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Figure 4: Left: Current experimental limits and detections in neutrino astronomy from IceCube
[9,10,221], the Pierre Auger Observatory [222], and ANITA [223]. Also shown are low-luminosity
GRB [111] (see [50, 52] for similar spectra) and AGN models [224], and an extrapolation of the
IceCube flux, which suggests target sensitivities for the next observatories. Right: Observatory
requirements for neutrino astronomy targeting different physical parameters.

tion [17,225–227]. At energies between 10 TeV – 10 PeV, an order-of-magnitude improvement in
point-source sensitivity will be needed to discover neutrino point sources consistent with the flux
discovered by IceCube [17, 225] (see Fig. 2).

For energies 1 – 100 PeV, an order-of-magnitude improvement in the diffuse neutrino flux
sensitivity is needed to identify a break, a cutoff, or a new component, to probe diffuse model
predictions (e.g., [31, 50, 64, 107, 224, 228]). An energy resolution of DE/E , 0.5 is required to
distinguish between model fluxes. At E -100 PeV, two orders of magnitude improvement in the
diffuse flux sensitivity is needed to test whether particle accelerators in the Universe have similar
characteristics to those in our local (,100 Mpc) neighborhood [83,84,229] (see left panel in Fig. 4).

The observed ratios of neutrino flavors and the observed ratio of neutrinos to anti-neutrinos
provides a complementary probe of neutrino production mechanisms and the physical conditions at
the sources [230,231]. The identification of per-flavor neutrino fluxes require large event statistics
at observatories that can identify flavor-specific signals.

Multi-messenger observations that include neutrinos will provide additional information to lo-
calize and characterize sources. This requires the ability to both send and receive real-time alerts
to and from other telescopes and gravitational wave detectors [23].

We advocate a staged, multi-observatory approach that will extend the science reach of neu-
trino observatories throughout the next decade. Complementary approaches that target a broad
range of energies (from the TeV scale up through the EeV scale) are useful for determining the
nature of these high energy sources. Multiple detectors will be required to measure the per-flavor
flux, cover large fractions of the sky, and provide complementary sky coverage in the North and
South to increase the exposure for multi-messenger observations. Multiple detectors, preferably
with different detection mechanisms to reduce systematic effects, will also be required to confirm
results. We advocate for strong cooperation with multi-messenger partners across the electromag-
netic spectrum, cosmic rays, and gravitational waves.

5

Emission mechanisms and scientific motivation
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200 stations. 
Areal coverage: order 500 km^2 
Autonomous power and communication 

This is a big array! 

Radio Array for Gen2 

Concrete developments
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Radio emission of neutrino (showers)

• Any electromagnetic shower (component) creates radio emission 

• Shower front accumulates negative charge from surrounding material 

• Macroscopically a changing current is induced (moving and changing net 
charge), this results in emission 

• Emission is not caused by index of refraction, but 

• Emission is added up coherently for all observer angles 
at which the emission arrives simultaneously:  
emission strongest at the Cherenkov angle 

In a very small nutshell

+

+

+

+

—
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Radio emission of neutrino (showers)
In a very small nutshell

E. Zas, F. Halzen, T. Stanev, 
PRD 45, 162 (1992); 
J. A-M, A. Romero-Wolf, E. Zas, 
PRD 81, 123009 (2010)
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• We are looking for non-repeating nanosecond-scale pulses 

• Caused by every shower following an interaction (multiple-pulses per 
shower possible) 

• Detection threshold: pulse amplitude scales linear with shower energy, 
pulse needs to be detected above background (thermal noise, Galactic 
radio emission, human-made radio emission, …) 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How to detect a signal
The concept of radio detection

Neutrino zenith angle

• Neutrino interactions are measured 
at a distance 

• Detection typically only by one 
cluster of antennas (= station) 

• Signal parameters: arrival time, 
amplitude as function of frequency, 
polarization 

• Attenuation length of cold ice ~ 1km 

• Towards the surface, ice density 
gradient: signals travel on bent 
trajectories 

• Every station monitors a block of 
roughly 1 km^3 From Glaser et al, submitted, 1906.01670

https://arxiv.org/abs/1906.01670
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Which science to target?
Parameter space

