90◦ latitude on the prime meridian, recent values as

of November 2019 are 16.785 µT for the horizontal intensity and -51.963 µT for the vertical

one 1. Therefore an additional study with all these updated parameters should be performed

following this work, specially taking into account future hybrid-detector analysis. Moreover,

some additional configuration options should be considered.

CORSIKA can simulate an atmospheric cascade initiated by different primary particle types

as well as nuclei with a mass up to that of iron, with energies ranging from GeV to EeV.

For this work, the parameters of the injected primary particles were established based on

the areas of interest described in section 2.3: the energy region around the knee, the ability

to reach energies lower than the threshold of IceTop, and mass discrimination of different

species. Therefore, simulated primary energies range from 1011 to 1017 eV and are randomly

generated from a flat power law distribution to obtain similar statistics in every logarithmic

bin as presented in Figure 3.2. Five primary species were investigated: hydrogen, helium,

oxygen, iron nuclei and photons. In different parts of this work different subsets were used.

Since the computing time of simulations for these energies is still acceptable for the pur-

pose of this thesis, the algorithm of thinning was not used. However, to prepare a larger

set of high-energy simulations, specially for the hybrid simulations including different de-

tector types, the thinning algorithm will need to be applied. This algorithm does not track

all particles with energy below a certain fraction, but instead combines them, applying an

appropriate weight.

The first interaction point of the primary particle as well as the target of the interaction are

chosen randomly by CORSIKA with the top of the atmosphere being around 112.8 km. They

1Values obtained from https://www.ngdc.noaa.gov/geomag/calculators/magcalc.shtml#igrfwmm
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CHAPTER 3. THE SIMULATION BASIS

depend on the cross-section of the interaction with the air molecules. The higher-mass cos-

mic rays interact in average higher in the atmosphere what can be seen in Figure 3.3. This

interaction starts an atmospheric cascade, which creates the electromagnetic and hadronic

sub-cascades. The rate of the interactions and decays depends on the particle energy and

cross-sections [128]. The cascades develop longitudinally along the shower axis. The atmo-

spheric depth at which the maximum of air-shower development occur, Xmax, is correlated

with the primary type and energy [61]. In Figure 3.4 the examples of single vertical longitu-

dinal profiles are presented for proton induced air-showers with increasing energy. Both, the

first interaction height and Xmax influence on the footprint seen by detectors at the ground.

The current theoretical description of the electromagnetic component is relatively well un-

derstood with new models being developed to improve this understanding [129]. High-

energy hadronic interactions cannot be fully described using QCD and hence are modelled

using phenomenological approaches together with an extrapolation of accelerator data of

lower energy [73]. They constitute the highest uncertainty in the interpretation of air-shower

data and thus their influence should be studied in detail. For the treatment of the electromag-

netic cascades, the software was configured so that Nishimura-Kamata-Greisen (NKG) and

electron-gamma-shower (EGS4) [130] models are used, including the Landau-Pomeranchuk-

Migdal effect [131] which is activated for the latter model. This effect accounts for the sup-

pression of electromagentic processes due to the multiple scattering at large longitudinal dis-

tances, though it has relatively small influence on the air-showers below EeV energy [132].

The EGS4 allows for setting a factor which changes the length of multiple scattering for elec-

trons and positrons. In this study we leave it without changes by setting STEPFC to the

default value 1. The EGS was configured to create electrons and gammas down to 100 keV.

The hadron-nucleus collisions below 80 GeV energy in the laboratory reference frame are

simulated by the FLUKA [133, 134] package. High energy hadron-nucleus as well as nucleus-

nucleus interactions are treated by SIBYLL 2.3c [135].
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Figure 3.5: Heights of snow accumulated above IceTop tanks as of March 2014 (left) and
2019 (right). The map was created using cubic interpolation from scipy. The non-uniform
accumulation is connected, among others, with the fact that tanks were installed over a few
years period with the first part being the upper-right region. The distribution changes close
to the buildings, like for instance IceCube laboratory.
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3.1. COSMIC-RAY AIR SHOWER SIMULATIONS

The main output of such air-shower simulation consists of the position and momentum of

each particle at the chosen observation level of 2842 m (703.68 g/cm2), which is 4 m above

the position of the scintillator panels. The position of the scintillator panels is, for the time

being, the same over the whole array and is above the highest level of the snow surface mea-

sured in March 2019 2. The map of the snow heights above the IceTop tanks is depicted in

Figure 3.5. The highest coordinate is 1953.51 m altitude, and therefore the scintillator panels

are simulated at 1954.08 m in the IceCube coordinate system which corresponds to 2838 m

elevation in the CORSIKA coordinate system. Comparing maps in Figure 3.5, one can notice

that the mean accumulation of the snow on top of the tanks increased by 1 m within 5 years.

For this reason each scintillator will be placed on 2 m high extendable poles.

The type of the secondary particle, its coordinates, momentum and arrival time with respect

to the time of the first interaction of the cosmic-ray primary with an atmospheric nucleus are

recorded. However, such extensive cascades create enormous amount of particles of which

many low-energy ones do not create a signal inside a detector. Therefore, CORSIKA limits

the number of saved particles by introducing cuts on the energy below which the particle is

not tracked anymore and no information about its possible secondaries is stored. The cuts

can be set for hadrons (without π0), muons, electrons and photons (with π0). It is not possible

to use CORSIKA without any energy cuts as the lower limits on these values exist and are as

following: 20 MeV for hadrons (when running with FLUKA option), 10 MeV for muons and

50 keV for electrons and photons. In order to properly adjust the energy cuts we analyzed

the spectra of those particles directly from the CORSIKA output. The Figure 3.6 represents

the number of e±,µ±, γ and hadrons which arrive at the ground from air showers initiated

by different cosmic-ray primaries. The electromagnetic component dominates significantly

over all other secondaries. It can be also seen that with increasing cosmic-ray mass, the num-

ber of electromagnetic particles decreases while the number of muons increases and is the

lowest for γ-showers, for primaries of the same energy range. These are important charac-

teristics of air showers, often used in discriminating the cosmic ray species [83], as described

in Chapter 7. The spectrum of hadrons has some distinctive features which are coming from

single hadron contributions. The peak at 0.1 GeV originates from low-energy protons and

neutrons, and the one at 10 GeV mainly from π±. More detailed plots are in Appendix A.

The significant difference in the number of hadrons, between cosmic ray and photon induced

air-showers, can be seen as well. However at this stage what is relevant for further simula-

tions is that all shown particles still contribute to the spectral peak, for instance there is still

some production of low energy muons at 10 MeV, in particular at higher cosmic-ray energies.

Therefore, the minimum values for energy cuts for hadrons and muons are kept. In addi-

tion, the single-detector response to e−,µ±,γ was evaluated with different incident energies

(see sec. 3.2). The 100 keV cut for the significant electromagnetic component is dictated by

the threshold value below which there is not any more a substantial signal generated in the

detector. Further details are presented in the next section.

2Measurements done by the IceCube Collaboration
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Figure 3.6: Secondary particle spectra for different primaries and two energy bins: left
1014−15 eV, right 1015−16 eV. Each plot contains 3000 air-showers per type of primary. The
red vertical lines indicate energy cuts set in CORSIKA.
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3.2. SIMULATION OF THE DETECTOR RESPONSE

3.2 Simulation of the detector response

The next step of the simulation chain is to propagate the particles produced by CORSIKA

through the array of the scintillation detectors and Cherenkov tanks and record the corre-

sponding generated signals. This part is performed using the Geant4.10.5.p01 toolkit [136].

Geant4 calculates the total energy deposited by a particle passing through a given volume

and records its time, track length and information about the corresponding processes and

produced secondary particles. A choice of the required physics processes, taken into account

during simulations, and an implementation of the detector geometry are the two most

relevant aspects of preparing the Geant4 setup. As shown in Figure 3.6, the spectra of

particles at the ground, which have to be processed via Geant4, extend over a few orders

of magnitude in energy. Therefore, different physical processes should to be considered.

For that reason, the G4ModularPhysicsList interface was used, which includes few of stan-

dard Geant4 lists, namely: G4EmStandardPhysics, G4EmExtraPhysics, G4DecayPhysics,
G4RadioactiveDecayPhysics, G4StoppingPhysics, G4IonPhysics, G4IonElasticPhysics,
G4HadronElasticPhysics, G4HadronPhysicsFTFP_BERT [137]. This set of PhysicsList cov-

ers processes which air-shower particles can undergo inside the detectors or in their vicinity

(atmosphere, snow). However, for instance a very-high energy π or K cannot be processed

in the snow therefore less than few percent of the simulations will result in an error and

are rejected. An influence of these hadronic models in the scintillator-array simulations

was partially studied but more systematic analysis needs to be performed. These processes

are used when calculating the energy deposited inside a detector’s sensitive volume. The

dominant processes of energy losses by a particle traversing matter are electromagnetic

effects. Charged particles undergo ionization, bremsstrahlung, pair production, multiple

Coulomb scattering – and for positrons also annihilation. Photons participate in pair

production, photo-electric effect and Compton/Rayleigh scattering. Hadronic interactions

involve strong-interaction processes in the nucleus such as photonuclear and electronuclear

reactions, inelastic and elastic scattering or hadron capture. They are more complicated

since their theoretical description in some regimes is not completely obtained, hence phe-

nomenological models are required to describe them [137, 128]. Along with physics models,

Geant4 introduces the production cuts below which no secondary particle can be produced.

These cuts are given by the ranges which a particle can travel in a particular material. They

were set to the same values in all materials, namely: 0.1 mm for e± and protons and 0.5 mm

for γ . Expressing those ranges into the energy cuts shows that the limit on γs is much lower

than on e±,µ±. Therefore, γ range was increased in comparison to the other three types of

particles. Some comparison with different cuts can be found in Appendix B.

Particles produced by CORSIKA are read out and propagated through the detector array us-

ing the projects topsimulator and g4-tankresponse of the IceCube software. These projects were

developed for IceTop tank simulations and are now extended with the relevant modules for

the scintillator panels.3 In the initial step, a grid of all surface detectors which are included

in a GeometryCalibrationDetector (GCD) file is created. For each particle, a corresponding
3The modified projects, as well as additional projects created for scintillation detectors and radio antennas,

are part of the SurfaceArray meta-project in the IceCube software.
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position bin is found and a map of nearby detectors is passed further. In the next step, an ad-

ditional geometrical check is performed, passing to the Geant4 module only those particles

whose trajectories cross a certain volume around a given detector. This significantly reduces

the computation time for Geant4 simulation. These procedures were already developed for

the tank simulations and were further tested after the inclusion of the scintillator modules.

Whenever a particle is injected into a detector, a new Geant4 event is initialized.

During the iteration over all detectors in the array, the signal generated by every particle

passing through each detector is added up and the sum is assigned to the respective detector.

However, to fully simulate an optical detector in Geant4, the photon-tracking option needs to

be enabled. Simulating such optical processes, like Cherenkov radiation or scintillation, re-

quires a long computing time. For a large-scale simulation this becomes unfeasible, therefore

the response of the single detector, using more detailed simulations, is parametrised and the

optical processes are not simulated anymore. While the response of the Cherenkov tank has

been already extensively studied [138] (briefly described below), some of the characteristics

of the scintillator panels had to be understood in detail and are presented below.

IceTop Cherenkov tanks

Figure 3.7: Geometry of the

IceTop tank as implemented in

Geant4. The black spheres indi-

cate the model of DOMs, blue con-

tours show a volume of ice, and

gray lines – a volume of perlite.

The simulation model of an IceTop tank consists of a

polyethylene container filled with ice, 90 cm from the

bottom, and perlite from the top. Two pressure-glass

spheres filled with SiO2 are inserted as shown in Fig-

ure 3.7. The sensitive area of an IceTop tank is ≈ 2.6 m2

for vertical incidence. From the previous detailed stud-

ies of the tank’s properties [139], the response of a

single tank is estimated using the number of gener-

ated Cherenkov photons inside a sensitive volume. The

amount of produced light is calculated as the total num-

ber of Cherenkov photons generated along the particle

track inside the tank [139]:

dNCh
dx

=
α
~c
z2

(
1− 1

n2β2

)
∆P , (3.1)

where α is the fine structure constant, z is the charge of

the particle and β is its velocity, n is the refractive index,

∆P is the range of photon energy and dx the length of the Geant4 step (it describes a change

during particle propagation [140]).

A response of the IceTop tank is further expressed in the number of Cherenkov photons

created by the simulated vertical muons of a fixed energy. This step is followed by the gen-

eration of photoelectron (PE) series with times. This series is then passed to the PMT simu-

lator which generates the waveforms, which are processed further by the module simulating

the DOM-mainboard response. The final signal calibration is based on vertical atmospheric

muons (so called vertical equivalent muons — VEMs). Majority of atmospheric particles are
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minimum-ionizing particles — MIPs, mainly electrons and muons, which at some energies

show a constant ionisation rate. The contribution of muons and electrons to the charge spec-

trum depends on the type and volume of a detector, hence calibration can be done to MIPs

itself or to their vertical component only. This technique is commonly used for the calibra-

tion of cosmic-ray particle-detectors [141], and was already utilised decades ago [43]. In the

IceTop simulations the resulting charge is calibrated to VEM units based on the simulated

PE spectrum from low-energy air-showers, scaling the peak position so that it matches the

corresponding VEM calibration data [142].

As it was mentioned earlier, IceTop tanks are covered with snow, therefore this effect is also

simulated. Using measurements of the snow height above each tank, as shown in Figure 3.5,

the snow surface is modelled in Geant4 using Delaunay triangulation [139]. The resulting

model is shown in Figure 3.8. The snow density of 0.38 g/cm3 is assumed, based on the

measurements at the South Pole [143].
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Figure 3.8: The heights of the snow above the IceTop tanks with respect to the bottom of the
lowest position of the deployed IceTop tanks. By finding a crossing position with a particular
triangle surface, one can determine the extrapolated heights of the future scintillation panels.

Scintillator panels

The simulated model of the scintillation detector consists of 16 Fermilab scintillator bars

made out of polystyrene (Dow STYRON 663W) with two dopants: 1% of PPO + 0.03% of

POPOP [144], which are highly efficient scintillators [122]. In addition, POPOP is a wave-

shifting component which absorbs the light from the primary dopant and converts it to

longer wavelengths [122]. The scintillator bars are simulated with a 0.5 mm thick reflec-

tive layer containing TiO2 with a concentration of 10% by weight, and in total have a size of

5 cm × 187.5 cm × 1 cm. It has been shown that TiO2 significantly increases the amount of

collected scintillation light [145, 146]. The particular values of the thickness and concentra-

tion were studied by the MINOS collaboration [114].
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Figure 3.9: Geometry of a single scintillation de-

tector as implemented in Geant4. Dark blue indi-

cates scintillator bars, cyan - positions of air holes

inside them, red - their coating, yellow shows

wooden structures and green the styrofoam fill-

ing.

In the real panels, each bar has two

kidney-shaped holes along the bars for fi-

bre routing, as shown in Figure 2.9. For

simulations a simplified model is used

with a cylindrical hole of 2.5 mm diam-

eter, filled with air. In the simulation

model in addition, a 27 mm thick styro-

foam and wooden blocks are placed but

only on top of the bars. The total active

area of the panel is 1.5 m2. Everything is

inserted in an aluminium casing of 1 mm

thickness. In reality, the scintillator bars

are covered with a black foil to provide a

light tightness, however, since its effect on the particle propagation is assumed to be small,

this detail is not included in the detector simulation. Such a detector geometry, as pre-

sented in Figure 3.9, is inserted in a Geant4-based module contained in the g4-tankresponse-
scintillator project. The densities of the above materials used in Geant4 are listed in Table 3.2.

Material Density

Polystyrene (C8H8) 1.06 g/cm3

POPOP (C24H16N2O2) 1.204 g/cm3

PPO (C15H11NO) 1.094 g/cm3

T iO2 4.26 g/cm3

Plywood (C6H12O6) 0.7 g/cm3

Styrofoam (C8H8) 0.01414 g/cm3

Aluminum 2.699 g/cm3

Table 3.2: Densities of scintillator-detector materials used in Geant4.

The number of created scintillation photons is calculated from empirical, non-linear Birks’s

equation [147]. It takes into account the excitation quenching which reduces the light output

and leads to its saturation at higher energy losses.

δNscint
δx

=
S δEδx

1 + kB
δE
δx

⇔ Nscint =
∑
i

S δEiδxi

1 + kB
δEi
δxi

δxi , (3.2)

where δE
δx is the energy loss per unit path length. The parameter kB is the Birks’ coefficient

which differs between materials and experimental conditions, and refers to the number of

the molecules which lead to the de-excitation without the light production [148]. In the

scintillator material used here, it is taken as 0.111 mm/MeV [148]. S is the scintillation light

yield which is the number of photons which can be created per unit of released energy, in our

case it is taken as 8960/MeV 4. The length of the path, δx is the length of the Geant4 step,

and so the integral from Equation 3.2 effectively becomes a sum over all steps.
4Since the exact value for FNAL scintillator was not known, it is taken as 80% of BC-408 light yield [149],

which is taken as 56% of anthracene yield which is 20000/MeV according to http://detecsciences.com/api/

files/535012e58cd6be252e000081-Scint_Brochure.pdf
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Energy deposition

The generated number of scintillation photons from Equation 3.2 is based on a fundamental

quantity, the energy loss. The energy loss of the particle passing through matter depends on

the type of particle and its energy, as well as on the properties of the given material.

