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1. Introduction

The radar echo technique was recently put forward to probe the > PeV cosmic neutrino flux [1—
3]. Its validity was established during the SLAC T-576 beam-test experiment [4, 5]. After this
first detection of a radar echo from a high-energy particle cascade ionization trail, the Radar Echo
Telescope for Cosmic Rays (RET-CR) was deployed at Summit Station, Greenland to show the in-
nature feasibility of the method [6]. Furthermore, several studies have been performed to show the
method’s capability to probe the > PeV cosmic neutrino flux, providing excellent sensitivities [7].

Currently, two simulation frameworks exist to model the radar echo from a high-energy particle
cascade ionization trail. Where RadioScatter in its standard configuration is run in combination
with GEANT4 [8] presents a single particle level Monte-Carlo simulation, MARES presents a more
deterministic approach based on particle cascade parameterization, integrating over the response of
macroscopic O(cm) scale segments. Both approaches are in excellent agreement with each other
and experimental observations [9].

In this work, we present our current understanding of the radar echo that is found through the
RadioScatter and MARES simulation frameworks. Using a generic geometry, we observe three
clear signal features. The strongest response at the transmit frequency is found in the regime of
phase coherence. Additionally, clear diffraction signatures are found. Finally, a high-frequency,
high-intensity response is found for receivers located at the Cherenkov angle relative to the cascade
direction of movement. Here, it should be noted that this is the case for the specific geometry
under consideration, and more generic geometries indicate a more complicated situation in which
Cherenkov conditions are found to also depend on the relative motion of the cascade with respect
to the transmitter. This will be investigated in a future work.

2. Radar scattering from particle cascades

The radar echo problem is finds its solution in the radar range equation,

o A
p, = P,G,IRCS RCS Aeff

ey
with P, the received power at the antenna, P, the transmitted power, G, the transmitter gain towards
the direction of the cascade, that has an effective radar scattering cross-section ogcs and is located
at a distance R, from the transmitter. The reflected signal propagates freely to the receiver antenna
located at a distance R;, having an effective area A, r. Fixing the geometry, the only unknown is
the ionization trail radar echo cross-section, that although not implicitly indicated is a function of
its orientation relative to both the transmitter and receiver.
In [9] it is shown that the radar echo cross-section for a single free ionization electron is given
by,
ORCS,e~ = (Q)ZW)ZO'Thomson’ )

which is composed of the Thomson scattering Cross-section orpomson for an electron in free space,
and a damping factor (w?W)? ~ 2 , due to the v. ~ O(10 — 100) THz collision frequency that
governs the many (semi)-elastic colhslons of the free charge with the ice particles. Taking a typical
transmit frequency of v = w/(27) = 108 — 10° Hz, a significant damping is found. This large
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Figure 1: The configuration used to investigate the radar echo signal properties. The cascade is located at
the origin and moves in a direction given by the angles 6 and ¢. The transmitter is located at z = —100 m
below the cascade, and the receiver at x = —250 m in the horizontal xy-plane. The three lines correspond to
three different cascade directions along the x-axis (yellow, 8 = 90°, ¢ = 0°), the —x-axis (purple, 6 = 90°,
phi = 180°), and the y-axis (red, 6 = 90°, ¢ = 90°).

damping factor is compensated by the coherence effect. If the size of the scattering volume is small
compared to the other physical dimensions of the system, the cross-section of N particles scales
as N2. A typical particle cascade at PeV energies contains O(10'°) free charges, with its number
scaling linearly with energy, compensating for the collisional losses.

This now allows simulating the scattering of an incoming RF wave off of the ionization trail
left in the wake of a high-energy particle cascade using the RadioScatter and MARES simulation
frameworks.

