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We present the Radar Echo Telescope for Neutrinos (RET-N). RET-N focuses on the detection
of the cosmic neutrino flux at >PeV energies by means of the radar detection technique. This
method aims to bridge the energy gap between the diffuse neutrino flux detected by IceCube up
to a few PeV and the sought for cosmogenic neutrinos at EeV energies by the in-ice Askaryan
detectors, as well as the air shower radio detectors. The radar echo method is based on the
detection of the ionization trail in the wake of a high-energy neutrino-induced particle cascade
in ice. This technique, recently validated in a beam test (T576 at SLAC) is also the basis for
the RET-N pathfinder experiment, RET-CR, which is currently under development. Based on the
T-576 results, we show that the radar echo method leads to very promising sensitivities to detect
cosmic neutrinos in the PeV-EeV region and above. We present the RET-N project and the results
of our sensitivity studies.
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1. Introduction

Neutrinos travel freely through space and are as such, if detected, the perfect messenger particle
to probe the hadronic processes at the highest energy environments in our universe. The caveat is
indeed found in its detection. As neutrinos are weakly interacting, their interaction cross-section
is very low. Below PeV energies, Earth becomes transparent for neutrinos and as such very large
volume detectors are needed to capture them. Moving to higher energies increases the interaction
cross-section, but this is countered by the steeply falling flux of cosmic particles as observed for
cosmic-rays at the highest energies. Although very hard to detect, the IceCube neutrino observatory
in 2013 opened the field of neutrino astronomy by detecting the TeV-PeV cosmic neutrino flux [1, 2].

Recently the field of multi-messenger astronomy showed its value by the detection of a high-
energy cosmic neutrino by IceCube. Directly after its detection, IceCube send an alert to a multitude
of cosmic-ray, gamma-ray and neutrino detectors around the globe. This alert was followed up by
these detectors, and a gamma-ray flare was observed within the reconstructed neutrino direction
from the Blazar TXS-0506+056 [3, 4]. The chance coincidence of such an event to occur due to
random background was rejected at the 3f level, providing the first possible high-energy neutrino
source and showing the strength of multi-messenger astronomy.

With the first possible sources found through the multi-messenger channel, an interesting future
lies ahead for particle astronomy. IceCube currently covers a 1 km3 detection volume, which allows
to get neutrino events up to a few PeV before it runs low in sensitivity. Given that cosmic-rays up to
1020 eV have been observed, and that neutrinos typically obtain O(few %) of the parent cosmic-ray
after interacting, we do expect a neutrino flux up to EeV energies. To probe this flux, we need to
instrument even larger volumes than the current km3 instrumented by IceCube. Several detectors
have been proposed or are already operating in the search for the >PeV cosmic neutrino flux.
Most of these detectors make use of the radio signal to probe such high-energy particle cascades.
The advantage of the radio signal is primarily found in its long attenuation length, reaching up to
kilometer distances in ice (depending on frequency). These detectors consist of in-ice Askaryan
radio detectors that aim to detect the coherent Cherenkov emission in the radio-wave band from a
neutrino-induced particle cascade [5–7], as well as balloon experiments like ANITA [8] that search
for the same signals while hovering above the Antarctic ice sheet. A second type of detector searches
for Earth skimming tau-neutrinos. In case the tau neutrino undergoes a charged-current interaction,
a high-energy tau lepton is produced that is able to leave Earth and decay in-air to produce an air
shower, from which either its radio signal is sought after [9], or the particle content can be sought
for [10]. These methods, however, have a typical peak sensitivity close to EeV energies due to the
coherent nature of the radio signal with its peak emitted radio power scaling roughly quadratic to
the primary particle energy.

In this proceeding we discuss the Radar Echo Telescope for Neutrinos (RET-N) as a candidate
detector to probe the >PeV cosmic neutrino flux. The radar echo method does not search for the
coherent radio emission from the particle cascade itself (although in principle this signal could be
observed), but rather it looks for the reflection of a transmitted radio wave off the ionization plasma
left in the wake of a high-energy particle cascade. As the scattered signal amplitude scales directly
to the transmitted signal power, this technique is very well suited to probe particle cascades down
to PeV energies. Furthermore, as the signal properties are highly correlated to the emitted signal,
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a lot of flexibility is found for reconstruction of the primary neutrino properties (see proceeding
“Simulation andOptimisation for the Radar Echo Telescope for Cosmic Rays" from this conference).