Single µ±, e−, and γ particles were injected into the scintillator panel with two discrete values

of the zenith angle, i.e. 0◦ and 50◦, and continuous energy ranges as presented in Figure 3.10.

The response of the detector to muons reveals some distinct features of different interactions

types5. The lowest energy muons decay in the air before entering a detector but the secondary

electrons still can deposit some energy within the sensitive volume through: µ−→ e−+ ν̄e+νµ
and µ+ → e+ + νe + ν̄µ. Close to 10 MeV, muons enter a detector and decay inside. The

corresponding high-energy electrons ionise the rest of the material and escape the detector.

This leads to increasing energy deposition with higher energy of injected muons. Around 10–

20 MeV, a muon, in this particular geometry, deposits all of its kinetic energy, the ionisation

rate reaches maximum and the muon is fully stopped inside the detector. At GeV energies

and above a clear constant value of deposition is visible in both cases, vertical and 50◦ zenith

angle. These relativistic muons constitute MIPs, they pass through the material and ionise it,

loosing the minimal energy and further penetrating outside the detector. Low-energy elec-

trons, in MeV range, are fully stopped inside the detector showing a clear correlation between

their incident energy and the energy deposit. However, above a few MeV electrons start to

show the same behaviour, as high-energy muons, i.e. a constant ionisation rate with respect

to their kinetic energy. In this range, it is not possible to distinguish muons and electrons

based on their energy losses. Photons, on the other hand, often do not deposit energy inside

a scintillator. To some extent low-energy photons follow the electron response since they

photo-produce an electron or up-scatter it to the higher energy state. At the lowest energies

photo-electric effect dominates over Compton scattering and deposits more energy, what is

visible as a separate band. At the highest energies photons start to produce e± pairs. One can

see that vertical and inclined particles exhibit the same shape of the response. However, in

case of an inclined particle direction the median deposition at the highest energies is larger.

It means that in this range, only the length of the track within the material influences the sum

of deposited energy, which in turn depends on the particle direction. Some of the discussed

features of the particle response in this particular scintillator material are also seen by other

studies [150].

An important fact to notice is that after translating these energy deposits to the normalisation

value from vertical muons (as explained in the next sections), the approximate minimum de-

position of energy, which is taken into account, is at the level of 0.8 MeV. Recalling Figure 3.6

with particle spectra obtained from CORSIKA, one can choose the energy thresholds above

which particles still contribute to the signals. In case of muons, the lowest possible cut has

been chosen since the detector is still sensitive at these energies. For electrons and photons a

value of 0.1 MeV was chosen, since below that value the detector is not any more sensitive to

these particles. In principle, the cuts on photons and electrons could be safely increased and

5This study was performed in cooperation with Fiona Ellwanger
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Figure 3.10: The energy deposited in the scintillation detector from different incident par-
ticles with zenith angles 0◦ (left) and 50◦ (right). The faded colors represent single energy
deposits, while the vivid colors their median values in the incident-energy bins. See more
details in the text.
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the cuts on hadrons should be studied in more detail. However, for future simulations of the

hybrid extension of IceTop, not only using scintillation detectors but also radio antennas, the

influence of further cuts on the electromagnetic component has to be evaluated.

Position-dependent parametrisation

In the real detector setup, the scintillation light is guided via the wavelength-shifting fibres

connected to the SiPM. They will significantly influence on the final signal output due to their

limited reflection capabilities resulting in a loss of photons. However, similar to the case of

Cherenkov tank simulations, the photon tracking is very CPU-intensive. Therefore a limited

number of simulations with vertical muons was generated to parametrise the efficiency of

photon propagation through the fibre, as well as the arrival-time delay at the SiPM. For these

special simulations the above-mentioned geometry was additionally elaborated. This work

was done in a stand-alone Geant4-based simulation and was performed by [151].

The scintillation-detector model was supplied with 1 mm diameter multi-cladding

wavelength-shifting fibres from Kuraray Y-11(300)M, which provide a high light yield and a

long attenuation length [152]. The main properties of the fibre are shown in Table 3.3. The

fibres cross a single scintillator bar twice and are further connected to the SiPM as presented

in left part of Figure 3.11. Tracking of the optical photons in the fibres was performed us-

ing a special extension of Geant4 - GODDeSS (Geant4 Objects for Detailed Detectors with

Scintillators and SiPMs) [153], which allows for more exact simulations of the optical pro-

cesses inside a detector. The ends of the fibres are connected to the SiPM coating with the

SiPM sensitive volume via a layer of optical epoxy cement, EJ-500, with a refractive index of

1.57 [154]. After propagation through the fibres, the number of optical photons which hit

the SiPM sensitive volume is recorded.

The parametrisation of a single-detector output was performed using simulations of verti-

μ
Optical gel

Fibers

SiPM
coupling

Figure 3.11: Left: Scintillation detector model with multi-cladding wavelength shifting fibres
included in GODDeSS simulations [155, 151]. Figure is taken from [155]. The injection
trajectory of a vertical muon is shown as the vertical red line and the created optical photons
are in green (also propagated to the SiPM on the right). Right: Model of SiPM and fibre
coupling. The SiPM sensitive area is shown in green, SiPM coating in blue and the optical gel
in black.
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Layer Material Average refractive index Density

Fiber core Polystyrene (C8H8) 1.59 1.05 g/cm3

Inner cladding Poly(methyl methacrylate) - PMMA 1.49 1.43 g/cm3

Outer cladding Polymer 1.42 1.19 g/cm3

Table 3.3: Properties of the WLS fibres components used in GODDeSS simulations.

cally injected muons. The particular energy of 3 GeV 6 corresponds to the most probable

region in the muon spectrum from CORSIKA simulations depicted in Figure 3.12, with the

zenith angle limited to cos(θ) ≥ 0.98. The spectrum was weighted according to the mass

group and energy of its parent cosmic-ray, obtained from the Global Spline Fit [81] men-

tioned in Chapter 1.
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Figure 3.12: Quasi-vertical muon spectra for primaries with energies of 102 − 107 GeV. Left:
For H, He, O, Fe primaries separately. Right: Weighted according to the GSF model [81] for
H, He, O, Fe where O was taken as CNO and MgSi groups.

Muons were injected uniformly over the scintillator surface. The number of created photons

and their distribution at the SiPM is shown in Figure 3.13. The SiPM is mounted on the right

side of this scan. The number increases as the photon injection takes place closer to the SiPM,

which is connected to the shorter propagation distance through the fibres. Additionally,

photons can escape the scintillator more easily at the end of bars, which is also visible in the

figure. The upper plot shows the average amount of scintillation light with respect to the

muon interaction point along the x-axis of the detector. The parametrisation has the form of

Equation 3.3.

kfibre =


k1∆x+ k2(∆x − x0)2 +C if ∆x < x0

k1∆x+C if x0 ≤ ∆x ≤ x1

k1∆x+ k3(∆x − x1)2 +C else,

(3.3)

where ∆x refers to the position along x-axis relative to detector centre. kfibre is the correc-

tion coefficient to the number of photons calculated initially from Equation 3.2: Ñscint =

kfibreNscint.
6Test with the range of energies following the muon spectrum was performed and gives similar results within

the error bars.
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Figure 3.13: Upper: Mean number of photons in each slice of the lower plot. Plot is taken
from [151, 155]. The uncertainty represents the standard deviation. Lower: Number of pho-
tons over the muon hit position along the detector.

Figure 3.14: Upper: Mean time of first photon in each slice of the lower plot. Plot is taken
from [151, 155]. The uncertainty represents the standard deviation. Lower: Scatter plot of
the first detected light over the muon hit position along the detector.

One of the features of plastic scintillators is the fast rise time of the main light output which

decays exponentially: I(t) = I0e
−t/τ . Here τ is the decay time and I0–the initial light inten-

sity [122]. The second light component, mentioned in section 2.3, will be delayed and con-

tribute to the total intensity curve as a less intense second decay. In the case of the chosen

scintillator material, the decay time is 3.3 ns and the rise time is 0.9 ns for the fast com-

ponent [156]. However, the arrival time of single photons to the SiPM is not only influ-

enced by the light decay but also by the propagation inside the fibres. This propagation was

parametrised using the above-described vertical muon simulations. The time delay between

a particle crossing the detector and the first photon arriving at the SiPM is shown in Fig-

ure 3.14. As expected, the arrival time delay is shorter the closer to the SiPM an interaction

takes place. When a particle hits the detector close to the SiPM, the average time delay is

around 9 ns, and on the opposite side around 20 ns. The time of a single photon, obtained

from this parametrisation, is described by Equation 3.4.

thiti = ti + a0∆x+ a1, (3.4)
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where ti is a time when a simulated particle crosses the detector.

Vertical muon normalisation

As described in the previous sections, the Geant4 simulation provides the energy deposit

within a sensitive volume. The number of generated photons is further calculated and their

attenuation in the fibre is taken into account. The final step is the simulation of the photo-

detector, in our case the SiPM. This requires the time distribution of single PEs arriving at the

position of the SiPM. The information about the number of generated PEs can be derived from

the measurements from the muon tracking detector at KIT [157]. An example of the charge

spectrum obtained from one of the prototype detectors can be seen in Figure 3.15. Based on

the peak position of the charge, the resulting number of PEs can be calculated taking into

account the SiPM and the electronic gain of a scintillation detector system. An average value

is obtained from the measurements of 22 detectors and equals NVMIP = 40 PEs/VMIP [158].

Figure 3.15: A charge spectrum built from
a prototype detector data. The panel was
scanned in the muon tracking tower at
KIT, which can determine the direction of
the incoming particle. The plot is taken
from [158]. Red line shows the spectrum
build from vertical MIPs and blue one from
all MIPs.

0 20000 40000 60000
Number of photons

0.0

0.5

1.0

1.5

2.0

N
or

m
al

is
ed

nu
m

be
r

of
en

tr
ie

s

×10−4

Landau approx.: 13452±5
Median: 14274
Mean: 15501

0 1 2 3 4 5 6
Energy deposit/MeV

0

1

2
N

or
m

.
nu

m
be

r
of

en
tr

ie
s

Figure 3.16: Number of generated photons
produced in the simulations of 3 GeV verti-
cal muons traversing a scintillation module
and randomly distributed across the detector.
Their energy deposit is depicted in the inner
plot. The parametrisation of Landau distribu-
tion is used to estimate the peak value.

In the simulations, the conversion factor from the number of generated scintillation photons

to VEMs is obtained. The 3 GeV vertical muons were randomly injected across the detector.

The obtained reference value, Nref = 13452±5, is defined as the peak of the Landau distri-

bution parametrisation [159], shown in Equation 3.5, partially fitted to the spectrum of the

generated photons as presented in Figure 3.16.

δN (x) =
N
2π

exp
−(λ+ exp(−λ))

2
, λ =

x −MP
η

, (3.5)
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Figure 3.17: Time series of PEs arriving to SiPM

with convoluted, simulated SiPM noise marked

in blue. Majority of noise PEs originates from

SiPM cross talks. A hatched region indicates a

time window used in simulation to sum up PEs

contributing to a signal.

where MP is the most probable value. The

corresponding energy deposit is shown in

the inner plot. The small peak on the left

side is caused by the simulated air holes,

which in reality contain the fibres. The final

value is based on the number of generated

photons, Nscint, which is taken as:

NPE =
Nscint

Nref
·NVMIP. (3.6)

Simplified response of electronics

The number of photons generated by every

particle is then converted to PEs, assum-

ing that 1 VEM = 40 PEs based on the mea-

surements from the muon tracking detector

and from the prototype station at the South

Pole. For each PE, a signal decay is added

to thiti by randomly choosing a value from

an exponential distribution with τ̃ = 23.4 ns, which is the mean decay time obtained from de-

tailed simulations [151]. This creates a list of PE arrival times. A corresponding histogram of

PE times, with 1 ns bin width, is passed to the SiPM noise simulator. The SiPM response was

simulated with the G4SiPM simulation package [160] only for the detailed parametrisation.

At this stage only module simulating SiPM noise is applied. This simulation module folds PE

time-series with the electronic noise, such as thermal noise, afterpulses, and crosstalk with a

random jitter applied. The most significant noise source are the SiPM cross talks. The cross-

talk probability at SiPM is set in simulation to 9%, which is at the level of the measured value

of 8.4% [117]. Therefore, the overall noise level constitutes less than 10% of the total signal.

An example of this final simulated time series is shown in Figure 3.17 for a single detector

signal. Since the behaviour of the electronic system is not included in the simulation chain,

an idealised trigger module is applied. Similarly to what is done currently in the µDAQ sys-

tem, it divides the arriving PEs in 5.55 ns bins and checks if at least 4 PEs are detected in the

first bin (as marked in Figure 3.17). If this is the case, all PEs within a 5.55·36≈ 200 ns time

window are summed up. Although the prototype detectors are configured at the moment

with 5.55·18 ≈ 100 ns time window, this trigger time will be increased for the installation of

the full array. The summation of PEs is an approximation of the µDAQ behaviour, which

integrates the single PEs distribution and not the SiPM signal directly [161].

While the series in a left plot of Figure 3.18 is short enough to be fully integrated into the

final pulse, the one in the right plot is cut. The series come from the same air shower, how-

ever the one which extends longer in time originate from a detector placed more than 200 m

away from the air-shower’s impact point on the ground. Contributions from different particle

species reveal that late PEs are due to single late particles. PE series from 200 air-showers

are shown in Figure 3.19 for proton and iron primaries. One can see that the great majority
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Figure 3.18: Time series of arriving PEs from an air-shower initiated by proton of 34◦ zenith.
Left: Series from a detector located∼ 12 m from the shower core. Right: Series from a detector
located ∼ 235 m from the shower core. Colours indicate different particle species.
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Figure 3.19: Times of arriving PEs from 200 air-showers initiated by proton (left) and iron
(right) with zenith angle ranging from 0◦ to 50◦. Colours indicate different particle species.

of signal arrive within the mentioned 200 ns. However, there is also not completely negligi-

ble contribution from 200 ns to 400 ns, which shows a different ratio of electromagnetic and

muonic components for iron- and proton induced air-showers. Timing information which

separates secondary species could be potentially used for a more advanced discriminant anal-

ysis in order to distinguish primary species. Therefore for the future firmware settings of the

DAQ system an extended integration time should be considered.

MIP calibration

In reality an acquired signal will strongly depend on detector-specific properties which may

change with time and vary between detectors. As it was already mentioned, a calibration

using atmospheric particles is often applied. Above a certain energy muons and electrons

(also electrons from γ interactions) ionise the traversed matter with a nearly constant proba-

bility. MIPs leave a distinct peak in the charge spectrum seen by the free-running scintillator

module as presented in Figure 3.20. The position of this peak will be used to calibrate the
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Figure 3.20: Charge spectrum measured in ADC counts by a µDAQ-based detector [16]. The
measurements were performed with the high-gain ADCs settings. The distribution is well
described by an exponential plus Gaussian function.

detectors.

A corresponding charge spectrum was simulated using low-energy air-showers which are

the main source of MIPs. The simulations for H, He, O and Fe primary cosmic-rays were per-

formed, with energy ranging from 1 TeV to 100 TeV with zenith angles up to 50◦. Air showers

were re-sampled 10 times within 500 m radius from the center of the array (see details of the

array layout in the next chapter). The obtained signals were weighted according to the GSF

model [81]. The simulated PE spectrum is shown in Figure 3.21. Only signals above 4 PEs

threshold were taken into account. The mean value of the Gaussian-distribution fit results in

the calibration constant of 53 PEs. The shapes of the spectra differ due to the particular set-

tings of the DAQ system. A high-gain mode allows for an amplification of a region around the

MIP peak, rejecting larger signals. An example of a medium-gain measurement can be seen

in Figure 3.22. This spectrum roughly matches the simulated distribution, which does not

include an actual characteristics of the electronic system. This can be seen as the first peak in

the data spectrum. Moreover, the simulated and the prototype panel readout for these plots

differed in geometrical details, which influences on the amount of generated photoelectrons.

In the simulations, however, the reference value NPEref
= 43 PEs was used to convert all fol-

lowing simulation results to the reference unit VEM. The value of 43 PEs is lower than the

MIP peak and is closer to the response of single vertical muons. The exact calibration proce-

dure should be established in accordance with the commissioning data and verified. If VEM

unit remains to be used then the according fraction of the MIP peak has to be selected from

the data.

The minimum threshold for data acquisition is at the level of 0.1 MIP. However, in the sim-

ulations a conservative value of 0.5 in VEM unit is assumed, to account for the electronic

performance which needs to be determined. If the DAQ chain is fully understood in the sim-

ulations, this value can be changed to the level, which minimises the coincidental noise-hits.

On the other hand the photodetector and electronic system experience an effect of saturation.

