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Abstract

In this thesis, the potential of and the hardships posed by high wind speeds for the
Radio Neutrino Observatory in Greenland (RNO-G) are examined. The multiple,
remote stations of the detector must generate their own power as a centralised energy
distribution is not possible. While during the summer solar panels can reliably supply
them, in the winter months, the sun does not rise above the horizon. Wind turbines are
ideal in this situation, as wind speeds regularly exceed 6-7 m/s. However, the extreme
cold and the wind itself present several challenges for the detector. As the temperature
very rarely rises above 0°C, the turbines are often frozen shut. Additionally, during
those high wind speed periods, the detector measures significantly higher rates of radio
pulses, which are currently attributed to the Triboelectric e [edt.

In this work, a local station that replicates the power system of the RNO-G detector
stations is built at the Erlangen Centre for Astroparticle Physics (ECAP) to serve
as a testing ground for new software and technology. When examining the available
turbines in Greenland, it shows they are operating within expectations based on previous
wind-tunnel tests. At the transition from summer to winter, based on calculations,
stations 11 and 13 would have lost 1-5 days in uptime if they had not been equipped
with a turbine, while they could have been up for about half a month longer if their
power draw was reduced by 10W (about 30 %).

Secondly, a glaciophone is used to record acoustic noise at detector station 13 to test
whether the wind-induced radio pulses are accompanied by an acoustic e[edt. The
frequency analysis recordings show diLerknt results for the two runs performed. The
first one shows a higher pitch for the maximum compared to the second one, which is
most probably caused by the protective plastic bag used during run No.1 only. Both
runs show a clear correlation between wind speed and acoustic noise; however, the
relation between the trigger rate of the station and both wind velocity and the acoustic
signal is not apparent. The analysis of the timing between wind speed and trigger rate
increase points to a delay of about 2.8 hours (wind speed increase preceding the trigger
rate spike).
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1 Introduction

Currently, the most powerful particle accelerator, the LHC in Switzerland, is technolog-
ically limited to a collision energy of 14 TeV [1]. Research focusing on any energy scale
beyond this needs to be conducted through analysing naturally occurring, astrophysical
phenomena, which not only encode information about particle physics but astrophysics
as well. Even though galactic sources emit many kinds of messengers, which are way
easier to detect, like electromagnetic radiation or cosmic rays (such as protons, electrons,
or helium cores), the unique properties of neutrinos make them essentially required to
fully understand the extreme conditions, such as in the centre of the sun or the middle
of supernovae. Neutrinos are neither perturbed by any electromagnetic fields, due to
their lack of electric charge, nor are they attenuated like gamma-rays (y-rays) because of
their low interaction probability with other matter. This means that the neutrino flux is
the only source of information that points directly to the source of its creation, allowing
us to glimpse into the inner workings of astrophysical objects. There exist many models
of how particles can be accelerated in such objects, among others, shock acceleration
[2] and magnetic reconnection [3]. However, high- and ultra-high energy neutrinos
(20GeV . Ey - 10PeV and E, & 10PeV respectively) are most likely not accelerated
themselves but are generated in collisions of accelerated hadrons with a target. These
collisions create mesons which are not stable and decay, creating neutrinos in the process.
Locating the sources for and discovering the principle behind the acceleration of particles
beyond energies achievable on Earth would improve our understanding of particle and
astrophysics immensely. After travelling through space in a straight line from the source
to Earth, neutrinos induce particle showers in the detector medium, producing many
secondary particles. This cascade of particles generates radio signals in two di [erent
ways - the geomagnetic and the Askaryan (charge-excess) e [edt. With the geomagnetic
e [edt, di Lerkntly charged particles are separated due to the Lorentz force in Earth’s
magnetic field. However, this process is negligible for neutrino events captured by in-ice
detectors such as the Radio Neutrino Observatory in Greenland (RNO-G). The more
prominent Askaryan e [edt is the consequence of interactions diLering between shower
particles with the surrounding medium, leading to negative charge access on the shower
front and a positive charge access along the shower axis [4]. RNO-G aims to capture
these radio signals and analyse the arrival direction of the primary neutrino, from which
natural particle accelerators in our universe can be identified. Because of the small
cross-section of neutrinos, the medium in which they are supposed to interact is required
to be very large to maximise the chance of detecting them, and additionally has to be
transparent to the radio waves emitted. For this, multiple stations with radio antennas
are built in a grid with a 1.25 km spacing at a depth of up to 100m (328.1ft) in the
ice [4]. Not only are these stations very far apart, but also at a very remote location,
near the summit of Greenland at 3210 m (10530 ft) above the sea level [5]. This means
a central power distribution system is not feasible, and each station needs to produce
energy for itself. To achieve this, two 120 W solar panels, each 8275cm? (1283in?) in
size, and a horizontal axis wind turbine with a diameter of 50.4cm (40in), produce
power for the station while charging four deep cycle gel batteries to create a bu Ler for
cloudy periods, windless times and the night. While the solar panels deliver more than
enough energy during summer times, ideally the wind turbine should take over in the
winter (October - March) when the sun does not rise above the horizon. Looking at



