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Abstract

A promising technique to measure neutrinos above 10 PeV is the detection of radio

signals generated by the Askaryan effect. The effect is caused by neutrino-induced particle

cascades in dense media e.g. ice. Starting in 2021, RNO-G, a new detector using this

technique and containing in-ice detector strings will be deployed in Greenland. One of

the main challenges of the data analysis will be distinguishing between a cosmic ray muon

and a real neutrino event. By building the detector with surface antennas we can use the

established method of radio detection of air showers to identify incoming muons and use

these signals as veto mechanism in the neutrino detection. An efficient veto trigger will

lend higher confidence in identifying neutrinos and prevent the false positive neutrino

detection caused by muons. To obtain an efficient veto, a surface trigger mechanism

has to be developed and optimized. The trigger is based on the trace envelope in a

frequencyband from 80MHz to 180MHz. A coincidence of two channels is requires in

order to trigger. One RNO-G station will be sensitive to air showers from 1× 1017 eV

on. The expected number of detected cosmic rays is 3.17±1.69 per day and station. The

overall veto efficiency on a muon event is 29 %.



Zusammenfassung

Eine vielversprechende Technik, um Neutrinos mit einer Energie größer als 10 PeV zu

messen, ist die Detektion von Radiowellen, die durch den Askaryan-Effekt erzeugt wer-

den. Der Effekt basiert auf Teilchenkaskaden in dichten Medien (z.B. Eis), die durch

ein Neutrino ausgelöst werden. Ab 2021 wird in Grönland das Radio Neutrino Observa-

tory (RNO-G) gebaut. Eine große Herausforderung in der Datenanalyse wird sein, ein

echte Neutrinomessung von einem gemessenen Myon zu unterscheiden, das von einem

Luftschauer erzeugt wurde. Da der Detektor mit Antennen an der Oberfläche ausgestat-

tet wird, ist es möglich, die etablierte Technik der Radiodetektion von Luftschauern zu

nutzen, um Myonen zu identifizieren. Dieses Signal kann als Veto in der Neutrinodetek-

tion verwendet werden, um so einer falsch positiven Neutrinodetektionen vorzubeugen.

Um ein effizientes Veto zu erreichen, muss ein Triggermechanismus für den Oberflächen-

detektor entwickelt und optimiert werden. Der Trigger basiert auf der Einhüllenden

der Wellenform in einem Frequenzbereich von 80MHz bis 180MHz. Um zu triggern,

ist eine Koinzidenz von zwei Kanälen erforderlich. Eine RNO-G Station ist sensitiv für

Luftschauer mit einer Energie von 1× 1017 eV oder höher. Die erwartete Anzahl an de-

tektierten Luftschauern ist 3.17±1.69 pro Tag und Station. Die Veto-Wahrscheinlichkeit

für ein Myon-Event liegt bei 29 %.
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1 Introduction

When looking in the sky, not only does light from the sun and other objects reach us, but

also all kinds of particles which are invisible to our eyes. While a typical astronomer ob-

serves the radiation in the electromagnetic spectrum, an astroparticle physicist measures

particles such as atomic nuclei or neutrinos connected with astronomical objects. In con-

trast to typical particle physicists, who work with man-made accelerators to produce the

particles of interest (which are then measured by a corresponding detector), astroparticle

physicists do not have a man-made accelerator. Astrophysical particles stem from astro-

nomical objects and can reach higher energies than any man-made accelerator developed

to date. The challenge is that the particle type is not known before the detection, as well

as the place where the particle interacts. Moreover, the sources itself are still unknown.

A particle of special interest is the neutrino. Neutrinos are ideal messengers to identify

sources of ultra high energy (UHE) cosmic rays in the universe. The main mechanism at

the origin of neutrinos is the production of pions in the interactions of cosmic rays with

other hadrons or photons. The pions produced later decay into γ-rays in case of neutral

pions (π0
−→ γ + γ) or produce neutrinos ν in case of charges pions. The charged pion

decays into a muon and a muon-neutrino, the muon can later decay into an electron and an

electron-neutrino (π±
−→ µ± + νµ −→ e± + νe + νµ). Because neutrinos are electrically

neutral, their trajectories will not be bent by the galactic and inter-galactic magnetic

fields, meaning that their arrival direction will point back directly to their production

site. Because neutrinos only interact weakly, they can escape from denser regions in

the universe, where acceleration of hadrons may occur and then propagate unhindered

over long distances. This is in contrast to the highest energy cosmic rays, whose range is

limited by interactions with matter and in particular by the background photon field such

as extra-galactic background light, the infra-red background, or the cosmic microwave

background. The observation of high-energy neutrinos from astronomical objects provides

incontrovertible evidence for cosmic-ray acceleration, which is in contrast to γ-rays, which

can also be created by inverse Compton scattering.

IceCube, the neutrino observatory at South Pole, has measured the neutrino energy

spectrum to above 1PeV, which are the highest-energy neutrinos ever observed [42, 51, 2].

In Fig. 1 the neutrino flux measured by IceCube is shown, together with the diffuse flux
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the procedure and the results of detailed Monte Carlo simulations are presented. Sec. 5

evaluates the calculated parameters and estimates the efficiency in detecting air showers

and veto on muon events.

4



2 Radio detection of neutrinos

The phenomena of extensive air showers was discovered by Pierre Victor Auger and col-

laborators in 1938 [18]. Over the last years the radio detection of air showers has become

an established technique to measure cosmic rays [71]. Following this approach, several

experiments aim for the radio detection of neutrinos. Due to their low cross-section, most

neutrinos pass the atmosphere unhindered without inducing a particle shower. The like-

lihood of an interaction increases with the density of the medium. Therefore, a neutrino

induced particle shower is more likely to be measured in a large volume of e.g. ice or rock.

The radio emission generated by particle cascades in dense media was proposed in 1962

by Gurgen Askaryan [17]. By now, the first radio-neutrino detectors operate successfully

and the quantitative understanding of the radio emission from particle cascades in dense

media has increased [73]. The non-detection of neutrinos so far led to an upper limit at

energies of Eν > 1019 eV [46].