3. Signal properties

Given the three-body, transmitter-ionization trail-receiver configuration, it is not possible to
cover the full parameter space, but we rather limit ourselves to a single intuitive configuration that is
shown in Fig. 1. This now allows us to explore the signal space for cascades moving along a specific
(0, ¢) direction as seen by the receiver located on the —x-axis. This is done modeling a 1 EeV
particle cascade, using a transmit frequency of 50 MHz. In Fig. 2, we show the signal amplitude
as a function of cascade direction. We see three clear features. First there is the bright, rather wide
yellow band of maximum amplitude. Then we also observe diffraction bands, as well as a dark ring.
These features are also found on the right-hand side, where we show the frequency at which the
maximum amplitude in the Fourier spectrum of the signal is found, where furthermore regions A-D
are identified. It is clear that the bright yellow band of maximum amplitude correlates with signals
found at the transmit frequency shown by the white band in Fig. 2. The diffraction bands are most
prominent in region B, which corresponds to the region in which the cascade is moving away the
receiver, and for which a shift to lower frequencies is found. The ring corresponds to the Cherenkov
angle, where in this case the amplitude, contrary to expectation, is very weak. On the right-hand
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Figure 2: Signal properties for the geometry presented in Fig. 1. The peak amplitude (left) and the maximum
amplitude frequency relative to the transmit frequency (right) in which several interesting regions (A-D) are
identified.

side, we also see that the frequency content at the Cherenkov angle is strongest at the transmit
frequency. This is unexpected, and explained by a simulation effect. At the Cherenkov angle the
signal becomes so high-frequency that it was not observed, as in these simulations a sampling
frequency of 5 GHz was used. This effect is confirmed by increasing the sampling frequency at the
Cherenkov angle in a follow-up study.

Besides the three found features, the right-hand side of Fig 2 labels 4 different geometrical
situations that are found to correspond to 4 different frequency shift regions. Region A corresponds
to the cascade moving towards the receiver and away from the transmitter, where region D corre-
sponds to its complementary, i.e. the cascade is moving away from the receiver, but toward the
transmitter. In these regions, the frequency content is rather complex and moves from low to high
frequencies depending on the exact configuration. Regions B and C, however, show a very distinct
behavior. In region B, the cascade is moving toward both the receiver and the transmitter, and a
clear frequency up-shift is found. Its complementary is found in region C, where the cascade is
moving away from both the receiver and the transmitter, for which a clear frequency downshift is
found.

One important note to make is that this study was done for the specific geometry under
consideration. A first investigation using more generic geometries, for example, already indicate a
more complicated situation in which Cherenkov conditions are found to also depend on the relative
motion of the cascade with respect to the transmitter, and not only on the reciever. This will be
investigated in a future work.

4. Phase coherence

Different features are observed and identified. The main feature is the bright, high-amplitude
band at the transmit frequency. To explain this, we need to take a closer look into the concept
of phase coherence. As outlined when considering the radar cross-section for multiple particles,
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Figure 3: Signal properties for the geometry presented in Fig. 1. The peak amplitude (left) and the maximum
amplitude frequency relative to the transmit frequency (right) in which several interesting regions (A-D) are
identified.

in case the emission of N individual particles is found to be coherent, the cross-section scales as
N?. The coherence condition was found to be met as long as the spatial dimensions in which
the particles were located were much smaller than the typical length scales found in the system.
This condition comes forth from the more complete definition of phase alignment. In case the
signals from different particles arrive at the receiver with similar phase, they will add coherently.
This, more complete definition is relevant in our situation where we consider scattering from the
ionization trail left in the wake of a relativistic particle cascade. A measure for phase coherence
can be defined as,

C= / (cos(tp(l))ne_ (l)) dl 3)

Nmax

Here, t,,,x defines the time at which the peak amplitude is observed. At this time, the cosine of
the phase ¢ of all particles contributing to the signal is integrated over and normalized. In Fig. 3
we show a polar plot of the normalized peak amplitude, as well as our phase coherence measure.
This is done by fixing the zenith angle & = 90° and rotating the cascade along its azimuth ¢.
It follows that the phase coherence measure indeed captures all relevant features and provides a
good explanation for the observed signal amplitude for the specified geometry. A more complete
investigation considering different geometries will be presented in a forthcoming work.

5. Conclusion

We investigated the signal properties of the radar echo off of the ionization trail left in the
wake of a high-energy particle cascade. Understanding the detailed signal properties are crucial in
the detection and reconstruction of UHE cosmic-rays and neutrinos using the radar echo method.
Several features are observed that are linked to diffraction, Doppler and Cherenkov effects, and
phase coherence.
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