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Building on the success of IceCube at the South Pole, the next generation experiment IceCube-
Gen?2 is taking shape. Next to an extension of the optical array, further developing the optical
detector learning for the IceCube-Upgrade currently in preparation, IceCube-Gen?2 is planned to
feature a large in-ice radio array targeting neutrinos beyond PeV energies. This radio array will
build on heritage from many former and existing radio neutrino experiments. It will dominate
the sensitivity of IceCube-Gen2 at EeV energies, improving at least an order of magnitude in
sensitivity over existing arrays. IceCube-Gen2 will also feature a much enlarged surface array,
including in-air radio antennas targeting air showers. This contribution will highlight the current
status of IceCube-Gen2 with a focus on the in-ice radio array.
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Figure 1: Top view of the detector illustrating the different length-scales. From left to right: Positions of
the individual stations of the in-ice radio array of IceCube-Gen2, the positions of the strings of the optical
array of IceCube-Gen2, IceCube, and IceCube Upgrade.

1. Introduction

The IceCube Collaboration is currently in the process of constructing the IceCube Upgrade at
South Pole [1]. The Upgrade adds additional strings in the center of IceCube to target lower energy
neutrinos [2]. These strings are also equipped with a variety of calibration instruments that will be
used to obtain a better ice model [3], which in turn will allow a re-calibration of the existing IceCube
data set. Beyond the IceCube Upgrade, the collaboration is planning to construct IceCube-Gen2.

2. IceCube-Gen2 Overview

IceCube-Gen?2 is planned to pursue a number of main science objectives (see [4] for details).

* Resolving the high-energy neutrino sky from TeV to EeV energies, answering the question:
What are the sources of high-energy neutrinos detected by IceCube?

* Understanding cosmic particle acceleration through multi-messenger observations.

* Revealing the sources and propagation of the highest energy particles in the Milky Way and
the Universe.

* Probing fundamental physics with high-energy neutrinos and cosmic rays.

IceCube-Gen2 consists of different components to address these science objectives (see Fig-
ure 1). The optical in-ice component of IceCube will be extended by 120 strings, at a spacing twice
as large as IceCube’s spacing with novel optical sensors. This array will improve the point source
sensitivity by at least a factor of 5 and increase the collection rate of neutrinos by almost an order
of magnitude. The increased collection rate is particularly important for the detection of transient
sources. On top of every string an enhanced surface array to conduct precision measurements of
cosmic rays will be constructed, consisting of scintillators and radio antennas (see [5] for details).
Essential to these science objectives is the vastly improved sensitivity at PeV to EeV energies, which
will be enabled through an in-ice radio array, making use of the Askaryan emission following a
neutrino interaction.
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Figure 2: Two types of IceCube-Gen?2 radio stations: Left: Shallow-only station, right: hybrid station. The
shallow component is identical in both station types.

3. IceCube-Gen2 Radio Array

The IceCube-Gen?2 radio array builds on the foundations laid by RICE [6], ARA [7], ARIANNA
[8], and ANITA [9] and lessons learned from various air shower arrays. The reference design is a
combination of different aspects in order to build a robust discovery experiment.

3.1 Design Considerations

Ice and its decreasing index of refraction towards the surface is dominating the rationale
of what one wants to build for the in-ice array of IceCube-Gen2. The deeper an antenna, the
larger its field of view and the larger the resulting effective volume. On the other hand, shallow
antennas are easy to deploy (no drilling), allow flexibility in antenna design (high gain in all
polarizations due to large size), and provide self-tagging of air showers. Within the (currently large)
uncertainties there is a similar sensitivity-to-cost ratio for both types of approaches. This results in
a strategy for the complete array: Mitigate risks for a large scale detector (both in installation and
different detection components) and use complementary advantages by combining deep antennas
with shallow antennas.

The spacing between two in-ice radio stations is defined by a desired ratio of 10% coinci-
dences events at EeV energies. A denser spacing will lead to more coincidences with likely better
reconstruction of neutrino properties, but will reduce the overall effective volume of the detector.
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Figure 3: Reference array layout of the in-ice radio array of IceCube-Gen2. The shape of the array is
determined by the desired spacing between different types of stations and the requirement to stay in the so
called dark sector as defined by South Pole regulations.

