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Abstract: The IceCube Neutrino Observatory opened the window on neutrino astronomy by
discovering high-energy astrophysical neutrinos in 2013 and identifying the first compelling astro-
physical neutrino source, the blazar TXS0506 + 056, in 2017. In this proceeding, we will discuss
the science reach and ongoing development of the IceCube-Gen2 facility, which is the planned
extension to IceCube. IceCube-Gen2 will increase the rate of observed cosmic neutrinos by an order
of magnitude, be able to detect five-times fainter neutrino sources, and extend the measurement
of astrophysical neutrinos several orders of magnitude higher in energy. We will discuss the envi-
sioned design of the instrument, which will include an enlarged in-ice optical array, a surface array
for the study of cosmic-rays, and a shallow radio array to detect ultra-high energy (> 100 PeV)
neutrinos. We will also highlight ongoing efforts to develop and test new instrumentation for
IceCube-Gen2.
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1 Introduction

High-energy neutrinos are unique messengers to the high-redshift reaches of the Universe. Unlike
photons and cosmic-rays, as chargeless and weakly interacting particles, neutrinos travel unatten-
uated and undeflected across the cosmos. The IceCube neutrino telescope detects neutrinos by
deploying photomultiplier tubes (PMTs) in Digital Optical Modules (DOMs) deep in the Antarc-
tic glacier, and looking for the Cherenkov light produced by the byproducts of neutrino-matter
interactions in the ice. IceCube discovered a flux of astrophysical neutrinos in 2013 [1]. Using
various analysis methods, IceCube has observed astrophysical neutrinos between 10 TeV and 10
PeV. The spectrum is well described by a single power law in energy with index ranging from
−2.28 to −2.89 [2–5]. The arrival directions of the neutrinos are consistent with isotropy after
accounting for the effects of Earth absorption. The flux also appears to be “flavor democratic”,
meaning all three flavors of neutrinos contribute roughly equally to the total flux. IceCube has
started probing the flavor composition of the neutrinos through the identification of the first astro-
physical electron anti-neutrino at the Glashow resonance [6] as well the first tau-neutrinos [7].
Observation of neutrinos from the direction of the blazar TXS0506 + 056 in 2017 provided a first
convincing candidate for a point source of neutrinos [8, 9]. In pursuit of further sources, IceCube
regularly announces the detection of neutrinos with a high-probability of astrophysical origin to
the community through “realtime-alerts” [10], which has led to followup and the identification of
other possible sources [11].

To make further progress, next generation observatories must enable improved precision on the
spectrum and composition of the diffuse flux, the identification of more point sources, and better-
cross correlation with astronomical catalogs. This requires higher event rates over a broader range
in energy, and improved angular resolution. A variety of next generation observatories are being
proposed or constructed to meet these challenges, including KM3NeT [12], Baikal-GVD [13],
P-ONE [14], and IceCube-Gen2 [15]; the latter of these is the topic of these proceedings.
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In these proceedings, we will discuss the science reach and ongoing development of the
IceCube-Gen2 facility, which is approximately an order of magnitude larger than IceCube. The
successes of the IceCube detector promises that Gen2 will provide unprecedented insight into the
spectrum and sources of astrophysical neutrinos. In section 2, we discuss the envisioned design of
the instrument. In section 3 we describe the expected performance of the detector and the potential
science reach. In section 5 we describe ongoing work to develop instrument for the detector, and
in section 6 we conclude.

2 The IceCube-Gen2 facility

The IceCube-Gen2 facility will be a Broadband Neutrino Observatory, targeting physics from GeV
to EeV energies. A top-down view of the facility is provided in figure 1. The IceCube-Gen2
observatory builds on the success of the existing IceCube, IceTop, and DeepCore instruments with
the addition of four new components:

Figure 1. A top-down view of the IceCube-Gen2 facility.

(1) The IceCube Upgrade: visible in red, the IceCube Upgrade is a five-year construction
project currently underway [16]. The Upgrade will consist of 7 new strings with 693
optical modules. Key goals for the Upgrade including enhancing the sensitivity to GeV
scale neutrinos as well as improved understanding and calibration of the ice itself [17].
The IceCube Upgrade also serves as a platform for developing Gen2 technologies, such
as pixelated optical modules and wavelength shifting sensors.

(2) Gen2-Optical: visible in orange, Gen2-Optical is envisioned as an enlarged optical array
for the detection of TeV-PeV neutrinos. The baseline design features 120 new strings laid
out in a “Sunflower” pattern with a 240 m lateral spacing for a total volume of 8 km3 the
geometry is still being optimized. Each string will contain∼80 optical modules distributed
17 m apart vertically between 1340–2600 depth.