Above certain deposition in the panels, no more linear correlation between light and output

signal is expected. This needs to be determined, thus in the simulations an upper signal

threshold of 1000 VEM is assumed.
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Figure 3.21: Simulated PE spectrum using
low-energy air-showers weighted according
to GSF [81]. The peak of this spectrum is used
as a reference for the simulated signals.
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Figure 3.22: Charge spectrum measured in
ADC units by µDAQ-based detector [162].
The measurements were performed with the
medium-gain ADCs settings.

Chapter summary

Merging all steps described in this chapter, the software basis for the large-scale simulations is
established. It is, on the one hand fast for the future production of a large library of simulated air
showers. On the other hand it is precise enough to obtain correct information about the air-shower
observables. Different software modules created for these simulations are already integrated in the
IceCube software and undergo constant development to reduce the amount of possible errors and to
provide code transparency and high flexibility to the users.
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The IceTop array can detect cosmic rays from PeV to EeV energies. This range covers a very

pronounced feature of the cosmic-ray spectrum, the knee, where the spectrum significantly

changes in steepness. The position of the knee, at around 3 PeV, can be qualitatively described

by a model where the acceleration power of the Galactic supernova remnants is exhausted,

as mentioned in section 1. Somewhere above the knee, the transition from Galactic sources

of cosmic-ray acceleration to extragalactic sources is expected to occur. Recently, IceTop and

other experiments have revealed more structures in the cosmic-ray spectrum in this energy

range [86]. However, to interpret them in the context of their astrophysical origin, a more

detailed investigation has to be performed above and below the knee. The KASCADE ex-

periment has experimentally proven that the knee originates from a decrease of light-mass

cosmic rays, shedding light on the spectral features being a result of a rigidity dependent cut-

off. Thus, precisely dissecting the all-particle spectrum to individual-component spectra can

possibly clarify the nature and properties of the sources. Therefore, it is of a great importance

to boost the IceTop capabilities towards better mass discrimination on event-by-event basis,

and at the same time reducing the measurement uncertainties on both, cosmic-ray energy

and mass around the knee.

Furthermore, using the in-fill part of IceTop, it is possible to reconstruct the cosmic-ray spec-

trum as low as 250 TeV [163]. This lowering of the detection threshold brings the spec-

trum close to the energy region where direct measurements of cosmic rays are possible. The

space- and balloon-based experiments can currently detect light-mass primary cosmic-rays

up to 80 TeV [60]. However, to verify the spectral structures and, most importantly, the

absolute scale of the cosmic-ray spectrum (which is more uncertain for the ground-based

experiments), an overlap between these two distinct detection classes would be desirable.

The above goals can become more reachable with future hybrid measurements from IceTop

(and its enhancement) and IceCube; in particular, an addition of scintillation detectors and

radio antennas distributed over the IceTop footprint. The new surface detectors increase the

number of the air-shower sampling points and provide a sensitivity to different air-shower

components with respect to the existing Cherenkov tanks. Moreover, merging the informa-

tion from surface-detectors and in-ice array can further resolve the cosmic-ray properties as

it was already shown in [104]. Installing a detector of a new type will therefore increase the

ability to determine cosmic-ray species.

Besides this, the important task which the surface enhancement should fulfil is an improve-

ment of the atmospheric-background rejection for the astrophysical neutrino searches. This

will be the first stage towards the large surface veto-array for the next-generation of IceCube.

In the scope of this thesis, only the simulation results for the scintillator array are presented.
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However, broad studies have been performed on radio simulations for the IceTop enhance-

ment separately [164, 106].

4.1 Optimisation of the array layout

Geometrical considerations

For any ground-based array, the distribution of the detectors is a key factor which determines

the sensitivity to the experimental objectives, and connected to that – the parameters for the

data analysis.
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Figure 4.1: Distribution of the number of air-shower particles arriving at the South Pole
observation level (2842 m a. s. l.). Air showers were initiated by a proton primary with an
energy and zenith angle respectively: a, c: 104.1 GeV, 46◦; b, d: 105 GeV, 14◦. The upper plots
show all particle types from the CORSIKA output, while the lower plots exclude photons. It
can be seen that the size and density of the footprint is mainly determined by photons, which
on the other hand often do not leave a signal in the scintillators.

In the case of the discussed scintillator array, on the one hand, the planned detector has to

fulfil the requirements given by the mentioned scientific goals, which in terms of detector

layout mainly means lowering the energy threshold. To achieve the detection threshold on

the level of a few hundreds of TeV, the arrangement of the new detectors has to be denser than
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4.1. OPTIMISATION OF THE ARRAY LAYOUT

the current Cherenkov-tank spacing, which is around 125 m. This is necessary to increase the

number of sampling points over the relatively small air-shower footprint. The two such ex-

emplary footprints of the air-showers induced by protons with energy ≈10 TeV and 100 TeV,

respectively, are presented in Figure 4.1. The depicted border lines roughly indicate the edges

of IceTop. The bin-width of the 2-dimensional histogram of the number of particles is 60 m.

The scintillation-panel design provides an active area of 1.5 m2 (see section 2.3). Assuming

that such a bin has two detectors of 1.5 m2 active area, 1000 particles arriving at this bin

result in ≈80% probability of a particle crossing the detection area. Applying this idealistic

consideration, at least three such bins are needed to detect a shower, a rough geometrical re-

construction of the core and direction of the incoming cosmic ray needs at least three points.

In this case, 100 TeV shower (right plots) could be detected with quite high probability, while

the 10 TeV (left plots) with much lower probability due to significantly smaller footprint.

Taking into account a single-detector response will further worsen these effects, especially,

since the majority of secondaries are photons which have a rather low probability of leav-

ing a significant energy deposit inside scintillation module (as shown in Figure 3.10). The

footprints, excluding photons, are presented in the lower panels of Figure 4.1. Clearly, to ef-

fectively target a detection threshold of hundreds of TeV for the air-showers contained within

the array, a spacing between the modules of the order of 50–100 m needs to be considered for

the subsequent simulation analysis.

In addition, the detector deployment at the South Pole entails a few logistical challenges.

Only a limited number of modules can be installed in a deployment season, given the detector

size and weight which are restricted to be carried by two people. Moreover, all power-cabling

lines at the IceCube site need to be connected to the tower of the IceCube Laboratory, with all

detectors attached to these lines. Due to the specific Antarctic regulations, these lines need

to be first trenched to secure the cables. Such trenching requires a considerable labour input

and therefore should be optimised to a feasible length. This in turn becomes a limiting factor

for the arrangement of the detectors. Thus, it is crucial to understand if a very distributed

layout can bring a significant decrease in the threshold for cosmic-ray detection. Otherwise

the more optimal spacing could simplify and shorten the deployment.

Studied layouts

Several different layouts of the scintillation modules were proposed taking into account de-

scribed scientific and logistical conditions [165]. Their responses to the air showers were sim-

ulated. Air showers initiated by H and Fe primary cosmic-rays with energies ranging from

1 TeV to 10 PeV were simulated. The zenith angle ranges from 0◦ to 50◦. Every air-shower

obtained from CORSIKA was sampled 20 times within a 500 m radius from the center of the

IceCube-surface coordinate system and propagated through the array response (see details

in Chapter 3). A sample of the core distribution over the array can be seen in Figure 4.2. The

events with the impact point at the edges of the array will not be well-contained for further

reconstruction, in particular in the case of some of the analysed layouts. Therefore for the

comparison of the detector arrangements, only air-showers with a core position within 450 m
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from the center are analysed, as marked in Figure 4.2.
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Figure 4.2: An example of core distri-

bution over the array. Red circle indi-

cates 450 m radius for the selection.

To understand the detection efficiency of a partic-

ular layout, a 3-fold-coincidence condition was ap-

plied. The air shower is considered detected when at

least 3 scintillation modules have signals ≥ 0.5 VEM

arriving together within a 3.5µs time window, any-

where in the array. A probability to have a false 3-

fold coincidence is low when selecting 3 given detec-

tors [113], therefore a simple topological condition

with 3 detectors can be applied to significantly re-

duce the background if required for data taking. The

efficiency is defined, per energy-bin, as a ratio of the

number of detected and generated air showers in a

given energy-bin. The uncertainty on the efficiency

points, shown on every plot [166], is defined using

Wilson confidence-intervals for a binomial distribution [167], for 95% confidence (±2σ ). For

every case, a simple fit to the efficiency points was performed using an error function:

p(log10E) = 1− 0.5
(
1 + erf

(
c
(
log10E0 − log10E

)))
. (4.1)

Using Equation 4.1, the threshold value of 98% detection fraction was obtained for every

curve.

Layout 37x7

The initially proposed layout, presented in Figure 4.3, was inspired by the hexagonal struc-

ture of the IceCube-string distribution at the surface. It provides very uniform distribution

of the modules. Due to the geometrical considerations presented above, the spacing in this

layout is around 65 m, which is roughly two times smaller than for IceTop. One station

comprises of 7 detectors. During the first deployment season, two prototype stations were

installed according to this initial arrangement.

A few variations of this layout were also considered, see Figure 4.4.

Layout 37x4

The layout 37x4, presented in Figure 4.4a, was created by simply removing every second

outer detector from every station of layout 37x7. It is motivated by intention to reduce the de-

ployment efforts by requiring a smaller number of detectors and therefore a smaller amount

of trenching lines.

Layout 18x7

The layout 18x7, presented in Figure 4.4b, represents another way of reducing the initial

layout to roughly half, by randomly removing 19 stations. In this case, layout is highly non
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4.1. OPTIMISATION OF THE ARRAY LAYOUT

Figure 4.3: The hexagonal layout of the scintillation detectors placed within the IceTop foot-
print. As shown in the lower scheme, one station is comprised of 7 modules arranged in a
hexagon. In this layout, the scintillators are the most uniformly distributed.

uniform what in principle could be an advantage in reducing possible influence from the

instrumental effects coming from orderliness.

Layout 37x13

The layout 37x13, shown in Figure 4.4c is, on the contrary, almost doubling the number of

foreseen modules. With this idea one can test how significant would be the improvement

for such increase of effort. In this arrangement 6 detectors were added to every hexagonal

station at around 30 m distance from the inner detector.

Layout 22x7

The layout 22x7, shown in Figure 4.4d constitutes the ring of the outer stations, creating an

empty space in the center. This arrangement is obviously not good for standard air-shower

measurements. However, it is considered here as a possible triggering solution. Such a ring of

detectors could act as a trigger for a more sparse inner array of, for instance, radio antennas.

In addition, it could be an additional vetoing ring.

The efficiency curves for the initial layout and its 4 variations are depicted in Figure 4.5 for

two ranges of cosmic-ray zenith angle. The 98% efficiency of the 37x7 setup is reached at

around 220 TeV for a proton cosmic-ray primary with zenith angles up to 45◦ and at 130 TeV

for quasi-vertical showers. Reducing a single station to 4 detectors increases this almost by

a factor of two. Removing 19 random stations increases the threshold to 600 TeV for the

broader zenith-range case. This is a significant increase which would not allow for the reali-

sation of the science cases mentioned above, especially that reducing the number of sampling

points will worsen the reconstruction performance. Moreover, it essentially removes a pos-

sibility to veto low-energy showers or the higher-energy but very deep showers — with Xmax

much below the IceTop elevation. These showers would still produce a high-energy muon

possibly leaving a track inside IceCube. Therefore substantial diminishing of the module
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Figure 4.4: A set of scintillation-detector layouts arranged in hexagonal stations. a: The
station is reduced to 4 detectors per station with 37 stations in total. b: The total number
of stations is reduced to 18. c: The station is extended to 13 detectors per station with 37
stations in total. d: The total number of stations is reduced to 22 located only as an outer
detector ring.

number cannot be considered for trenching length reduction. On the other hand, almost

doubling the scale of each station, from 7 to 13 modules per stations, does not bring a very

significant lowering of the detection threshold, ≈ 40%, with a substantial growth of the costs

and labour. The layout comprised of an outer ring can efficiently trigger only on air showers

in the PeV range. But it is interesting to notice that removing the central stations still allows

for the detection of 50% of showers around 100 TeV, which can be a good hint for a future

design of IceCube-Gen2 veto-array. Perhaps, arranging detectors in denser rings with sparser

inner regions could be efficient for this purpose.
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Figure 4.5: Efficiency of air-shower detection over the primary cosmic-ray energy for the 5
layouts of the scintillation detectors based on hexagonal station design, as described in detail
in the text. Efficiencies are depicted for two ranges of cosmic-ray zenith angle.

Layout 36x8

Another idea for detector layout is depicted in Figure 4.6. It assumes arranging the detectors

in pairs and aims to significantly reduce the trenching length required for the distribution of

the cables. In this design one station comprises of 8 detectors arranged in a square of 90 m

side length. Two modules are placed at a 2 m distance from their centres and are rotated by

90◦ with respect to each other to provide more uniform coverage.

Figure 4.6: The alternative layout of the scintillation detectors slightly exceeding the IceTop
footprint. As shown in the lower scheme, one station comprises 4 pairs of modules arranged
in square. Placing scintillators in pairs reduces length of cabling lines.

Layout 25x8

This layout 25x8, shown in Figure 4.7b, is also based on square design but with 110 m length

therefore there are 30% less detectors.
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Layout 32x8

The last studied layout, 32x8, shown in Figure 4.7c, is based on the triangular station de-

sign. Two modules are placed 5 m from each other’s centres. The orientation of detectors is

presented in Figure 4.7c and is such that it increases the uniform coverage of the area. This

setup can significantly reduce the deployment efforts. The difference in the trenching length

between layout 4.3 and 4.7c is ≈ 10 km, which yields more than a 50% reduction. Moreover

the triangular design can be more conveniently implemented among the IceTop tanks in the

way that tanks appear in the gaps between the scintillator stations. Such solution will be

definitely beneficial for vetoing the background for in-ice measurements.

The efficiency curves for the 3 layouts with detectors arranged in pairs are depicted in Fig-

ure 4.8 for two ranges of cosmic-ray zenith angle. The 98% efficiency of the 36x8 setup

is reached at around 270 TeV for proton comic ray primaries with zenith angles up to 45◦,

which is worse than the threshold for the hexagonal 37x7 layout. Reducing the array to 25

stations increases this threshold further to 390 TeV, which is very similar to the case of the

hexagonal layout reduced to 4 detectors per station, 37x4. Using a triangular station de-

sign one can reach 230 TeV threshold and 140 TeV for quasi-vertical air-showers, what is very

similar to the values given by the uniformly spaced 37x7 setup.

Summary of the layouts

The efficiency curves for the above considered layouts were summarised in Figure 4.9. The

98% thresholds are shown for different designs and 3 ranges of zenith angles, showing a

clear dependence for each layout. The trend of decreasing threshold with increasing number

of detectors can be noticed, with an exception of the 22x7 setup which is only an outer ring

of the detectors considered here more as a possible triggering solution.

Both of the studied variants of the design, the more uniformly distributed hexagonal setup

and the one which places panels in pairs, can reach the targeted threshold region when a com-

parable effective area is considered. With overall similar levels of the detection efficiency, it

becomes clear that the value of trenching reduction, while still providing a high-accuracy of

reconstruction, is a decisive factor. Therefore it has been concluded that the triangular design

(see Figure 4.10) will be the planned one for the enhancement of IceTop with the scintillation

detectors and radio antennas. Moreover, as it was mentioned, this chosen design was addi-

tionally adjusted to be distributed to off-tank regions to increase the uniform coverage of this

area with scintillation and Cherenkov detectors.

Realistic positions for the final layout

Due to the simultaneous development of the in-ice upgrade and existing equipment, some

parts of the IceTop footprint are not available for the surface operations. Therefore the op-

timised setup on Figure 4.7c was adjusted to the objects at the IceCube site planned for the

next seasons of deployment. As it was mentioned, the core of the IceTop enhancement lies in

the hybrid design which merges particle detectors and radio antennas. Thus, 8 scintillation
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Figure 4.7: A set of scintillation-detector layouts arranged in stations with always two mod-
ules placed close to each other. a: The square-layout with 8 detectors per station with 36
stations in total. b: The square-layout with the number of stations reduced to 25. c: The
triangular-layout with 8 modules per station with 32 stations in total.
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Figure 4.8: Efficiency of air-shower detection over the primary cosmic-ray energy for the
layout of scintillation detectors and its 3 variations with detectors arranged in pairs, as de-
scribed in detail in the text. Efficiencies are depicted for two ranges of the cosmic-ray zenith
angle.
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Figure 4.9: Summary of trigger thresholds for different layouts and zenith angle ranges. The
uncertainties on the thresholds were obtained by error propagation on Equation 4.1 using
minimal residual method.

modules and 3 radio antennas will be deployed. The adjusted layout of the hybrid stations

among already existing modules — IceTop tanks as well as prototype scintillator-stations in-

stalled since 2018, are presented in Figure 4.10. The distance between two pairs of modules

within the station is 72 m and the average distances between the closest centres of the stations

is around 145 m.