The following sections explain the shower development of air showers (Sec. 2.1.1) and

neutrino induced shower in ice (Sec. 2.1.2). Afterwards the radio emission of the particle

cascades will be explained. The section dealing with neutrinos build on the previous

sections. Afterwards different experimental approaches are introduced. Sec. 2.4 deals

with other sources of radio emission, and the muon background.

2.1 Shower development

To understand the radio emission created by a particle shower, it is essential to understand

the underlying processes of these phenomena, namely the evolving particle cascade. Air

showers are cascades of secondary particles initiated by a primary particle such as a

gamma ray photon, electron, positron, proton, nuclei or neutrino which strikes an atom’s

nucleus (see Fig. 3). These cascades are conceptually similar to the ones developing in

dense media, like water or ice. Air showers are much more extensive with length scales

of kilometers while particle cascades in dense media develop within meters [73]. Both

showers propagate through their medium at a speed close to the speed of light.
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The critical energy is the energy at which losses by ionization are equal to losses by

radiation1 [41]. The critical energy can be written in the form Ec ≈
a

Z+b
, where a is

the energy loss due to ionization, b is the contribution from the bremsstrahlung and Z

is the atomic number of the medium. An empirical approximation for solids and liquids

is Es,l
c ≈

610MeV
Z+1.24 and for gases Egas

c ≈
710MeV
Z+0.92 , they differ mainly because of the density

effect. The value of an electron in air the is Eair
c ≅ 84MeV [41]. Particles below the critical

energy will continue to propagate until they reach the ground, but because they are low

in energy, the particles are likely to be captured by atmospheric molecules. Therefore

only a small fraction of the electromagnetic component reaches the ground.

The charged pions and the remaining protons and neutrons fuel the hadronic compo-

nent of the shower. As long as their decay length (ldecay = γ ·τ ·c = γ ·7.8m) is larger than

their interaction length, the high-energy charged pions (π±) will continue to interact with

nuclei in the atmosphere, creating more pions and expanding the shower. In contrast to

the electromagnetic cascade, hadrons interact via the strong force. Due to the strong

force’s short range, interactions are more rare and hadrons can penetrate the atmosphere

unhindered over several interaction lengths. When the energy of the pions becomes so

low that their decay length is shorter than their interaction length, the charged pions

decay due to the weak interaction. Most often, they decay into a muon and a muon

neutrino π±
−→ µ± +

(—)

ν µ. The resulting particles travel without further interaction

towards the ground. The muon can later decay into an electron and its corresponding

neutrino: µ±
−→ e± +

(—)

ν µ +
(—)

ν e. The decay time of a muon is usually longer than the

relativistic time that the muon needs to reach the ground.

Both, electromagnetic and hadronic cascade reach a point at which the number of

particles in the shower is at a maximum and the shower is largest. After this point the

number of particles decreases until only neutrinos and muons are left.

The height above the ground at which the first interaction takes place is related to

the type of primary particle. Heavy nuclei such as iron have a higher cross-section with

air, which will lead on average to an earlier interaction than protons. Due to shower

universality the height of the first interaction is related to the height of the maximum

shower development [54]. The concept of air shower universality emerged initially from

cascade theory, expressing the similarity of all showers in a broad sense, and allowed

1A different definition of the critical energy is used by Rossi and Greisen [65].
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and the related energy and number of particles. Once the shower development of a proton

induced shower is understood, heavier primary particles can be modeled as a superposition

of proton showers. The shower maximum of a simple proton induced shower is described

by [56] with:

Xproton
max = X0 + λr ln

E0

3NchEe
c

(1)

Where X0 = λint ln 2 is the atmospheric depth at which the first interaction occurs

and λint is the interaction length of the primary proton. λr indicates the radiation length,

E0 the primary energy, Nch the multiplicity of charged particles and Ee
c the critical energy

of an electron. In the shower development the primary energy E0 is distributed to the

sub-showers with E0/A, where A is the mass of the nucleus (e.g. the proton number).

The maximum of an hadronic shower can be written as:

XA
max = X0 + λr ln

E0

3NchEe
cA

(2)

or simplified as:

XA
max ∼ λint + λr ln

E0

A
. (3)

This relation shows that the shower maximum is reached earlier for heavier nuclei,

because their interaction length is shorter (e.g. λproton
int ≈ 70 − 90 g

cm2 and λiron
int ≈ 15 −

20 g
cm2 [41]). This makes it possible to distinguish between lighter and heavier primary

particles.

With advances in computation, Monte Carlo simulation for air showers become pos-

sible. In contrast to the simplified models, the Monte Carlo calculation is based on

stochastic processes, which rely on the interaction cross-section of single particles. The

programs include all relevant processes, such as particle propagation, interaction and/or

decay needed to simulate complete air showers in space and time. Software like COR-

SIKA [44] include a realistic model of the atmosphere, the magnetic fields and an interface

for detector simulations. The applied cross-section are measurements from accelerators

that get as close to a realistic cascade development as possible. Currently, cross-section

at the highest energy level are missing and have to be extrapolated, introducing new

uncertainties. The Monte Carlo simulations used for this thesis are described in Sec. 4.
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2.1.2 Of neutrino induced showers in ice

The shower development of a neutrino induced shower in ice is conceptually similar to

air showers described previously. A neutrino strikes a nucleon in the ice which induces a

particle cascade.

The neutrino interactions are distinguished in charged-current (CC) interactions me-

diated by W+ and W− bosons and neutral current (NC) reactions, where a Z0 boson is

exchanged. In a CC interaction the particle type before and after the interaction differ:

νl + nucleon −→ l + hadron(s) (4)

with l = e, µ, τ and nucleon could be p or n. In an NC interaction the lepton flavor

does not change, as in:

νl + nucleon −→ νl + hadron(s) (5)

The neutrino reactions which lead to particle cascades in dense media occur in nucle-

ons of the nuclei of the ice. For the different neutrino flavors and their antiparticles the

reactions shown in Tab. 1 can take place.

From these considerations it becomes clear that all neutrino flavors (νe, νµ, ντ ) create

only a hadronic particle cascade when interacting via an NC reaction because the lepton

stays unchanged.