2. From beam test to in-nature neutrino detection

The radar echo technique to probe high-energy particle cascades was put forward already
in the 1940’s by Blacket and Lovell as a way to detect cosmic-ray-induced particle cascades in
air [11]. These efforts were abandoned several years later once meteors were detected using this
technique and attention shifted. Furthermore, doubt was cast upon the method’s feasibility due to
the suppression of the return signal by collisional damping effects. The method was revived again
in the early 2000’s by theoretical works [12] followed by experiment [13]. These efforts came to an
end once limits were set on the effective scattering cross-section of an in-air particle cascade by the
TARA collaboration, as well as theoretical advances, leading to the conclusion that the technique
not feasible to probe air showers [14]. At the same time, however, the idea to use radar to probe
in-ice particle cascades was put forward [15, 16].

For neutrino induced cascades in ice, owing to the increased density of the medium, the
ionization density is greatly increased relative to cosmic ray cascades in air. Its application was
immediately linked to the detection of the cosmic neutrino flux at the highest energies. As the
proposed radio frequencies for the method have long attenuation lengths, the method is ideal to
cover large volumes of ice and probe the cosmic-neutrino flux at the highest energies. Several
experiments demonstrated the feasibility of in-medium radar scattering [15], and then attention was
turned to lab-based experiments to detect particle-cascade induced ionization deposits. The first
of these was performed at the Telescope Array Electron Light Source facility, where a relatively
low energy O(PeV equivalent energy, 40 MeV/e−) beam was directed in a block of Ice [17, 18].
Although the data obtained during these experiments were inconclusive, it was used to gain insight
into detector properties (non-linearities in our systems) and future analysis methods. It was the
T-576 experiment performed at the Stanford Linear Accelerator Center (SLAC) [19, 20] that lead
to the final breakthrough with the first ever detection of radio reflections from a particle cascade.
The cascade was induced by directing a high-energy electron beam in a block of HDPE, having
very similar properties to an in-ice induced particle cascade. Interestingly these results, showed
effective radar scattering cross-sections of O(10−1 m2), very well in agreement with RadioScatter
simulations [21], as well as a full Finite Difference Time Domain simulation, including all relevant
physics parameters such as collisional damping and free charge lifetimes.

Confirming our radar scattering model, the SLAC T-576 results lead to the formation of the
Radar Echo Telescope collaboration. The goal of our collaboration is to instrument the Radar Echo
Telescope for Neutrinos described in this work. We, however, do envision one step in between
the SLAC T-576 experiment and the deployment of RET-N. This step is taken to show the in-situ
feasibility of the method by means of the detection of cosmic-ray air showers penetrating a large
altitude ice sheet. The air shower can be easily tagged from its particle content hitting the ice
surface, which subsequently can trigger the in-ice radar system that searches for reflections of the
in-ice propagation of the cosmic-ray particle cascade, allowing for in-situ verification of the method
and the development of our radar system. To achieve these goals, we plan to deploy the Radar
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Figure 1: The layout of a single RET-N station consisting of a transmit antenna located at 1500 m depth
emitting 40 kW of effective power, surrounded by 27 receiver antennas on a total of 9, 200 m radial spokes
with a vertical antenna spacing of 20 m.

Echo Telescope for Cosmic Rays (RET-CR) in the near future. This experiment is currently under
development; details can be found in [22].

3. Detector layout and hardware

Having our simulations confirmed by experiment allows us to calculate the sensitivity for a
possible in-ice neutrino detector. Large sheets of ice for such a detector are found at South Pole, or
Greenland. These ice layers are typically several kilometers of height, and are initially formed by
snow accumulation which is compressed into ice. Due to this specific formation of the ice, the initial
∼100 m of ice consist of compressed snow with a strong density gradient. As is shown in [23],
continuous radio wave propagation through this layer, the so-called firn, is highly non trivial and
can lead to additional uncertainties in direction and energy reconstruction. As such, the proposed
layout in this work is set well below the firn, in deep, uniform ice. It should, however, be noted
that this is not the final proposed layout as this will depend on more detailed simulation studies on
signal properties and reconstruction which are currently ongoing.