4.2 Simulation results for the final layout

In this section a broader analysis of the detection-threshold for the chosen layout is presented

with respect to different cosmic-ray properties.
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Figure 4.10: The final layout of the planned IceTop enhancement with hybrid stations. The
revised layout includes areas reserved for the in-ice upgrade. The black lines which connect
scintillation-modules roughly represent the cabling lines for each station. Every hybrid sta-
tion will consist of 8 scintillation-detectors, 3 radio antennas and 1 field hub hosting the main
electronics. Yellow stars indicate the position of 7 scintillation modules installed in 2018. In
the same region 2 radio antennas in 2019 and 11 (8 scintillator panels and 3 radio antennas)
detectors in 2020 were deployed.

The spatial distribution of secondary particles from atmospheric cascades differ with respect

to the cosmic-ray interaction height and, what is directly connected to that, primary cosmic-

ray species. In general, heavy-mass cosmic-rays lead to spread of particles over larger area,

which can be understood with an idealistic superposition model where Fe-nuclei splits its

energy in 56 H-like primaries of energy EFe/56. However, the heavier primaries will start

the first interaction earlier in the atmospheric depth than the lighter ones, leading to the

smaller number of particles surviving to the ground. Thus, the discussed efficiency curves

will depend on the cosmic-ray mass.

The same steps as described in section 4.1 were performed but for 4 cosmic-ray primaries, H,

He, O and Fe, and also for γ-rays. The results can be seen in Figure 4.11. The clear depen-

dence on the mass is visible – the lighter the cosmic-ray, the lower the achievable threshold.

The difference in the 98% threshold between proton and iron induced air-showers is around

180 TeV for a zenith angle up to 45◦ and around 80 TeV for the quasi-vertical range. In ad-

dition, there is a slight change in the slope of the efficiency curve – a higher mass results

in a steeper slope. It is very relevant to properly understand the behaviour of these curves.

Since all cosmic-ray analyses rely on the energy-dependent efficiencies, although as it will be

shown in chapter 6, mainly on the curves with the folded reconstruction efficiency.

In addition, photon-induced air-showers were analysed. Photons are excellent cosmic mes-

sengers, providing substantial information about the Universe. They are not influenced by

the magnetic field and therefore can directly reveal astrophysical sources. However, due to
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Figure 4.11: Efficiency of air-shower detection over the primary cosmic-ray energy for the
final layout of scintillation detectors for H, He, O, Fe and γ primaries. The efficiencies are
depicted for two ranges of the cosmic-ray zenith angle.

interactions with inter- and extra-galactic radiation, they are absorbed, and it is very chal-

lenging to detect and select them from charged primaries above 100 TeV energy [61]. How-

ever, with a new approach in radio-detection of air-showers it could be possible [164] if the

particle detectors will efficiently trigger the antenna array.

As can be seen in Figure 4.11, the efficiency for photon induced air-showers is higher than

in case of cosmic-rays. Photons generate large electromagnetic cascades with significantly

smaller contribution of the muonic component. Electrons from pair-production have smaller

transverse momentum than in the case of hadronic cascades. This results in a tight distri-

bution of particles around the shower axis for photon induced air-showers [61] and thus the

footprint is denser and more contained within a detection area. However, in the case of

inclined air-showers, this situation changes due to absorption of the electromagnetic compo-

nent along a larger slant depth.

Since the scintillation modules shall enhance the current IceTop, we investigated the ef-

ficiency for different combinations of selecting the scintillation modules together with

Cherenkov tanks. The simulated tanks include a layer of snow based on in-situ measure-

ments performed in March 2019 (see Figure 3.8). The results for the detection efficiency are

depicted in Figure 4.12.

The IceTop trigger algorithm distinguishes two types of coincidence: soft local coincidence

(SLC) and hard local coincidence (HLC). The HLC requires to have signals in both neighbour-

ing tanks, arriving within 1µs, while the SLC takes all single signals [97]. The HLC signals

provide very clean data sets, while the SLC signals at large lateral distances are correlated

to the muon component [105]. However, the HLC condition considerably increases the ar-

ray energy threshold, which can be clearly seen in Figure 4.12 (selection of 3 tanks flagged

as HLC). Including the SLC signals improves it to around 720 TeV for proton-induced air-

showers. The combined efficiency of scintillation detectors and tanks allows for the detec-
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Figure 4.12: Efficiency of air-shower detection over the primary cosmic-ray energy for the
final layout of scintillation detectors and for the IceTop tanks. The efficiencies are depicted
for two ranges of the cosmic-ray zenith angle.

tion of air-showers below 200 TeV. This will not only allow for the further improvements of

the low-energy cosmic-ray analysis but improves a potential for enhancing the veto capabil-

ities for the in-ice. The main boost in lowering the threshold is provided by the scintillator

array due to larger number of detectors and a snow coverage above the IceTop tanks. The in-

creased efficiency is still possible despite the higher VEM threshold for scintillator modules

(0.5 VEM) compared to that of the Cherenkov tanks (0.16 VEM). Moreover, no standard HLC

cleaning procedure was applied to the tank signals to provide similar level of comparison

since such procedure does not exist yet for the scintillator pulses.

Chapter summary

After studying different configurations of scintillation-detector placements within the IceTop foot-
print, the final choice has been made. It takes into account the aimed physics goals as well as an
optimisation of the deployment procedure at the South Pole. We investigated the influence of the
primary mass on the efficiency curve and the enhancement which the scintillation array will bring
to the IceTop detection threshold.
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CHARACTERISTICS OF SIGNAL DISTRIBUTIONS

Figure 5.1: Scheme of an extensive air

shower and its basic parameters used for

the description. Starting from the first in-

teraction and following the incident di-

rection of the cosmic ray, the shower axis

is built, which ends at the ground as

shower core, the impact point with the

highest particle density. Particles cre-

ate a curved disk reflecting the lateral

spread. The drawing was inspired by ref-

erence [61] and modified by [124].

The main condition for detecting an air shower

was introduced in Chapter 4, namely a coincident

trigger of at least three scintillator panels. To fur-

ther analyse those pre-selected events, a good un-

derstanding of their characteristics is essential, as

it will be discussed in this chapter.

The properties of the extensive air showers vary

with the energy and type of the primary cosmic

ray, as discussed in Chapter 3. These variables

influence the air-shower development, and con-

sequently, the distributions seen at the ground.

When the atmospheric cascade is initiated, it

propagates longitudinally along the track of the

primary direction (see Figure 3.4), called the

shower axis. But it also develops laterally, mainly

due to the transverse momentum transferred

from the hadronic interactions to the individual

secondaries as well as the Coulomb scattering of

the electromagnetic component [61]. The parti-

cles spread away from the shower axis and some

of them reach distances far from the impact point

at the ground, referred to as the shower core, see

Figure 5.1. Thus in fact, shower propagates as a

curved disk of the particles, with the disk spread

increasing as the particles move away from the

axis [61]. This spread is called the shower front

thickness. The shape of such air-shower front in-

dicates that the particles at the edges of the disk

are delayed with respect to the ones close to the axis. With the core being the most dense re-

gion, it implies that the large fraction of the cascade arrives within a short time of few ns [61]

on the area very close to the axis, and then some parts arrive tens and hundreds of ns later

and much further away from the axis. The scheme of the air shower and its basic parameters

are presented in Figure 5.1. The incoming direction of the primary particle are expressed by

zenith and azimuthal angles in the same way as in a spherical coordinate system.

However, the ground measurements blur this pure information about the primary cosmic-

ray and the air-shower development with different properties of the detector array (illus-
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trated in Figure 5.2). The left panel represents the footprint of a single air shower simu-

lated in CORSIKA. The region around the shower core is very dense but following its lateral

behaviour, the density diminishes with increasing distance from the axis. The footprint is

dominated by photons which do not contribute to the scintillator signals as significantly as

electrons. The region with more than 1000 particles other than photons per bin is marked as

a contour line. In the right panel, the same shower is shown, but now propagated through

the response of the scintillation-detector array. The size of the detector signal footprint is

much smaller and roughly corresponds to the white contour from the left plot (color scales

indicate different values).
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Figure 5.2: An air-shower footprint simulated with CORSIKA (left plot) and propagated
through response of the scintillator array with Geant4 (right plot). The large footprint, dom-
inated by photons, diminishes after sampling it by detector response. The main air-shower
observables, like core and direction, can be still reconstructed from the signal distributions.
The white contour on the left plot indicates 1000 non-photon particles, and roughly corre-
lates to the footprint registered by the array. The black contour shows the edges of the array.

In Figures 5.3, the simulated lateral particle density (from CORSIKA) and lateral detector

signal distribution (after Geant4 simulation) are shown, respectively, for different compo-

nents of the air-shower initiated by a helium primary of 6.6 PeV and zenith angle of 10◦. The

density of photons is the highest across all distances. Far from the shower core, the muonic

component may dominate the e± contribution, since muons can travel large distances with-

out significant energy losses and carry their momentum from high in the atmosphere. The

density of hadrons is the smallest close to the shower axis, and exceeds electromagnetic and

muonic density at large distances. However, when looking into the distribution folded with

the detector response, the situation changes. The photon component is less significant than

e±, as already seen in the footprint plots, the muon contribution is much flatter, and the

hadronic contribution is almost negligible. The interesting feature, which is also seen in the

IceTop tanks [105], is the increase of the muonic contribution at large distances. Far away

from the shower axis, the electromagnetic component becomes less significant in contrary to

muons. This effect, seen in the right plot, is however not always present and highly depends

on the shower inclination. Nevertheless, it allows at large distances for an analysis of the

lateral distribution of muons.
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Figure 5.3: Lateral distribution for He-initiated air-shower with energy of 6.6 PeV and
cosmic-ray zenith of 10◦. Left: Density of particle number over a lateral distance of 4 km
taken from CORSIKA output, right: Distribution of detector signals over lateral distance up
to 650 m from Geant4 array simulation. The signals do not include SiPM noise to demon-
strate the contributions form the air-shower particles.

Although a clear limitation of the information is left at the detector level, it still can be corre-

lated with the air shower development. Thus, by studying the distributions of the signals and

timing at the detector level with respect to the analysis of the pure air-shower development,

one can reconstruct the primary information about the incident cosmic-ray. In this chapter,

the analysis of the simulated signal distributions for the proposed scintillator array will be

discussed.

5.1 Lateral distribution

As mentioned above, the spatial and temporal distributions of the detector signals are related

to the energy, mass and incident direction of the primary cosmic ray. All these parameters

are essential for a further determination of the spectrum, composition and eventually astro-

physical context of cosmic rays. In particular, the lateral particle density seen by the surface

detectors provides a main tool to infer the primary characteristics. Its proper parametrisa-

tion is one of the most important steps towards the air-shower reconstruction. Therefore, a

lot of effort has been done over decades to understand the lateral spread at the ground and

to describe its behaviour [61]. The most fundamental and pioneering analytical work on the

lateral structure of photon-electron cascades was performed by Nishimura and Kamata [67],

and Greisen [69]. It led to the approximated parametrisation of the lateral density of the

electrons ρNKG, referred as NKG function, see Eq. 5.1. Such a function which describes the

particle density ρ or the signal distribution S, as a function of a distance perpendicular to the
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shower axis, is known as lateral distribution function, hereafter LDF:

ρNKG (r) =
Ne

2πr2
m

Γ (4.5− s)
Γ (s)Γ (4.5− 2s − 2)

(
r
Rm

)s−2 (
1 +

r
rm

)s−4.5

, (5.1)

where Γ is a gamma function, Ne is the total number of electrons at the observation level in

this shower, referred as shower size, s is a slope parameter of the function. rm is a Molière

radius at the particular altitude of the observation, at the South Pole equals to 128 m. For

pure electromagnetic cascades, Molière radius refers to a distance at which such shower is

contained. Since there is a strong correlation between the total number of particles (and

the number of electrons) in the shower and the primary energy, Ne has been often used

as cosmic-ray energy estimator. The steepness or slope of the distribution, s, is related to

the development of the shower, namely to the slant depth which shower propagates until

it reaches the ground. The ‘deep’ showers, i.e. first interaction is deep in the atmosphere,

traverse less distance and so one can see their early development stage close to the ground,

thus they are called ‘young’. Their lateral distribution is steep. On the other hand ‘shallow’

air-showers start early and can develop until they leave a footprint at the ground, and are

referred as ‘old’. Their lateral distribution is flat. Hence, the ‘age’ of the shower is folded

into the slope parameter of the lateral distribution. Due to the difference in electromagnetic

and hadronic showers across the overall lateral spread, as well as in detector response which

is specific for a given array, some experimentally measured LDFs differ from this theoretical

description [168, 169].

Since the different observation altitudes probe in average different stages of the shower de-

velopment, the behaviour of the lateral distribution might differ between experimental sites.

Hence, many groups across air-shower experiments have been developing different modifica-

tions to the standard NKG formula, as well as new functional forms, including a fine-tuning

of the parameter behaviour. Thus, likewise for the discussed scintillator array, the study of

the possible LDFs was conducted. The literature research on different functional forms of

LDFs was performed, to benefit from the experience of other experiments, in particular the

ones which used scintillation modules, like AKENO [169, 170], Volcano Ranch [43] or KAS-

CADE [168]. The differences in the response of given detector types also influence a choice of

LDF. The distributions for arrays, i.e. specific detector types, which are more sensitive to the

electromagnetic component might be more easily described with the NKG function, while

experiments with muon-sensitive detectors might require a flatter behaviour of LDF. Taking

into account the LDFs used at higher altitudes, like IceTop [171], different LDFs were chosen

for further studies and are described below.

The modified Nishimura-Kamata-Greisen function

The NKG-like function, equation 5.2, is a modification of the original NKG with different

slope parameters and corresponding change in the normalisation coefficient [168].

SNKG-like (r) =
N

2πR2
mB(s −α + 2,α + β − 2s − 2)

(
r
Rm

)s−α (
1 +

r
Rm

)s−β
, (5.2)
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where α, β, and s are related to the slope of the function and thus in some ways to the age

of shower development, as explained earlier. These additional slope parameters provide a

better description of the lateral behaviour at various distances. Rm indicates Molière radius

or can be also treated as a reference distances. N, the size of the air shower corresponds to

the primary energy.

B is a beta function related to the gamma function via following relation: B(x,y) = Γ (x)Γ (y)
Γ (x+y) .

This function implies the mathematical constraints on the slope parameters: α − s < 2 and

α + β − 2s > 2.

The Linsley function

The other modified form of NKG function is represented by the Linsley function (after [43]),

equation 5.3. After it was suggested, many experiments followed and applied this or a similar

form to the data [169].

SLinsley (r) =
N

2πR2
mB(2−α,η − 2)

(
r
Rm

)−α (
1 +

r
Rm

)α−η
, (5.3)

where α and η are related to the slope of the function and Rm indicates Molière or reference

radius. The change in the normalisation coefficient is also present. The normalisation gives

the mathematical constraints on the slope parameters: α<2 and η>2.

Further modified functions

Further modifications led to yet another form which includes the additional term account-

ing for the higher scaling with the radial distance, equation 5.4. This function is based on

hypergeometric Gaussian (HG) formalism taking into account a normalisation constant, as

discussed in [172]. While the NKG and NKG-like functions described above are based on

Beta functions.

SHG (r) = C(s)−1xs−α (1 + x)s−β (1 + d x)−δ

C(s) = 2π 2 F1 (δ,s −α + 2,δ+ β − s,1− d)B(s+ 2−α,δ+ β − 2s − 2) ,
(5.4)

where α, β, δ, and s are related to the slope of the function. 2 F1 is a Gaussian hypergeometric

function. This function also gives mathematical constraints on the slope parameters: s−α+2 >

0, δ − 2s+ β − 2 +α > 0 and |1− d| < 1.

Some form of this function was already used by, for instance, the AGASA experiment [173].

Lagutin derived equation 5.5 from theoretical calculations [174]. This group has performed

very interesting work by applying the scaling formalism via parameter Rm.s.r., targeting the

distributions seen by large arrays.

SLagutin (r) =
NeCe
R2
m.s.r.

(
r

Rm.s.r.

)−α (
1 +

r
Rm.s.r.

)α−β (
1 +

r
10Rm.s.r.

)−δ
(5.5)
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where Rm.s.r. refers to mean square radius and is a function of the observation level and the

primary energy. Application of this formalism for the case of the scintillator array could be

studied in the future.

The double logarithmic paraboloid function

The double logarithmic paraboloid function refers to equation 5.6 in the logarithmic form. It

is used in the standard air-shower analysis for the IceTop tanks as it fits to the the flat shape

of the tank response distribution [175]. This formula has a different functional form which

includes a logarithm in the slope itself and is simpler than others which is reflected in the fit

stability. Slope β from DLP functions was reported to have a quasi linear dependence with

the NKG age parameter s [175].

SDLP (r) = Sref

(
r
Rref

)−β−κ log10

(
r

Rref

)
(5.6)

Although it has been used for the IceTop Cherenkov tanks, it was found to be also suitable for

the scintillator array, perhaps due to being at the same experimental altitude, i.e. observation

level. Although there are no explicit constraints on the parameters, one can derive the proper

physical range on β by requiring that the function has to be monotonically decreasing across

the fitted radial range.