In a CC reaction the lepton changes. Therefore a ν̄e creates almost immediately

two showers, a hadronic and an electromagnetic one, initiated by the resulting elec-

tron. The same holds true for a νe and the resulting positron. At high energies, the

Quasi-elastic reactions Inelastic reactions

ν̄e + p −→ e+ + n ν̄e +N −→ e+ + hadrons

νe + n −→ e− + p νe +N −→ e− + hadrons

ν̄µ + p −→ e+ + n ν̄µ +N −→ µ+ + hadrons

νµ + n −→ e+ + p νµ +N −→ µ− + hadrons

ν̄τ + p −→ e+ + n ν̄τ +N −→ τ+ + hadrons

ντ + n −→ e+ + p ντ +N −→ τ− + hadrons

Table 1: Charged-current neutrino reactions. N stands for a nucleon (p or n). Analogous reactions can

be listed for elastic and inelastic neutral-current reactions, whereby the same lepton stands on either side

of the arrow. Table adapted from Ref. [41].
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Landau–Pomeranchuk–Migdal (LPM) effect becomes relevant and the cross-section of

bremsstrahlung and pair production is reduced. This leads to an elongation and dis-

tortion in the shower. Also, the creation of multiple sub-showers over tens of meters is

possible.

In the CC reaction of
(—)

ν µ and
(—)

ν τ a hadronic shower is created as well. The resulting

leptons (µ± and τ±) propagate through the medium generating lots of secondary showers

over a range of kilometers until they decay [36]. Muons lose most of their energy through

bremsstrahlung, pair production, and nuclear interactions inducing new sub-showers.

Taus radiate mainly electron-positron pairs, but larger amounts of energy via photo-

nuclear interaction, which leads to hadronic cascades. Also the decay of a tau into

hadronic and leptonic channels can create showers.

2.2 Radio emission

The existence of radio emission of air showers has been known since the 1960s [6], but

the limitations of the analog instruments available at the time made it seem impossible

to gain an insight into the underlying processes. The emission mechanisms were not well

understood and no viable theory was available at that time to make predictions of the

field strength to be expected or the effective frequency bands in which such transient

effects would occur.

In recent years, the interest in radio detection has increased again. With detailed

Monte Carlo shower simulations, digital data-taking and processing methods, the under-

standing of radio emission has made considerable progress. Currently several radio-based

air shower detectors like AERA [40], LOFAR [47] and Tunka-Rex [72], as well as radio-

based neutrino detectors like ARIANNA [57] and ARA [10] are operational and are taking

data.

Two mechanism have been identified to be the main contributors to the radio emission:

The geomagnetic emission, caused by the deflection of charged particles in the Earth’s

magnetic field, and the Askaryan effect, caused by a time-varying negative net charge in

the shower front (see Fig. 5).
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Figure 5: The two main emission processes of radio signals from particle cascades: Geomagnetic emission

(left) and charge-excess (Askaryan) emission (right). The geomagnetic emission due to the induction of

a transverse current is polarized in the direction of the geomagnetic Lorentz force (east-west for vertical

air showers, see bottom left). In air it is typically stronger than the radially polarized Askaryan emission

(bottom right) due to the time variation of the net charge excess in the shower front, which is the main

mechanism in dense media. Figure from Ref. [71].

2.2.1 From air showers

In the geomagnetic field of the Earth the moving electrons and positrons in the shower

front are separated in opposite direction due to the Lorentz Force ~FL = q ·~v× ~B (q is the

particle charge, ~v the velocity vector or propagation direction and ~B is the magnetic field

vector). This leads to a net-drift of the electrons and positrons moving perpendicularly

to the shower axis, which can be described as a transverse current (q̇ = I). This current

varies in time (İ), depending on the amount of charge present in the air shower and the

interaction with molecules in the atmosphere [69]. This mechanism is referred to as the

geomagnetic effect or as the time varying transverse current. As this is the dominant

component in radio emission of extensive air showers, the signal strength scales with the

number of electrons and positrons in the shower, which scales with the energy of the

primary particle. Furthermore, the electric field of the emission ~E scales with the angle

between shower direction (~v) and the local magnetic field ( ~B), following the relation

~E ∼ ~v × ~B [68].

The so-called Askaryan effect [17], or charge-excess, is based on the fact that the

shower front has a net negative charge which varies over time. Shortly summarized, the
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Lorenz force (~v× ~B). The polarization angle is therefore independent of observer location

with respect to the shower axis.

The varying net-charge responsible for the Askaryan effect is symmetrically dis-

tributed in a radial position around the shower axis. Therefore, the induced electric

field vector points radially towards the shower axis, so the orientation of the electric field

vector depends on the location of an observer with respect to the shower axis.

The measured polarization angle, combining both effects, is consequently also depen-

dent on the position of the observer. The electric field of the resulting emission can be

written as:

~E ∝ − sin(α) · ~e
~v× ~B

+ a · ~er (6)

where ~rr is a unit vector pointing towards the shower axis and a is the so-called relative

charge excess strength, which varies from event to event and is also dependent of the dis-

tance to the shower axis. The interference of co-aligned and opposite aligned polarization

leads to an observed asymmetric radiation pattern around the shower axis (see Fig. 6).

For wavelengths larger than the thickness of the emitting shower front, and for c ∼ c0,

the vectorial electric field adds up coherently (MHz regime). This leads to a coherent

broad-band pulse.

The media in which the particle shower propagates adds another effect. Because the

refractive index in air is nair > 1 with a typical value at sea level of nair ≈ 1.0003 and

decreasing with atmospheric density to higher altitudes, the radio waves travel slightly

more slowly through the air (speed of light in the media) than the relativistically moving

particle front. This causes a strong forward-beaming of the emission, and to a com-

pression of the emission in time (Cherenkov-compression). Under a certain observing

angle, the radiation emitted by the whole shower arrives simultaneously. This leads to

an enhancement of the pulse with a length of a few nanoseconds [78].

