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Figure 7. Left: Map of the planned RNO-G array at Summit Station; grid spacing is approximately 1 km.
Right: A single RNO-G station consists of three strings of antennas (Hpol and Vpol) plus surface antennas
(LPDAs), as well as three calibration pulsers located both deep in the ice and also at the surface. The string
containing the phased array trigger is designated as the power string, while the two additional strings are
designated as support strings.

neutrino properties. Building on these requirements, a station and array design as schematically
depicted in Fig. 7 was developed.

The design of RNO-G combines the experience gained with all prior in-ice radio neutrino
experiments, especially ARA [5] and ARIANNA [210], and also builds on lessons learned with
radio air shower arrays that have first demonstrated the experimental power of the radio detection
technique, e.g. [37, 38].

As outlined above, a location is needed with thick, homogeneous and cold ice to yield the
best experimental results. An additional requirement is the availability of a su�ciently developed
infrastructure to allow for installation, running and maintenance of the detector. While the instru-
mented stations can be fully autonomous, the amount of cargo and personnel needed for installation
requires accessibility by plane or large vehicle. The number of accessible research stations fit-
ting these requirements in either Antarctica or Greenland is limited. The host institutions of the
RNO-G collaboration members and their access to national infrastructure additionally excludes
some obvious candidate sites (Dome A, Dome C and Vostok in Antarctica, e.g.), leaving essentially
South Pole Station and Summit Station in Greenland. South Pole station already houses a premier
CMB instrument (the South Pole Telescope [211]), as well as the world’s largest neutrino telescope
(IceCube), which is in the process of installing the IceCube-Upgrade [212]. The logistical burden

– 13 –

ARA  
(South Pole)

In-ice radio detection: promising technique to detect the first EeV neutrinos
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 In-ice radio emission from cosmic-ray air showers
Radio emission of cosmic-ray air showers can also reach the deep antennas

CR

ν

The cosmic-ray flux should be much larger than the neutrino flux:

• Cosmic-ray detection would validate in-ice radio detection principle

• Cosmic-ray/neutrino discrimination is needed to ensure successful neutrino detection 

In-air emission

In-ice emission

Simon Chiche 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Charge excess emission 

• Accumulation of 
negative charges close to 
the shower core 

• Radial polarisation 

• ≈ 10% of the amplitude 
of the total emission for 
vertical air showers 

Geomagnetic emission 

• Induced dipole  
with  

• Polarisation along  
-  

• Main contribution to 
the radio signal 

→
𝐁geo

𝒗 × 𝑩

4

Schröder (2017)

2 main sources for the radio emission

 Radio emission from air showers

In-air cascade: Geomagnetic + Askaryan In-ice cascade: Askaryan only

Polarisation results from the coherent sum between both emissions

Simon Chiche 
(IIHE)
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How to simulate both the in-air and in-ice emission from cosmic-ray showers?

 FAERIE: 

 FAERIE: Framework for the simulation of Air shower Emission of Radio for in-Ice  Experiment

 Framework for the simulation of Air shower Emission of Radio for in-Ice Experiment

FAERIE: Combination of CORSIKA and Geant Monte-Carlo codes

In air In ice

• Particle cascade with CORSIKA 7.7500 • Particle cascade with Geant4 10.5

• Radio emission with CoREAS • Radio emission with code from the T-510  
experiment (radio detection in dense medium)

(De Kockere et al., 2024 [2403.15358])

(Belov et al., 2015 [1507.07296])
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Goal: simulation of radio emission from a 

full cosmic-ray particle cascade for in-ice 

detectors

Calculation of radio emission during the cascade 

development using Endpoint formalism
● In air: CoREAS
● In ice: based on code for T-510 experiment (radio emission from charged particle 

shower in high-density polyethylene at SLAC)
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Endpoint formalism modified for ray-racing, to account for changing index of refraction 

(air to ice, but also in ice itself)

● Analytical ray tracing & interpolation tables:
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Endpoint formalism modified for ray-racing, to account for changing index of refraction 

(air to ice, but also in ice itself)

● Analytical ray tracing & interpolation tables:
Endpoint formalism must be modified with ray-tracing to account for the varying


refractive index in ice

(De Kockere et al., 2024 [2403.15358])

(Belov et al., 2015 [1507.07296])
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Endpoint formalism modified for ray-racing, to account for changing index of refraction 

(air to ice, but also in ice itself)

● Analytical ray tracing & interpolation tables:

Modified Endpoint formalism due to ray-bending in ice

Ray tracing: What are the paths that goes from a given source point to an observer? 

n1 sin i1 = n2 sin i2Snell-Descartes:

2 solutions:

• Direct path

• Reflected path
Direct path

Reflected path

Simon Chiche 
(IIHE)

See talk from Dieder
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 Greenland ice model
Ice refractive index can be modeled using an exponential profile

z
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Double exponential model:

n(z) = A − B exp−C|z|

|z | < 14.9 m

|z | > 14.9 m

A = 1.775, B = 0.5019, C = 0.03247

A = 1.775, B = 0.448023 C = 0.02469
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(Deaconu et al., 2018)
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Rajouter ARA

South Pole Greenland

Single exponential model:

A = 1.775, B = 0.43, C = 0.0132

Kelley et al., 2018 
(https://doi.org/10.22323/1.301.1030)

https://doi.org/10.22323/1.301.1030
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Library generation

Figure 7. Left: Map of the planned RNO-G array at Summit Station; grid spacing is approximately 1 km.
Right: A single RNO-G station consists of three strings of antennas (Hpol and Vpol) plus surface antennas
(LPDAs), as well as three calibration pulsers located both deep in the ice and also at the surface. The string
containing the phased array trigger is designated as the power string, while the two additional strings are
designated as support strings.

neutrino properties. Building on these requirements, a station and array design as schematically
depicted in Fig. 7 was developed.

