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Abstract

The measurement of ultra-high energy (UHE) neutrinos (E > 1016 eV) opens a new field of astronomy with
the potential to reveal the sources of ultra-high energy cosmic rays especially if combined with observations in
the electromagnetic spectrum and gravitational waves. The ARIANNA pilot detector explores the detection
of UHE neutrinos with a surface array of independent radio detector stations in Antarctica which allows for
a cost-effective instrumentation of large volumes. Twelve stations are currently operating successfully at the
Moore’s Bay site (Ross Ice Shelf) in Antarctica and at the South Pole. We will review the current state of
ARIANNA and its main results. We report on a newly developed wind generator that successfully operates in
the harsh Antarctic conditions and powers the station for a substantial time during the dark winter months.
The robust ARIANNA surface architecture, combined with environmentally friendly solar and wind power
generators, can be installed at any deep ice location on the planet and operated autonomously. We report on
the detector capabilities to determine the neutrino direction by reconstructing the signal arrival direction of
a 800m deep calibration pulser, and the reconstruction of the signal polarization using the more abundant
cosmic-ray air showers. Finally, we describe a large-scale design – ARIA – that capitalizes on the successful
experience of the ARIANNA operation and is designed sensitive enough to discover the first UHE neutrino.
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1. Introduction

The origin of ultra-high energy cosmic rays (UHECRs) is one of the biggest mysteries in astroparticle
physics. The deflection of cosmic rays in galactic and extra-galactic magnetic fields makes the determination
of their origin extremely challenging, and despite decades of research, no UHECR source could be identified.
A more promising way to track down the sources of cosmic rays is the measurement of ultra-high energy
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(UHE) neutrinos as neutrinos traverse the universe unimpeded and point back to their source. Neutrinos are
either produced directly at an astrophysical object through the acceleration of cosmic rays and succeeding
interactions with matter surrounding the source (called astrophysical neutrinos), or during the propagation
of cosmic rays through the universe via interactions with photons from the cosmic microwave background
(called cosmogenic neutrinos).

Recently, the IceCube neutrino detector at the South Pole reported a detection of a 3× 1014 eV astro-
physical neutrino in coincidence with a flaring state of a blazar that was observed with gamma-ray telescopes
(Aartsen et al., 2018b). With a significance of 3σ, it constitutes the first evidence of a cosmic-ray source.
This discovery shows the strength of neutrino astronomy and the multi-messenger approach as one of the
best opportunities to discover the sources of cosmic rays also at even higher energies.

As the interaction cross section of UHE neutrinos is small, huge volumes need to be instrumented to
observe neutrinos with sufficient statistics. The ice sheets of Antarctica and Greenland provide a suitable
detection medium, and a sparse instrumentation of the ice with sensors allows for the construction of
terraton detectors. Neutrinos with energies above 1016 eV are measured best with the radio technique
(Aartsen et al., 2016) because of the small attenuation of radio signals in ice (La ≈ 1 km). A sparse array of
radio detector stations allows for a cost-effective instrumentation of large volumes whereas optical detectors,
such as IceCube, become cost-prohibitive because of the larger attenuation and scattering of optical light in
ice.

Radio signals in ice are generated via the Askaryan effect (Askaryan, 1962): a high-energy neutrino
interaction induces a particle shower in the ice and a time-varying negative charge excess in the shower front
leads to a short radio flash of a few nanoseconds length with relevant frequencies from 50MHz to 1GHz.
The radio emission is emitted on a narrow cone – the Cherenkov cone – around the shower axis where the
emission from all parts of the shower adds up coherently. The cone has an opening angle of approx. 56 ◦ in
ice and a width of a few degrees, as depicted in Fig. 2. Hence, the observable Askaryan radio pulse depends
strongly on the geometry as shown in Fig. 1. If the shower is observed directly on the Cherenkov cone, the
signal is strongest and extends to frequencies of ∼1GHz. If the shower is observed further off the cone,
the cutoff frequency moves down to lower frequencies. Thus, the relevant frequency range is ∼50MHz to
∼1GHz, and a broadband detection is beneficial to be sensitive to all viewing angles and to measure the
shape of the frequency spectrum which is crucial to extract the direction, energy and flavor of the neutrino.
Another consequence of the emission on the Cherenkov cone is that both the incoming signal direction as
well as the signal polarization need to be measured to determine the neutrino direction.