The Cherenkov-compression introduces an additional geometric component to the

emission pattern. The main enhancement can be found at the so-called Cherenkov angle,

given by:

cos(θc) =
1

n · β
(7)

where n is the refractive index and β = v
c
the relativistic velocity. For air, θairc has a

value of 1°, which leads to a typical radius on the ground of 100m to 200m around the
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leptons (µ± and τ±) propagate through the medium generating lots of secondary showers

over a range of kilometers until they decay [36]. The appearance of a tau neutrino induced

shower closely followed by a shower generated by the created taus decay is described as

double-cascade neutrino signature, and reported by IceCube in 2019 [75]. Simulations

also indicate that the background of atmospheric muons from cosmic rays which create

a shower through catastrophic energy loss is non-negligible for in-ice arrays [36] and will

be investigated in Sec. 2.4.1

2.3 Experimental approaches

An overview of modern radio detectors and their measurements can be found [73]. In

Tab. 2 selected major modern radio experiments for cosmic ray and neutrino detection are

listed. In [49] radio detectors are roughly divided into first generation digital experiments,

such as CODALEMA (COsmic Detection Array with Logarithmic ElectroMagnetic An-

tennas) [15] and LOPES (LOFAR PrototypE Station) [31], which provided evidence for

the geomagnetic and Askaryan emission mechanisms and several other proof-of-principle

detections. The second generation digital experiments consist in particular of the Auger

Engineering Radio Array (AERA) [74], the cosmic ray detection capabilities of the Low

Frequency Array (LOFAR) [67] and the Tunka Radio Extension Tunka-Rex [26]. The

experiments have different key aspects, like the air-shower detection in parallel to as-

tronomical observations by LOFAR or the cross-calibration of radio and air-Cherenkov

measurements with Tunka-Rex. AERA aims at a variety of different technical and sci-

entific goals, which makes it a pathfinder for future applications of the radio technique.

The radio detection in dense media is most advanced in ice. In the next section the key

aspect of previous experiments such as ANITA, ARA and ARIANNA will be introduced.

Afterwards the concept of the Radio Neutrino Observatory Greenland (RNO-G) will be

described.

2.3.1 Previous experiments

The first prototype experiments for the radio detection of neutrinos in ice were RICE

(Radio Ice Cherenkov Experiment) [53], and AURA (Antarctic Under-ice Radio Array)
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Experiment Operation period
Aiming at

cosmic rays

Aiming at

neutrinos

Medium of ra-

dio emission

Yakutsk array since 1972 x air

RICE 1999–2010 x ice

LOPES 2003–2013 x air

CODALEMA since 2003 x air

ANITA(-lite) first flight 2004 x x air and ice

AURA 2006–2009 x ice

TREND 2009–2014 x air

AERA since 2010 x air

ARA since 2010 (x) x ice

LOFAR since 2011 x x air and moon

Tunka-Rex since 2012 x air

ARIANNA since 2012 x x air and ice

TAROGE since 2014 x air

RNO-G in 2021 (x) x ice (and air)

SKA-low planned x x air and moon

GRAND planned x x air and rock

IceCube Gen2 planned (x) x ice (and air)

Table 2: Major modern radio experiments for high-energy cosmic rays and neutrinos. Current radio

arrays for neutrino detection are still under construction and the starting year refers to first prototype

setups. Tab. adapted from Ref. [73].
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[55], both located at the South Pole. Ice, in comparison to other dense media, such as

rock or the lunar regolith, has the advantage of a larger attenuation length of radio waves

and the large available ice volumes in Antarctica and Greenland. For future large-scale

detectors of several 10 km3 or 100 km3, ice seems to be the medium of choice [43].

By now, the next generation of prototype arrays have been deployed. Most important

are ARA (Askaryan Radio Array) [7, 9, 10, 14] close to IceCube at the South Pole,

ARIANNA (Antarctic Ross Ice Shelf Antenna Neutrino Array) [13, 23, 25] on the Ross

Ice Shelf on the Antarctic coast and ANITA (Antarctic Impulsive Transient Antenna),

which is a balloon-borne experiment flying over Antarctica.

ARA currently runs with five stations at a frequency band of 150MHz to 850MHz.

Each station features six in-ice strings at a depth of 200m. The four receiver strings are

equipped with two vertically-polarized birdcage dipole antennas (Vpol) and two ferrite-

loaded slot antennas (Hpol) to resolve the radio signals. The two other strings contain a

calibration unit. Some stations have four additional antennas at the surface for air-shower

and background measurements [14]. One station has an extra phased array, which makes

ARA the first deploying this technique into a bore hole [8].

ARIANNA currently consist of twelve stations, with four antennas each, searching

for in-ice showers in the frequency band of 50MHz to 1000MHz [13]. The antennas

are located just slightly below the ice surface. This location makes it possible to detect

a downward going Askaryan pulse after it is reflected at the water interface below the

ice. ARIANNA is also sensitive to radio signals of cosmic-ray air showers [23]. Without

external infrastructure, the stations operate autonomously in low-power and wireless

communication mode.

ANITA made its initial flight with its prototype ANITA-lite in 2004 [24]. It has flown

four times on-board a balloon over Antarctica, searching for ultra-high-energy neutrinos.

The 32 – 48 horn antennas which are sensitive to radio emission at high frequencies of

200MHz to 1200MHz, are placed below the balloon. In order to detect a neutrino signal,

the neutrino first interaction has to be below the ice surface, going upwards to leave the

ice itself. ANITA was the first radio-neutrino experiment to report the detection of cosmic

ray induced air showers [70]. Most of the cosmic ray signals were not measured directly,

but were detected after reflection on the ice. Several techniques used by ANITA are also

applied in ground-based arrays, e.g., individual antennas are combined by interferometric

19











and pointing resolution. Although the surface component extends the neutrino effective

volume only slightly, precision polarization measurements for all components and timing

information for all events detected at the surface will be delivered. With these LPDAs,

a clear separation of upgoing versus downgoing signals is provided. Due to their size

the LPDAs have the largest gain of all employed antennas and will provide the best

frequency coverage of the signals detected. Moreover, the surface channels measure air

showers which can be used to reduce background.
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2.4 Radio background

The three major sources of background for the detection of neutrinos are incoherent

thermal noise, impulsive man-made noise, and radio impulses resulting from cosmic ray

air showers and their remnants.