For shallow antennas, this rationale leads to a smaller spacing than for antennas at 150 meters
depth. Therefore, in combining shallow and deep antennas, two types of stations are being used:
hybrid stations (combining deep and shallow antennas in a single station) and shallow-only stations
as shown in Figure 2. They are interspersed into a tight array as shown in Figure 3. With this
approach there is no loss of combined effective volume (coincidence fraction does not increase
significantly), better air shower detection capabilities with the resulting smaller array spacing,
a compact array which is advantageous for installation, and finally a cross-check for systematic
uncertainties.

3.2 Technology

The reference technology will lean heavily on what is currently installed as part of RNO-G
[10] at Summit Station in Greenland (see [11] for current status).

The same mechanical drilling technology will be used to obtain boreholes to 150 m depth.
The array will use the same or a next generation of the DAQ electronics, amplifiers, Vpol and Hpol
antennas, RF over fibre, and phased array trigger. It is likely that it will be transitioned to mass
production LPDAs for stream-lined costs and construction time, as opposed to oftf-shelf LPDAs
as used for RNO-G and ARIANNA. Possibly a dedicated ASIC will be used for the instrument,
replacing the LAB4D chips of RNO-G, and the goal is to build a modular DAQ that can accommodate
both shallow and hybrid stations. The RNO-G site in Greenland may be used to test elements that
are made dedicatedly for IceCube-Gen2. However, the infrastructure will be different in terms of
power and communication. As the South Pole has a very strict policy on radio-quietness, a custom
LTE network as used by RNO-G is unlikely to get permission. Similarly, satellite communication
is discouraged. Therefore, the IceCube-Gen2 in-ice radio array will be cabled for communication.
Since this already involves trenching, it was decided to also power the array centrally, to allow
for year-round operation. RNO-G attempts to run year-round in Greenland on renewable power
sources, but the wind-turbine technology has not yet been stable enough to achieve such operations.
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Figure 4: Indicator of the performance. Average expected number of events in IceCube-Gen2, after 10 years
of operation, for different predicted diffuse UHE neutrino flux models. From left to right, top to bottom: two
extrapolated IceCube measurements [12, 13], four cosmogenic predictions [14—17], and six astrophysical
predictions [16, 18-21]. Shown are the event numbers for optical and radio-only, as well as the total number.
The red line highlights one event per energy bin of this analysis. (To appear in the IceCube-Gen2 Technical
Design Report; figure inspired by [22].)

The longer polar night at South Pole, in combination with fewer days with winds, amplifies the
challenge.

4. Performance

The predicted event numbers for the highest energies are shown in Figure 4. The sensitivity
of IceCube-Gen2 will probe all but the most pessimistic model with the detection of a significant
number of neutrinos. This in turn implies that if IceCube-Gen2 fails to detect neutrinos at > 107
GeV, many light(er) cosmic ray compositions and favorable source evolutions will be ruled out.

It is expected that the energy resolution of the in-ice radio array of IceCube-Gen2 will be
similar to what is expected for RNO-G [23, 24], meaning that it will be dominated by the unknown
energy fraction transferred by the neutrino into the shower. The angular resolution is still being
studied, but highly depends on the number of antennas triggered. For a subset of high-quality
events, it will be better than 5 square degrees [25-27].
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5. Conclusions

IceCube-Gen2 is planned beyond the IceCube Upgrade at the South Pole. It consists of an
extended optical array, an enhanced surface array and a large in-ice radio array. Roughly a factor of
10 larger than RNO-G, it will complement it on the Southern Hemisphere and will be the ultimate
discovery experiment beyond 10 PeV.

References

[1] IceCuBk collaboration, The IceCube Upgrade - Design and Science Goals, PoS ICRC2019
(2021) 1031 [1908.09441].

[2] IceCusk collaboration, Physics Potential of the IceCube Upgrade, J. Phys. Conf. Ser. 1468
(2020) 012169.