Figure 4: Left: Current experimental limits and detections in neutrino astronomy from IceCube
[9,10,221], the Pierre Auger Observatory [222], and ANITA [223]. Also shown are low-luminosity
GRB [111] (see [50, 52] for similar spectra) and AGN models [224], and an extrapolation of the
IceCube flux, which suggests target sensitivities for the next observatories. Right: Observatory
requirements for neutrino astronomy targeting different physical parameters.

tion [17,225–227]. At energies between 10 TeV – 10 PeV, an order-of-magnitude improvement in
point-source sensitivity will be needed to discover neutrino point sources consistent with the flux
discovered by IceCube [17, 225] (see Fig. 2).

For energies 1 – 100 PeV, an order-of-magnitude improvement in the diffuse neutrino flux
sensitivity is needed to identify a break, a cutoff, or a new component, to probe diffuse model
predictions (e.g., [31, 50, 64, 107, 224, 228]). An energy resolution of DE/E , 0.5 is required to
distinguish between model fluxes. At E -100 PeV, two orders of magnitude improvement in the
diffuse flux sensitivity is needed to test whether particle accelerators in the Universe have similar
characteristics to those in our local (,100 Mpc) neighborhood [83,84,229] (see left panel in Fig. 4).

The observed ratios of neutrino flavors and the observed ratio of neutrinos to anti-neutrinos
provides a complementary probe of neutrino production mechanisms and the physical conditions at
the sources [230,231]. The identification of per-flavor neutrino fluxes require large event statistics
at observatories that can identify flavor-specific signals.

Multi-messenger observations that include neutrinos will provide additional information to lo-
calize and characterize sources. This requires the ability to both send and receive real-time alerts
to and from other telescopes and gravitational wave detectors [23].

We advocate a staged, multi-observatory approach that will extend the science reach of neu-
trino observatories throughout the next decade. Complementary approaches that target a broad
range of energies (from the TeV scale up through the EeV scale) are useful for determining the
nature of these high energy sources. Multiple detectors will be required to measure the per-flavor
flux, cover large fractions of the sky, and provide complementary sky coverage in the North and
South to increase the exposure for multi-messenger observations. Multiple detectors, preferably
with different detection mechanisms to reduce systematic effects, will also be required to confirm
results. We advocate for strong cooperation with multi-messenger partners across the electromag-
netic spectrum, cosmic rays, and gravitational waves.

5

From Ackermann et al.,  
Decadal 2020, Whitepaper, 1903.04334 

• The neutrino space above 100 PeV is 
unknown territory 

• Experiments need very large effective 
areas 

• Neutrinos can either be directly from 
sources (AGN, GRB, NS-NS merger, …) 

• Or neutrinos can be from interaction of 
UHECR with photon background (CMB, 
EBL, …) 

• Ideally experiments have sensitivity to 
measure continuation of IceCube flux to 
high energies

https://arxiv.org/abs/1903.04334
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Which science to target?

• Needed for spectrum measurement 

• Amplitude of pulse scales with shower energy and vertex distance  

• Reconstruction probably dominated by irreducible uncertainty from 
inelasticity distribution neutrino -> shower (see e.g. Glaser et al., 1909.02677) 

Energy reconstruction

Figure 4. Vertex distribution (left) and zenith angle distribution of the incoming signal direction
(of the direct signal path) (right) from a full MC simulation using NuRadioMC for a fixed neutrino
energy of 1018 eV and a receiver depth of 15m. A zenith angle of 90� points to the horizon and 180�

points straight down.

times according to a Gaussian-distributed uncertainty in �✓ and ��t. The histogram of Fig. 3
(right) is used to look up the corresponding vertex distance, which is then compared to the
true vertex distance.

In Fig. 5 (left), we present the vertex-distance resolution assuming a �t resolution of
0.2 ns and a zenith angle resolution of 0.2�, corresponding to our estimate for the achiev-
able experimental resolution of a future Askaryan detector [10]. As expected, the resolu-
tion is better for lower neutrino energies. For 1017 eV, we find a 68% quantile of 0.04 in
log 10(Rrec/Rtrue), corresponding to a linear resolution of 10%. For 1018 eV, we find a 68%
quantile of 0.05 in log 10(Rrec/Rtrue), corresponding to a linear resolution of 12%.

