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Abstract: This article presents the design of the Radio Neutrino Observatory Greenland (RNO-G)

and discusses its scientific prospects. Using an array of radio sensors, RNO-G seeks to measure

neutrinos above 10PeV by exploiting the Askaryan effect in neutrino-induced cascades in ice. We

discuss the experimental considerations that drive the design of RNO-G, present first measurements

of the hardware that is to be deployed and discuss the projected sensitivity of the instrument. RNO-G

will be the first production-scale radio detector for in-ice neutrino signals.



Contents

1 Introduction 2

1.1 Scope of RNO-G 2

1.2 Relation to previous and current radio experiments 2

2 Science case and design requirements 4

2.1 Diffuse neutrino flux 5

2.2 Sky coverage 6

2.3 Transient sources 7

2.4 Fundamental physics 8

2.5 Radio emission from neutrino interactions in ice and consequences for site selection 9

2.6 Air showers as both a potential background and calibration signal 10

3 Experimental design considerations 12

3.1 Summit Station, Greenland 14

3.2 A low-power, low-threshold trigger and data acquisition system 15

3.3 Detector geometry: An integrated approach with deep and surface components 16

3.4 High analysis efficiency and low background to enhance discovery potential 17

4 The RNO-G instrument design 20

4.1 Antennas 21

4.2 Radio-Frequency front-end design 22

4.3 Triggering, digitization, and data acquisition 23

4.4 Autonomous power and wireless communications 26

5 Installation, calibration, and operations 28

5.1 Drilling and installation plan 29

5.2 Calibration requirements and strategies 29

5.3 Operations and data systems 30

6 Projected sensitivity of RNO-G 31

6.1 Sensitivity to diffuse flux 32

6.2 Energy measurement 33

6.3 Angular sensitivity 35

6.4 Sensitivity to transient events 37

6.5 Sensitivity to air shower signals 38

7 Conclusions 39

8 Acknowledgements 39

– 1 –



1 Introduction

This paper describes the Radio Neutrino Observatory Greenland (RNO-G) as it will be constructed

at Summit Station in Greenland starting in 2021. RNO-G science targets astrophysical neutrinos of

several PeV in energy up to the EeV range.

In this paper, we first motivate the science case for RNO-G, elaborate on experimental design

considerations and then outline the instrument design. Awaiting in-field performance data, this

article does not serve as a technical document, but describes the concept, the current hardware de-

velopments and boundary conditions behind the RNO-G approach. We conclude with a description

of initial estimates of the design sensitivity of the instrument, as well as the expected resolution for

such quantities as neutrino arrival direction and energy.

1.1 Scope of RNO-G

RNO-G will be constructed over three installation seasons. RNO-G will reach unprecedented yearly

sensitivity to neutrino signals above 10 PeV, and will demonstrate a large-scale implementation (35

stations) of the in-ice radio neutrino detection technique. Even further scaling up of the in-ice radio

technique, beyond the scale of RNO-G, is being developed as part of IceCube-Gen2 [1].

Considering both logistical constraints and also science opportunities (detailed below), RNO-G

will be constructed at Summit Station in Greenland. The RNO-G collaboration consists of members

of all previous radio in-ice neutrino experiments from both Europe and the United States.

1.2 Relation to previous and current radio experiments

Due to the extremely low neutrino flux at energies above 10 PeV, no neutrino has yet been detected

using the radio technique. However, several experiments have shown the feasibility of this detection

method and its potential. RNO-G builds heavily on the experience of previous radio neutrinos

detectors, like the pioneering RICE [2, 3], the ARA [4–6] and ARIANNA [7, 8] experiments, as

well as the balloon-borne ANITA [9, 10] experiment. These efforts tested different aspects of the

radio technique and helped illuminate technologically important aspects of operating in remote

locations in harsh polar conditions.

The first experience with in-ice radio detectors was gained with the Radio Ice Cherenkov

Experiment (RICE) [2] at the South Pole. After a number of prototypes and initial measurements

of the ice characteristics, the main experiment operated from 1999 until 2010. RICE provided the

first neutrino limits [3] from radio detectors and valuable experience in operating radio detectors at

depths of down to 200m.

The Askaryan Radio Array (ARA) [5] has operated at South Pole since 2010 [11] and is

a direct successor to RICE. While the RICE antennas were co-located with the AMANDA and

IceCube experiments at South Pole, all five ARA stations operate in dedicated dry holes of depths

50m–200m. While different hardware has been deployed in different ARA stations, the station

layout is mostly uniform. Every station consists of four receiver strings down to 200m. Each string

is equipped with two vertically-polarized birdcage dipole antennas (VPol) and two ferrite-loaded

slot antennas (Hpol) to reconstruct the radio signals. In addition, one or two calibration strings as

well as surface antennas (on the earlier stations) are deployed. As the narrow cylindrical borehole
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geometry limits the intrinsic antenna gain, ARA pioneered the phased-array technique for radio

detection of neutrinos at the most recently completed station [12].

To date, the ARA collaboration has published constraints on the diffuse ultra-high energy

(UHE) neutrino flux [6], neutrinos from gamma-ray bursts (GRBs) [13], and radio emission from

solar flares [14]. The performance of the instrument has been verified using transmitters lowered

into the SPICE borehole [15], which also allowed for the measurement of glaciological properties

of the ice – some of which can be used for improved neutrino event reconstruction [16, 17].