Man-made noise can be reduced by an optimal choice of measurement location.

Narrow-band transmitters such as AM/FM radio frequencies or communication radio

are the most dominant sources of interference. Short radio pulses are also created by

any kind of electrical equipment, usually in combination with sparking (spark plugs,

switches, etc.). ARA has proven that thermal background and man-made noise decreases

for receivers deployed deeper in the ice [11].

The surface detector provides measurements to estimate the non-thermal background

from the surface. The following section, Sec. 2.4.1, investigates the importance of muons

stemming from cosmic ray air showers as a background.

The surface detector is exposed to further noise stemming from the Galaxy and in-

troduces an irreducible noise floor. The diffuse emission, mostly from the Galactic plane,

shows a strong contribution with an exponential spectrum [64] throughout the whole

MHz-band. Air shower pulses are therefore only detectable above this noise level, when

the cosmic ray had an energy above 1016 eV. A detailed discussion about the galactic

noise will follow in Sec. 4.2.

2.4.1 Atmospheric muon background

As a product of cosmic ray air showers muons are created that reach ground level (see

Sec. 2.1.2). As they radiate in the ice, they can induce a particle cascade. The particle

shower in the ice creates radio emission via the Askaryan effect (see Sec. 2.2.2). If the

muon and the subsequent shower has sufficient energy, it could be measured by the

detector (see Fig. 14).

The radio signal following a muon stems either from hadronic or electromagnetic

particle cascade. For a radio detector, it would in principle look identical to the signal

created by a neutrino-induced particle shower. The specifics of neutrino induced showers

are explained in Sec. 2.1.2 and Sec. 2.2.2.

To estimate the number of expected muons, detailed simulations were made as shown
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rection. These calculations have been made by [36]. In Fig. 17 the vertices where the

first interaction of a shower takes place for muons (left) and neutrinos (right). The dis-

tributions are similar in the way, that they are dominated by allowed ray-tracing paths.

In contrast to the muon interaction vertices, neutrinos seem to interact deeper in the ice.

Therefore, it might be possible to distinguish events on a statistical basis.

In Fig. 18 the zenith distributions for incoming particles (neutrinos in black, muons

in red) are illustrated for two energy bins. Muons start to trigger at around 40°, which

is also the elevation where neutrino events start to be observed. Near the horizon, the

number of muons decreases due to absorption in earth, while neutrinos are still observable

due to their low cross-section. Below the horizon (> 90°) the earth is opaque for neutrinos

above tens of PeV, so few neutrinos are seen from below the horizon. Muons seem to

peak around 50°, while neutrinos are more likely to come from close to the horizon. The

combination of vertex position and arrival direction may allow the removal of a fraction

of atmospheric muon background, given a good reconstruction of both parameters and

at the cost of a reduced neutrino efficiency [36].

However, given all the uncertainties in cosmic ray flux and their composition, expected

neutrino events etc. a cosmic ray veto seems useful. It was shown that the zenith angles

from the incoming muons are typically more inclined than 40°, a value, where air shower

detectors are sensitive. The associated air showers have energies above a few tens of

PeV, which is coincidentally roughly the threshold for a sparse air-shower radio array.

Moreover, a surface array of radio detectors is based on the same technology as in-ice

radio arrays. The in-ice detector requires only additional antennas at the surface. Further

investigation will be described in Sec. 4 and Sec. 5 and form the main research of this

thesis.

In Fig. 19 the footprints for different inclined air showers are illustrated. The footprint

scales with the zenith angle of the air shower, while the maximum amplitude is higher

at vertical showers for the same shower energy. Therefore, horizontal air showers are

more likely to be measured by a station of the detector if their energy is high enough.

A quantitative study of the efficiency as a function of energy and arrival direction will

follow in Sec. 5.

29







3 Triggering radio signals

The RNO-G detector is planned to continuously measure and take data. In order to

collect a feasible amount of data, a trigger is needed, which decides if the signal is stored

or discarded. All signals that pass the trigger will be stored and analyzed later. By

pre-selecting events, the trigger will determine the efficiency of the experiment. The

in-ice detector will have the phased array as a trigger, while the surface detector will

trigger on a simple threshold of the envelope from the LPDA traces. An efficient surface

trigger will give higher confidence in identifying neutrinos and prevent false positive

neutrino detections caused by muons. It is necessary to have a good understanding of

the signal chain, the triggered quantities and a reasonable trigger strategy. This section

gives an overview of the hardware used in the surface detector, the trigger set-up and

the dependencies of the trigger parameters. A detailed explanation of the software based

optimization will follow in Sec. 4.

3.1 Signal chain

The electric field generated by the radio emission of an air shower contains two compo-

nents Eθ and Eφ that denote two independent polarization directions. The electric field

is contained in the plane spanned by the unity vectors ~eθ and ~eφ of a spherical coordinate

system. In Fig. 20 the electric field of a cosmic ray induced shower is shown in the time

domain (left-hand side) and in the frequency domain (right-hand side). The time trace

shows a sharp nano-second pulse in the MHz regime while it has a broad spectrum in the

frequency domain.

The electric field will eventually be measured by the surface antennas of the detec-

tor. RNO-G hosts nine logarithmic periodic dipole antennas (LPDA, Create CLP-5130-

2N) per station with various orientations. They are sensitive in a range of 105MHz to

1300MHz. The antennas are covered by two meters of snow, which has a higher refraction

index than air, therefore the frequency f decreases.

ffirn =
f

nfirn
(8)

For nfirn = 1.3 the lower limit of the sensitivity decreases from 100MHz to ∼ 77MHz.

The signal measured with the antenna depends on the incoming field ~E(t) and its direction
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lower limit starts at 80MHz and goes up to 150MHz in 10MHz steps. The upper limit

is tested starting from a bandwidth of 30MHz and increasing in 10MHz steps up to

400MHz. The obtained thresholds and corresponding frequency bands are then applied

to air shower signals. The results of the different settings can then be compared. The

most efficient combination will also depend on the expected properties of air shower in

Greenland. Once the detector is deployed, the threshold can still be changed, but the

passband cannot. Therefore this parameter is especially delicate.