previous experiments detecting cosmic neutrinos, it is quite clear that further increasing
the sensitivity in the ultra-high neutrino energy region (E, & 10PeV) is important to
understand astrophysical processes and discover new physics. Even though the IceCube
project achieved the goal of detecting neutrino flux in part of the high neutrino energy
region (20GeV . E, - 10PeV) and even identified some sources, it was only possible to
put a limit on the neutrino flux in the UHE region. The collaboration around RNO-G
not only seeks to improve on that limit, but also to detect the actual flux of neutrinos. To
achieve this goal, the sensitivity to neutrinos must be maximised, while the experiment
must run for as long as achievable. As the detector is currently inoperable every winter
due to the absence of sunlight, the run time could be almost doubled if the wind turbine
generated enough power to satisfy the station’s energy requirements. Thus, the stations
should operate on as little power as possible, while the turbine must deliver power
regularly in order to charge the batteries. Simultaneously, reducing the background
noise increases the trigger sensitivity. Reducing and accounting for unwanted signals
is indispensable to achieving the desired precision. The frequent high wind speeds on
the flat glacier ice are both extremely beneficial for generating power, but can also
supposedly negatively influence noise signals through the triboelectric e [edt. The goal
of this work is to provide a deeper look at the power generation of the turbines in the
field, determine their usefulness and shortcomings, and inspect the trigger rate of the
stations in relation to wind velocity and acoustic background noise. Data on the power
delivered by the turbines are directly logged by the RNO-G collaboration. The wind
speed readings are taken by the National Oceanic and Atmospheric Administration
(NOAA) at Summit station [6], which are freely available on the given website. The
background noise produced by the wind is recorded with a hydrophone buried in the
ice on site (station 13) and compared to the fluctuations in the trigger rate.



2 Context

To provide a deeper understanding of the topic and establish familiarity with terminology,
this chapter provides a brief description of neutrinos, their interaction, and detection as
well as the RNO-G detector stations.

2.1 Radio Detection of Neutrinos

First of all, the basics of neutrino physics are important for understanding the detection
principle and why the detector is built the way it is.

2.1.1 Neutrinos

Starting with the messenger particle itself, a neutrino (v) is an elementary particle that
is described by the standard model of particle physics. It is classified as a fermion,
meaning it possesses a half-integer spin and is a member of the neutral-lepton subclass.
Crucially, this means it does neither interact through the electro-magnetic force, as it
is neutrally charged, nor through the strong force, as it’s a lepton and not a quark -
the other fermion subclass. Therefore, the only forces a neutrino interacts with are
gravity and the weak force. As seen in Figure 1, neutrinos come in three dilerent
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Figure 1: Particles of the Standard Model taken from [7]. The force-carrying particles
(Gauge Bosons) are grouped in red. Leptons are marked in green, while quarks are
shown in purple. The Higgs boson is the only member of its own scalar boson group in
yellow.



flavours corresponding to the three charged leptons, the electron, muon, and tau-particle.
This is especially important, since the events detected in neutrino detectors can diLer
depending on the flavour.