The Antarctic Ross Ice-Shelf ANtenna Neutrino Array (ARIANNA) began construction at the

Ross Ice-Shelf in 2010, with a first hexagonal radio array being completed in 2015 [7, 8]. The AR-

IANNA concept is based around surface stations, i.e. the antennas are deployed just underneath the

snow-surface. High-gain log-periodic dipole antennas (LPDAs) are deployed in shallow slots in the

snow, where they are not restricted by the borehole geometry and exhibit broadband characteristics

and dedicated polarization sensitivity, particularly to horizontally polarized signals. By placing the

antennas at Moore’s Bay on the Ross Ice-Shelf, the neutrino-detection strategy utilizes the reflec-

tive surface at the bottom of the ice at the water interface, which reflects downward going neutrino

signals back to the stations. Without external infrastructure, ARIANNA pioneered autonomous

low-power stations, based on renewable energy sources, operated via wireless communications.

Most recently wind turbines were added to the solar power-provision system [18].

ARIANNA has successfully detected the radio signal of air showers as calibration and veri-

fication signals [19] and published limits on the UHE neutrino flux [20]. The collaboration also

published the effectiveness of recording signals reflected from the surface by monitoring snow

accumulation [21]. Two ARIANNA stations have also been deployed at South Pole to test the

robustness of the hardware under environmental circumstances differing from the Ross Ice Shelf.

The same calibration source as used for ARA from the SPICE borehole was then also used to verify

the reconstruction capabilities of the ARIANNA experiment with respect to arrival direction and

polarization [22].

The Antarctic Impulsive Transient Antenna (ANITA) experiment has flown four separate

missions over Antarctica. ANITA is a balloon-borne radio receiver array that scans the surface

from afar for upcoming neutrino signals generated below the ice surface. Several components of

the ANITA hardware have been incorporated into the ARA and ARIANNA designs [9, 10, 23].

While equipped with much different power and lifetime requirements, the technological challenges

remain similar. A data acquisition system with high timing accuracy and thorough calibration is

needed to reliably reconstruct neutrino or cosmic-ray signals. ANITA was the first radio-neutrino

experiment to report the detection of air shower signals [24], which helped to verify the simulation

chain and the understanding of the energy calibration [25]. The ANITA collaboration observed

several events which, if neutrinos, would seem to be in tension with Standard-Model cross-sections

[26–28]. Those events may also stem from unexplained systematics or ice effects [29, 30].

Operation of existing ARA stations continue in close cooperation with IceCube. In addition,

proposals for an ANITA-successor ballooning effort are being discussed, as well as an extension of

the ARIANNA array at Moore’s Bay.

In addition to building on experiences with dedicated radio neutrino experiments, RNO-G also

profits from knowledge gained at accelerator experiments about the nature of the in-medium emis-

sion from particle showers [31–34], as well as those from mid-scale air shower arrays measuring the
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of γ-rays measured by Fermi [52] and the cosmic-ray spectrum measured by Auger [56]. The

three spectra display tantalizingly similar energy densities, suggesting a common origin. In such a

scenario, cosmic-ray collisions produce pions, where gamma-rays then stem from decays of neutral

pions and neutrinos from those of charged pions. The figure also shows the gap in observations of

UHE neutrinos beyond the energies reachable by IceCube.

Multi-messenger observations are even more intriguing in light of the announcement in July

2018 of the first coincident observation of a neutrino from the direction of a source (the blazar

TXS 0506+056) that was flaring simultaneously in γ-rays [61, 62]. This was also the first multi-

messenger observation triggered by a high-energy neutrino, demonstrating the capability to send

real time alerts and establishing the field as a vital pillar of multi-messenger astronomy. To fully

understand the neutrino sky, however, a larger detector must be built and observations extended to

the PeV–EeV energy range.

The radio detection technique naturally targets neutrino energies beyond the reach of IceCube.

Due to the kilometer scale attenuation length of radio waves in ice, very sparse radio detectors

cover large volumes of material, providing huge effective volumes at 10PeV to 100EeV. In this

energy range, several transient and diffuse sources of neutrinos are expected and an experimental

measurement would strongly impact identification of the sources of ultra-high energy cosmic rays.

The general science case of neutrino astronomy has been reviewed in the context of the 2020

US decadal survey [63, 64]. This section will thus focus specifically on the science program that

can be conducted by radio detectors for high-energy neutrinos.

2.1 Diffuse neutrino flux

The radio detection of neutrinos targets the energy range from 10PeV to beyond 100EeV. In this

range, diffuse neutrino fluxes both directly from sources (astrophysical neutrinos), as well as from

the interaction of ultra-high energy cosmic rays (UHECRs) with photon backgrounds (cosmogenic

neutrinos) are predicted. Detecting either will enable studies of high-energy neutrino production

mechanisms locally, at the still unknown sources.

Fig. 1 shows different models for astrophysical (red) and cosmogenic (yellow) neutrinos that

fall in the energy range of radio detectors. Cosmogenic neutrinos result from interactions of

UHECRs with photon fields like the extra-galactic background light, the infra-red background, or

the cosmic microwave background [65]. The flux and spectrum of these neutrinos are grounded

in the UHECR mass composition, but are subject to model assumptions about the cosmological

luminosity and chemical evolution of the sources, which can differ outside of the local universe

probed by UHECRs [66]. For the cosmogenic neutrino predictions shown in Fig. 1, we compare

predictions based on compositions measured by the Telescope Array (TA) [67, 68] and the Pierre

Auger Observatory (Auger) [50, 69]. These are in fact only examples of the full range of possible

models admitted by current constraints [51].