Average lateral distributions of signals

All above functions show similar monotonically decreasing behaviour. The main difference

lies in how flexible a given function is to describe at the same time, a steep region close to the

core and a smoother, but more fluctuating, tail. The average lateral distribution of signals

was analysed for different cases, to probe described LDFs and demonstrate general features

of these distributions with respect to the cosmic-ray properties.

The average calculations include non-triggered stations to represent the lateral signal density.

Three fits to these average distributions were performed using Equations: 5.2, 5.3, 5.6. The

optimisations were obtained with the ensemble sampler for MCMC [176].

Two average lateral distributions are shown in Figure 5.4, for proton and iron induced

air-showers with primary energy ranging from 105.5 GeV to 106 GeV (left plot) and from

106.5 GeV to 107 GeV (right plot). The differences between the values expected by a particu-

lar function and simulated signals over the error of the mean are shown in the lower panel.

The differences between fit types are small. This indicates that all 3 functions can represent

the average lateral shape in a similar manner.

Such an average signal distribution shown in Fig. 5.4 manifests an important feature of the

lateral distribution. Namely, a region at which distributions from light and heavy primaries

cross. It was thought to be of particular interest as it could provide a way towards a mass-

independent estimate of the primary energy. This point can be also seen in Figure 5.6, where
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Figure 5.4: Average lateral distribution of signals for proton and iron primaries with energies
105.5–106 GeV (left plot) and 106.5–107 GeV (right plot) with arrival directions smaller than
25◦ (sin2θ ≤ 0.18). Lines and residual markers represent respectively different LDFs.

the average distributions produced by different primaries are presented. However, this region

strongly depends on the primary energy, which can be seen in these two plots and therefore

a different study was performed on the energy estimator as discussed in the next chapter.
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Figure 5.5: Average lateral distribution of
signals for proton primaries of 106–107 GeV
energy and two ranges of zenith angles, equal
in sin2θ. Lines and residual markers repre-
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106.5–107 GeV energy with arrival directions
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In Figure 5.5, the dependence of the lateral distribution on the zenith angle is presented for

proton-initiated air-showers for different energy ranges. Two clear features can be observed.

For more inclined air-showers, the electromagnetic component is subject to a larger absorp-

tion. This is visible as a lower average signal for these showers. The higher zenith angle leads

also to a decrease in the slope parameter. However, the zenith influence is less significant

than the dependence on the primary energy. A clear dependence of the absolute position of

the lateral distribution on the primary energy, seen in Figure 5.5, is the main feature used for

energy estimation by many analyses.

Even though the presented average distributions exhibit small deviations with respect to dif-

ferent functions, the event-by-event fits can differ significantly. The fluctuations of single

distributions are correlated with large uncertainties due to the stochastic nature of the cas-

cade processes, which are mitigated during the averaging procedure. Moreover, the stability

of single fits vary significantly especially for low-energy air-showers. Hence, the LDF optimi-

sation for application on an event-by-event basis was performed and is discussed in the next

section.

Scans of the parameter space

The choice of proper parameters for a particular function is a challenging task. Hence, to

better understand the lateral behaviour of signals of scintillation detectors, the LDF fits to

the individual simulated events were performed. This procedure takes into account the sig-

nal fluctuations and the stability of the optimisation procedure for particular LDF. The fit

parameters are obtained by minimising the negative logarithm of likelihood function which

is constructed in a similar way as in the final reconstruction procedure described in the next

chapter. The analysis of the pure simulated distributions with true (pure Monte Carlo) values

for direction and core allows for neglecting the influence of the reconstruction accuracy in

the first step of the parameter evaluation.

The parameter scans were performed for DLP (5.6) and Linsley (5.3) LDFs, on a sample of

2000 proton and iron-induced air-showers. However, to avoid mis-optimisation due to poorly

detected air-showers, a series of preliminary quality cuts was applied. Only air-shower with

zenith angle up to 45◦, true core within 200 m from the array center — so that it can be almost

fully contained within the array, with at least 40 triggered detectors — to provide enough

points to properly sample lateral distribution. The scans include two free parameters: Sref,

β for DLP and N, α for Linsley, and two fixed parameters: rref, κ for DLP and rm, η for

Linsley. In both functions an optimal value of reference distance was found and only one

slope parameter was scanned (κ and η respectively), by varying it around the allowed space.

The HG function has a very complex parameter space and can be a subject of a dedicated

study in the future.

The accuracy of the fit is evaluated with the average residuals defined as a function of the

lateral distance:

R(r) =
1
N

N∑
i

Si − SLDF(r)
σi

, (5.7)
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were σi is a signal spread which depends on the signal value (discussed in section 5.2). The

residuals for DLP and Linsley LDF are presented in Figures 5.7 and 5.9.

Figure 5.7: Average residuals over lateral dis-
tance for different κ values in the DLP LDF
represented by colors.
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Figure 5.8: Sum of average residuals,∑
R40−300m, for optimisation of κ parameter

in DLP LDF.

To obtain globally optimised values for scanned parameters the sum of
∑
r |R40−300m| of all

single fits was minimised, as shown in Figure 5.8 and in Figure 5.10. The lateral distribution

reflects the density by including the silent station. However, at large lateral distances only

the positive fluctuations of the signals [177] can be detected and therefore the fit range at

which residuals are calculated is limited to 300 m. To avoid large influence on the residuals

close to the shower axis, due to logarithmic behaviour of lateral distributions, the additional

cut on radial distance was increased to r≥40 m. In fact, the inner cut on the lateral distance

influences the sum of average residuals and hence the optimal values of the parameters,

which should be studied in more details in particular when saturation level is experimentally

obtained. The choice of log-likelihood optimisation settings was determined by studies of

different minimisation algorithms and their limitations. Moreover, the behaviour of function

fit was tested in terms of stability. It is important to chose a compromise between the function

Figure 5.9: Average residuals over lateral dis-
tance for different α values in the Linsley LDF
represented by colors for a chosen rm=40 m
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Figure 5.10: Sum of average residuals,∑
R40−300m, for optimisation of α and rm pa-

rameters in the Linsley LDF.
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flexibility and rate of successful fits. Otherwise the accurate fit for some class of events may

worsen later the reconstruction efficiency.

The minimisation of the scanned slope parameters is shown in Figures 5.7 and 5.9. The struc-

tures on the residual distribution can be correlated with the particular layout and appear for

both functions. For instance, the clear drop in the residuals to 0 at around 70 m originates

from the fact that in one station detectors are ≈ 70 m apart, hence the probability of sampling

this distance is very high. The other structures can be caused by larger distances between

stations, where no scintillator module is placed due to presence of IceTop tanks. Increase of

the discrepancy between LDF and signals at larger distance is caused by increasing relevance

of silent detectors in the minimisation procedure.

Based on these simulation results, κ= 0.35 for DLP was taken as initial parameter for the

further analysis in the reconstruction procedure, taking into account the influence on the

reconstruction stability and accuracy.

5.2 Signal spread

Fluctuations of the detected signals originate mainly from the variations of the air-shower

development but also from the geometrical response of the array and single-detector fluctu-

ations. There are different methods developed across the experimental groups to account for

these effects.
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Figure 5.11: Signals from neighbouring de-
tectors from proton initiated air-showers with
energy from 10 TeV to 100 PeV with multi-
plicity of at least 5. Signals are binned along
the main trend line. Here shown are all simu-
lated signals, which extend the assumed sat-
urated region. However, for the analysis only
S≤ 1000 VEM are included.
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Figure 5.12: De-convoluted signal fluctua-
tions as a function of mean of two signals
for different ranges of zenith angles. Signals
from H, He, O, Fe primaries in an energy
range of 1014–1017 eV are included according
to GSF [81]. The air-showers from the lowest
bin are, however, excluded by a multiplicity
cut.

The pairs of signals from the neighbouring panels, Sa and Sb, are plotted in Figure 5.11

for proton initiated showers. In the analysis only signals below an assumed saturation of

1000 VEM were taken into account. Only air-showers with more than 20 signals were in-
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5.2. SIGNAL SPREAD

cluded, which implicitly increases a considered energy threshold to the region where almost

full efficiency is achieved. Moreover, only signals within 40–500 m of lateral distance are

considered to minimise the effect of the distance between two detectors.
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Figure 5.13: Factor for signal

fluctuations formula depending on

zenith angle for H, He, O and Fe

induced air showers, based on Fig-

ure 5.12.

Due to lack of a large air-shower data with the scintil-

lation detectors, the simulated signals were analysed.

Benefiting from the single station layout, the signals

from the neighbouring detectors can be compared and

constitute as a double measurement at similar lateral

distances. The signal expectation value for both de-

tectors will be on average very similar, under the as-

sumption that 5 m distance between two detectors is

point-like with respect to the large air-shower foot-

print. This method was inherited from the analysis per-

formed by the Pierre Auger group on the experimental

data [178]. A similar analysis was done also by the Ice-

Top group [179].

The signal uncertainty can be defined as a difference

between signals in both panels (similarly like in [178]

where instead the relative difference was defined). Such distribution of signals from two

detectors gives a convoluted Gaussian sigma and its deconvolution leads to:

δS =
Sa − Sb√

2
, (5.8)

as a spread of the average simulated signal. The signal pairs are projected and binned along

the line of 1:1 correlation between signals in a logarithmic scale shown in Figure 5.11. Every

bin is fitted using Gaussian distributions and the resulting mean of δS is taken as a function

of center of a given diagonal bin. The mean values are presented in Figure 5.12 for differ-

ent ranges of zenith angle. Due to the stochastic nature of the cascade development, signal

fluctuations are expected to roughly follow the Poisson statistics. However, due to the de-

pendence on the primary zenith angle, the distance from the shower axis as well as general

characteristics of the particular array, the results deviate from this assumption. The distri-

bution cannot be well represented by pure Poisson behaviour, hence a more general form of

this distribution was assumed: σ (S) = aσ S
c log10 S+d , where S is a detector signal and σ de-

scribes the typical fluctuation in a single detector. The difference might have also an origin

in different detector types or in higher observation level.

A slight dependence on the zenith direction yield the following form for the signal fluctua-

tions:

σ (S) = (asin2θ + b)Sc log10 S+d (5.9)

This result is presented in Figure 5.13. However, the discussed results will have to be revised

with the experimental data after the deployment of the first few stations. Then the effects

which are not explicitly included in this analysis will be present in the data.
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CHAPTER 5. CHARACTERISTICS OF SIGNAL DISTRIBUTIONS

5.3 Time front

The arrival times of the particles hitting each detector in a single event allow for reconstruc-

tion of the incident direction of the cosmic ray. The first estimation of the primary direction

is obtained analytically from the assumption that the shower particles arrive as a plane disc.

More refined results can be reconstructed from the optimisation of the shower front cur-

vature which depends on zenith and azimuth angles. As with the lateral distribution, the

shower front recorded by an array will differ between experimental sites due to, for instance,

different response of detector types.

The shower curvature is defined as a delay of signal arrival with respect to the plane front

assumption as shown in Figure 5.1. This behaviour can be in general described by some

form of the parabola-based or in general power-based function. In the scope of this work few

functions were studied on average distributions and single events. The functions which most

accurately represent the shower front of this particular array are presented in Equation 5.10

and 5.11.

∆t(r) = n
[
exp

(
−r

2

s2

)
+ 1

]
− ar2, (5.10)

∆t(r) = ar2 + b, (5.11)

where ∆t is a time delay with respect to the plane front and r is a lateral distance. Equa-

tion 5.10 is employed in the IceTop reconstruction. The IceTop function includes an addi-

tional structure close to the shower axis modelled by a Gaussian part, while the tail is rep-

resented by an exponential drop. The parameter scans of those functions were performed in

a similar manner as for LDFs to find the parameter values optimal for the scintillator array

response.

Figure 5.14: Example of shower front ini-

tiated by a proton of PeV energy. Colours

indicate values of the detector signals.

The red line shows the fit with Equa-

tion 5.11.

The Equation 5.11 was found to be more suit-

able. After visual analysis of many shower fronts,

a clear desirability of a parabolic function was

found. At lower energies, the parabolic function

can well go across the points since they start to

delay more quickly from the shower front. On

the contrary, at the high energies, when the dis-

tribution is more flat at a quite significant range

of lateral distances, the parabolic function does

not describe the flatness well enough.

An example of an air-shower front simulated

for the scintillator array can be seen in Fig-

ure 5.14. In a convention of IceTop reconstruc-

tion, time delays are defined negative to the

shower plane. The distribution of particles arriv-

ing at the ground is spread over the lateral dis-

tances. Some of them arrive much delayed with respect to the front, creating a thickness

which increases with increasing distance from the shower axis, as shown in Figure 5.1. As
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5.3. TIME FRONT

seen in Figure 5.14, at larger distances, relatively small signals (represented in the figure by

the colors) are subject to larger time delays. These are signals from low momentum particles

distant from the shower axis due to development of the cascade and multiple scattering [61].
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Figure 5.15: Average arrival time delays for
H induced air showers in an energy range
from 1 PeV to 10 PeV for different angular
ranges. The mean of the distribution is ob-
tained from an exponentially modified Gaus-
sian function.
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This radial dependence of the time delays was analysed. The time delays from air-showers

induced by H, He, O, and Fe primaries with energies from 100 TeV to 100 PeV were binned

as a function of radial distance. Such distribution of time delays can be well represented by

exponentially modified Gaussian function:

f (∆t) =
α
2

exp
[α

2

(
2µ+ασ2 − 2∆t

)]
erf

[
µ+ασ2 −∆t

σ
√

2

]
, (5.12)

where µt = µ + 1/α and σ2
t = σ2 + 1/α2. The distribution of the µt is shown in Figure 5.15

and refers to the average shower front. The distribution of the σt is shown in Figure 5.16

and refers to the time spread. Such shower thickness folded with the detector response can

be treated as time fluctuations, therefore σt represents the uncertainty on the shower front

curvature and was parametrised with a 3rd degree polynomial with the leading coefficient

depending on sin2θ, and is included in the reconstruction optimisation.

Primary mass dependence

Due to their varying properties, the air-shower particles differently contribute to the shower

front. It has been already seen [61], that muons arrive earlier than electromagnetic particles.

This also can be seen in Figure 5.17. As it was discussed, air-showers induced by different

primaries manifest differences in number and distribution of various secondary types.
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Figure 5.17: Average arrival time delays of
muons and electrons for proton initiated air-
showers.
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Thus, many analysis are aiming on estimating mass of primary cosmic-ray based on such

arrival time information, by separating muonic and electromagnetic components. Average

shower fronts for H, He, O and Fe induced air-showers are depicted in Figure 5.18. Clear

differences in slope of the distributions can be seen, what indicates that a parameter in the

shower front fit, which describes parabolic term, can be sensitive to the primary mass.

Chapter summary

The temporal and spatial distributions of the detector signals were studied for the finally proposed
scintillator detector array. After evaluating different functions, the DLP LDF and the parabolic
shower front description were chosen as functions for the reconstruction of the extensive air show-
ers.
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C h a p t e r 6

AIR-SHOWER RECONSTRUCTION

In Chapter 5 it was discussed that the spatial and temporal distribution of the detector signals

from air showers reflect the properties of the incident cosmic ray. The functions describing

these distributions can be directly correlated to the observables of the primary properties.

Therefore, it is essential to derive a reliable procedure for the reconstruction of the extensive

air showers parameters and hence infer the cosmic-ray properties.

The reconstruction method for the scintillator array is based on the methods employed by

other cosmic-ray experiments [177, 180], but in particular on the procedure developed for

IceTop [175]. Within the scope of this thesis, the first version of the reconstruction soft-

ware [181] for the discussed scintillator array has been developed to create a standard anal-

ysis chain. The work was incorporated within one of the first versions of the new project

of the IceCube software, called RockBottom [182, 183]. The project itself deserves additional

attention, since its main goal is to provide a common framework for a multi-detector recon-

struction. The first benefits of this approach are clear when combining IceTop and in-ice data

to recontruct, for instance, the cosmic ray direction as presented in [183]. Using individual

and independently operating surface arrays in a hybrid reconstruction will bring further im-

provements and will decrease analysis uncertainties. One of the essential tests of the new

framework was to perform an analysis for the new detector array, here the scintillator array,

of which the results are presented in this chapter.

6.1 Reconstruction algorithm

The reconstruction algorithm is based on a fit of the lateral distribution of signals and trigger

times of the detectors by an iterative minimisation of the negative log-likelihood functions,

taking into account properties of the response of this particular air-shower array (signal and

time spread presented in Chapter 5).

First estimates

The first step of the reconstruction procedure is based on calculating the approximate val-

ues for the shower core and direction. The position of the core can be approximated with

Equation 6.1:

r =
∑
i riwi∑
iwi

, wi = Si , (6.1)

where ri represents coordinates of ith detector and Si its signal in VEM.

The direction of the primary, n, is estimated in the first step with an assumption that the

shower front is a plane. This is a valid approximation taking into account a fairly small

curvature of analysed air shower front. The time needed by the shower plane to reach a given
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CHAPTER 6. AIR-SHOWER RECONSTRUCTION

detector, in the shower coordinate system, can be calculated, assuming the plane moves with

speed of light, c and the shower core arrives at ground at the time t0. The primary direction

and the time of the core arrival can be estimated by minimising Equation 6.2:

χ2 =
∑
i

(
ti − t0 +nxxi/c+nyyi/c

)2

σ2
i

, (6.2)

where ti is the time recorded by the ith detector. The simplified analytical solution for the set

of 3 linear equations can be obtained by ignoring the z component (relative height difference

of the detectors) and utilising Cramer’s rules.