2.1.2 Secondary Particles

As previously stated, neutrinos cannot emit electromagnetic radiation, which would
be the easiest signals to detect. Experiments with targeted energies above [20 GeV
range need to rely on secondary particles created by neutrino-induced showers instead.
Ultra-high energy neutrinos (E, & 10 PeV) scatter o [al single quark in the nucleons
inelastically, which disintegrates the nucleon, while what happens to the neutrino is
subject to the specific type of interaction. Weak interactions can happen by exchanging
either a neutral Z%- or a charged W*-Boson. If the force-carrying particle is a Z°-Boson,
the interaction is called a neutral current (nc) and the outgoing particle remains a
neutrino. Should the force-carrying particle be a W*-Boson instead, one speaks of
a charged current interaction (cc). With a cc interaction between a neutrino and a
nucleon, the outgoing particle will be a charged lepton corresponding to the flavour of
the initial neutrino, as seen in Figure 2 [4]. The depicted deep inelastic scattering has
the greatest interaction cross-section for interaction energies E & 20 GeV [8].
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Figure 2: Deep inelastic scattering through the weak force between a neutrino and a
nucleon. v, and I can be any pair of (ve,e™), (Vu, U7), (V¢,T7). Left: Neutral current
(nc) interaction with a Z%-Boson. Right: Charged current (cc) interaction with a
W=*-Boson. Figures from [4]

From the destroyed nucleus, unstable pions are created, which decay after a short period
of time, creating new particles in a cascade, until the energy contained within the
particle shower is so diluted that no new particles can be produced. Figure 3 shows a
schematic depiction of this shower.

2.1.3 Emission of Radio Signals

Two main mechanisms lead to the emission of radio signals in particle showers. In Ice,
the dominant e [edt is the Askaryan e [edt. In comparison, the signals generated by the
geomagnetic e [edt are negligible due to the short shower extension along the shower
axis in ice [9]. The charge-excess e[edt (Askaryan e [edt) happens due to the ionisation
of the medium the shower is propagating through. Negatively charged electrons are
concentrated by and travel with the shower front, while the heavy, positively charged
ions are left behind. Three dilerknt interactions lead to the acceleration of electrons in



Figure 3: Simpli ed sketch of a particle shower. Green: muonic component. Blue:
electromagnetic component. Purple: Hadronic component. Figure taken from [4]

the shower front [10].
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Electron-positron annihilation and Bhabha scattering slow shower positrons, adding to
the charge separation [11].

Electron-positron annihilation: e + e ! +

This time-dependent chargeq creates an electromagnetic pulse if the medium, in which
the shower develops, is dielectric and non-absorptive [4].

2.2 RNO-G

After describing the principal RNO-G and other radio neutrino detectors work with,
the speci cs of the detector in Greenland can be discussed.

2.2.1 Detection of Radio Signals

Electromagnetic pulses produced through the Askaryan e ect are measured with antenna
arrays, consisting of Vpol- and Hpol antennas, at a depth of aroundlOO m As their
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names suggest, the two types of antennas are built to detect vertically and horizontally
polarized radio signals, respectively. Additionally, three groups of three LPDA ( og-
Periodic Dipole Array) antennas in di erent orientations on the surface help with
detecting signals and reducing noise signals arriving from above the ice surface [4].

2.2.2 Sensitivity of RNO-G

Measuring the tiny electric eld oscillations in the order of WV of the radio signals,
and subsequently reconstructing from which direction the original cosmic ray arrived,
requires an immense amount of precision. To achieve the outlined sensitivity in Figure
6, background noise must be kept to a minimum, while an extended up-time contributes
very positively to it as well; two aspects which will be further discussed in this work.

2.2.3 Station Characterization

In this section, the technical assembly of an RNO-G station is described, starting with
the power delivery system. As one can see in Figure 7, every station is equipped with a
WT10 turbine, producing up to 500 W and two 120 W solar panels. Most recently, the
solar panels are upgraded to deliver a combined wattage @50 W. Some speci cations
of the older panels are listed in Table 1. At the same time, the turbine's performance
characteristics are an essential part of this work and will be discussed in detail in section
3.2.

\ RNO-G solar panels

Power 120W( 2) 180W( 2)
Nominal Voltage 24V 24V
Module E ciency 14:6 % 17.8%

Dimensions 1223cm 67:4cm | 1504cm  67:4cm

Area 80515 cm? 101370 cn?