While the cosmogenic fluxes predicted assuming the Auger and TA compositions vary sig-

nificantly, composition measurements from the two experiments are compatible within systematic

uncertainties [70]. With a measurement of UHE neutrinos, radio detectors can resolve the question

of a pure-proton composition, which is disfavored by Auger, but still allowed by TA data. More gen-

erally, measuring UHE neutrinos will constrain a combination of proton fraction, source evolution

and highest-energy cutoffs of UHECRs well beyond local sources.
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We consider ‘astrophysical’ neutrinos as those created directly in (or very close to) the sources

of UHECRs. These neutrinos tend to have lower energies than cosmogenic neutrinos, but also reach

the energy range of radio detectors. They will definitely trace their sources, allowing for stacking

analyses to reveal them. These neutrinos are not necessarily time-coincident with explosive events

(see Sect. 2.3), but contribute to a constant diffuse flux. Potential candidates range from Active

Galactic Nuclei (AGN) [47] to various types of gamma-ray bursts (GRBs) [46, 49], pulsars [45],

galaxy clusters [44], Flat Spectrum Radio Quasars (FSRQs) [71], and blazars [48].

The diversity of models of astrophysical neutrinos is already large and promising, but we expect

more models to become available as detectors with the necessary sensitivities are commissioned.

It remains to be explored whether astrophysical neutrinos are the source of the diffuse flux

as measured by IceCube or whether the observed flux is the low energy tail of the cosmogenic

neutrinos. So far, despite the multi-messenger successes, studies demonstrate that neutrinos from

blazars cannot comprise the bulk of the diffuse neutrino spectrum at energies accessible by IceCube

[72–77]. A radio detector will be able to measure the continuation of the IceCube flux to higher

energies and thereby provide additional information on the spectral shape of the flux, which may

be useful to disentangle the source contributions.

A successful search for the diffuse neutrino flux at energies beyond 10PeV requires, above

all, an adequate flux sensitivity to ensure a first observation. To subsequently discriminate putative

production mechanisms, a detector must provide an adequate energy estimate for every neutrino and

an angular reconstruction that allows for the correlation of arrival directions with known sources.

2.2 Sky coverage

Fig. 2 demonstrates the field of view of a radio neutrino telescope sited in Greenland. When

targeting point-like sources, either steady or transient (see Sec. 2.3), the field of view of the detector

becomes relevant. The Earth is opaque to neutrinos at PeV to EeV energies, such that UHE neutrino

observatories are most sensitive to down-going or Earth-skimming neutrinos. As will be discussed

in more detail Sec. 2.5, a radio neutrino detector in glacial ice on bedrock will be most sensitive to

an annulus above the horizon.

Combining the opacity of the Earth to neutrinos above PeV energies with the inherent radio

detector sensitivity means that, for example, a follow-up of TeV-scale IceCube events at higher

energies requires a Northern detector such as RNO-G. A single event observed by a radio detector

in the Northern hemisphere will define the flux in a new energy regime, and even a non-detection

will constrain the allowed flux through multi-wavelength neutrino observations.

The continuous sky coverage and large field-of-view will enable studies of point sources of

high-energy neutrinos. The hotspot of UHECRs observed by TA [79] (red ellipse in Fig. 2) lies in

the Northern Hemisphere. While the cosmogenic neutrino flux is expected to be diffuse, studies

attributing the TA hotspot to a single source of cosmic rays like M82 predict point sources of EeV

neutrinos [80]. There are additionally four intriguing point sources nearing the threshold for a

high-confidence long-term detection in IceCube (shown as navy blue diamonds in Fig. 2), all of

which lie in the Northern Hemisphere due to the sensitivity of IceCube. These include not only

TXS 0506+056, but also NGC 1068, an AGN which lies near the strongest hotspot in IceCube’s

all-sky scan [78].
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Figure 2. The field of view, in equatorial coordinates, of an in-ice radio detector for neutrinos in Greenland.

The colored background represents the diurnally-averaged total field of view of the detector. Also shown

are targets with interesting multi-messenger implications. The blue sources are those seen by IceCube as the

most significant sources in a point-source search [78]. In orange, we show other interesting candidates, with

strong γ-ray emission and/or radio emission. Furthermore, we indicate what is known as the TA hotspot as

indicated by the anisotropy measurement in cosmic ray measured with the Telescope Array [79].

2.3 Transient sources

Detecting neutrino emission in temporal and spatial coincidence with an explosive event has shaped

and will continue to shape multi-messenger astronomy [61, 62]. By uniquely identifying sources,

neutrinos will help to characterize and discover the most energetic non-thermal sources on the sky.

Many models of astrophysical transient phenomena predict neutrinos in the detectable energy range

of radio neutrino detectors.

The overlap in sky coverage with IceCube, where IceCube has its best efficiency for directional

reconstruction of astrophysical neutrinos, will enable studies of several interesting flaring, transient

sources over a broad energy band. Should the first tentative extra-galactic neutrino source, the blazar

TXS 0506+056, flare [61, 62] again, observations made by IceCube and RNO-G may be able to

define the neutrino spectrum. Similarly, the first blazars known to flare with TeV γ-rays emission,

Markarian 501 [81] and Markarian 421 [82], also lie in the Northern sky. Models of transient

bursts of neutrinos due to tidally disrupted stars [83–89] and binary neutron star mergers [90, 91]

also predict neutrinos in the PeV to EeV energy scale. The latter are targets for multi-messenger

observations of gravitational waves and neutrinos. Fig. 3 shows a fraction of the parameter space

over which neutrinos are expected as transient phenomena from various source classes. In the

figure, model-dependent fluence is compared to duration for varying neutrino energies around EeV.