After the threshold and passband are determined, different coincidence windows and

the required number of antennas can be tested. Since the velocity of electromagnetic

waves is well understood and the number of antennas is limited, this part of the opti-

mization is less complex.

The coincidence check is based on a time interval as described in 3.2. If this time win-

dow is too small events will be missed because the signal needs time to pass the distance

between two or more antennas. A long time interval will lead to random coincidences

and increases the noise trigger rate.

If the number of channels which are required to exceed the threshold in the given time

interval, is too high there will be missed events. Differences in antenna orientation and

footprint properties make it so that not every antenna will register an air shower signal.

If only a small number of antennas is required to pass the threshold, random coincidences

occur more often.
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4 Monte Carlo simulations

To simulate particle showers and the radio signal created by them a Monte Carlo approach

is used. The method is based on stochastic processes, which rely on the interaction cross-

section of single particles. With the numeric results, different parameters can be tested,

e.g. for the detector layout and the parameters set in the hardware. In the following, the

simulated air shower set and the procedure is described. Afterwards different parameters

for the envelope trigger are investigated.

4.1 Air shower set and procedure

For the surface detector, only air shower simulations are necessary. A total of 407 air

showers assuming protons as primary particle were produced using CORSIKA 7.6400

[44] with QGSJetII.04 [59] and UrQMD [27] as hadronic interaction models. The radio

emission is generated by the CoREAS plug-in [48].

CORSIKA is a program for detailed simulation of extensive air showers initiated by

high energy cosmic ray particles. Different primaries such as protons and iron atoms are

taken into account. The particles are tracked through the atmosphere until they undergo

reactions with the air nuclei or decay. In particle decays all decay branches down to the

1% level are taken into account.

To simulate the radio emission created by the air showers, an extension called CoREAS

is used. It implements the endpoint formalism for the calculation of electromagnetic

radiation directly in CORSIKA. The endpoint formalism is based on the fact that: ”all

radiation from particle acceleration can be described as superpositions of instantaneous

accelerations (endpoints)” [50]. The electric field contribution can be either derived in

the frequency domain:

~E±(~x, ν) = ±
q

c

eikR(t′
0
)

R(t′0)

e2πiνt
′

0

1− n ~β∗ · r̂
r̂ × [r̂ × ~β∗] (12)

or in the time domain:

~E±(~x, t) = ±
1

∆t

q

c

(

r̂ × [r̂ × ~β∗]

(1− n ~β∗ · r̂)R

)

(13)

These equations describe the electric field ~E for an acceleration at time t = t0 to a

velocity ~β = ~v
c
= ~β∗. The indices ± indicates an acceleration from rest (positive), or an
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Shower en-

ergy

0◦ −

10◦

10◦−

20◦

20◦−

30◦

30◦−

40◦

40◦−

50◦

50◦−

60◦

60◦−

70◦

70◦−

80◦

80◦−

90◦
Sum

1× 1016 eV −

3.2× 1016 eV
10 18 20 17 12 16 20 20 10 143

1× 1017 eV −

3.2× 1017 eV
9 16 19 19 20 20 20 20 12 155

1× 1018 eV −

3.2× 1018 eV
8 12 11 9 9 19 20 20 1 109

Sum 27 46 50 45 41 55 60 60 23 407

Table 5: Number of showers in each shower energy interval and zenith interval. In total, 407 showers

where simulated. There are 109 air shower with energies larger 1018 eV, 31 of them arrive under a zenith

angle smaller than 30°.

center is much smaller than the area of a station further away, therefore the area a specific

station covers has to be known. The calculations are done using a Voronoi diagram [77,

22]. The Voronoi diagram is the nearest-neighbor map for a set of points. This means,

that for each station in the star, there is corresponding region consisting of all points of

the plane closer to that station than to any other. The Voronoi cell around a station can

be identified as the area the station covers. The vertices of the cell around each station

are calculated in the shower plane (see Fig. 37 right). The vertices are then transformed

to the ground, and the area of each cell is calculated. The last station of each arm has

no limitation and is not expected to trigger, therefore their area is set to zero. In order

to calculate the effective area of a shower for one station, the areas of the cells in which

one station triggered are summed up.

The area on ground of a showers varies with zenith angle (see Fig. 19). With increasing

shower energy, a larger area of the footprint is visible to the detector. To determine the

effective area over multiple showers, the calculations have to be done for each energy

interval and zenith angle separately.

In a next step, the projected area of the detector has to be taken into account. It can

be obtained for a certain zenith interval with the limits θ1, θ2 by using

Aproj
eff (θ) = Aeff(θ) ·

cos(θ1) + cos(θ2)

2
(14)
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low frequencies, the Rayleigh-Jeans law approximates the spectral radiance at a given

temperature T [66]. The spectral radiance is

B(α, δ, ν) =
2kB
c2

ν2T (α, δ, ν) (16)

where kB is the Boltzmann constant and c the speed of light, which leads to the unit of

[B] = W m−2Hz−1sr−1. The received spectral power density Sν at some frequency ν is

then

Sν =
2kB
c2

ν2T (α, δ, ν)dΩ. (17)

with dΩ being the solid angle of a patch of the sky.

For a monochromatic plane wave, the electric field is connected to the spectral power

density with:

Eν =

√

Sν(θ, φ, ν)

c · ǫ0
(18)

with c being the speed of light and ǫ0 being the vacuum permittivity. The total electric

field is the sum over all frequencies.

Etotal =

∫

Eνdν (19)

The results is shown in Fig. 43. The galactic noise changes with the frequency and

is significantly higher for upward-facing channels. The highest contribution is from fre-

quencies around 80MHz.

The total noise for each channel is the sum of thermal and galactic noise, together with

the amplification in the SURFACE board. The results for one upwardfacing channel are

shown in Fig. 44. The galactic noise is dominante up to 110MHz, for higher frequencies

the contribution from the galactic noise decreases and the thermal component is domi-

nant. The frequency spectrum of an air shower signal (see Fig. 27) shows as maximum

at 80MHz, which is the same frequency were the galactic noise dominates. Therefore the

trigger passband has to be determined carefully.