Table 1: Most relevant speci cations of the solar panels, which the RNO-G stations are
equipped with. The data sheets can be found in [13] and [14] for th&20 W and the
180 W panel, respectively.

Moving along the chain, the power input is fed through Electromagnetic Interference
(EMI) lters to the charge controller in an insulated enclosure - a pelican case, used to
protect the electronics from the cold and humidity. The electronics inside are presented
in the schematic at the bottom of Figure 8. Energy from the turbine and the solar
panel, which is not used to power the station right away, is stored in four97.6 Ah@20C
(20 h-rate), or equivalently, 108Ah (100 h-rate) deep cycle, lead acid batteries. These
12V batteries are connected to pairs in a series con guration to achieve a system voltage
of 24V. The two pairs are connected in parallel afterwards, in order to maximize storage
capacity of approximately 5KWh at room temperature. Due to the extreme cold, this
value is decreased drastically, which will be a point of discussion in Section 3.2. Even
though the battery bank is shown to be within the pelican case in Figure 8, in newer
revisions, the energy storage system (batteries and power box) is placed into a separate
enclosure as seen in Figure 12. This is soon to be reverted to a single enclosure design
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Figure 4. Schematic layout of the detectors of a single RNO-G station. Nine LPDAs are
arranged on top of the ice sheet while 3 strings with V- and Hpol antennas are lowered
into pre-drilled holes. The single phased array on the power string is responsible for
triggering on neutrino events. Figure from [4]



Figure 5: The di erent types of antennas used in RNO-G's stations are from left to
right: Vpol, Hpol, and LPDAs. Pictures are taken from [12].

in future station upgrades, as otherwise the temperature of the batteries is too low.

The RADIANT ( RA dio DI gitizer and A uxiliary N eutrino T rigger), FLOWER ( FL exible
Octal W avEform R ecorder), ampli ers, and the calibration pulsers (both on the surface
and in the bore holes) receive power directly from the power regulation and distribution
system on the controller board, which concludes the power chain.

The signal chain begins at the previously mentioned LPDA, Vpol, and Hpol antennas.
The LPDAs on top of the ice sheet are connected to the surface ampli ers, while signals
from the V- and Hpols are fed to the downhole ampli ers. Images of the di erent
antennas are shown in Figure 5. The ampli ed RF signal is sent to and processed by the
RADIANT and the FLOWER, from which the digital data is moved to the controller
board and stored on an SD card. To access the station and transfer les, wireless
communication is achieved through an LTE (Long-T erm Evolution - a telecomunication
standard) modem or a LoRaWAN (Long Range W ide Area N etwork) transceiver.

2.2.4 History of Wind Energy at RNO-G

That the stations would need to rely on wind energy for about half of the year had

been clear early in the planning of the detector. In 2022, two stations (11 and 12) were
equipped with tandem Savant Turbines; tandem meaning two turbines were attached to

either side of a pole. These were inspired by the design used at the ARIANNA detector
[15]. Turbines of the Savant design consist of two vertical blades with a semi-circular
shape, which twist from top to bottom as they spiral around each other. An example

can be seen in Figure 9.

However, these turbines were very prone to freezing. In 2024, the turbines at stations
11 and 12 were replaced with the WT10 turbines shown in Figure 7. Additionally, the
new stations 13, 14, and 23 were also equipped with one. Unfortunately, the problem
of frozen turbines persists as Figure 7 demonstrates. Many possible xes have been
proposed, including coating the turbine and its blades with Te on or special paint,
replacing the lubricant with one better suited to extreme cold, or even turning the
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Figure 6: All colored lines represent the 90% con dence levels for the upper sensitivity
limit of each experiment mentioned. IceCube's di use neutrino ux and upper limit
represent the best current measurement in this energy region. RNO-G is predicted to
increase the sensitivity, where IceCube could not see the neutrino ux. Figure taken
from [8].

generator of the turbine into a motor to use a bit of power to initialise the spinning.

In the summer of 2025, the larger WT14 turbine, which is still in development, was
installed at station 12. Its longer blades could provide extra torque to break the ice
more easily. However, data on this has not yet been recorded.



Figure 7: The picture shows the frozen-over power delivery system of station 13. A
WT10 turbine sits upon the left service tower, while both towers are equipped with a
120 W solar panel.
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