Furthermore, different populations of blazars, including low-luminosity BL Lacs, high-luminosity

BL Lacs and FSRQs [48], the most powerful blazars in the γ-ray band [71], could provide intriguing

candidates for multi-wavelength follow up. The energy threshold of RNO-G will allow sensitive
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the frequency domain to more advanced semi-analytical time-domain models. In Fig. 4 we show

typical pulses and their frequency spectra derived from [197], for an illustration of the variety and

the behavior.

The energy threshold for a neutrino detection is significantly higher in radio than for optical

instruments [2]. Depending on the exact instrumental parameters, the pulse amplitude at a distance

of 100m reaches the level of the typical thermal noise in low-noise radio receivers at approximately

1PeV. Although the energy per radio photon is significantly smaller than for optical photons,

signal coherence compensates as the charge imbalance grows. As a coherent effect, the amplitude

scales linearly with the number of excess electrons, which itself is linear in shower energy [31, 198].

However, it should be noted that the detected signal amplitude scales with 1

r
, with r being the

distance to the neutrino interaction vertex.

At the same observer distance r, the detected signal amplitudes linearly as function of energy.

This has been confirmed in air showers since the attenuation in air is negligible [37]. The situation

is different for instrumentation deployed in-ice. The kilometer-scale attenuation length in ice

[5, 41, 199–201], determines the range to an observable neutrino interaction, and, therefore, the

detector effective volume. The attenuation length decreases with increasing temperature, which

favors cold and thick ice for deployment.

Naturally occurring ice follows a depth-dependent density profile with a gradient, from fresh

snow to solid ice, resulting in a varying light velocity with depth, and therefore non-rectilinear

ray trajectories. In a medium with a refractive index gradient, radio signals are bent towards the

denser medium, producing bent trajectories and a limited field of view for detectors in or close to

the near-surface firn layer. These bent trajectories complicate the reconstruction, particularly when

there are uncertainties in the ice properties. The simplest ansatz assumes a smooth ice density

gradient. Calculations demonstrate that anisotropies in the firn (or below) may support unexpected

horizontal propagation, as borne out by experimental data [42, 202]. A radio detector should

therefore preferably be built at a site with a small firn layer and otherwise smooth and homogeneous

ice.

Starting from PeV energies, the Earth is opaque to neutrinos, such that radio detectors will be

sensitive to an annulus of neutrino directions above and slightly below the horizon. The deeper the

detector, the more vertically incoming neutrino directions can be detected. For a detector at a few

hundred meters depth, the sensitivity does not reach far beyond 30◦ elevation, unless the reflective

property of the bottom of a shelf-ice is used, as for the ARIANNA experiment [203].

In summary, an in-ice radio neutrino detector in glacial ice on bedrock will have the largest

acceptance if installed in thick, smooth and cold ice. It will never be able to provide full sky

coverage, but only be sensitive to a ring of elevations above and slightly below the local horizon.

Figure 5 provides an overview of the geometry for the detection radio signals with a detector

buried in the ice. Every station monitors a large volume of ice, which means that by shear geometry

a detection is most likely to show small signals as this corresponds to an interaction in the largest

visible volume.

2.6 Air showers as both a potential background and calibration signal

The radio emission of air showers from the electron charge excess is similar to that for neutrino

induced showers in ice. However, in air the geomagnetic emission [204, 205] dominates over
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is, thus, already high at South Pole.

If RNO-G is also to be used to develop and test hardware for the radio component of IceCube-

Gen2 [1], a site similar to South Pole has advantages, if South Pole station is unavailable. Interesting

coastal sites, like the Ross-Ice-Shelf close to McMurdo Station, which hosts the ARIANNA exper-

iment [213], can assist in developing other technologies, but would be unable to replicate some of

the particular challenges of South Pole.

To achieve a high trigger efficiency, a cosmic-ray veto, and the ability to reconstruct events with

high accuracy, the RNO-G design combines a surface with a deep array capable of operating at low

threshold (see Fig. 7). The collaboration will develop the necessary expertise for rapid installation

with a minimum of logistical impact, enabled by newer, fast drilling technology and lightweight,

low-power, autonomous stations that still achieve excellent single-station effective volume.

3.1 Summit Station, Greenland

Going to Greenland also has some fundamental consequences for the design decisions. The

Antarctic has been host to several pioneering arrays that aim to detect in-ice radio emission from

UHE neutrinos. Through previous efforts, the Arctic has been established as a parallel site for

a future radio neutrino observatory [41, 42, 214]. Summit Station offers several advantages as a

testbed site. It is located at 72◦35′46′′ N, 38◦25′19′′ W at the peak of the Greenland ice cap, atop

more than 3 km of glacial ice that we have measured to be remarkably radio transparent [41] at

∼100 MHz, and with a ∼100 m deep firn layer that we have preliminarily characterized [42]. It is a

year-round scientific research station sponsored by the National Science Foundation. It has a snow

runway that accommodates LC-130 Hercules flights to deliver cargo and personnel, and facilities on

site to support science. Compared to sites in Antarctica, Summit Station (72◦ N Latitude) is easier

to access from the Northern hemisphere, in particular through commercial flights from Europe,

and has a larger fraction of the year with daily periods of light, providing a higher livetime for

autonomous solar-powered stations. This final aspect is particularly important, given the reduced

electrical generator infrastructure at Summit compared to South Pole. The restriction to renewable

energies, combined with battery buffering limitations and the desire for high livetime, cap the

amount of power the detector can draw and ultimately drive the station design.