(3) Gen2-Surface: co-located on top of each new Gen2-Optical string will be a cosmic-ray
detecting station. This extension of IceTop will feature two complimentary techonologies:
scintillator panels and radio antennas, allowing for separation of the muonic and electro-
magnetic component of a cosmic-ray air shower. Besides measuring PeV cosmic rays, the
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surface array also provides a veto to the in-ice array for downgoing cosmic-ray induced
air showers.

(4) Gen2-Radio: visible in purple, the Gen2-Radio array will be O(200) clusters of antennas
deployed over ∼ 500 km2 for the detection of EeV neutrinos. The radio stations will be
a combination of antennas deployed both at the surface and deeper in the ice at ∼ 200 m
depth, with the final design still being optimized. The main trigger will be a phased-array
system which beamforms in realtime to lower triggering thresholds.

3 Performance

In this section we describe some of the key performance metrics for the detector, and highlight
some of the science reach. For a comprehensive discussion, a full White Paper is available [15].
Focusing on the optical component of IceCube-Gen2, neutrino events are expected in two main
“topologies,” both of which are visible in figure 2. Charged-current interactions of muon neutrinos
give rise to long-lived daughter muons which can cross the entire length of the detector, giving rise
to “tracks.” Neutral-current interactions of all neutrino flavors, and charged-current interactions of
electrons and tau neutrinos give rise to roughly spherical depositions of light, or “cascades”. More
exotic topologies are possible for very-high energy tau neutrinos, which travel roughly 50 m/PeV.
At high enough energies, the tau can travel macroscopic distances before decaying, resulting in a
so-called “double-bang” signature; at very high energies the tau can even appear as a track.

Figure 2. A view of the two main “topologies” of neutrino interactions expected in the optical component of
IceCube-Gen2: “tracks” (left, a 320 TeV event) “cascades” (right, a 120 TeV event). The color of a module
indicates the relative arrival time of the light (with red indicating earlier arrival times, and blue indicating
later arrival times). The size of a module is proportional to the quantity of the light recorded.

IceCube-Gen2 will provide a roughly ten-fold increase in effective volume for cascades com-
pared to IceCube, which is critical to measuring super-PeV events and better characterizing the
astrophysical flux above 100 TeV. Using the high-energy starting event (HESE) technique, where
the outer layers of the detector are used to reject atmospheric muons [5], raises the energy threshold
from 60 TeV in IceCube to 200 TeV in Gen2 [15]. The best sensitivity to tracks is achieved with
so-called “through-going” tracks, in which the neutrino interaction vertex is outside the detector.

– 3 –



2
0
2
1

J
I
N
S
T

1
6

C
1
0
0
0
7

This class of events has historically provided the best sensitivity in the search for point sources
of neutrinos. For high-quality through-going tracks, the effective area is increased by roughly a
factor of five relative to IceCube; the median angular error, or pointing resolution, of such events
is improved by roughly a factor of two [15].

One of the most challenging backgrounds in the search for high-energy neutrinos is the
large flux of atmospheric muons and neutrinos from the Southern Sky which outnumbers the
astrophysical neutrino flux by more than nine orders of magnitude. The enlarged Gen2-Surface
array will increase the fraction of the sky for which the surface array serves as a veto. The total
acceptance for coincidence events which can be vetoed by the surface array is increased by over
an order of magnitude relative to IceCube, increasing from 0.25 km2 sr to 10 km2 sr [15].

4 Science reach

With the new, larger array, IceCube-Gen2 will have unprecedented sensitivity to both steady
and transient sources of neutrinos, for example blazars/active galactic nuclei, gamma ray bursts,
neutron star mergers, etc. . For steady sources, IceCube-Gen2 will be sensitive to emitters five
times fainter than IceCube; combined with the improved angular resolution, this provides the
potential to observe an order of magnitude more individual neutrino sources. The sensitivity to
transients is likewise improved. Quantified by the volume of the observable universe from which
a transient can be observed, for a transient of 100 s duration and luminosity of 1050 ergs, the
observable volume increases by an order of magnitude up to 10 PeV [15].

Many searches for neutrino sources expect the neutrinos to be spatially and temporally coin-
cident with other messengers, for example electromagnetic radiation or gravitational waves. With
many next generation instruments coming online in the next decade, e.g. the Vera Rubin Observa-
tory, the Cherenkov Telescope Array, and advanced LIGO, IceCube-Gen2 will have an important
role to play in multimessenger astronomy. IceCube-Gen2 will also be sensitive to so-called “hidden
sources” which might reside in optically-thick environments where only the neutrinos escape. For
example, the 156 day long neutrino flare from TXS0506 + 056 would have been observed in
IceCube-Gen2 at > 13σ significance, without a coincident detection in gamma rays [15].