3.2 Energy resolution

For multi-messenger science, the relevant quantity of interest is not the vertex resolution
but the neutrino energy resolution. Thus, for each vertex distance we calculate the ’shower
energy’ as

Esh /
R

exp(�R/La)
, (3.1)

where R is the distance from the vertex to the antenna along the direct ray path and La

is the attenuation length. This formula is essentially correcting a unit measured signal for
attenuation. We use an attenuation length of 1 km matching measurements from the South
Pole [13, 25]. The resulting energy resolution (from uncertainties of the vertex distance
only) is presented in the right panel of Fig. 5. For neutrino energies of 1017 eV, we find a
resolution of log10(Erec/Etrue) of ⇠0.08, corresponding to 20% on a linear scale. For 1018 eV,
we find a resolution of +0.15 and -0.14 in log10(Erec/Etrue), corresponding to 38% - 41% on
a linear scale. Thus, the energy uncertainty from the vertex distance is significantly smaller
than the natural limit imposed by the inelasticity of the initial neutrino interaction of 0.3 in
log10(Erec/Etrue) (cf. Sec. 2).

In Fig. 6 (left), we present the dependence of the energy resolution on the uncertainty
in �t and �✓. Even for larger uncertainties of 0.5� and 0.5 ns, the resulting energy resolution
is still well below the inelasticity limit for 1017 eV neutrino energies.

– 7 –

Figure 5. (left) Vertex distance resolution for a �15m deep receiver and uncertainties of 0.2 ns in the
D’n’R time delay and 0.2� in the zenith direction. (right) Corresponding contribution to the energy
resolution from uncertainties in the vertex distance.

In Fig. 6 (right), we show the energy resolution as a function of receiver depth. Over
the first ⇠10m the resolution improves dramatically. At greater depths, the resolution is
continuously improving, but the relative improvement diminishes. Already at 10m depth,
the contribution to the energy resolution from the vertex distance uncertainty is well below
the natural limit of the energy resolution from the unknown inelasticity.

To draw conclusions for an optimal detector layout from the depth dependence, the
e�ciency to detect both D’n’R pulses must also be considered. This was already studied in
[13] and is also shown in Fig. 6 (right) for the case of a 3VRMS trigger threshold and the
requirement that the second pulse has at least a 2 ⇥ VRMS signal. This simulation includes
all relevant e↵ects such as a realistic neutrino vertex distribution, viewing angle di↵erences
of the two signal trajectories, incoming signal directions, reflection at the surface, etc. (see
[13] for details).

Especially for neutrino energies of 1017 eV, the detection e�ciency decreases quickly with
depth. Thus, the optimal depth for exploiting the D’n’R technique represents a compromise
between energy resolution which increases with depth, and the fraction of neutrino events that
have a D’n’R signature, which decreases with depth. As the energy resolution is ultimately
limited by the unknown inelasticity, it is not required to be much better than this limit.
Therefore, shallower depths are favored, for which the energy resolution is already well below
the inelasticity limit, but the detection e�ciency is still high. We estimate �15m to be the
optimal receiver depth.

4 Experimental test of D’n’R technique

We tested the feasibility to measure the direct and reflected pulse with the following in-situ
measurement. We use one ARIANNA detector station installed at Moore’s Bay on the Ross
Ice shelf that is equipped with a dipole at a depth of �8.6m. We drilled a 20m deep hole
⇠40m away from the station using a newly developed portable cylindrical electrothermal

– 8 –

neutrino interactions, an electromagnetic shower is induced by an electron generated in the
neutrino interaction, and a hadronic shower results from the interaction of the neutrino with
the nucleus. For all other types of interactions, only a hadronic shower is created (we neglect
decays of tau leptons and catastrophic dE/dx from muons for simplicity). The shower energy
can be related to the neutrino energy via

Esh =

(
y E⌫ for hadronic showers

(1� y)E⌫ for electromagnetic showers
(2.2)

We note that only the shower energy that ends up in electromagnetic sub-showers is relevant
to the radio emission. For hadronic showers only 90% to 95% of the energy ends up in
electromagnetic cascades [15] which is precisely modelled in the Askaryan emission codes.