Logistical considerations at Summit also favor a compact geometry with fewer, more sensitive

stations rather than more, less sensitive stations. Similarly, the drilling technique must be light-

weight and mobile and, therefore, mechanical.

The ASIG drill, which is able to drill 5.75 ′′ diameter boreholes to 100m at a rate of 1 hole per

day, was initially considered as the main option [215]; subsequent antenna design was adapted to that

form factor. Alternatively, the British Antarctic Survey (BAS) has been developing a mechanical

drill that provides larger boreholes of 11.2 ′′, which will allow for greater flexibility in antenna

design. Both drills satisfy the drilling rate, hole diameter and logistical impact specifications. See

Sec. 5.1 for an in-depth discussion of drilling and installation.

To compensate for the warmer, more attenuating ice in Greenland compared to South Pole,

triggering is performed with the deeper antennas, below the firn. Since no detector has detected the

radio emission following a neutrino interaction yet, the exact experimental signature is predicted

by simulations only, arguing for a detector design that detects the neutrino signal in a multitude of
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energy, as well as arrival direction [21]. The probability to observe both a direct and a reflected

signal is depth dependent. The spacing of the Vpol antennas on the main string is the result of an

optimization between double pulse detection and long lever arm for good angular reconstruction.

The two additional deep boreholes are needed for a full direction reconstruction. Three

independent measurements are needed for azimuthal information, which is provided by the Vpol

antennas. By placing the Hpol antennas at different depths on every string, both zenith and azimuth

information will be provided for those signals with a strong horizontal polarization component, as

well as increasing the probability to reconstruct a signal for those events with little signal strength

in the horizontal component.

The additional strings also host the calibration pulsers, which will ensure regular monitoring of

the performance of the station and provide information useful for precise calibration of the antenna

geometry. In addition, a surface pulser is foreseen, which will be deployed in a hand-drilled hole

below the surface.

The surface component will deliver precision polarization measurements and timing informa-

tion for all events detected at the surface. Also, the broad-band sensitivity of the log-periodic dipole

antennas (LPDAs) will broaden the frequency coverage of the detector, which helps determine the

radio detection angle with respect to the Cherenkov cone, improving energy reconstruction and

pointing resolution. Events detected only in the surface components, however, only add minimally

to the total neutrino effective volume.

With the planned layout, any events observed in coincidence between the surface component

and the deep component are particularly valuable for event reconstruction; the fraction of these

events is discussed in Sect. 3.4. In addition, the surface channels serve as an efficient air shower

veto, reducing the background for neutrino searches as will be discussed in the following section.

The stations will be deployed on a square grid with 1 km baseline. This means that at

energies beyond 1× 1018 eV the effective volumes of the stations start to overlap and coincident

measurements of the same neutrino become likely. This can be seen from Fig. 10, where the

fraction of events triggered in coincidence is shown for different neutrino energies and grid spacings.

While limiting the total effective volume of the system, 1 km was chosen to restrict the logistical

impact in installation and preserve the opportunity of coincident events, which will simplify event

identification and provide excellent reconstructed properties. As the project advanced, one may

consider spacing stations further apart.

3.4 High analysis efficiency and low background to enhance discovery potential

In addition to triggering on and extracting event parameters from neutrino events, we must be able to

separate any neutrino events in our recorded data set with high efficiency from all backgrounds. The

three major sources of background are incoherent thermal noise, impulsive anthropogenic noise,

and radio impulses resulting from cosmic-ray air showers. A discovery experiment of this scale

requires low backgrounds at the level of 0.01 per station per year (or less). RNO-G is designed to

achieve this ambitious background level by building on two key measures that have been developed

to ensure event purity.

(1) Triggering from deep in the ice (at a depth of 100m), where the backgrounds are smaller than

at the surface: ARA has shown that the anthropogenic and thermal backgrounds decrease
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Figure 18. End-to-end simulation of the 4-antenna phased array trigger design for RNO-G. The simulated

trigger efficiency for a number of neutrino signals at different off-cone viewing angles in the trigger bandwidth

of 80MHz–250MHz.

A single-antenna voltage threshold of 2σnoise can be achieved with this trigger, based on

simulation studies as shown in Fig. 18. The smaller bandwidth reduces the SNR of on-cone signals

(i.e. 0.5 deg in Fig. 18) by 10%, however, increases the SNR for off-cone events by up to 80%,

thereby incurring very little loss on the absolute neutrino effective volume. This is due to the limited

high-frequency content of off-cone neutrino signals (see also Fig. 4).

The full-band waveforms for all 24 antennas within a station will be digitized using the RAdio

DIgitizer and Auxiliary Neutrino Trigger (RADIANT) board (Fig. 19). The single-channel LAB4D

switched-capacitor array sampling ASIC is used for waveform recording at a rate up to 3.0GSa/s

with an adjustable record length up to ∼700 ns and the capability for multi-event buffering on-chip

[223]. For RNO-G it is planned to operate the LAB4D in 2x 2048-sample buffers for essentially

deadtime-less performance.

A trigger decision can be made using input from the primary neutrino trigger board (phased-

array) or an auxiliary on-board trigger using similar Schottky diode detector circuits. The auxiliary

on-board trigger is formed using a comparison between a DC voltage level and the enveloped

waveform, which is fed to the on-board FPGA to build a combinatoric trigger decision. As the

auxiliary trigger will have a higher overall threshold than is possible with the primary neutrino

trigger board, it will predominately be used as additional trigger for the surface antennas as an air

shower trigger. In periods in which the power available to the stations is low (see Sec. 4.4) it can

serve as main trigger, however, with a much weaker sensitivity to neutrino signals.