This promising detection technique is currently explored by two pilot arrays with slightly different designs.
The ARA detector (Allison et al., 2016) at the South Pole places antennas at a depth of 200m into narrow
holes (� ≈ 15 cm) that are drilled from the ice surface. This comes with the advantages of a larger sensitivity
per station, and being less impacted by firn effects: In the upper part of the ice layer (at the South Pole the
upper ∼200m), the index of refraction changes from 1.78 of clear deep ice to 1.35 at the surface (Kravchenko
et al., 2004; Barwick et al., 2018) because of a change in the ice density. Therefore, the radio signals do
not propagate on straight lines but undergo continuous Fresnel refraction. Still, the drilling is a substantial
deployment effort and only antennas that fit into the narrow hole can be used which limits the broadband
response and the sensitivity to the horizontal signal polarization.

The ARIANNA detector, in turn, consists of autonomous detector stations located just slightly below
the ice surface. This allows a quick deployment and the installation of large high-gain broadband LPDA
antennas with different orientations, which enables a precise measurement of the signal polarization to
reconstruct the neutrino direction, and the measurement of the frequency spectrum which is required to
determine the neutrino energy. Being close to the surface comes with additional advantages: In dipole
antennas a couple of meters below the surface (which is a straight-forward extension of the current station
layout and part oft the ARIA concept), the Askaryan radio pulse can be observed two times, one pulse that
propagates directly to the antenna and one that is reflected off the ice surface, for almost all events. This
allows for an unambiguous neutrino identification, and the reconstruction of the distance to the interaction
vertex. Furthermore, an ARIANNA station is also sensitive to the radio signals of cosmic-ray air showers
which allows for an in-situ calibration, and continuous test and monitoring of the detector under realistic
conditions. However, the smaller exposure to neutrinos per station requires the installation of more stations
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Figure 3: Overview of ARIANNA stations. (upper left) dedicated cosmic-ray station 32 at Moore’s Bay, all antennas are in
the ice (upper right) 8 channel neutrino/cosmic ray combo station 52 at Moore’s Bay, all antennas are in the ice (lower left)
horizontal cosmic-ray station 50, all antennas are above the ice (lower right) first ARIANNA station 51 at the South Pole, the
downward facing antennas and the dipole are in the ice whereas the upward facing antennas are above the ice.

Fig. 3).
The capabilities of cosmic-ray measurement were first demonstrated using a dedicated cosmic-ray station

(station 32) consisting of four upward facing LPDAs (Barwick et al., 2017) before the ARIANNA hardware
was extended to support 8 channels. A year later in the 2017/2018 season, the first 8 channel station (station
52) was deployed combining 4 downward and 4 upward facing LPDAs.

In the same season, the first ARIANNA station was installed at the South Pole. Similar to station 52,
it combines downward and upward facing LPDAs complemented by one dipole for a direct access of the
vertical polarization. The upward facing LPDAs are placed above the surface to better study the RF noise
situation at the South Pole. The station is connected to the power grid of the ARA detector so it can
run all year. Since its deployment, the station has been running continuously proving that the ARIANNA
hardware works reliably at the even colder temperatures at the South Pole which has average temperatures
of −60 ◦C during the winter compared to −25 ◦C at Moore’s Bay. The station was deployed relatively close
to the South Pole station and in direct vicinity to a large wind turbine1 that turned out to be a significant
source of RFI noise. Although these events could be identified in an offline analysis it complicates data
taking, limits the uptime in certain periods and results in larger data volumes.

In the 2018/2019 season, another ARIANNA station was installed at the South Pole further away from
any man made infrastructure. The station is now running completely autonomous with solar power and a
battery to buffer periods of insufficient sunlight which results in a 100% uptime during the austral summer.
Also the second ARIANNA station has been running reliably since it was turned on. Being further away
from South Pole station and the wind turbine has had the desired effect and we observe stable trigger rates.

1This wind turbine is a kW scale power system from a different experiment and completely different from the low-power
system that is discussed in Sec. 2.3.
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These preliminary results indicate that the South Pole is a suitable location for an ARIANNA style neutrino
detector.