The distribution of inelasticity y (see e.g. [16] or [17]) cannot be used directly as a
proxy for the scatter in reconstructed neutrino energy because of the detector acceptance.
An interaction with an inelasticity value that leads to a small shower energy is less likely to be
detected than those showers for which a significant part of the neutrino energy is transferred
to the shower.

To study this e↵ect under realistic conditions, we performed a full Monte Carlo simu-
lation using NuRadioMC [13], i.e., we simulate the initial neutrino interaction, followed by
radio signal generation and propagation to a detailed detector simulation. We simulate an
initial neutrino energy spectrum following a E�2.2 power law, corresponding to an extrap-
olation of the astrophysical neutrino flux measured by IceCube [18], superimposed upon a
cosmogenic neutrino spectrum, i.e., neutrinos generated via cosmic-ray interactions with the
cosmic microwave background, for a 10% proton fraction and for a standard choice of source
evolution [19] (see also [10] for a discussion of the models).

In Fig. 1 left, we present the ratio of shower energy to initial neutrino energy for all
triggered events, and also separately for hadronic and electromagnetic showers. The distri-
bution is strongly biased towards high transferred energy such that the shower energy can be
close to the neutrino energy with the bias most pronounced for electromagnetic showers. The
distribution is also energy dependent (see Fig. 1 right), broadening with increasing neutrino
energy because already a small energy transfer results in su�ciently energetic showers to
trigger the detector. The distribution in Fig. 1 is clearly non-Gaussian; we choose to describe
it via the median value and the 68% quantiles which we calculate for the astrophysical +
cosmogenic spectrum and discrete neutrino energies:

log10(Esh/E⌫) =

8
>>>><

>>>>:

�0.12+0.11
�0.33 for astrophysical + cosmogenic spectrum

�0.06+0.06
�0.22 at 1017 eV neutrino energy

�0.25+0.18
�0.34 at 1018 eV neutrino energy

�0.33+0.26
�0.49 at 1019 eV neutrino energy

(2.3)

We estimate the resulting uncertainty on the neutrino energy to be about 0.3 in the logarithm
of log10(Esh/E⌫), corresponding to a factor of 2 on a linear scale. This imposes a natural
limit on the maximum experimentally achievable energy resolution for high-energy neutrino
detection, and sets the scale for the optimal experimental precision: The uncertainty of the
vertex distance and viewing angle should be small enough so as not to significantly increase
the energy uncertainty beyond this inelasticity limit.

We note that for a subset of detected events the neutrino energy might be determined
more precisely. At high neutrino energies (E⌫ > 1018 eV) electromagnetic and hadronic

– 3 –

https://arxiv.org/abs/1909.02677
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Which science to target?
Reconstruction of arrival direction

• Needed for (multi-messenger) astronomy 

• (1) mapping of Cherenkov cone, requires 
dense array, currently not in focus 

• (2) measure arrival direction (s) and signal 
polarization (p) to determine axis (v): v = s x p 
current experimentally proven uncertainties:  
s < 1 deg, p <= 7 deg

PropagaRon	direcRon	measurements	

ARIANNA	at	South	Pole	Pulser	Studies	

A.
	N
el
le
s,
	th

is	
co
nf
.	

σθ =	0.6o	

σφ =	0.5o	

But	good	angular	reconstrucRon	of	wave	direcRon	is	only	part	of	the	story…	

ARA	Pulser	studies	

Pulser	at	4km	

Calibration

• Local	pulser	antennas,	embedded	with	detector	

• Deep	pulser	(1500m)	deployed	with	IceCube		

• Pulser	on	IceCube	lab	building	

• Portable	pulsers	from	the	surface

There	is	no	physics	background	like	in	water/ice	Cherenkov		neutrino	detectors:	
	 No	muons,	no	atmospheric	neutrinos!	
	 Only	thermal	noise	and	man	made	backgrounds.	

!	ARA	uses	various	radio	pulsers:	

Local calibration pulserARA Collaboration

EXPECTED  
FROM SIM RECONSTRUCTED

Signal arrival direction

Cosmic ray 
polarization 

first results

ARIANNA Collaboration
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Experimental strategies
What could one build? 