[3] IceCuBE collaboration, Advances in IceCube ice modelling & what to expect from the
Upgrade, JINST 16 (2021) C09014 [2108.03291].

[4] IceCuBe-GEN2 collaboration, IceCube-Gen2: the window to the extreme Universe, J. Phys.
G 48 (2021) 060501 [2008.04323].

[5] F. Schroder for the IceCube-Gen2 Collaboration, Design and Expected Performance of the
IceCube-Gen2 Surface Array and its Radio Component , These proceedings (2022) .

[6] I. Kravchenko et al., Rice limits on the diffuse ultrahigh energy neutrino flux, Phys. Rev. D 73
(2006) 082002 [astro-ph/0601148].

[7] ARA collaboration, Low-threshold ultrahigh-energy neutrino search with the Askaryan
Radio Array, Phys. Rev. D 105 (2022) 122006 [2202.07080].

[8] A. Anker et al., A search for cosmogenic neutrinos with the ARIANNA test bed using 4.5
vears of data, JCAP 03 (2020) 053 [1909.00840].

[9] ANITA collaboration, Constraints on the ultrahigh-energy cosmic neutrino flux from the
fourth flight of ANITA, Phys. Rev. D 99 (2019) 122001 [1902.04005].

[10] RNO-G collaboration, Design and Sensitivity of the Radio Neutrino Observatory in
Greenland (RNO-G), JINST 16 (2021) P03025 [2010.12279].

[11] St. Hallmann for the RNO-G Collaboration, The Radio Neutrino Observatory Greenland
(RNO-G): Status Update, These proceedings, POS(ARENA2022)005 (2022) .

[12] IceCuBE collaboration, Improved Characterization of the Astrophysical Muon—neutrino Flux
with 9.5 Years of IceCube Data, Astrophys. J. 928 (2022) 50 [2111.10299].

[13] IceCusk collaboration, The IceCube high-energy starting event sample: Description and
[flux characterization with 7.5 years of data, Phys. Rev. D 104 (2021) 022002 [2011.03545].


https://doi.org/10.22323/1.358.1031
https://doi.org/10.22323/1.358.1031
https://arxiv.org/abs/1908.09441
https://doi.org/10.1088/1742-6596/1468/1/012169
https://doi.org/10.1088/1742-6596/1468/1/012169
https://doi.org/10.1088/1748-0221/16/09/C09014
https://arxiv.org/abs/2108.03291
https://doi.org/10.1088/1361-6471/abbd48
https://doi.org/10.1088/1361-6471/abbd48
https://arxiv.org/abs/2008.04323
https://doi.org/10.1103/PhysRevD.73.082002
https://doi.org/10.1103/PhysRevD.73.082002
https://arxiv.org/abs/astro-ph/0601148
https://doi.org/10.1103/PhysRevD.105.122006
https://arxiv.org/abs/2202.07080
https://doi.org/10.1088/1475-7516/2020/03/053
https://arxiv.org/abs/1909.00840
https://doi.org/10.1103/PhysRevD.99.122001
https://arxiv.org/abs/1902.04005
https://doi.org/10.1088/1748-0221/16/03/P03025
https://arxiv.org/abs/2010.12279
https://doi.org/10.3847/1538-4357/ac4d29
https://arxiv.org/abs/2111.10299
https://doi.org/10.1103/PhysRevD.104.022002
https://arxiv.org/abs/2011.03545

Towards IceCube-Gen2: Plans for the in-ice radio array A. Nelles

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

TeLEscoOPE ARRAY collaboration, Telescope Array Combined Fit to Cosmic Ray Spectrum
and Composition, PoS ICRC2021 (2021) 338.

J. Heinze, A. Fedynitch, D. Boncioli and W. Winter, A new view on Auger data and
cosmogenic neutrinos in light of different nuclear disintegration and air-shower models,
Astrophys. J. 873 (2019) 88 [1901.033338].