These steps provide the first guesses and initial parameter values for a more elaborate re-

construction procedure. They were evaluated in the validation against the real data from the

prototype stations. Reconstructions based on simulated and measured signals from scintilla-

tor station were compared giving only a few degrees difference in zenith and azimuth angles

(see details in Appendix C).

The accuracy of these first estimates based on a full array simulations is on the order of a

few tens of meters for the core and around 10◦ for the angle between the true and estimated

directions. In addition to these geometrical parameters, the first guess on an energy estimator

can be obtained simply from the number of hit detectors.

Construction of a log-likelihood function

The information from all detectors is further merged in three iterations of minimisation of

the negative log-likelihood − lnL. The minimisation is performed using the MINUIT al-

gorithm implemented within the IceCube software. The log-likelihood, lnL, for optimisa-

tion of the lateral distribution is taken as a sum of log-likelihoods for: triggered detectors,

lnLtr , saturated detectors, lnLsa, and silent detectors, lnLsi , as represented by a set of equa-

tions 6.3 [177, 180].

lnL = lnLtr + lnLsa + lnLsi ,

lnLtr =


−
∑
i

[
1
2

(
Si−SLDFi

σi

)2
+ ln

(√
2πσi

)]
if Si ≥ 2 VEM,

−
∑
i

[
SLDFi − Si ln(SLDFi ) + lnΓ (Si + 1)

]
if Si < 2 VEM,

lnLsa =
∑
i

ln

1
2

erfc

Smax − SLDFi√
2σsai

 ,
lnLsi =

∑
i

ln(1− Phit),

Phit = 1− a
(
1 + erf

b − log10SLDFi
c1

)(
1 + tanh

b − log10SLDFi
c2

)
,

SLDFi = SLDFi (ri ,κ,Sref,β,θ,φ,rcore) ,

σi = σi (Si ,θ)

(6.3)
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6.1. RECONSTRUCTION ALGORITHM

where Si is the signal recorded by the ith detector, SLDF is the expected signal based on the

chosen LDF model, and σ is the square root of the signal variance as described in Chapter 5.

The spread of signals acts as a weighting factor for the minimiser, accounting for the fluctu-

ations of the air-shower development and array response. The signals below around 2 VEM

do not follow the Gaussian distribution anymore, therefore a likelihood based on gamma

distribution is used in this region (second part in Ltr ).

The probability for a detector to be triggered, Phit, is derived based on the signals above the

trigger threshold as a function of the logarithm of the expected signal. The trigger threshold

of a single detector is assumed to be a fixed value of ≥0.5 VEM on the signal level. Below

that value also the SiPM trigger of 4 PEs is folded in. The efficiency is calculated based on

the reconstructed LDF values. Once the curve is implemented in the reconstruction, the next

iteration might change it. Thus, the fit values are further re-implemented in the reconstruc-

tion and the analysis is repeated as long as the resulting curve does not change significantly.

The final curve is shown in Figure 6.1 and is fit with the modified error function [184].

−2 −1 0 1 2 3
log10(Sldf/VEM)

0.0

0.2

0.4

0.6

0.8

1.0
Fr

ac
ti

on
Modified erf

H, He, O, Fe

Figure 6.1: The probability of a given de-

tector to be triggered above the 0.5 VEM

threshold as a function of lateral signal

expected by the LDF model. The distri-

bution was obtained for H, He, O and Fe

induced air showers.

The timing log-likelihood is defined by Equa-

tion 6.4:

lnLt = −
∑
i

√
Si

1
2

(
∆ti − fronti

σt i

)2

+ ln
(√

2πσt i
) ,

(6.4)

where ∆ti is the time recorded by a detector and

fronti is the time expected by a curved shower

front model as described in Chapter 5. σt is the

time spread originating from the shower thick-

ness. In general, the timing likelihood could

be formulated with an exponentially modified

Gaussian function, which properly describes the

binned time distributions, but due to its non-

trivial parameter space it is challenging to obtain

a stable algorithm. This can be studied in more

details in the future and was not covered within

this thesis. Moreover, a weighting of the timing

likelihood with
√
Si was applied, allowing for a slight improvement of the direction accu-

racy at the highest energies. However, there is still a room for further improvements and

verifications against the experimental data.

Iterative minimisation

The optimisation of the signal and time distribution functions must simultaneously resolve 8

parameters: x and y position of the core, zenith and azimuth of the direction, the LDF param-

eters shower size and slope, and the parameters of the shower front core time and coefficient

of the parabolic shape. This implies a requirement on the iterative reconstruction to select

events with at least 5 triggered detectors to assure a good stability of the procedure. [175]
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During the 3 iterations, different settings are defined for each step, by setting free and fixed

parameters, boundaries and step sizes for free parameters. This procedure leaves a broad

space for fine-tuning of these settings, in particular to provide the best stability of the min-

imisation.

It was shown in Chapter 5 that the Linsley function exhibits, in general, smaller deviations

for all scanned slope values. However, it is also more likely to enter a difficult optimisa-

tion region due to the beta function in the normalisation. Therefore, the reconstruction was

performed with the DLP function to study preliminary capabilities of the air-shower recon-

struction. For the shower front, a parabolic function with a quadratic coefficient, at being

free in the reconstruction was used. In the first step, only the LDF fit is performed, where

together with Sref and β, the air-shower core position is varied. In the second step, both, LDF

and shower front fits are performed, by fixing the core position derived from the previous

iteration. In the final step, only the LDF fit is repeated. The settings for this 3-iteration

minimisation are summarised in Table 6.1. These settings are found to produce stable recon-

structions and provide good reconstruction accuracy throughout three orders of magnitude

in energy and a zenith range up to 45 ◦ for different types of cosmic-ray primaries.

Step Free parameters Fixed parameters

1 Sref, β, x, y θ, φ, t0, at
2 Sref, β, θ, φ, t0, at x, y
3 Sref, β, x, y θ, φ, t0, at

Table 6.1: Minimisation settings for three iterations of the reconstruction. The first and last
step use only LDF likelihood, while the second step optimises also the time likelihood.

Quality cuts

Based on the analysis of the reconstructed events the selection criteria for a real data sample

can be established. Such cuts provide a set of high-quality events and minimise the bias in-

troduced in the final results. There are two sets of cuts applied in the reconstruction. The first

one affects the scintillator signals included in the minimisation. A region very close to the

core is problematic due to the functional form of the chosen LDF being undefined at r = 0 m.

On the other hand, since the measurements at a distance far away from the core are very

imprecise due to large fluctuations, the LDF is fitted between 10 m and 800 m distance. Re-

garding the detector trigger times, the scintillator trigger window of 3.5µs is applied where

at least 3 hits are required to record the event. For the shower front reconstruction, hits

which are delayed more than 2µs from the shower plane and are further than 800 m from

the shower axis are removed, to eliminate very late hits which do not follow the assumed

shower front curvature or, for real measurements, are likely to be due to single muon hits.

Some of these restrictions will, of course, influence the efficiency. However, for a given anal-

ysis, the individual events can still be included based on the first estimates of the geometry

or for the combined minimisation with the IceTop tanks.

The second set requires that the minimisation converged, the reconstructed core is within
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400 m from the centre of the array, and reconstructed zenith angle is less than 45 ◦. For

the DLP LDF, the energy sensitive parameter needs to be positive and the slope parameter

is required to provide a monotonically decreasing behaviour within the fitted radial range,

which can be calculated from the LDF derivative. For instance, at the distance of 10 m, β has

to be greater than or equal to 1. In addition, as mentioned earlier, a requirement of 5 hits is

applied to provide enough individual point measurements for all reconstructed parameters.

Additional quality cuts need to be introduced for the events which are not contained within

the array. The cut on the reconstructed core to be inside a radius of 400 m from the centre

of the array could be reliable only if there are no mis-reconstructions. In fact, there will be

always air showers having their true core outside and systematically reconstructed towards

the inside of the array. The influence of these events on the reconstruction and possible cuts,

which can be applied to clean the sample are discussed in section 6.3.

6.2 Energy estimator
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Figure 6.2: Distribution of the lat-

eral distances from triggered detec-

tors. The mean value (red line) cor-

responds to the distance of 220 m

and the most probable value (black

line) above 300 m.

The cosmic-ray energy spectrum measured at Earth

serves as a signature of acceleration phenomena hap-

pening at different scales of the Universe. Since it is

already convoluted with effects of the cosmic-ray prop-

agation, which are not fully understood, it is very im-

portant to understand the actual flux arriving at Earth

as precisely as possible. Hence, good methods of air-

shower reconstruction with low uncertainties of the pa-

rameters characterising the primary energy are crucial.

After decades of research, still two main aspects are

considered while choosing suitable parameters to de-

termine the primary energy and construct the all-

particle spectrum. Namely, the independence on the

primary mass and the minimisation of the statistical

fluctuations. The minimum bias on the primary mass

is also crucial for better estimation of the single mass-

group spectra. The results can be sensitive to a preferential response of the array which sys-

tematically reconstruct light-mass groups better than heavy ones due to their higher number

of secondary particles at the observation level.

According to the NKG formalism, the shower size, which refers to the number of particles in

the cascade, can be directly connected to the primary cosmic-ray energy. However, in the case

of Cherenkov tank or scintillator panel arrays, it is not possible to measure the real particle

densities. Hillas [185] has shown that, for an array of Cherenkov detectors, the signals taken

at medium distances from the shower axis do not strongly depend on the lateral shape and

can therefore serve as a reliable primary energy estimator. The choice of the proper distance

is, however, not a trivial task. The methods chosen for different arrays alter depending on the

detector type and response, observation level and array spacing, showing that there is so far
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no method which can be straightforwardly applied to all air shower experiments.
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Figure 6.3: MC energy binned as a function of reconstructed Sref for 100 m (left plot) and
220 m (right plot) for H and Fe induced air showers. At larger distances from the shower
core, a difference between two cosmic ray types diminishes. Figures taken from [155].
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Figure 6.4: Resolution of energy esti-

mator for quasi-vertical H and Fe in-

duced air showers.

For the chosen DLP LDF, the choice of reference dis-

tance does not directly influence on the quality of

the lateral fit, since the signal at the reference dis-

tance only acts as a normalisation factor. Hence, two

approaches were used to obtain some reliable val-

ues. The method used in the IceTop analysis itself,

points out that the slope of the LDF is correlated quite

strongly with the primary mass [186]. Therefore, to

achieve a minimum correlation between the energy

estimator and the primary mass, a minimisation of

the covariance between β and Sref was performed.

With some approximations, it was concluded that the

mean of the lateral distances corresponds to such a

minimum correlation [186]. This distribution for the

scintillator detectors is shown in Figure 6.2 and suggests a distance of around 220 m. How-

ever, since air showers are subject of stochastic processes, their development fluctuates sig-

nificantly, which is also reflected at the ground in the lateral distribution. These fluctuations

are not equal across all lateral distances, and hence care must be taken to chose an optimal

distance which does not considerably increase the uncertainty of the energy estimation.

To verify the above assumption, a second approach was utilised to analyse the influence of

the rref parameter on the behaviour of the energy estimator directly in the reconstruction.

The results of the reconstruction for two reference distances are presented in Figure 6.3. In
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Figure 6.5: Distribution of S220 for H induced air showers (left plot). Average S220 for quasi
vertical air showers, up to 30◦, and more inclined ones from 30◦–45◦ for H, He, O and Fe
air showers (right plot). The bias between different primary types increases with the zenith
angle.

the lower panels the differences of log10 EFe − log10 EH are depicted. The reference distance

closer to the core provides a smoother behaviour of the energy calibration curve, however

it shows a clear bias between two primary types. On the contrary, going to larger reference

distance decreases this effect, which results in smaller differences between H and Fe curves.

Since this is also the distance when a triggered detector appeared the most often, it seems to

be a stable point to infer the primary energy. Thus, a distance of 220 m was chosen for the

further reconstruction.
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Figure 6.6: A footprint of a He initiated

air shower of simulated energy of 6 PeV. The

halves of the circles indicate signals in two

neighbouring detectors with size being related

to the signal value. The colors correspond to

the trigger times. The simulated (black) and

reconstructed (red) shower core and projected

axis are also shown.

In Figure 6.5 (left) a distribution of the re-

constructed S220 is shown with respect to

the MC energy for H induced air showers.

A clear dependence on the primary energy

is visible with a spread decreasing with in-

creasing energy. In Figure 6.5 (right) mean

S220 distributions are presented for H, He,

O and Fe primaries. The fairly linear de-

pendence on the averaged values holds over

almost 3 energy decades — the full studied

operation range. Moreover, only a small bias

on the primary mass can be noticed for quasi

vertical showers, providing a reliable energy

estimation disentangled from the primary

type. More inclined showers quickly intro-

duce larger uncertainties on the primary en-

ergy estimation. Due to absorption in the

air, the differences in the size of electromag-

netic component are enhanced.

The distribution of the reconstructed energy estimator corresponds to a certain width, which
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CHAPTER 6. AIR-SHOWER RECONSTRUCTION

can be used to assess how accurate is a given energy estimator. Standard deviations of the

differences between log10 Ereco − log10 EMC are presented in Figure 6.4 as a function of MC

energy. At the full effiency region around 1 PeV the value reaches a level of 0.12 and reduces

at higher energies to 0.06. This is somewhat higher than IceTop values [187], around 0.05,

probably due to larger fluctuations further away from the shower axis. Therefore, in future

data analysis, one can further optimise the energy estimator to improve the resolution and

minimise the mass dependence.

6.3 Reconstruction performance

The results of a single reconstruction for a He induced air shower are shown in Figure 6.6

with the simulated Monte Carlo and the reconstructed core positions and shower axes; the

corresponding distributions are presented in Figures 6.7. A large number of detectors allow

for a better estimation of the core, already at the level of first estimates. The corresponding

reconstructed distributions are also depicted. The differences between simulated MC and

reconstructed values in the lateral and time distributions are really small, taking into account

the size of the array and detector spacing. The analysis of the shower front is satisfactory,

however some improvement of the functional form is possible.

For the analysis of the reconstruction performance, a set of air-showers from H, He, O and Fe

simulations in the energy range from 100 TeV to 100 PeV were reconstructed. The simulated

showers were resampled using core locations that were randomly chosen but within 500 m of

the center of the array to increase the statistics for studying the array response. For showers

that land outside the array, a determination of the primary observables is more difficult. This

effect was studied on a sample of proton showers and is discussed briefly in section 6.3.
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using simulated MC parameters, while red points reconstructed values. The lines show the
fit from the optimisation procedure. In the right panel no silent detectors are shown since
they are not included in shower front minimisation.
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Resolution

The performance of the reconstruction is quantified by the resolution of the esti-

mated direction, core, Sref, and reconstruction efficiency. The resolution is defined as

68th percentile of the given distribution binned in the MC primary energy or in en-

ergy estimator, Sref. Accuracy of the reconstruction strongly depends on the multi-

plicity, as more points reflect better optimisation of the fit. The relation between

average multiplicity and true energy for different primaries is shown in Figure 6.8.

In Figure 6.9 and 6.10 the angular and core resolution are depicted for proton and

iron initiated air showers for two angular ranges. The lower panels of the plots

show also a dependence of the average multiplicity of triggered scintillation detectors.
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energy for all H, He, O and Fe induced air

showers, with zenith up to 50◦.

The resolution of the core significantly im-

proves when a lateral fit is included after the

center of gravity estimation. At the lower

energies, the resolution corresponds to the

spacing between closest detectors, while at

the highest energies it improves so that the

size of the detector constitute an uncertainty.

It is worth to notice, that although a shower

core is never used directly as an observable,

its resolution influences on the shower front

reconstruction and energy estimator.

The cosmic-ray direction can be recon-

structed with a precision of a few degrees

below the PeV range. At higher energies,

this improves to better than 1◦, and even less

than 0.2 at 100 PeV. The resolutions worsen

in both cases for more inclined showers. Air showers of larger zenith angles manifest differ-

ent characteristics due to their absorption in the atmosphere and geometrical effects, making

the apparent distribution of the detectors seen by the shower not equal with respect to the

shower plane. For instance, the flatter shower front of inclined showers is less accurately

described by the assumed curvature and core estimation and can be mis-reconstructed due

to the asymmetry of the lateral distribution which is more pronounced at the higher incli-

nation. Moreover, for the shower front fit, at larger distances, relatively small signals are

subject to larger time fluctuations, which can lead to a mis-reconstruction of the front shape.

In addition, shower cores at lower energies can be fixed to the center of gravity which is a

more reliable method for low multiplicity events. However, the presented results are suffi-

cient for a future analysis of the anisotropy of cosmic ray arrival directions. In general, also

more refined cuts could be applied to achieve a better resolution.