The detector configuration used for the sensitivities presented here is shown in Fig. 1, given by
a central transmitter emitting a continuous wave of 250 MHz at 40 kW of effective radiated power,
similar to a typical FM radio broadcast station. It should be noted that this power is not necessarily
emitted by a single isotropic antenna, but different configurations using a multiple antenna array
layout can be envisioned (see for example [21]). In our simulation set-up we assume this power is
emitted from from a central vertical dipole radiator at 1.5 km deep, ®GC = (0, 0,−1500) m, in the
ice. As below ∼100 m the ice refractive index is constant at = = 1.78, we ignore ray-tracing and ice
irregularities. The central transmitter is surrounded by 27 receiver antennas on 9 strings that are

4



P
o
S
(
I
C
R
C
2
0
2
1
)
1
1
9
5

The Radar Echo Telescope for Neutrinos Krĳn D. de Vries

located at 200 m radial distance from the transmitter and range from a depth of 1480 m to 1520 m
with a vertical inter-antenna spacing of I = 20 m.

4. Sensitivity

One large advantage for the radar detection method is the multitude of trigger options. As the
received signal is a function of the transmitted signal, the expected signal can be tuned to have
properties ideal for triggering. A direct example of this is found for the expected radar signal of a
particle cascade probed by continuous wave emission. This signal contains is a distinct frequency
shift over time (colloquially known as a ‘chirp’) when transmitting continuous wave RF emission
due to the relative motion of the cascade with respect to the transmitter-receiver configuration.
Already in this most basic configuration one can imagine, such a feature allows for triggering using
a heterodyne trigger [24, 25].

The final sensitivity is obtained by generating a set of 500,000 events in a fiducial volume of
∼ 35 km3, given by a cylinder with a depth of 2800 m similar to the Antarctic ice layer, and a radius
of 2 km, surrounding the detector within the energy range of 1015 to 1020 eV. Earth absorption is
taken into account by properly weighting the events by their zenith angle, with the azimuth of the
event generated randomly. Furthermore, we consider the inelasticity distribution of neutral current
events when simulating cascades in RadioScatter. The noise level is fixed at 5 `V RMS, equal to
thermal noise over a 50 MHz bandwidth.

As shown in Fig. 2, it follows that 10 stations of the proposed detector (1 transmitter antenna,
27 receiver antennas, 40 kW effective power) provides excellent sensitivities in the >PeV energy
range up to EeV energies and above. It should be noted that the sensitivity scales directly to the
number of proposed detectors. Hence, increasing the number of stations to O(10) should allow
to probe the highest energy neutrinos with excellent sensitivities using a relatively sparse detector
layout covering a total area of hundreds of km2. One large advantage of the radar method is that
this coverage is well below the areas that have to be instrumented by different Earth based detection
methods probing the EeV neutrino flux. For example, the radar echo method has a large angular
acceptance relative to Askaryan methods, which require that their detectors must lie within a band
∼1 degree wide at the Cherenkov angle, as measured with respect to the cascade axis.

5. Outlook

In this proceeding we have presented the Radar Echo Telescope for Neutrinos (RET-N). With
our simulation models confirmed by the SLAC T-576 experiment, we are able to calculate the
sensitivity for a proposed detector layout in the deep ice, consisting out of a single transmitter with
40 kW effective transmit power, surrounded by 27 receiver antennas. These calculations show that
due to its high trigger efficiency the radar echo method is able to probe the cosmic neutrino flux at
the highest energies, while covering a limited surface area using sparse instrumentation.

The RET project consists out of two different phases. To confirm the radar method in-situ
and develop clever triggering algorithms, we will first install the Radar Echo Telescope for Cosmic
Rays (RET-CR). RET-CR aims to detect cosmic-ray particle cascades penetrating a large altitude
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Figure 2: The RET-N neutrino sensitivity for 10 stations having the proposed layout of a single transmitter
antenna emitting 40 kW effective power and 27 receiver antennas operating for 5 years. The red band shows
triggering at different noise levels from -6 dB to +6 dB, with the noise level at 50 MHz bandwidth thermal
noise.

ice sheet using an in-ice radar set-up that is triggered by a surface cosmic-ray detector. The RET-
CR development is currently in an advanced state with prototype stations already running (see
Proceedings “Simulation and Optimisation for the Radar Echo Telescope for Cosmic Rays" and
“Investigating signal properties of UHE particles using in-ice radar for the RET experiment" of
this conference). Its on-site deployment is foreseen in the near future after prototyping has been
completed.

The positive detection of air-shower cores by RET-CR and subsequent development of efficient
trigger algorithms, will inform the final RET-N detector layout. We expect that RET-N will be
deployed and detecting cosmogenic neutrinos within the decade.
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