Once an event is digitized, the waveforms and metadata are transferred to a BeagleBoneBlack

Industrial, an ARMv7l Linux system, over a Serial Peripheral Interface (SPI) link, which allows

data transfer at up to 20Mbps. The operating system and acquisition software are stored on robust

eMMC storage, while a 128GB industrial SD card stage data before it is transmitted wirelessly

to Summit Station. The acquisition software is an evolution of field-proven ARA phased array

acquisition software.
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Figure 19. First iteration of the Radiant Board that will be the main DAQ of RNO-G. All 24 channels are

accommodated on one board and read out by LAB-4D chips.

4.4 Autonomous power and wireless communications

Autonomous power and wireless communications simplify logistics for an experiment of this scale

and become even more efficient for even larger arrays, such as IceCube-Gen2. Each station will be

powered by two solar panels, with a total maximum power output of 300W, and a 5 kWh sealed

lead-acid battery bank that provides three days of full-system (24W) running capacity during cloudy

or inclement conditions, with a 60% de-rating margin. Lead-acid batteries, when lightly discharged

relative to total capacity, have a proven track record in Arctic environments as demonstrated by

the UNAVCO remote stations [224]. The daily solar energy delivered to a RNO-G station using

a 300W solar panel array is shown in Fig. 20, using realistic estimates of 70% total sun fraction

(including diffuse and snow-reflected contributions) and a 90% charge-controller efficiency. A

low-power microcontroller (µC) will manage the power system and turn parts of the detector on

and off as necessary. The µC communicates with the Beaglebone SBC via a serial connection so

that the SBC may be shut down cleanly if necessary. Enough power granularity is available to run

the detector in a low-power, lower-sensitivity mode if needed.

The RNO-G station can be operated in several different modes depending on the available

solar power capacity, in order to maintain constant science data during long stretches of inclement

weather and during the shoulder seasons, when the sun only rises above the horizon for short periods

per day. These operating modes include:

1. Full-station mode: Power, trigger, and data acquisition on the full 24-channel station includ-

ing the low-threshold trigger and full LTE data telemetry. Power:∼24 W.
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5.1 Drilling and installation plan

The main tasks for installation of each RNO-G station are:

1. drill boreholes for deep instrumentation,

2. deploy the solar panels and communications,

3. deploy detector instrumentation in boreholes and trenches,

4. confirm station operation and take calibration data.

The baseline RNO-G scenario assumed use of the ASIG mechanical drilling technology. The

ASIG drill, owned and operated by the US Ice Drilling Program (IDP) is an auger with add-in

drill sections. One 100m deep hole requires a single working shift of 10 hours for three people.

Therefore, the three holes required for each RNO-G station can be drilled in three days assuming

one work shift per day, or one and a half days assuming two work shifts per day.

The preferred drill under consideration is the Rapid Access Isotope Drill (RAID) from the

British Antarctic Survey (BAS). Holes of the diameter of 3 ′′ were successfully drilled to 461m at

Little Dome C. For RNO-G larger diameter holes are needed, which is why an existing proto-type

development BigRAID is being considered [228]. It will provide 285mm or 11.2 ′′ holes, taking

about 0.85 days to reach 200m or 0.38 days to reach 100m, making it both faster and more versatile

than the ASIG drill.

Using a mechanical drilling approach is much more scalable than previous drilling efforts

for the ARA experiment at the South Pole, which used a hot water drill to reach 200m depths.

Mechanical drills are significantly lighter weight and less complex. Future development in drilling

technology may enable exploring a wider range of more aggressive designs with RNO-G, which

may lead to further improved sensitivity or event reconstruction capability. Drilling below the firn

layer may provide significant increases in field-of-view due to fewer limitations in ray bending.

However, care needs to be taken that any drill remains fast enough so as not to be the rate limiting

step in installation and that personnel to operate the drill remains limited. Partly autonomous

drilling operation is also under consideration.

Although subject to considerations such as firn thickness (which impacts drill depth) and ice

temperature, local snow accumulation rate, average daily temperatures and the availability of solar

and wind power, the station design is purposely general. This allows easy adaptation of the design

for future larger in-ice arrays at other sites, such as IceCube-Gen2 at the South Pole.

The installation of both infrastructure (solar panels and communication antennas) and instru-

mentation is anticipated to be faster than hole-drilling. A drilling and installation team of seven

people is foreseen for the first installation season, with installation beginning a week after com-

mencing drilling. We project that an installation of up to 20 stations a year at Summit Station seems

feasible. After installation, additional time will be required in the field to commission and validate

station operation.

5.2 Calibration requirements and strategies

In order to optimally reconstruct events, the relative antenna positions must be known to a small

fraction of the wavelength. Calibration using a local radio transmitter is necessary to achieve the
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on the SBC to reduce the rate of saved triggers to a time-averaged 1 Hz. Additionally, 0.1Hz of

forced-trigger data will be recorded at regular intervals to help characterize the noise environment.