4.3 Threshold and frequency band

As pointed out in Sec. 3.3, determining the optimal parameters of the trigger is a mul-

tidimensional problem. The limiting factor for the threshold is the 1 Hz noise trigger

rate the hardware is able to store, because of a limited communication bandwidth. The
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passband. Towards higher energy the sensitivity of the detector increases, which makes

the differences between the passbands better visible. The frequency spectrum of the air

showers stay unchanged. Overall, a passband at lower frequencies is preferred. In the

1018 eV−3.2× 1018 eV energy a passband starting at 80MHz is in favor. The maximum

effective area is from 80MHz to 120MHz. This passband is also preferred when looking

at an arrival direction of 60° to 80° in Fig. 48 bottom.

Hardware wise, it is difficult to have such a narrow bandwidth filter, especially com-

pared to the broad band sensitivity of the antenna. Therefore a bandpass filter of 80MHz

to 180MHz will be implemented in the trigger. The effective area will decrease slightly,

at the same time the robustness agains noise increases. This is important because no

measurements are done at summit station so far. If an unexpected noise sources occurs

within the chosen bandwidth it will be difficult to change the trigger settings accordingly.

With a larger bandwidth more frequencies are taken into account and single peaks have

less influence. Because the frequency band still starts at 80MHz the maximum of the

signal frequency spectrum will still be measured.
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Passband Coincidence number Threshold

1 28 mV

80 − 120 MHz 2 21.5 mV

3 19 mV

1 42 mV

80 − 180 MHz 2 31.5 mV

3 28 mV

Table 6: Calculated threshold for a noise trigger rate < 0.5 Hz. Shown are the values for different

passbands and coincidence numbers. The coincidence window is set to 80 ns.

for one, two or three coincidences. The threshold changes due to different noise trigger

rates. The threshold is expected to be high, if the noise needs to pass the threshold only

once. The threshold decreases the more coincidences are required. The values for the

different coincidences are listed in Tab. 6. The requirement of two coincidences lowers

the threshold significantly. Three coincidences still decreases the threshold, but the effect

is smaller.

The highest effective area is achieved when having a coincidence of two channels. The

third channel passes less often. Since the threshold at two coincidences is lower, two

coincidences are chosen.

The coincidence window is large compared to the calculated 43 ns. Therefore different

time windows in which the coincidence need to happen are tested, here 50 ns, 60 ns, and

80 ns. The threshold changes only a little bit, see Tab. 7.

The effective area for the different coincidence windows is shown in Fig. 51. A co-

incidence window of 60 ns seems to be in favor, but since the threshold changes only

minimally, no real influence is identifiable at this scale.
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Passband Coincidence window Threshold

50 21 mV

80 − 120 MHz 60 21 mV

80 21.5 mV

50 31.5 mV

80 − 180 MHz 60 31.5 mV

80 32 mV

Table 7: Calculated threshold for a noise trigger rate < 0.5 Hz. Shown are the values for different pass-

bands and coincidence windows. The number coincidence is set to two, following the previous calculations.

The changes in the time window are too small to have a real influence on the trigger rate.

Optimal Passband Hardware compatible Passband

Trigger Passband 80 − 120 MHz 80 − 180 MHz

Threshold 21 mV 31.5 mV

Coincidence window 60 ns 60 ns

Coincidence number 2 2

Table 8: Optimized trigger settings for two passbands.

4.5 Optimal trigger settings

The previous sections suggest a passband starting from 80MHz. While simulations show a

bandwidth of 40MHz to be optimal, this is difficult to implement in hardware. Therefore

a system compatible passband of 80MHz to 180MHz will be built, which makes the

trigger more robust against noise. The coincidence check implies a time interval of 60 ns

in which two channels need to exceed the threshold. The corresponding threshold is

31.5mV according to a noise trigger rate smaller than 0.5Hz. The parameter for both

passbands are shown in Tab. 8.

The implementation of the bandpass filter in hardware will be difficult. In simulation

a bandpass with a sharp cutoff (order 10, see Fig. 52 left) was assumed. Hardware wise,

it is unlikely to get a high rejection at frequencies above 500MHz without good isolation.

Therefore the cutoff implemented will fall slower, more like a Chebyshev filter of 3rd
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becomes larger and fainter. The measured voltage at the antenna is therefore smaller at

higher angles. Air shower with energies above 1× 1019 eV are rare, and no simulations

were done at these energies. However, with higher energies the amplitude is expected to

scale linearly. Therefore the trigger efficiency is expected to increase further.

To determine the veto efficiency, the muons inducing a shower in the ice on which the

phased array triggers have to be known. The trigger efficiency of an air shower depends

on its energy, zenith angle and distance to station. Theses parameters have to be obtained

from each muon. It is assumed that the muon direction is the same as the shower arrival

direction. The distance from air shower core to station can be deducted from the muon

vertex position in ice. The vertex position can be projected along the arrival direction

onto ground (here border between ice and air). This yields the core position where the

air shower axis reaches the ground.

By evaluating the simulations done for [36] the muon energy, the arrival direction and

the distance between core and station can be analyzed. The number of triggered muons

per station and year was calculated by [36] and shown in Fig. 59. Mouns with an energy

around 1× 1016 eV trigger most often. At lower muon energies the calculated number of

triggered muons decreases, but the uncertainties are greater.

Fig. 60 shows a distribution of muons that trigger the in ice array with respect to the

distance between station and air shower core. The simulated muon energy is in the range

from 1× 1015 eV to 3× 1018 eV. The black line shows the total distribution for all energy

and zenith bins. The most muons stem from an air shower with a core position within

700m around a station. After 700m, the trigger efficiency on air showers decreases fast.

For inside the array it follows, that the station that records the muon trigger in ice is

not necessarily the same as the station which is closed to the air shower. That means,

that all stations have to be evaluated together to identify a possible muon trigger. On

the left-hand side of Fig. 60, it is visible that muons with energies between 3× 1015 eV

to 1× 1017 eV make 85% of the total number of muons. Muons with lower energy are

more likely to trigger near the station. For energies up to 3× 1016 eV, all muons are

expected to stem from a shower within 700m of a station. The zenith distribution on the

right-hand side shows the biggest contribution from muons and air showers which arrive

under a zenith angle between 40° to 60°. Every zenith bin has its maximum around 300m,

the maximum decreases with a higher inclination. The core positions of air showers that
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the neutrino detector under realistic conditions. Furthermore, the radio emission of air

showers is well understood so that the reconstructed signal properties can be verified by

theoretical predictions.