2.2. Prototype of a dedicated tau neutrino detector

Another promising technique of a flavor sensitive neutrino detector (Feng et al., 2002; Hou and Huang,
2002; Nam and Liu, 2017) is explored at the ARIANNA site similar to the approach of (Alvarez-Muniz et al.,
2018). A tau neutrino interaction produces a tau lepton which has just the right combination of interaction
and decay length that it can escape a solid medium, then decay in air and produce an air shower that is
in-turn observable with a radio detector. A solid mountain range provides an excellent target material. The
Moore’s Bay site provides an optimal location as it is surrounded by the massive Transantarctic Mountains
and is extremely radio quiet.

We prototype this technique with a horizontal cosmic-ray (HCR) station that consists of an array of
antennas pointed towards the mountain range. Cosmic-ray induced air showers constitute the main physical
background of such a tau neutrino detector. Hence, a precise measurement of air showers, in particular the
angular reconstruction to distinguish air showers coming from slightly above the mountain from tau induced
air showers coming from below the mountain ridge, is crucial to study the feasibility of this technique.

In the 2017/2018 season, an earlier HCR prototype station (Wang, 2017) was extended to the layout
depicted in Fig. 3 bottom right. This station consists of eight LPDAs placed above the snow pointing at the
mountain range that surrounds Moores Bay. An initial analysis of data from this improved station design
indicates an improvement of the angular resolution in elevation from 0.63◦ to 0.25◦ for signals originating
from close to the horizon. However, we observe a systematic offset of a couple of degrees which is mostly the
result of interference with signals reflected off the surface and due to uncertainties in the station geometry.
A full analysis of the HCR station will be presented in a forthcoming publication.

2.3. Wind power system

A wind power system would allow an autonomous station to run during the antarctic winter when the
station is in darkness for almost 6 months. This has a huge potential as it directly doubles the uptime of the
detector and its multi-messenger sensitivity. A wind generator capable of both surviving extreme Antarctic
weather conditions and providing power at low wind-speeds has been in development since several years.

The turbine has a novel geometry based on the traditional twisted Savonius turbine. Its main elements
are two twisted displaced half circle arc cross-sections, in the horizontal plane, that are swept vertically with
an increasing azimuth around the axis of rotation (cf. Fig. 4 left). This twist helps to reduce vibrations,
noise and the torque fluctuations. Above all it renders the turbine aerodynamically self starting. Integrated
with the turbine is the permanent magnet rotor of an air gap winding synchronous generator. This allows
for a full electrical control of the turbine’s rotational speed through the loading of the generator.

The first important milestone was achieved in 2018 when the first wind generator survived the winter
months and powered an ARIANNA station for 24% of the winter time (cf. Fig. 4 right). In Nov 2018, a
larger version was deployed at Moores Bay with several changes to improve performance at low temperatures
which is shown in Fig. 4 left. Its dimensions are 0.6m tall and 0.3m diameter with a weight of 10.5 kg. We
connected the new wind generator as the only power source to an ARIANNA station and found that the
new system delivered sufficient power for 44% of the time between Dec. 2018 and the time of writing this
article of Jan. 2019, a time period of the year where windspeeds are generally lower than during the winter.
Hence, a significant increase in uptime is expected during the winter.

Based on these encouraging results, we have designed a further upgrade that will be able to power an
ARIANNA station for 70% of the time at the South Pole (thus, an autonomous power system will provide
power for 85% of the year). The South Pole is more demanding because of lower temperatures, lower
air density and slower windspeeds. Well understood scaling relations were used to estimate the required
dimensions of 1.2m tall x 0.6m diameter and a weight of 40 kg with estimated costs of $5000. Hence, fully
autonomous stations are a viable option for a large scale Askaryan detector at the South Pole.
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well-calibrated detector station we find that we can achieve a polarization resolution of ∼ 3◦ which is limited
by the signal-to-noise ratio.