The on-disk compressed size of each event is an estimated 30 kB, implying an average data rate

of around 260 kbps per station at 1.1Hz. The LTE network can easily accommodate this rate with

a relatively low duty-cycle at each modem, thereby saving power. This rate allows storage for six

weeks on the local SD cards in the event of an unexpected network outage. If more time is needed,

the station can be instructed via LoraWAN to reduce the rate. In the unlikely case of simultaneous

LTE and LoraWAN failure, the software on the station will automatically throttle the rate. Once

data is transmitted to Summit Station, it will be stored on a redundant disk array for collection each

summer. At the estimated 1 TB/station/per year of data, full build-out requires a redundant storage

capacity (with margin) of 35TB, which can easily be achieved with a single commodity rack server

(e.g. Dell PowerEdge R7515) .

All instrument status data and event metadata as well as a subset of the waveform data (5 GB/day

total) will be transmitted with low latency via Summit Station’s satellite link to the University of

Wisconsin for monitoring and quality assurance. A small portion of available bandwidth will be

reserved for remote login for any configuration changes or remote maintenance required. The JADE

software [232] successfully developed and deployed for IceCube data management will be used for

RNO-G. For data acquisition performance, all data is initially stored in a compressed packed-binary

format resembling the in-memory format used by the data acquisition system. Converters will be

maintained from the raw data format to more convenient archival formats (e.g. HDF5).

All low-latency data will be readily available to the collaboration via an interactive monitoring

web site1. A comprehensive set of checks on the metadata and system health will be performed by

the computer systems at Summit Station. Any anomalies will result in an email alert.

Monitoring duty will be apportioned to institutes on a rotating basis. While monitoring, an

institution is responsible for timely investigation of all alerts and daily checks of the low-latency

data for potential issues. Weekly monitoring reports will be issued to provide historical context for

any issues that may arise.

Several mock stations, taking pure thermal noise data from terminated amplifiers, will be

operated at collaborating institutions. These provide a testing ground for any configuration changes,

assist with training, and help debug any issues that may arise. The pure thermal noise data also

serves as a useful tool in developing analyses.

6 Projected sensitivity of RNO-G

In order to calculate the sensitivity of RNO-G, we have simulated the full 35-station array with

a detailed modelling of the baseline hardware. Simulations for radio detectors are constantly

evolving, incorporating experience from air shower simulations [38, 233–235] and previous codes

for neutrino radio detectors [217, 236–238].

All simulation results presented herein have been performed with the NuRadioMC code [196].

For the same emission model, ice model and detector quantities, the results of this code have been

shown to agree to the percent level with previous and independent codes, both for single event

1Based on https://github.com/vPhase/monutor
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signatures as well as for the calculations of effective volumes. It has been found that the trigger-

level sensitivities are in particular affected by the precise implementation of the trigger, the exact

frequency band of the detector, the noise temperature of the system, the chosen emission model

describing the Askaryan effect, whether a complete array is simulated or the array is scaled up

from one station (impacting the number of events detected by multiple stations), and whether the

interactions of secondary particles (taus and muons) are included in the sensitivity calculation. The

latter three factors are most significant, with variations up to 50% in effective area depending on the

energy. Since, in the design process, many of the instrument parameters are not completely fixed,

we carefully quote in the following the assumptions made for the array and the hardware, bearing

in mind that these design sensitivities are subject to change as the instrument design matures.

For the simulations, we use as a simplified proxy for the trigger in Sect. 4.3, a single vertical

dipole per station with an amplitude threshold. A range of thresholds was used from 1.5σnoise

to 2.5σnoise to account for possible variations in the exact design of the phased-array. Currently,

2.0σnoise is the expected to be the best proxy for the phased-array trigger using 4 dipole antennas

that is in production (see Fig. 18). Dipoles are simulated at 100m of depth, roughly at the same

depth as the planned phased array.

We have simulated the response of a dipole of 50 cm length similar to the one in Fig. 14 and

used it for the sensitivity calculation. The simulations performed with XFdtd [239] provide full

gain and phase information as a function of incoming signal direction.

We have used NuRadioMC [196] with the ARZ2020 parameterization given in [197, 240] as

our model for signal emission. We have included triggers induced by secondary particles produced

by the outgoing lepton after a charged current (CC) interaction, following the procedure outlined in

[195]. The simulated station layout is that shown in Fig. 7, with 35 stations having 1 km spacing

between them on a rectangular grid.

We first discuss the sensitivity of RNO-G to a diffuse neutrino flux and how the neutrino energy

will be determined, then its angular sensitivity and lastly the sensitivity to a transient event. We

will also briefly report on the expected sensitivity to air shower signals.

6.1 Sensitivity to diffuse flux

Fig. 24 shows the expected 90% CL upper limit to an all-flavor flux for 5 years of operation of the

full 35 station array, assuming a 67% duty cycle, as expected under only solar power. This is using

effective volumes for an isotropic all-sky flux and full-decade energy bins. See [196] for more

details on the Veff calculation, and the inclusion of the interaction length to convert from Aeff to

Veff .

We have applied the Feldman-Cousins method [243] for no detected events and zero back-

ground. The zero background assumption is justified as a first approximation, as according to

Table 1, we expect ∼ 0.58 detected muons over the full energy range for five years of operation

time (using SIBYLL 2.3C for signal generation and a 2σnoise proxy).

The expected upper limit is shown in Fig. 24 along with other experimental bounds and model

predictions. The red band shows the expected range of 90% CL upper limits for noise levels varying

from 1.5σnoise-equivalent trigger (lower part of the band) to 2.5σnoise-equivalent trigger (higher

part), and includes 95% CL contours due to the effective volume uncertainty. The black band

shows the obtained 90% CL sensitivity for a 2.0σnoise-equivalent trigger, which is the most realistic
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noise effects are mitigated as antenna hit-multiplicities increase. As the Hpol antennas have lower

gain than the Vpol antennas, the Hpol signals will typically have smaller SNRm. Several methods

such as forward folding [196], template matching [19], or information field theory [247] can be

used to mitigate noise effects; nevertheless, the obtainable resolution of the amplitude will vary

significantly from event to event.