X. Rodrigues, J. Heinze, A. Palladino, A. van Vliet and W. Winter, Active Galactic Nuclei
Jets as the Origin of Ultrahigh-Energy Cosmic Rays and Perspectives for the Detection of
Astrophysical Source Neutrinos at EeV Energies, Phys. Rev. Lett. 126 (2021) 191101
[2003.08392].

M.S. Muzio, G.R. Farrar and M. Unger, Probing the environments surrounding ultrahigh
energy cosmic ray accelerators and their implications for astrophysical neutrinos, Phys. Rev.
D 105 (2022) 023022 [2108.05512].

K. Fang, K. Kotera, K. Murase and A.V. Olinto, Testing the Newborn Pulsar Origin of
Ultrahigh Energy Cosmic Rays with EeV Neutrinos, Phys. Rev. D 90 (2014) 103005
[1311.2044].

P. Padovani, M. Petropoulou, P. Giommi and E. Resconi, A simplified view of blazars: the
neutrino background, Mon. Not. Roy. Astron. Soc. 452 (2015) 1877 [1506.09135].

K. Fang and K. Murase, Linking High-Energy Cosmic Particles by Black Hole Jets
Embedded in Large-Scale Structures, Nature Phys. 14 (2018) 396 [1704.00015].

M.S. Muzio, M. Unger and G.R. Farrar, Progress towards characterizing ultrahigh energy
cosmic ray sources, Phys. Rev. D 100 (2019) 103008 [1906.06233].

V.B. Valera, M. Bustamante and C. Glaser, Near-future discovery of the diffuse flux of
ultra-high-energy cosmic neutrinos, 2210.03756.

J.A. Aguilar et al., Reconstructing the neutrino energy for in-ice radio detectors: A study for
the Radio Neutrino Observatory Greenland (RNO-G), Eur. Phys. J. C 82 (2022) 147
[2107.02604].

ARIANNA collaboration, Neutrino vertex reconstruction with in-ice radio detectors using
surface reflections and implications for the neutrino energy resolution, JCAP 11 (2019) 030
[1909.02677].

ARIANNA collaboration, Measuring the polarization reconstruction resolution of the
ARIANNA neutrino detector with cosmic rays, JCAP 04 (2022) 022 [2112.01501].

ARIANNA collaboration, Probing the angular and polarization reconstruction of the
ARIANNA detector at the South Pole, JINST 15 (2020) P09039 [2006.03027].

L. Plaisier, Reconstructing the Arrival Direction of Cosmic Neutrinos with the Radio Neutrino
Observatory Greenland (RNO-G), Ph.D. thesis, Friedrich-Alexander-Universitit
Erlangen-Niirnberg, 2022.


https://doi.org/10.22323/1.395.0338
https://doi.org/10.3847/1538-4357/ab05ce
https://arxiv.org/abs/1901.03338
https://doi.org/10.1103/PhysRevLett.126.191101
https://arxiv.org/abs/2003.08392
https://doi.org/10.1103/PhysRevD.105.023022
https://doi.org/10.1103/PhysRevD.105.023022
https://arxiv.org/abs/2108.05512
https://doi.org/10.1103/PhysRevD.90.103005
https://arxiv.org/abs/1311.2044
https://doi.org/10.1093/mnras/stv1467
https://arxiv.org/abs/1506.09135
https://doi.org/10.1038/s41567-017-0025-4
https://arxiv.org/abs/1704.00015
https://doi.org/10.1103/PhysRevD.100.103008
https://arxiv.org/abs/1906.06233
https://arxiv.org/abs/2210.03756
https://doi.org/10.1140/epjc/s10052-022-10034-4
https://arxiv.org/abs/2107.02604
https://doi.org/10.1088/1475-7516/2019/11/030
https://arxiv.org/abs/1909.02677
https://doi.org/10.1088/1475-7516/2022/04/022
https://arxiv.org/abs/2112.01501
https://doi.org/10.1088/1748-0221/15/09/P09039
https://arxiv.org/abs/2006.03027

	Introduction
	IceCube-Gen2 Overview
	IceCube-Gen2 Radio Array
	Design Considerations
	Technology

	Performance
	Conclusions