• Several approaches have been tried 

• Many important proof-of-principle measurements with RICE, ARA, and 
ARIANNA and affiliated experiments 

• Next step is a pathfinder array that shows the scale-up of technology and 
viability of large scale array
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Experimental strategies
What has been done so far: ARA

• Has been running in various 
configurations since 2010 

• At 200 meters depth, 
compact ice, wide field of 
view, shielding from man-
made noise at surface 

• Powered by South Pole 
station, 100% up-time 

• Data-transfer to station, low 
trigger thresholds, high data-
volumes, analysis offline 

• Design restricted by bore-
hole geometry
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Experimental strategies
What has been done so far: ARIANNA

Figure 2: Sketch of the ARIANNA detector at the Ross Ice Shelf.

2. The ARIANNA detector

The ARIANNA detector consists of autonomous and independent stations,

i.e., the information of one station is su�cient to measure a neutrino and multi-

station coincidences are not required. The station layout is depicted in Fig. 2.

Each station comprises two pairs of downward facing LPDA antennas with or-80

thogonal orientation and are spatially separated by ⇠6m. In the second genera-

tion of ARIANNA stations, the downward facing LPDAs for neutrino detection

are complemented by two pairs of upward pointing LPDAs for cosmic-ray de-

tection and vetoing.

ARIANNA stations are solar powered and communication takes place via85

the Iridium satellite network or a high-speed long-range wifi connection. The

ARIANNA pilot array was initially deployed at Moore’s Bay on the Ross ice

shelf near the coast of Antarctica but the autonomous nature of the ARIANNA

design allows a deployment at any suitable site around the world, so that two

5

• Has been running in 
various configurations since 
2012 

• Stations are deployed close 
to the surface for maximum 
flexibility in antenna and 
station design 

• Autonomous, light-weight 
stations with minimal data 
transferred via Iridium 

• Isolated on Ross Ice-Shelf 
reduced man-made 
background 

• Air showers unique 
calibration signal
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Experimental strategies

Deep 

• Detector below the firn = reduced 
ray bending = large field of view 

• Detector deep = less human-
generated noise 

• Increased logistical overhead in 
drilling and deploying 

• Antenna geometry restricted by 
borehole, difficult to build broad-
band, high-gain antennas for 
horizontal polarization

Deep vs shallow

Shallow 

• Challenging propagation 
geometry at surface 

• Cosmic-ray self-veto (detect 
radio emission in air) 

• Easy accessibility and 
deployment 

• Large antennas = Large gain = 
low energy threshold

Most likely a comparable cost/effective area ratio
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Experimental strategies

• ARA site: South Pole, excellent logistical support, but constraints from 
IceCube, excellent ice quality 

• ARIANNA site: Ross Ice-Shelf, good logistical support from McMurdo, very 
remote, decent ice quality with extra reflections 

• Greenland: Summit station, commercial and NSF support, very flexible, good 
ice quality

Which site to choose

Figure 13. Instantaneous sky coverage for different radio detector locations in declination and right
ascension. The field of view is defined to cover the solid angle which contain 90% of triggering events
for an isotropic flux. The sky coverage was calculated for a 60m deep detector at the South Pole
(green hash), for a 50m deep detector at Greenland (orange solid), and for an ARIANNA station
at Moore’s Bay (solid blue), including the reflections at the ice-water interface. Over 24 h, the sky-
coverage bands for Moore’s Bay (at �79

� latitude) and Greenland (at 72� latitude) rotate horizontally
due to the rotation of the Earth, increasing the field-of-view. In contrast, a detector at the South
Pole always sees the same part of the sky.

positive declination, it overlaps a region of the sky which contain the highest energy tracks
observed by IceCube. For example, the declination band of ARIANNA includes the neutrino
event observed by IceCube from the blazar TXS 0506+056 [12], a region of the sky unavailable
to a surface radio detector at the South Pole. A detector at Moore’s Bay would also scan over
parts of the sky covered by neutrino telescopes under construction in the northern hemisphere
[63, 64].