The resolutions for all primaries for quasi vertical showers are depicted in Figure 6.11 and

Figure 6.12. A common feature can be noticed: the higher the cosmic-ray’s mass, the worse

the estimates are on the core and direction. It is directly correlated to the characteristics
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Figure 6.9: Angle of incidence reconstruction
for the scintillator array for H and Fe induced
showers for different zenith angular ranges
up to 45◦. The errors were estimated using
the bootstrap method and show 95% confi-
dence intervals.
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Figure 6.10: The shower core reconstruction
for the scintillator array for H and Fe in-
duced showers for different zenith ranges up
to 45◦. The errors were estimated using the
bootstrap method and show 95% confidence
intervals.
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Figure 6.11: Angle of incidence reconstruc-
tion for the scintillator array for H, He, O, Fe
and γ induced showers for different zenith
angular ranges up to 30◦. The errors were
estimated using the bootstrap method and
show 95% confidence intervals.
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Figure 6.12: The shower core reconstruction
for the scintillator array for H, He, O and Fe
induced showers for different zenith ranges
up to 30◦ (sin2θ<0.25). The errors were esti-
mated using the bootstrap method and show
95% confidence intervals.

of the showers initiated by different primaries. Heavier cosmic rays interact earlier in the

atmosphere resulting in smaller number of signals which are more unevenly distributed. To-

gether with cosmic rays, the resolution from gamma induced air showers is presented. Pho-

ton showers generate large electromagnetic cascades and have less contribution from muonic
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6.3. RECONSTRUCTION PERFORMANCE

and hadronic components. Thus, their distributions is more uniform [61] leading to better

reconstruction of the primary properties.

Comparison with IceTop reconstruction

The performance of the scintillator reconstruction can be compared to the IceTop results

shown in Figure 6.13. It can be noticed that for the region shown in the IceTop analysis, the

core resolution obtained by the scintillator array is highly improved due to the increase of the

measurement points. It can reach the level of less than 2.5 m. The angular resolution is better

for IceTop in the PeV region. Methods to improve the scintillator array’s angular resolution

will be studied in the future. At the higher energies the values obtained by the scintillator

array become comparable to those of IceTop. The rise of the resolution for IceTop tanks is

believed to be connected with the events which saturate the array, which in this scenario is

not the case for the scintillator array.
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Figure 6.13: IceTop reconstruction performance. The upper panel shows core resolution
and the lower angular resolution defined as 68th percentile of the underlying distributions.
Different zenith angle ranges are depicted for proton and iron primaries. Figure is taken
from [188].

Efficiency

Understanding the efficiency of the reconstruction is relevant in terms of verification of the

procedure’s stability as well as future high-level analysis of the cosmic ray spectra. For these

two purposes a different definition of efficiency is formulated. In Figure 6.14 the efficiency

for proton and iron showers is presented as a function of true energy where efficiency is

calculated as the ratio of all the events which were successfully reconstructed (convergence

with proper values for Sref and β) and all generated showers within a fiducial area selected

based on the true core values. Thus, these curves represent how well the reconstruction

procedure works for different energies, having in mind that these cores and directions are

inside the fiducial area, within the uncertainty given by the resolution plots.
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Figure 6.14: The efficiency of air shower re-
construction with folded trigger efficiency as
a function of energy within MC fiducial area
without selection on reconstructed cores and
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Figure 6.15: Efficiency of air shower recon-
struction with folded trigger efficiency as a
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fiducial area after containment cuts (see sec-
tion 6.3.)

However, for the analysis of the cosmic ray spectrum one needs to know how many air show-

ers will remain reconstructed within a given selection area. Hence efficiency is defined as the

ratio of all air showers which are reconstructed within the fiducial area and pass all quality

cuts over a number of all events which were truly generated within this selection area. This is

depicted in Figure 6.15. Efficiency values above one originate exactly from this effect of mis-

reconstruction, on one hand excluding air showers which are wrongly reconstructed outside

the array, and on the other including the ones mis-reconstructed inside the array. This is not

compensating each other as the area inside is smaller than the one outside. Increasing this

area will cause a drop in the efficiency, since a shower on the edge of the array will be not

properly reconstructed and shall be excluded from the analysis. What, however, is essential,

is the estimation of the threshold, within which the statistical fluctuations stays the same.

Influence of showers falling outside the array

Due to the large footprint of the air showers of the highest energies, some events which im-

pact outside of the array, can still trigger a significant number of detectors. Some of them will

have a core properly reconstructed outside of the array and will not be included in the anal-

ysis. However, it can happen that these events will be mis-reconstructed inside the fiducial

area. Since the array would then record only part of the shower footprint, the core position

would be effectively pulled towards the center of the array. The effect causes also a mis-

determination of shower energy, resulting in a worse energy resolution. Thus, it is relevant

to understand how significantly this can affect the performance of the above presented re-

construction, where the core was simulated only within 500 m from the center.

Based on the results obtained from the reconstruction, a parametrised model of the air

shower footprint was prepared. The 50000 air-shower events, with a given energy and di-
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rection, were generated using the inverse random sampling method, covering the relevant

ranges of the reconstruction parameters. Based on the trigger probability of the expected

LDF signals (see Figure 6.1), the decision on the single detector trigger is determined by in-

verse sampling of a Bernoulli distribution. Such a model of an air shower is considered to

trigger the array if at least 3 detectors were triggered. The model was verified against the trig-

ger efficiency curve obtained from the full Monte Carlo. The following radii for the triggering

were obtained, giving a trigger probability larger than 30%: 600 m for 0.1–1 PeV., 800 m for

1–10 PeV and 1000 m for 10–100 PeV.
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Figure 6.16: Distribution of S220 for H in-
duced air showers including air showers far
away from the center of the array. The cluster
of points at the higher energies corresponds
to air showers which triggered the array but
due to their core outside, were wrongly mis-
reconstructed as showers of lower energy.
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Figure 6.17: The efficiency of air shower re-
construction with folded trigger efficiency as
a function of energy, taken with respect to
the reconstructed core and direction within
the fiducial area after the containment cuts
which removes the cluster from the distribu-
tion depicted in the left plot.

The main influence of such showers is shown in Figure 6.16, depicting the reconstructed S220

with respect to true energy. However, the spot of mis-reconstructed un-contained events can

be removed with some refined quality cuts, like the ones applied by the IceTop analysis. The

one applied to efficiency in Figure 6.17 excludes events which have the largest signal at outer

area of the scintillator array and a maximum signal smaller than 1 VEM.

The results of the reconstruction efficiency taken with respect to the reconstructed core range

of 400 m from the array center are presented in Figure 6.17. The probability above 1 is con-

nected to events which are wrongly reconstructed inside the array. Clearly the influence of

events with core placed even further from the array centre is very visible, resulting in the

large fluctuations also at the higher energies. Thus a deeper analysis needs to be performed

improving the influence of the quality cuts without rejecting well reconstructed showers.

6.4 Items to consider

Within the scope of this thesis, the standard analysis of the air showers for the scintillator ar-

ray was performed. Due to the early stage of this experiment, there are still many unknowns
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which will need to be included and considered in the analysis in the future. Moreover, the

analysis itself offers many places for improvements. For example, treating the lowest en-

ergy air-showers with different minimisation settings may improve the resolution and the fit

stability in this region. Although quite some effort was spent to optimise the procedure for

all showers, certainly more systematic studies can be done. In addition, the reconstruction

accuracies might be slightly worse once the realistic relative altitudes of the detectors are

included, instead of equal heights for all scintillators. However, since the z-coordinate is not

being reconstructed, the change should be small. For the direction accuracy a time correction

would be applied what will make this effect rather negligible.

Chapter summary

The framework for the scintillator reconstruction and basic air shower analysis have been estab-
lished. The simulation study indicates a good resolution of shower core and direction. Different
energy estimators were studied to minimise the dependence on the primary mass and at the same
time keep the uncertainties small.
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C h a p t e r 7

TOWARDS COSMIC-RAY MASS SEPARATION

A validation of the astrophysical models describing the cosmic-ray sources and acceleration

mechanisms requires a precise measurement of energy spectra of individual masses or at

least mass groups. This subsequently requires a primary mass determination on an event-by-

event basis, which is the most difficult task in interpreting the data of air-shower experiments.

However, it has been shown that a great potential to improve this situation is given by the

detection of different shower components using hybrid arrays [189]. The foreseen IceTop

enhancement with the scintillation detectors and radio antennas in operation together with

IceTop and IceCube will be an excellent example of such an approach.

Due to differences in the development of the extensive air showers, the number of secondaries

of a given type and their longitudinal and lateral spreads vary from proton to iron primaries.

This results in variations in the characteristics of the signal and time distributions on the

ground (see Chapter 5). Although the information about the primary species is convoluted

in the development of the air shower and the response of the array, it is possible to infer

the cosmic-ray nature via careful studies of the measured signals [83]. This path starts with

understanding of a single detector’s response to different particles (see Chapter 3). Based

on this, a suitable design of the air-shower array needs to include the possibility to measure

different secondary components in the context of their contribution to the overall signals and

arrival times.

Across previous chapters, it has been proven that air showers induced by different primaries

manifest distinguishable features. The showers induced by heavier primaries interact higher

in the atmosphere, resulting in a smaller value of Xmax, this in turn leads to a flatter lateral

distribution seen at the ground. This link can be provided by the LDF slope parameter, or the

age of the shower (discussed in Chapter 5). This is considered as an observable which man-

ifest the correlation with the cosmic-ray mass as shown by many studies e.g. slope of NKG

and Linsley functions separates the mass at ultra high-energies [190], using the mean square

radius in scaling fromalism (HG-like function) [174]. Moreover, the air showers induced by

heavier primaries produce more muons and slightly less electromagnetic particles. Such a

ratio can be inferred from dedicated muon detectors buried underground, like in case of the

Pierre Auger Observatory [191] or muon trackers like in the KASCADE experiment [192].

Also from the LDF fit the muon content in the air shower can be obtained, at least at large

distances [105, 182].

All of these approaches use multiple detection channels to compare almost pure muon in-

formation with the major electromagnetic signal. Such hybrid measurements will also be

possible with the extension of the IceTop array with the scintillator panels. The scintillation

detectors are very sensitive to the electromagnetic component of the air shower, while muons

often pass through, depositing very similar amount of energy. On the other hand, IceTop
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Cherenkov tanks exhibit a more pronounced response to the muons, since muon trajectories

inside a tank are longer. However, due to the overwhelming amount of photons coming from

the air shower, the major contribution of the tank signals comes from photons, which can

among other processes, scatter via Compton effect or produce e± pairs. These small differ-

ences on the level of the individual detector are magnified when a large fraction of the surface

array detectors is triggered. Then, combining information from these two detector types can

be of a great advantage, providing an insight into the air shower development. In addition, in

the current stage, the IceTop tanks are covered with up to a few meters of snow. This makes

it more difficult to disentangle the single particle component, but on the other hand it can re-

duce the signals coming from photons and show the muonic component even more distinctly.

On contrary the electromagnetic part is still clearly detectable with uncovered scintillation

detectors.

In the following sections, the first analysis of the air showers propagated through scintillator

and tank arrays is discussed, based on the combined simulations. This aims to estimate the

capabilities of the enhanced array on mass composition studies.

7.1 Reconstructions
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Figure 7.1: Example of the footprint of air

shower initiated by iron primary of MC en-

ergy around 4 PeV and seen by IceTop (half cir-

cles) and scintillator array (triangles). The MC

(black) and reconstructed by IceTop (blue) and

scintillator array (red) shower core and pro-

jected axis are shown.

Over the years, the IceTop groups have de-

veloped the standard algorithm and soft-

ware for air shower reconstruction with

Cherenkov tanks. Since the procedure used

by scintillators utilizes the basics of the Ice-

Top algorithm, only a reference to the full

IceTop reconstruction is given [175]. The

main project used there is called Laputop

and provides the basic air shower observ-

ables, like shower core, time and direction

as well as the LDF parameters, β and Sref

which, in case of IceTop, was chosen as the

signal at the reference distance of 125 m. Al-

though the new reconstruction framework

was developed, and will allow in the near

future to truly combine the scintillator and

tank signals in one minimisation procedure,

in the scope of this thesis the standard,

Laputop based, IceTop reconstruction was

used. This assures the consistency with the

existing results for the IceTop reconstruction. In addition, this reconstruction includes a cor-

rection of an energy estimator with respect to the snow accumulation. In this work, λ = 2.3

was assumed.

The reconstruction model for the scintillator array has been implemented in the RockBottom
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framework and the results were presented in Chapter 6. The results of these two separate

reconstructions of the same simulated air showers were then combined into the discriminant

analysis with the resulting parameters sensitive to the cosmic ray type. In Figure 7.1 an

example of the signal footprint simulated through both detector arrays is depicted along

with the core and axis reconstructed by these two arrays separately.

To assure the correctness of both reconstructions, the standard cuts on the events were ap-

plied. While for the scintillator array, the cuts are rather mild, some of the IceTop filters re-

move many air showers which are still quite well reconstructed with the scintillator modules.

The procedure of the IceTop reconstruction was followed by the series of cleaning algorithms

which are used to obtain a well-reconstructed set of IceTop simulations (described in [193,

194]). This, on one side, assures the consistency with other IceTop studies, but on the other

hand significantly increases the energy threshold for this analysis. Therefore, in the future a

relaxation of some of the IceTop cuts could be performed, in particular in context of a com-

bined reconstruction at lower energies where these parallel cuts will not be needed any more.

The following cuts have been applied:

• Both reconstructions converge (which includes the trigger requirements: 3 scintillator

detectors and 6 HLC IceTop tanks in 3 stations, which is increased to 5 stations with

HLC hits for IceTop reconstruction (see description in section 4.2)

• 1.4≤ βIceTop ≤9 and 1≤ βscint ≤4.5

• log10SIceTop ≥ 0 and log10Sscint ≥ -1

• IceTop containment filter which assures that the air shower core is contained within

the array without relaying on the reconstruction procedure (more details can be found

in [193]) and related filters:

– the IceTop station with the highest signal is not at the edge of the array

– the largest signal is ≥ 6 VEM

– the neighbouring tank of the largest signal station is ≥ 4 VEM

• To exclude poor reconstruction of small air showers, the events with less than 20% of

the triggered detectors around the shower core are rejected (based only on the IceTop

reconstruction).

In the following analysis only events with true core within 500 m from the array center were

simulated, hence, the effect of the edge events is rather small. The release of some of the

IceTop cuts was tested and it does not significantly influence the findings. The selection of the

air-shower cores and directions have been applied simultaneously to both reconstructions:

core within 400 m from the center and zenith angle smaller than 45◦.
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7.2 Mass sensitive parameters

From the analysis of the signal lateral distributions it was shown that the LDF shape, repre-

sented by the β parameter slightly differs between different primaries (see Figure 5.6). The

influence of this variable in IceTop analysis has also been studied [194]. The main differences

originate from the depths of the maximum of the shower development which is higher in the

atmosphere for heavier primaries. The distribution of the slope parameters as a function of

(here vertical) Xmax for proton and iron air showers, for scintillators (left) and IceTop (right)

is depicted in Figure 7.2. The clear relation can be seen. The separation between two types of

cosmic rays is rather low, nevertheless it can be a significant input to the combined analysis.

The estimates of vertical Xmax have been taken from CORSIKA fit. The values of the fit below

the observation level carry large uncertainties.

Figure 7.2: The distribution of the reconstructed LDF slopes, β, with respect to Xmax along
vertical depth for scintillator reconstruction (left) and IceTop (right) for H and Fe induced
air showers in the energy range from 107 GeV to 107.5 GeV and zenith angle up to 30◦ (scin-
tillators). The concentration of the values along lines is connected to sampling one shower
multiple times over the array, and they also indicate how differently the same shower might
be reconstructed.

In Figures 7.3 the values of this slope for proton and iron induced air showers are presented,

for IceTop (right) and scintillator array (left). The differences for the IceTop slope are rather

small and in a statistical analysis difficult to resolve on an event-by-event basis. In the case

of scintillator modules, the separation is a bit more powerful and can constitute a valuable

input in the combined discrimination.

As it was mentioned above, the other key information about the air shower is a ratio between

the muon and electron number or at least their relative contributions. Since neither IceTop,

nor scintillators can distinguish between the particle types, an overall description of the sig-

nal distribution must be attempted to infer these contributions due to different response of

detectors to those components. Thus, different ratios of reconstructed LDFs from the IceTop

tanks and the scintillators were studied as a possible mass-sensitive parameter. It has been

found that at some distances the separation between proton and iron samples increases, for

instance at the distance around 200 m.
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Figure 7.3: The distribution of the reconstructed LDF slopes, β, for scintillator reconstruc-
tion (left) and IceTop (right) for H and Fe induced air showers in the energy range from
106.5 GeV to 107 GeV and zenith angle up to 30◦ (scintillators). The separation between the
two primaries is visible.

The contribution from the µ and e± (no γ) to the number of PEs generated in a given detector

was analysed for both arrays as a function of the lateral distance. For this plot, no cleaning

of the simulated pulses was applied, only corresponding triggering cuts and a simple trans-

formation to VEM was used. The results shown in Figure 7.4 indicate an interplay of two

effects. Namely, the scintillation detectors measure mainly the electromagnetic part close

to the shower axis, while the IceTop tanks are more sensitive to muons at larger distances.