The design of RNO-G combines the experience gained with all prior in-ice radio neutrino
experiments, especially ARA [5] and ARIANNA [210], and also builds on lessons learned with
radio air shower arrays that have first demonstrated the experimental power of the radio detection
technique, e.g. [37, 38].

As outlined above, a location is needed with thick, homogeneous and cold ice to yield the
best experimental results. An additional requirement is the availability of a su�ciently developed
infrastructure to allow for installation, running and maintenance of the detector. While the instru-
mented stations can be fully autonomous, the amount of cargo and personnel needed for installation
requires accessibility by plane or large vehicle. The number of accessible research stations fit-
ting these requirements in either Antarctica or Greenland is limited. The host institutions of the
RNO-G collaboration members and their access to national infrastructure additionally excludes
some obvious candidate sites (Dome A, Dome C and Vostok in Antarctica, e.g.), leaving essentially
South Pole Station and Summit Station in Greenland. South Pole station already houses a premier
CMB instrument (the South Pole Telescope [211]), as well as the world’s largest neutrino telescope
(IceCube), which is in the process of installing the IceCube-Upgrade [212]. The logistical burden
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Rectangular grid

RNO-G: 5 depths [0, 40, 60, 80,100] m

Simon Chiche 
(IIHE)

ARA: 12 depths [145-200] m 
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Core position

Where to set the antenna positions?

shower axis
z

0

-40

-60

-80

-100

We use ray-tracing so that the « ice-core ray » intersects 

the center of the layer at |z| =100 m

Simon Chiche 
(IIHE)
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Simulation results



Table 5: Xmax of the simulations for each zenith and energy,
in g/cm2 and along the shower axis.

A 3D visualization of the emission footprint for a typical event from the library
is displayed in Fig. 36.

5.1.4 Energy Scaling

In order to fill the library with the missing simulations in a reasonable amount
of time, we used an energy scaling on the low energy events of the library to
infer the electric fields at 1017.5 eV and 1018 eV, for zeniths of 10°, 20° and 40°.

Figure 36: 3D visualization of one of the cubic grid used to build the library.

56
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Cubic simulation of a given proton-induced shower at South Pole
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In-air emission

Fluence maps Simon Chiche (IIHE)

Air + Ice 

Figure 16: The fluence footprint of a simulated cosmic–ray induced shower at
a depth of 100 m under the ice. left: in-air emission footprint, right: in-ice
emission footprint, bottom: combined emission footprint. The primary energy
is Ep = 1018 eV and the zenith angle ✓ = 0°. The simulation was performed
using 121 antennas in a star-shaped grid with 8 arms and an antenna spacing
of 10 m, indicated by the white dots. From [40]
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In-ice emission

Figure 16: The fluence footprint of a simulated cosmic–ray induced shower at
a depth of 100 m under the ice. left: in-air emission footprint, right: in-ice
emission footprint, bottom: combined emission footprint. The primary energy
is Ep = 1018 eV and the zenith angle ✓ = 0°. The simulation was performed
using 121 antennas in a star-shaped grid with 8 arms and an antenna spacing
of 10 m, indicated by the white dots. From [40]
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is Ep = 1018 eV and the zenith angle ✓ = 0°. The simulation was performed
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of 10 m, indicated by the white dots. From [40]
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Dependency of the emission with the depth Simon Chiche (IIHE)

Depth = 40 m 

In-air In-ice
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Zenith angle dependency Simon Chiche (IIHE)

Vertical shower ( )θ = 0∘ : signifiant in-ice emission

In-ice Total
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Zenith angle dependency Simon Chiche (IIHE)

Vertical shower ( )θ = 0∘

: dominant in-air emissionInclined shower ( )θ = 50∘

: signifiant in-ice emission

In-ice Total

In-air Total
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Cosmic-ray  
signatures
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 Surface antennas and polarization Simon Chiche 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Surface antennas: first proxy  for cosmic-ray identification and veto

Polarisation: direction of the electric field vector

• Bean-shaped fluence pattern (Geomagnetic/Askaryan interferences)

• Linear and ~unidirectional polarization (dominant geomagnetic emission)
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Double pulse signature Simon Chiche (IIHE)

Coreas
Geant

The emission from both the in-air and in-ice cascades can sometimes 
 reach the same antennas

Valuable signatures for cosmic-ray identification!
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 Event rate computation Simon Chiche 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We can draw a cosmic-ray event rate from simulations

Strategy:
• Run a library of simulations ( )E, θ, φ

• Apply scaling factors to interpolate between events

• Generate random events

• Detector response and trigger 
(AraSim/NuRadioMC)

• Derive the event rate
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 Summary Simon Chiche 
(IIHE)

We can simulate in-ice radio emission from cosmic-ray showers!

Objectives:

• Cosmic-ray event rate for in-ice detectors 
   like ARA and RNO-G

• Identification of cosmic-ray signatures  
  (polarization, fluence pattern, timing…) 

• Cosmic-ray/neutrino discrimination
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Backup Simon Chiche 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FAQ:
Simulations size?: A few gigabytes at 1017 eV

Computation time?:

• In-air emission:  on 1 node∼ 5 − 10 h ×
Nant

10 ant
×

cos(θ = 0∘)
cos(θ)

×
E

1016.5 eV

• In-ice emission:    on  nodes∼ 5 h ×
Nant

120 ant
×

cos θ
cos(θ = 0∘)

20 ×
E

1017 eV