An important variable in neutrino energy reconstruction is the distance between the
interaction vertex and ARIANNA station. It can be computed from the time difference
recorded in a single subsurface antenna between a direct pulse and a delayed reflected pulse
from the firn ice surface, which is more often accessible in measurements close to the surface.
This technique, called D’n’R, can measure the time delay with a precision less than 100 ps,
resulting in a vertex precision not readily matched by other methods. The D’n’R technique
was experimentally evaluated by modifying one ARIANNA station in November 2018. A
dipole antenna was installed in a cylindrical hole created by a portable melting device [65] to
a depth of 40m, well below the required depth of 15meters. We will report on these results
in an upcoming publication [18].

The viewing angle of the measured signal relative to the Cherenkov cone is also important
for energy reconstruction, and can be estimated using the frequency spectra of the recorded
signal [40]. Early studies using these techniques suggests that a near surface design will
measure the neutrino energy to a resolution log(dE/E) ⇡ 0.3 which is already dominated by
largely irreducible inelasticity fluctuation, i.e., the amount of neutrino energy deposited in
the in-ice shower [19].

One important goal of the project was to evaluate logistical requirements and other
practical details associated with construction of a large scale detector. There are multiple
transportation options to the Moore’s Bay site. Personnel and cargo were carried by short haul
helicopter flights. It is also possible to transport cargo for a large-scale detector by overland

– 19 –

Instantaneous sky coverage: 
All three sites almost 
complimentary
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What to do next? 
Pathfinders towards IceCube-Gen2

200 stations. 
Areal coverage: order 500 km^2 
Autonomous power and communication 

This is a big array! 

Radio Array for Gen2 

• Goal: O(200) stations as part of IceCube-Gen2 

• Provide up to two orders of magnitude improvement over current diffuse 
neutrino sensitivities at the highest energies 

• Severely constrain cosmic ray composition, provide deep real-time sensitivity 
for explosive events and probe unknown parameter space for new physic 

• Construction to begin beyond 2025
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What next? 

• Radio-community will work together as part of IceCube-Gen2 towards a viable 
and scalable design 

• Preparatory smaller scale R&D at South Pole needed 

• Possibly proposal for a surface-only array at Moore’s Bay 

• Pathfinder array in Greenland

Other sites

4

FIG. 2: ARA testbed downhole antennas: left two images, wire-frame bicone Vpol antennas; right two images, bowtie-slotted-cylinder Hpol
antennas.
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FIG. 3: Left: Quad-slot cylinder antenna used in one borehole for ARA-testbed. Center: Simulated Gain (dBi) vs. elevation angle ( zero
degrees is the vertical direction) for three frequencies for the QSC antenna. Right: Simulated Gain (dBi) in the horizontal plane vs. azimuth,
showing the high degree of uniformity of the QSC azimuthal response.

150 MHz to 850 MHz. This goal was achieved with the
Vpol antennas, but the 15 cm diameter borehole constraint
has proved challenging for the Hpol antennas, both of which
have difficulty getting frequency response below about 200-
250 MHz in ice. In addition, the BSC antenna, although it
was found to have better efficiency than the QSC, suffers from
some azimuthal asymmetry in its response, and thus the QSC,
which has uniform azimuthal response, will be used for fu-
ture ARA stations. In the current testbed station, we have
primarily used the BSC antennas because of the ease of their
manufacture for the 2011 season. Figure 2 shows photographs
of the wire-frame bicone antennas and the BSCs as they were
readied for deployment. Fig 3 shows a photo of one of the
QSC prototypes (only one of the 4 slots is evident), along
with simulated results for the gain patterns in elevation and
azimuth, illustrating the uniformity, which was confirmed at
several angles in laboratory measurements.

Figures 4 and 5 show the voltage standing wave ratio
(VSWR), along with the power transmission coefficient for
the primary borehole antennas used for the ARA-testbed.

VSWR is related to the complex voltage reflection coefficient
r of the antenna via the relation

V SWR(n) = |r(n)+1|
|r(n)�1|

and the effective power transmission coefficient T (either as a
receiver or transmitter from antenna duality) is given by

T (n) = |1�r(n)|2

and may be thought of as the effective quantum efficiency of
the antenna vs. frequency n although RF antennas in the VHF
to UHF range never operate in a photon-noise limited regime.