To improve the muon veto, a statistical analysis could help to decided if a in-ice shower

is induced by a muon or neutrino. This is important for in-ice trigger at the edges of the

array. The trigger efficiency is reduced, because the muon can travel longer distances,

while the air shower signal is not detectable at the same place. This estimations could

improve if a whole array is simulated instead of a single station. This give the opportunity

to calculate, if the air shower from a muon that travels longer than 700m is measured

by a different station. At the same time, it is possible to check if an air shower is visible

at one or more stations at all. The prediction for the muon veto would be also more

exact, if CoREAS simulations for air showers with energy above 3× 1018 eV would be

produced. So far it is not be done, because these showers are rare and the simulations

requires computational resources. In general, a more exact prediction of the trigger and

veto efficiency would be possible with in field measurements of the noise and the hardware

response.

77



6 Summary and Conclusions

Neutrinos are the ideal messenger to identify sources of ultra-high energy cosmic rays

in the universe. The main mechanism at the origin of neutrinos is the production of

pions in the interactions of cosmic rays with other hadrons or photons. Because of

their neutral charge and their interaction channel, neutrinos point straight back to their

origin. A promising technique to measure neutrinos above 10PeV is the detection of

radio signals generated by the Askaryan effect. The effect is caused by neutrino-induced

particle cascades in dense media e.g. ice.

Starting in 2021, the Radio Neutrino Observatory in Greenland will be deployed.

Building on the experience gained with ARA, ARIANNA and ANITA, the detector will

be equipped with in-ice detector strings and a surface component. The surface component

extends the effective volume of the neutrino detector only slightly, but is also sensitive to

signals coming from above, such as from extensive air showers.

Previous studies have shown that muons stemming from an air shower can induce

particle cascade in ice which are indistinguishable from real neutrino events. The catas-

trophic energy loss of a muon may occur as often as detectable neutrino events are

expected. Therefore, muons are a non-negligible background. By building the detector

with surface antennas the established method of radio detection of extensive air showers

can be used to identify incoming muons via their origin, namely the air shower. Once

an air shower is detected, the signal is stored and can be used as veto mechanism in the

neutrino detection.

To obtain an efficient veto, a surface trigger mechanism has to be developed and

optimized. The surface trigger is based on the trace envelope of each channel which

has to exceed a simple threshold. Once the signal is recorded, it will be amplified and

filtered by a bandpass. A coincidence check including a number of channels which have

to pass the threshold within a certain time interval will be performed. The threshold for

a corresponding frequency band is obtained by determine a noise trigger rate < 0.5Hz,

which is a data rate the hardware is capable to process. The total noise consists of thermal

noise of the system and galactic noise. An analysis based on more than 400 CoREAS

air showers suggest a passband from 80MHz to 120MHz. Although galactic noise is

increased at lower frequencies, the effective area is largest with the lowest possible lower
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cutoff frequency (80MHz). The narrow passband of 40MHz is difficult to implement in

hardware. Therefore a frequency band of 80MHz to 180MHz is chosen, which reduces

the efficiency slightly, but makes the trigger more robust against noise. By requiring a

number coincidence of two channels, the threshold can be lowered significantly. The time

window has only little influence on the threshold, but 60 ns seem to be in favor.

The trigger parameters are simulated for different air showers to determine the ef-

fective area. One RNO-G station will be sensitive to air showers from 1× 1017 eV on.

The highest effective area is achieved for inclined air showers. In combinations with the

cosmic ray flux as measured by the Pierre Auger Observatory the expected number of

detected cosmic rays, 3.17 ± 1.69 per day, is obtained. A trigger efficiency of 100 % is

achieved for air showers with an energy from 1× 1018 eV, arriving with a zenith angle

between 60° to 70° within 300m of a station. To obtain the muon veto efficiency, the

probability that a muon with a given energy stems from an air shower with a certain

energy is calculated. The possible air showers differ in energy by ∼ a factor 100. The

probability to trigger on each shower considering cosmic ray energy, arrival direction and

position of shower core, is calculated and summed up accordingly. The overall efficiency

for one station considering only muons with an air shower core within 700m around a

station is 29 %.
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ADC Analog to digital converter

AERA Auger Engineering Radio Array

ANITA Antarctic Impulsive Transient Antenna

ARA Askaryan Radio Array

ARIANNA Antarctic Ross Ice Shelf Antenna Neutrino Array

AURA Antarctic Under-Ice Radio Array

CC Charged current

CODALEMA COsmic Detection Array with Logarithmic ElectroMagnetic Antennas

CoREAS Corsika-based Radio Emission from Air Showers

CORSIKA COsmic Ray SImulations for KAscade

CR Cosmic ray

DPMJet Dual Parton Model with Jet production

GRAND Giant Radio Array for Neutrino Detection

GSM Galactic Sky Model

Hpol Horizontal polarized (antennas)

IGLU In-ice Gain with Low-power Unit

KASCADE KArlsruhe Shower Core and Array DEtector

LOFAR LOw Frequency ARray

LOPES LOFAR PrototypE Station

LPDA Logarithmic Periodic Dipole Antenna

LPM effect Landau–Pomeranchuk–Migdal effect

MCEq Matrix Cascade Equations

NC Neutral current

QGSJET-II Quark-Gluon-String model with Jet production

RICE Radio Ice Cherenkov Experiment

RNO-G Radio Neutrino Observatory Greenland

SIBYLL No acronym. The sibyls were oracles in Ancient Greece

SKA-low Square Kilometre Array - low
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sions

TREND Tianshan Radio Experiment for Neutrino Detection

Tunka-Rex Tunka Radio Extension

UHE Ultra high energy

UrQMD Ultra-relativistic-Quantum-Molecular-Dynamics approach

VEL Vector Effective Length

Vpol Vertical polarized (antennas)
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