IceCube-Gen2 will also probe the spectrum of high-energy neutrinos over an unprecedented
range of energies. The optical and radio detectors combined will provide continuous coverage
from TeV to EeV energies, and probe if the astrophysical neutrino spectrum continues unbroken
to higher energies or if new classes of accelerators begin to dominate. Excitingly, the radio array
will probe for cosmogenic neutrinos with sufficient sensitivity to detect events even if the flux of
cosmic ray primaries is very heavy (iron rich). If Gen2-Radio detects no events, it would exclude
as astrophysical neutrino accelerators many source populations which trace the star formation
rate [15].

In observing high-energy neutrinos, IceCube-Gen2 will also probe fundamental physics. For
example, IceCube-Gen2 will enable the first measurement of the neutrino cross-section at PeV
and EeV energies, well beyond the reach of existing particle accelerators. The observatory also
serves as a large-volume detector for exotic and beyond the standard model physics programs, e.g.
searches for magnetic monopoles or sterile neutrinos [15].
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5 Instrumentation development

For IceCube-Gen2 optical, the OMs will be pixelated, containing multiple PMTs to achieve triple
the photocathode area of a IceCube DOM while also providing directional information per-OM.
Such pixelated modules are in use in the KM3NeT telescope, and development of such modules
for IceCube has been completed for the IceCube-Upgrade. Figure 3 depicts two such OMs which
will be deployed: the D-Egg [18] and mDOM [19]. An example conceptual design for a Gen2 OM
is also depicted in the figure [20]. The Gen2 OM is a conceptual hybrid between the mDOM and
D-Egg. Like the mDOM, it has relatively many PMTs (>10), but is contained in an ellipsoidal
glass pressure housing like the D-Egg. Use of an ellipsoidal pressure housing allows holes in the
ice to be made narrower — 40 cm instead of 60 cm in IceCube — which substantially reduces fuel
costs during drilling. The Gen2 OM also has differences in technical implementation; for example,
use of “gel pads” to affix PMTs to the glass surface instead of gel that is poured, de-gassed, and
cured “in place”. Other novel photon detectors are also under consideration, and will be tested
in the Upgrade; for example wavelength shifting sensors [21] which would record photons in the
ultraviolet, where Cherenkov radiation is more intense, and then shift them to lower frequencies
to be recorded in PMTs. For the surface array, early models of the scintillator panels and radio
antennas planned for the surface array have already been developed are being deployed as part of
an enhancement to the existing IceTop detector [22].

Figure 3. Figures of two pixelated modules being deployed in the IceCube-Upgrade: D-Eggs (left) and
mDOMs (middle). At right, a drawing of a potential IceCube-Gen2 OM.

The radio array for IceCube-Gen2 draws extensive heritage from existing experiments. The
technology for the deep antennas as well as the phased array triggering system were piloted by
RICE [23] and ARA [24, 25], while the deployment of antennas at the surface was piloted by
the ARIANNA [26] experiment. Some new technologies are envisioned for IceCube-Gen2, such
as LTE-based communications for the transfer of data and the control of station operations. This
new technology, along with joint surface and deep components, will be deployed in the RNO-G
experiment [27] beginning in Summer 2021.
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For both the optical array and the radio array, holes must be drilled into the glacier in which to
deploy instrumentation. Efforts are underway to make this drilling process more efficient, and to
produce higher quality final holes. For the optical array, the holes must be melted ∼ 2.6 km into
the glacier. The drill from IceCube is being modified for enhanced performance. For example, to
reduce logistical footprint, the drill will be moved on large sled modules, and can be dragged to
the South Pole on the sleds by tractors, instead of being flown in by cargo jets. Additionally, the
holes will be “degassed” in an effort to remove the bubble column which concentrated at the center
of IceCube holes and leads to increased light scattering [28]. For the radio array, a dry-drilling
technique is envisioned. Based on the “RAID” drill of the British Antarctic Survey, it removes the
ice as chips and appears capable of reaching 200 m depth within 20 hours [29].

6 Conclusion and outlook

The IceCube-Gen2 Neutrino Observatory will be a broadband neutrino detector with unprecen-
dent capabilities. Much of these enhanced sensitivity is driven by new technologies, including
pixelated optical modules, radio arrays, and scintillator panels. All of these technologies are under
development. The success of IceCube promises an exciting science impact for Gen2. With an
enlarged optical and surface array and a new ultra-high-energy radio array, IceCube-Gen2 will
provide opportunities to improve our understanding of the high-energy universe and will play an
integral role in the next decade of multimessenger astrophysics.
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