In addition to the coupling efficiency of the antennas, the
other important parameter for RF performance is the antenna
directivity gain G, often denoted as just gain, and related to
the effective power collection area of the antenna via the fun-
damental relation

Ae f f (n) =
Gc2

4pn2
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150 MHz to 850 MHz. This goal was achieved with the
Vpol antennas, but the 15 cm diameter borehole constraint
has proved challenging for the Hpol antennas, both of which
have difficulty getting frequency response below about 200-
250 MHz in ice. In addition, the BSC antenna, although it
was found to have better efficiency than the QSC, suffers from
some azimuthal asymmetry in its response, and thus the QSC,
which has uniform azimuthal response, will be used for fu-
ture ARA stations. In the current testbed station, we have
primarily used the BSC antennas because of the ease of their
manufacture for the 2011 season. Figure 2 shows photographs
of the wire-frame bicone antennas and the BSCs as they were
readied for deployment. Fig 3 shows a photo of one of the
QSC prototypes (only one of the 4 slots is evident), along
with simulated results for the gain patterns in elevation and
azimuth, illustrating the uniformity, which was confirmed at
several angles in laboratory measurements.

Figures 4 and 5 show the voltage standing wave ratio
(VSWR), along with the power transmission coefficient for
the primary borehole antennas used for the ARA-testbed.

VSWR is related to the complex voltage reflection coefficient
r of the antenna via the relation

V SWR(n) = |r(n)+1|
|r(n)�1|

and the effective power transmission coefficient T (either as a
receiver or transmitter from antenna duality) is given by

T (n) = |1�r(n)|2

and may be thought of as the effective quantum efficiency of
the antenna vs. frequency n although RF antennas in the VHF
to UHF range never operate in a photon-noise limited regime.

In addition to the coupling efficiency of the antennas, the
other important parameter for RF performance is the antenna
directivity gain G, often denoted as just gain, and related to
the effective power collection area of the antenna via the fun-
damental relation

Ae f f (n) =
Gc2
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What next?

• Starting a pathfinder  
array as R&D towards  
IceCube-Gen2 as early  
as 2020 

• Technology will built on  
ARA and ARIANNA  
experience 

• Combination of strong points of both experiments 

• Deployment in Greenland allows for fast 
development turn-around in a less restricted 
environment 

• Site has been previously explored for neutrino 
detection by GNO project 

• Funding secured for O(40) stations

Greenland
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What next?

Current design concept 

• phased-array at 100m with 4 
antennas for triggering 

• one main string with phased array 
and additional antennas for vertex 
reconstruction 

• two outrigger strings with V-Pol and 
H-Pol antennas for polarization and 
arrival direction reconstruction 

• surface antennas for cosmic ray 
veto, additional neutrino volume, 
and high-gain polarization data 

Greenland
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What next?
Greenland

Current concept 

• fully autonomous stations (solar 
power, possibly fuel cells or wind-
turbines) 

• no cabled connection, new 
concepts for data transfer (cell 
phone technology, satellite 
communications, …) 

• drilling with mechanical ASIG drills, 
possibly melting drills 

• development of efficient deployment 
methods
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What next?

• InIceMC working group (ARA and 
ARIANNA members) redeveloped a 
simulation code for radio detection of 
neutrinos 

• Extensive comparison of assumptions and 
parameterizations 

• Modular approach to be able to simulate 
ALL types of detector and ice 
configurations 

• Modern coding language, database 
support for large scale deployments 

• Open to contributions and usage:  
https://github.com/nu-radio/NuRadioMC

Common simulation framework

Figure 9: Comparison of Askaryan models. Shown the peak-to-peak amplitude (the di↵erence between the
maximum and the minimum of the Askaryan pulse) as a function of viewing angle. The left part of the plot
(negative angles) shows the prediction for hadronic showers and the right part of the plot (positive angles)
the prediction for electrogmagnetic showers of the same shower energy. (left) 1015 eV shower energy. (right)
1018 eV shower energy.