It should be pointed out that using SNRm differs from the situation of simulations (as defined

in Sec. 3.2), as the true amplitude of the signal S without noise is unknown, so the measured SNRm

= (signal + noise) / noise. Using a definition of SNRm = 0.5(max(S)−min(S))/σnoise, a typical

waveform of the length of RNO-G has a roughly 50% chance of reaching SNRm = 3 simply by

fluctuations of noise. At SNRm = 3.5 this probability is reduced to about 1%.

Due to constructive interference, the radio signal emitted by the particle shower is strongest

if viewed directly at the Cherenkov angle, and diminishes (in a frequency-dependent manner) the

further the observer viewing angle departs from the Cherenkov angle. As shown in Fig.4, the higher

frequencies lose signal coherence earliest. Therefore, the shape of the frequency spectrum of the

signal can be used to reconstruct the viewing angle relative to the Cherenkov angle and, ultimately,

make a correction. This method has been demonstrated for particle showers in air [206], and our

first simulations indicate the same to be true for neutrino showers. Quantitatively, we anticipate that

f(ϕ) will be obtainable for RNO-G for signals detected with at least a measured SNRm = 3.5.

The signal pathlength d (Eq. 6.1) will depend on the reconstruction of the interaction vertex,

so the resolution of the vertex position is another important ingredient for energy reconstruction.

Fig. 25 shows one example of vertex reconstruction for a simulated neutrino interaction detected

with RNO-G. This method to obtain the vertex position is based on cross-correlating the signals

detected in all antennas with each other and deriving a probability map of the vertex location.

Especially for those events in which RNO-G records both the direct emission, as well as the one

reflected at-/refracted-below the surface, the resolution on the vertex position will be excellent,

making the unknown factor y (Eq. 6.1) the dominating uncertainty. Further work will be carried

out to determine the fraction of events for which a good vertex resolution will be obtainable and the

SNRm for which this will be possible. Preliminary results indicate that, conservatively, an analysis

efficiency at least corresponding to the green curve in Fig. 11 is reachable for the vertex and thereby

energy reconstruction.

The profile of the attenuation length of the ice in Greenland, which defines latten in Eq. 6.1

has been measured [41] and is used for the simulations. The remaining systematic uncertainty and

variations across the array will be addressed by additional calibration campaigns as discussed in

Sec. 5.2.

6.3 Angular sensitivity

The sky coverage of RNO-G is mostly determined by the geometry of its location in Greenland.

In Fig. 26 we show the effective areas for different zenith angle bands for RNO-G, as well as their

projection onto equatorial coordinates. Outside of these bands, the effective area decreases rapidly

(see also [195]), making RNO-G mostly sensitive to an annulus of roughly 45◦ just above the

horizon.

The ability of RNO-G to provide an accurate arrival direction for detected neutrinos depends

on its ability to detect the signal arrival direction and the angle with respect to the Cherenkov cone,
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envelope trigger has been optimized for the highest surface antenna trigger efficiency and will be

between 80MHz and 180MHz. We expect the detection in the order of one air shower per day per

station.

The air shower trigger at RNO-G will serve two purposes. As discussed in Sect. 3.4, the muonic

component of air showers may constitute a background for neutrino detection with RNO-G. While

the flux of these background events depends strongly on the composition of the cosmic ray flux, as

well as hadronic interaction models, the safest way to contain the impact of this background is to

unambiguously tag air showers. RNO-G will therefore continue to be optimized to provide its own

air shower veto. In addition, air shower reconstruction will help calibrate the system and ensure an

independent cross-check of up-time and efficiency.

7 Conclusions

We have presented the concept of the Radio Neutrino Observatory in Greenland (RNO-G), currently

scheduled to commence installation at Summit Station in 2021. The location in Greenland both

drives design considerations, such as autonomous low-power stations, and, given the unique field

of view from the Northern Hemisphere, also defines the strong science case.

The RNO-G hardware builds on previous radio array experience and strives for a very low-noise

system that can sustain a low trigger-threshold, but high duty-cycle operation of autonomous stations.

Each of the 35 RNO-G stations will consist of log-periodic dipole antennas deployed at the surface

and custom-made dipole and tri- or quad-slot antennas deployed in three mechanically drilled holes

to a depth of 100m. The stations will mainly be triggered by a phased array of four deep dipoles

at the 100m maximum depth, which will ensure the best neutrino aperture. Auxiliary envelope

triggers are available for low-power operations in the seasons with less abundant solar-power and

for reading out the surface antennas to detect and veto air showers.

RNO-G will be the first uniform deployment of a neutrino radio array that will demonstrate the

feasibility of scaling to arbitrarily large arrays. The delivered per-year sensitivity will be the largest

achieved to-date with a radio array. RNO-G with its unique view of the Northern hemisphere

may provide insights into transient sources of UHE neutrinos and will bring the detection of a

continuation of the astrophysical neutrinos flux to high energies as detected by IceCube within

reach. Additionally, models for cosmogenic neutrinos assuming a significant proton fraction in

UHE cosmic-rays will be either be conclusively ruled out or will lead, if confirmed, to a detection

of neutrinos with RNO-G.
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