However, the contribution from photons is the most significant in the tank signals in the re-

gion closer to the shower axis. The differences between e± and muonic contributions for the

two arrays are shown in the lower panel. Around 200 m, for this particular energy range,

the values indicate an optimal relative difference, taking into account that the contributions

from less dominating particles for two detector arrays are lower. A value in that range can

be sensitive to the relative differences in signal distributions, emerging from the cosmic ray

mass.

Therefore as parameters for a mass discrimination study, the slope parameter β as well the

LDF ratio at 200 m are used in a discriminant analysis discussed in the next section. For

future studies, more parameters can be included in a multi-dimensional analyses. How-

ever, because of the high correlation of the many measurable parameters which describe air-

shower development, inclusion of additional parameters does not always increase the sepa-

ration power.

7.3 Discriminant analysis

The power of a separation between two samples given the distributions of their parameters,

can be estimated using a linear discriminant analysis, also called a Fisher discriminant anal-

ysis [195]. The main idea is to decrease the number of dimensions given by multiple parame-

ters to one while maximising the separation. An alternative method often used in this kind of

analysis is a principal component analysis. These two approaches essentially differ in a way
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Figure 7.4: The average number of VEMs generated in tanks (IT) and scintillators (scint)
after a simple transformation from the number of PEs for H (left) and Fe (right) induced air
showers in the energy range from 1 to 10 PeV and zenith angle up to 30◦. The differences
between muonic and e± contributions are depicted for two arrays. Silent detectors are not
included in the average.

of finding the discrimination values. The Fisher analysis tries to find a characteristic part

of the distribution which increases the discrimination between two classes of samples, while

the principal analysis looks for a general direction of separation without their classification.

The presented results of discrimination power were obtained with a linear discriminant anal-

ysis tool from the scikit-learn package [196], where all essential calculations are performed.

However, an independent cross-check of these results was performed using an analytical so-

lution [197]. It is important to notice that the linear analysis assumes a Gaussian distribution

of a parameter’s sampled values, which slightly deviates from the given parameter distribu-

tions. However, it still gives a good separation in the terms of the Fisher value. Moreover,

the Gaussian distributions are good approximations of the actual distributions which are

unknown.

Following the approach of other cosmic-ray experiments, like in the Pierre Auger Collabora-

tion [13], the separation power in one dimension can then be quantified using a parameter

called figure of merit (FOM):

ηFOM =
|µH −µFe|√
σ2
H + σ2

Fe

, (7.1)

where µH and µFe, σH and σFe are mean and standard deviations respectively for two samples,

in this case proton and iron primaries.

The resulting distribution from the Fisher analysis is depicted in Figure 7.5 and 7.6 for

two ranges of energies (106.5 GeV–107 GeV and 107 GeV–107.5 GeV respectively) and quasi-

vertical showers (sin2θ < 0.25, scintillators). The values of around 1.28 for the lower energies
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and 1.75 for higher energies are quite promising. It allows for obtaining light and heavy sam-

ples close to the knee region. At higher energies the separation is even more powerful and

even some medium mass groups could be considered in future analyses.

The results prove that small differences in the detector-array responses can be magnified

when combining two detection channels, which are differently sensitive to the air shower

components. The separation shows the performance of this approach only for proton and

iron primaries, allowing for separation into light and heavy elemental groups. Dissecting

individual masses, especially at lower energies, will require more studies on the possible

parameters and their correlations or application of more advance techniques of classification,

by deep learning methods for example.

In the mass composition analysis the reconstruction characteristics, like resolution of pri-

mary energy and direction, will have to be carefully taken into account, since these resolu-

tions are mass dependent. This can introduce additional spread of the parameters or even

systematic biases.
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Figure 7.5: Distribution of the parameters reconstructed by IceTop and the scintillator arrays
for proton and iron induced air showers (left) in the true energy bin of 106.5 GeV–107 GeV.
The ellipses indicate a 1 sigma contour of a given distribution and black dot its center. The
discriminant analysis (right) results in a FOM of 1.28 as separation power.

7.4 Discussion

A better separation power can still be achieved in the future with a more detailed exploration

of the possible parameter space for both arrays. Moreover, a combined reconstruction method

could also give an improvement, once the differences and biases from two arrays are reduced

by a simultaneous fit to all distributions. Optimisation of multiple spatial and temporal

distributions at the same time can improve the resolutions of the underlying parameters,

since IceTop and the scintillator array reconstructions show better performance for different

cosmic-ray observables. In the combined minimisation of the negative log-likelihood, the

weighting can be applied to magnify the importance of one distribution over the other.

The revision of the applied quality cuts given by the IceTop reconstruction is crucial for the
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Figure 7.6: Distribution of the parameters reconstructed by IceTop and the scintillator arrays
for proton and iron induced air showers (left) in the true energy bin of 107 GeV–107.5 GeV.
The ellipses indicate a 1 sigma contour of a given distribution and black dot its center. The
discriminant analysis (right) results in a FOM of 1.75 for as separation power.

analysis of the region below the knee in the cosmic ray spectrum. Lowering the energy of the

mass-composition measurements requires some compromise in the analysis between high-

purity, high-energy sample and low-multiplicity, low-energy sample of events.

Chapter summary

Due to the complementary response to secondary particles, the scintillation detectors and the Ice-
Top tanks together can improve the mass discrimination of cosmic rays. This first analysis of the
combined array shows the potential of this approach by using the slope of scintillator LDF together
with the ratio of the IceTop array and the scintillator array lateral distribution functions at 200 m
distance to the shower axis.
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SUMMARY

Hundreds or millions of light years away from Earth, powerful astrophysical objects acceler-

ate particles and nuclei to very high energies. Such high-energy cosmic rays travel for a long

time confined - in and scattered - by magnetic fields, which limits the information about their

origin we can infer at Earth. The imprints of the information of the source, acceleration and

propagation of cosmic rays are encoded in changes and other features in the overall rapidly

decreasing power law spectrum of the primary cosmic rays.

The explanation of the observed spectral features is not straightforward. The apparent

prominent changes in the mass-composition of the flux in the energy range from 100 TeV

to 1 PeV can be correlated both to the processes at the acceleration site itself, and also to

the cosmic-ray propagation in the interstellar medium. As mentioned in the first chapters,

significant evidence, supporting the hypothesis of a rigidity dependent softening of the flux,

inspired a large amount of cosmic-ray observatories to boost their mass sensitivity to dissect

the all-particle spectrum into individual elemental groups. In this view the IceCube surface

array, IceTop, will also be enhanced in coming years by an array of scintillation detectors. The

IceTop array suffers large measurement uncertainties due to continuous snow accumulation,

what diminishes its capability for cosmic-ray mass determination on an event-by-event basis.

The goal of this dissertation was to assess how the planned enhancement of the IceTop array

could boost the cosmic-ray measurements to contribute to the progress of understanding the

origin of high-energy cosmic rays. The main objectives are lowering the detection threshold

below PeV to have a full coverage of this particular feature in the all-particle spectrum, called

the knee, and improvement of the discrimination power of the primary cosmic ray species.

The technical developments and fundaments of the analysis will be beneficial for the future

data analysis and validation of the applied procedures. In fact, they have been already used

in the analysis of the prototype station data, proving the capabilities of the deployed scintil-

lation detectors.

Simulations The performed simulation study required an implementation of the new

detector model and an optimisation of the existing software framework. Within the Ice-

Top group exhaustive simulations of the detector response were performed including optical

simulations of its components and then parametrised for large-scale simulations. Prelimi-

nary validation of the simulation results in the context of air showers have been performed

against the experimental data from the prototype station at the South Pole.

The detector response was investigated to understand the differences between scintillator

panels and IceTop tanks in the context of sensitivity to the different air-shower components.

The next step was to optimise the layout of the modules within the IceTop footprint to meet

several goals: lowering the air-shower detection threshold for the cosmic-ray measurements,

minimising the deployment efforts which are challenging in the Antarctic environment, and

potentially improving the veto capabilities for the in-ice measurements.
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Reconstruction The main requirement of the air-shower analysis is a robust reconstruc-

tion of the observables of incoming cosmic rays. Thus, a classical analysis was performed for

this new instrument, and tuned to the particular design to obtain reliable estimates. The cost

and capability of the optimised layout were validated. A very good angular resolution has

been achieved in the energy range where the detector is supposed to operate for quasi-vertical

showers below 2◦ at 1 PeV and ten times lower at 100 PeV for all simulated primary types: H,

He, O, Fe, and γ . The resolution of the shower core location is at the level of 20 m at PeV and

reduces to 2.5 m at 100 PeV. In addition, a reliable energy estimator was found with a small

bias towards different primary types, with a resolution of around 25% for few PeV and less

at higher energies for quasi-vertical showers. The influence of mis-reconstructed events was

also addressed in these studies.

These efforts were accompanied by the development of the new project of the IceCube soft-

ware aiming a combined reconstruction of the multiple detector arrays. The scintillator re-

construction model was successfully implemented and will contribute to further develop-

ments of this project.

Combined instrument The last step of the analysis was the verification of the general

considerations about the potential of the combined instrument in improving the mass sepa-

ration on an event-by-event basis. For this purpose, the different parameters sensitive to the

cosmic ray’s mass were evaluated and merged from two independent IceTop and scintillator

reconstructions. The combination of the parameters from two arrays was used to perform

the first evaluation of the cosmic ray’s mass discrimination in a hybrid mode. The main mo-

tivation behind them points to the different response of the scintillators and tanks to the

electromagnetic and muonic components of the air showers, as well as the sensitivity of a

single array to the air shower development. The significant enhancement of the mass dis-

crimination was achieved by applying a discriminant linear analysis for events of a primary

energy above 1 PeV.

Capabilities The current situation of the high-energy cosmic ray research gives confi-

dence that despite very different detection techniques and varying analysis tools all measure-

ments confirm the main spectral features. The planned enhancement of IceTop will improve

the situation and will give new insights in this journey towards revealing the astrophysical

origin of cosmic rays.

In particular, the increased sampling of the IceTop enhancement will allow for lowering the

energy threshold for a dedicated composition study. The in-fill part of IceTop made first at-

tempts to reach the energies where the direct techniques operate, since an overlap in the flux

measurements is crucial in assessing the absolute energy scale of the spectrum. In Figure 7.7

the results from the IceTop low-energy analysis is presented. The low statistics and high

uncertainties make it difficult to resolve fine features of the spectrum. It is remarkable that

the scintillator extension of IceTop will cover the broad band of energies from below PeV to

above 100 PeV. The targeted region is marked in this Figure.
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IceTop enhancement

Figure 7.7: The all-particle spectrum covering high-energy cosmic rays measured by dif-
ferent ground and balloon based experiments. The higher energies were observed by IceTop,
KASCADE and Tibet, while the lower by the IceTop in-fill array, HAWC or Tunka. The IceTop
enhancement with the scintillation detectors will cover a broad range of energies from below
PeV to EeV with a high capability for composition studies. Figure was adopted from [163].

The scintillator array will provide the complementary measurement of the first and sec-

ond knee seen by KASCADE-Grande [85] and Tunka-133 [198] or low-energy extensions of

Auger [199] and Telescope Array [200], comprehensively covering this energy region. The

advantage of the new installation is the higher altitude of IceTop, which results in larger

sensitivity to changes in the air-shower development. By employing hybrid detectors and

utilising the measurements of the in-ice array as a 3D cosmic-ray detector it will bring even

more insight into the research topic [183].

Very promising progress happens in parallel in the Northern Hemisphere. The LHAASO ex-

periment targets even lower energies up to hundreds of GeV and plans to detect primarily

γ-induced air showers [201]. However, with somewhat similar, like aforementioned, objec-

tives for the cosmic rays, it will provide a complementary coverage of the sky with respect to

the South Pole.

The IceTop enhancement will clearly take a significant step not only in the cosmic-ray mea-

surements but in general in multi-messenger observations. On one hand the scintillator array

will provide a trigger for radio antenna array detecting galactic photons, and on the other

hand due to the increased coverage of the IceCube surface it will improve together with Ice-

Top tanks the efficiency of vetoing the atmospheric background for the astrophysical neutrino

measurements.

Outlook Despite broad efforts to bring this analysis from the level of idea about the

possible enhancement to the actual set of estimated capabilities, there is still room for im-

provements and validations.

The simulation software can be further optimised in the context of transparency for the end-

user as well as general technical review. Moreover, a systematic cross check with the calibra-

tion and full-operation data would be desirable. This will also verify all assumptions made

in the simulations. The reconstruction procedure is highly sensitive to different changes in

the parameter space. Hence, more refined studies of their influence could improve a ro-
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bustness and reliability in terms of the parameter estimation. In particular, the threshold

region is challenging in obtaining the stable performance of the reconstruction. At these en-

ergies, air showers leave a smaller and sparser footprint and hence a special care needs to be

taken for their analysis. A larger set of simulations could bring a better understanding of the

reconstruction influence on the threshold region and essential quality cuts. Finally, the mass-

separation potential is probably higher since only the preliminary analysis was performed in

the scope of this work. Further progress is ahead opening very new perspectives for IceTop

cosmic ray measurements in particular, and high-energy astroparticle physics in general.
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A p p e n d i x A

SECONDARY HADRON SPECTRA FROM CORSIKA SIMULATIONS
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Figure A.1: Energy distribution of hadrons with single contribution for H, He, O, Fe and γ
primaries with energy from 1014-1015 eV taken at the South Pole observation level of 2842 m.
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APPENDIX A. SECONDARY HADRON SPECTRA FROM CORSIKA SIMULATIONS

The spectra of secondary hadrons from CORSIKA simulations are depicted in Figure A.1 for

H, He, O, Fe and gamma-ray induced air showers respectively. The shape of the spectra is

revealed by single hadron components. At lower energies the main contribution comes from

neutrons and protons. The second peak is dominated by charged pions. Fractions of anti-

proton and anti-neutron are also significant. Other hadrons contribute rather insignificantly

to the total spectrum at the ground.
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A p p e n d i x B

THE GEANT4 RANGE-CUTS

In the Geant4 software, cuts on the particle production were introduced. The cuts refer to the

minimum distance the secondary particles need to travel to be produced. All particles which

cannot travel this range are not generated. The cuts can be defined differently depending on

the material and for particle types: γ , e−, e+ and protons.
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Figure B.1: Histogram of simulated signals in

VEM units from 100 proton induced air show-

ers sampled 10 times within the array. Sig-

nals are shown for 4 chosen sets of range cuts.

The variations between different cuts are rather

small.

The cuts defined for the IceTop tanks,

might not be suitable for the scintillation

detector simulations due to its very differ-

ent geometries and response. The study of

the trajectories in different materials would

require separate detailed studies. Thus,

some arbitrary sets of ranges were analysed

in terms of signal distribution, which is the

most important aspect for the air shower

analysis. Taking into account the thickness

of the scintillator bar as of 1 cm, a reason-

able assumed range is 1 mm or lower. The

curves for these cuts are depicted in Fig-

ure B.1. Although there are some varia-

tions, no significant bias is visible. How-

ever, the 0.1 mm cut caused a longer com-

putation time, in particular in case of com-

bining scintillator and tank simulations.

Moreover, these range cuts can be ex-

pressed into the energy cuts for a given material. Assuming 0.1 mm for all particles shows

that the energy limit on γs is much lower than on e± and proton. Therefore, γ range was

increased in comparison to the other three types of particles. The increase of γ cut to 0.5 mm

can be also seen in Figure B.1. In addition, the very low range cut on positrons was verified,

as it was introduced by another group, but it gives a negligible difference with respect to the

0.1 mm cut for all particles. Therefore, 0.5 mm for photons and 0.1 mm for e± and protons

are chosen for all materials. However, possibly in the future a material dependence could be

studied and introduced if found to be relevant for the final energy deposition.
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A p p e n d i x C

FIRST COMPARISON OF SIMULATION AND DATA

In the austral summer 2018/19 two prototype scintillator stations were installed. Data from

one of them were analysed and compared with the simulation results applied to one station.

The analysis was performed in the scope of bachelor thesis within our group [113]. The

events detected in coincidence with IceTop were reconstructed with the IceTop giving an

estimated range of their direction and energy. Using these results, the response of one station

was simulated. The measured and simulated air showers were reconstructed using the simple

algorithms of center of gravity and plane shower front.
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Figure C.1: Differences between zenith angles obtained from reconstruction of the measured
and simulated signals of the scintillator station.
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Figure C.2: Differences between azimuth angles obtained from reconstruction of the mea-
sured and simulated signals of the scintillator station.

The comparison is shown in Figure C.1 and C.2 depicting the difference between zenith and

azimuth angles, respectively, reconstructed based on measured and simulated signal distri-
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APPENDIX C. FIRST COMPARISON OF SIMULATION AND DATA

butions. Each of the distributions was fitted with Gaussian and obtaining widths indicate

the level of agreement between simulations and measured data. Zenith angle differs between

both around 2◦, while the azimuth around 6◦. Including some differences in parameters be-

tween simulated and measured events this gives good agreement and indicates a capability

of the scintillator reconstruction to properly infer the air shower parameters, even with this

simplified method.
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