shower development are parameterized (only Alvarez2009 ). The models are fast to evaluate
and the computing time is negligible compared to the other parts of the simulation. We also460

provide an older version, Alvarez2000, that was most commonly used in previous simulation
frameworks and is therefore important for comparison. However, we strongly recommend
the usage of the newer model Alvarez2009 as the older model typically overestimates the
Askaryan amplitudes by roughly 20-30%. The Alvarez2009 model is in good agreement with
the more precise ARZ time-domain calculation (cf. Fig. 9).465

The main shortcomings of such parametrizations are that no phase information is pro-
vided which leads to inaccuracies in the time domain. Typically, the phases are approximated
as constant 90� as function of frequency, which results in a perfectly symmetric bipolar pulse.
While this may be a reasonable approximation for many cases, it does not capture the de-
tails of the shape of the pulses and does not account for physical time delays. Thus, these470

models are suitable for general sensitivity calculations given the correct prediction of am-
plitudes. However, more detailed models are recommended to study trigger e�ciencies and
event reconstruction that are based on pulse shape and timing.

Another option is the fully analytic model HCRB2017 that also calculates the phases
and is thus suitable for the time-domain. It provides helpful insights into the dependencies475

of the Askaryan signals on shower elongation and shower width. As being analytically it
does not model the statistical fluctuations occurring in showers that can be substantial
as shown in Fig. 6. The signal strength prediction depends strongly on the longitudinal

19

From Glaser et al, submitted, 1906.01670

https://arxiv.org/abs/1906.01670
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Conclusions

• Radio detection of neutrinos cost-
effective way to access energies beyond 
10 PeV 

• ARA, and ARIANNA have laid a 
foundation, now the time to study 
scaling of technology 

• Several projects as R&D towards 
IceCube-Gen2 considered 

• A pathfinder array will start construction 
in 2020 in Greenland 

• An array in Greenland will have 
complimentary sky coverage to IceCube

Things are happening, stay tuned

Figure 13. Instantaneous sky coverage for different radio detector locations in declination and right
ascension. The field of view is defined to cover the solid angle which contain 90% of triggering events
for an isotropic flux. The sky coverage was calculated for a 60m deep detector at the South Pole
(green hash), for a 50m deep detector at Greenland (orange solid), and for an ARIANNA station
at Moore’s Bay (solid blue), including the reflections at the ice-water interface. Over 24 h, the sky-
coverage bands for Moore’s Bay (at �79

� latitude) and Greenland (at 72� latitude) rotate horizontally
due to the rotation of the Earth, increasing the field-of-view. In contrast, a detector at the South
Pole always sees the same part of the sky.

positive declination, it overlaps a region of the sky which contain the highest energy tracks
observed by IceCube. For example, the declination band of ARIANNA includes the neutrino
event observed by IceCube from the blazar TXS 0506+056 [12], a region of the sky unavailable
to a surface radio detector at the South Pole. A detector at Moore’s Bay would also scan over
parts of the sky covered by neutrino telescopes under construction in the northern hemisphere
[63, 64].

An important variable in neutrino energy reconstruction is the distance between the
interaction vertex and ARIANNA station. It can be computed from the time difference
recorded in a single subsurface antenna between a direct pulse and a delayed reflected pulse
from the firn ice surface, which is more often accessible in measurements close to the surface.
This technique, called D’n’R, can measure the time delay with a precision less than 100 ps,
resulting in a vertex precision not readily matched by other methods. The D’n’R technique
was experimentally evaluated by modifying one ARIANNA station in November 2018. A
dipole antenna was installed in a cylindrical hole created by a portable melting device [65] to
a depth of 40m, well below the required depth of 15meters. We will report on these results
in an upcoming publication [18].

The viewing angle of the measured signal relative to the Cherenkov cone is also important
for energy reconstruction, and can be estimated using the frequency spectra of the recorded
signal [40]. Early studies using these techniques suggests that a near surface design will
measure the neutrino energy to a resolution log(dE/E) ⇡ 0.3 which is already dominated by
largely irreducible inelasticity fluctuation, i.e., the amount of neutrino energy deposited in
the in-ice shower [19].

One important goal of the project was to evaluate logistical requirements and other
practical details associated with construction of a large scale detector. There are multiple
transportation options to the Moore’s Bay site. Personnel and cargo were carried by short haul
helicopter flights. It is also possible to transport cargo for a large-scale detector by overland
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