Although not the primary objective of ARIANNA, a direct contribution to ultra-high-energy cosmic-ray
(UHECR) physics is foreseen. A large-scale ARIANNA detector with hundreds of stations will provide a
substantial exposure to measure cosmic rays with reasonable statistics up to energies of 1019 eV (Barwick
et al., 2017). We will be able to measure the energy spectrum with competitive and independent systematic
uncertainties (Gottowik et al., 2018). Furthermore, a small subset of cosmic rays are expected to be observed
in coincidence with IceTop and IceCube if the detector is deployed at the South Pole. These events will
provide an exceptional amount of information and will be important for cross-calibration purposes. In
addition, the radio signal is only sensitive to the electromagnetic air-shower component whereas IceTop and
especially IceCube provides a complementary measurement of the hadronic shower component which allows
for a measurement of the cosmic-ray mass (Holt et al., 2019). This is facilitated by a newly developed
technique to determine the air-shower energy from a single radio detector station (Welling et al., 2019).
Also, the radio signal of inclined air showers, where this technique works best, extends over a large area
(Aab et al., 2018). Thus, a sparse spacing of detector stations of O(1 km) is sufficient to perform this
measurement.

6. ARIA: Optimized surface radio neutrino detector

The versatile experiences of the ARIANNA pilot array in terms of hardware stability, deployment and
detector operation in the harsh Antarctic conditions, neutrino and cosmic-ray identification, and advanced
data reconstruction led to the design of the Askaryan Radio In-ice Array (ARIA). We determined the South
Pole as the optimal location because of the good infrastructure and the cold, deep and clear ice which
attenuates the radio signal less than the ice at the Moore’s Bay site and more than compensates for the
higher logistical effort and lack of reflective layer from the water-ice interface beneath the ice shelf at Moore’s
Bay.

ARIA combines the advantages of the ARIANNA design (autonomous stations, ease of deployment, re-
liable hardware, deployable at any ice sheet on the planet) with an optimized station layout that achieves
a high sensitivity to neutrinos, an unambiguous identification of the neutrino signals with multiple comple-
mentary channels, and the ability to reconstruct the neutrino direction and energy for almost all events.
Because no high-energy neutrino has been detected yet with the radio technique, especially the second point
is of utmost importance. All these goals can be achieved with the station design presented in Fig. 9.

The ARIA station comprises several LPDA antenna with different orientations near the surface and one
string of four dipoles deployed at a depth of 15m. The vertically oriented LPDAs provide a large sensitivity
to the expected neutrino signals as the antenna is most sensitive towards the expected signal direction and
polarization. The four downward pointing LPDAs measure the two horizontal polarization components
and provide the necessary addition information to reconstruct the polarization. The four upward pointing
LPDAs take care of cosmic-ray rejection. The station is then completed with four deep dipoles to improve
the neutrino identification and provide information on the distance to the neutrino interaction vertex via
detecting both the direct and reflected pulse (see below).

The autonomous nature of the stations and the vicinity of the antennas to the snow surface allow for
a quick and easy deployment with essentially no requirements for supporting infrastructure. The use of a
newly developed portable cylindrical hole melter allows to drill the borehole for the dipoles within a few
hours and very little monitoring (Heinen et al., 2017; RWTH Innovation, 2018). It was already successfully
used in 2018 at the Moore’s Bay site. This concept is currently adapted to also melt the slots for the LPDAs
to avoid hand digging of trenches. A complete ARIA station can be deployed within one working day with
about four to five people.

Neutrinos can be identified using several complementary techniques:

• Using a template matching technique as described in Sec. 4 where cosmic-ray signals can be separately
rejected by the upward pointing LPDAs.
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template matching technique to obtain a pure sample of cosmic-ray events and found that the reconstructed
polarization is in good agreement with the theoretical expectation.

Finally, guided by five years of successful operational experience with the ARIANNA pilot array, a
large-scale high energy neutrino detector – called ARIA – was designed and proposed (Barwick, 2018).
The station design was optimized for ice conditions at the South Pole. Neutrinos are distinguished from
high rate background processes by several complementary channels, which is of utmost importance for a
discovery instrument. ARIA will have unprecedented sensitivity to high-energy neutrinos. It it sensitive to
a proton fraction of as low as 10% in the ultra-high energy cosmic-ray composition and will measure several
astrophysical neutrinos per year if the flux observed by the IceCube detector continues to higher energies.
Furthermore, the ARIA station is designed to have a good sensitivity to the neutrino direction and energy
which enables multi-messenger astronomy at the highest neutrino energies.
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