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The Radar Echo Telescope (RET) experiment plans to use the radar technique to detect Ultra-High
Energy (UHE) cosmic rays and neutrinos in the polar ice sheets. Whenever an UHE particle
collides with an ice molecule, it produces a shower of relativistic particles, which leaves behind an
ionization trail. Radio waves can be reflected off this trail and be detected in antennas. It is critical
to understand such a radar signal’s key properties as that will allow us to do vertex, angular and
energy reconstruction of the primary UHE particle. We will discuss various simulation methods,
which will fundamentally rely on ray tracing, to recreate the radar signal and test our reconstruction

methods.
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1. Introduction

In this proceeding we discuss the signal properties of the in-ice radar echo signal via two models
and discuss their use for reconstruction: RadioScatter [1], a detailed microscopic scattering code!
that works at the individual particle level (using GEANT4 or other Monte Carlo cascade generators);
and a macroscopic approach, MacroScatter, based on the plasma’s macroscopic reflection profile
(currently under development at the time of this writing). These independent models compute
the return signal of the radar echo and, by investigating the signal properties (power, duration,
frequency shift, etc.), we expect to perform vertex, angular and energy reconstruction of the
incoming particle. For consistency, these results are cross-checked with a basic line model derived
from first principles. To finish, we show an example of vertex reconstruction using a geometric
optics (ray tracing) approach in a polar-like ice profile.

2. The Cascade

An UHE cascade within a dense medium will leave an ionized plasma in its wake. This plasma,
if dense enough, will reflect incident radio waves to a receiver [2—4]. For a cascade induced in ice
at our energy range (> 10 PeV), this will result in a compact, highly elongated shower with a very
dense core (Fig 1), since the majority of high energy cascade particles remain close to the axis of

development.
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Figure 1: Plasma’s density distribution for a 10 PeV cascade, used by MacroScatter following the parametriza-
tion from [4].

Assuming elastic interactions during the plasma lifetime, the amount of scattered power equals
the power which is taken from the incoming wave. The power transmitted through the plasma is

obtained using
P _ o) _ o hy Bl _ - b e ()
Py D
where [ is the distance along the wave-vector k of the radio wave, 8 =1 m(lz) is the attenuation
due to propagation through the plasma (not to be confused with attenuation by the medium, which
’% is the skin depth. Both RadioScatter and MacroScatter use
these parameters to capture relevant physics like the collisional damping of the free electrons

is treated separately) and 6 =

B = B(wrx, Wplasma» Weollisions)- Both parameters are shown below in Fig 2.

Since the skin depth is larger than the dimensions of the plasma, even at its peak value,
8 ~ O(10* m), the plasma is a mostly transparent object. Nevertheless, detailed simulations [5]
and experimental observations [6, 7] show that the amount of reflected power is enough to detect
for primary neutrino energies in the 10-100 PeV range and beyond.

thttps://github.com/prchyr/RadioScatter
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Figure 2: The equivalent plots of the attenuation coefficient 8 and the skin-depth ¢ for the shower in Fig. 1.
MacroScatter relies on the fact that most of the scatter is expected from the inner region of the cascade.

3. Energy Scaling and Directional Stretching

The computational time required to simulate a particle cascade is proportional to the primary
energy, therefore lower energy primaries are scaled in energy and stretched geometrically to simulate
higher energy cascades. In this scaling/stretching procedure, a shower with e.g. a 10 GeV primary is
scaled up in energy, and the shower is stretched along the propagation axis to reach a specific target
primary energy. We find good agreement in the profiles of scaled and stretched cascades compared
to GEANT simulations and cascade parameterizations using the following stretching relation,

Xupdated = X Sx + 168.31log(E;/E,) mm

Sy = Spx — (va _ l)e(_(0~6xmax/x)0'6)

svx =10g10(E;/78.6)/logi0(E/78.6)
Xmax = 992.5 10g10(0.00336 E,,) mm,

2

where Xypdated refers to the nonlinear stretching applied along the x-axis, x refers to the distance
along the axis of the cascade propagation, E; and E, are the target and primary energies respectively.
The Heitler formula [8] is used to derive the stretch factor s,, from a primary energy to a target
energy.

4. Towards Angular Reconstruction

4.1 Signal Properties

The properties of the radar signal can be investigated to reconstruct the properties of the primary
particle. Previous work has looked at the relationship between the signal duration and the cascade
azimuth angle ¢ (the angle subtended by the TX-RX baseline and the cascade’s momentum direction
vector) [9], using a simulation of a bi-static radar scatter off a line of randomly spaced point sources
(perfect reflectors) which emit spherically. In this section, RadioScatter and MacroScatter will be
compared under a similar simple geometry (TX=[0,0,0], RX=[500,0,0], vertex=[250, -250,0] with
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a random angular distribution in the x-y plane) keeping the line model as a reference. All models
account for the cascade propagation, ionization lifetime, and retardation effects.
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Figure 3: Receiver signal duration vs azimuth angle ¢. RadioScatter used 1000 trial events and 5 degree
binning with error bars indicating the standard error. MacroScatter and the ideal line simulations were run
for every 1 degree.

Fig 3 shows a comparison of the received pulse duration as a function of ¢ for all three simulation
methods. Indicated in the figure are some regions of interest. The Cherenkov cone, defined by
angles less than the Cherenkov angle (measured with respect to the cascade axis) is indicated
with respect to both the receiver and transmitter. Though the radar echo method does not measure
Askaryan (radio Cherenkov [10]) radiation, the geometry responsible for it also results in observable
signal features of the radar echo signal. The general shape for all three simulations is similar, with a
nadir at the edges of Cherenkov angle with respect to the receiver, and a maximum at the opposing
angle. RadioScatter also shows structure at the transmitter’s Cherenkov angle. Investigations are
under way to explain the lack of a similar structure in the idealized and macroscopic simulations.

5. Towards Energy Reconstruction

Using RadioScatter, it is possible to simulate a large number of events with a range of primary
energies, cascade positions and directions, and calculate properties of the return signal. Basic linear
regression methods and Machine Learning (ML) techniques can be applied to these properties to
predict the energies and calculate the resolution. As a first application of ML to the problem of
energy resolution, a total of 5,000 events were simulated in the energy range of 10'# - 10%° eV, using
60% for training and 40% for testing, with isotropic directions and positions within a total volume
of 600 x 600 X 600 m?, using the same transmitter-receiver configuration outlined previously.

We trained a very simple neural network using only the integrated power and duration of the
return signal as predictors. The architecture consisted of an input and output layer, and 1 hidden
layer of 5 neurons. The ‘ReLu’ activation function was used in all layers except the output layer,
where a linear activation was used. The batch size was 512. The mean squared error was minimised
using the ‘adadelta’ optimiser. The network was trained for 200 epochs, using early stopping with a
patience of 10 epochs. An example output of this procedure is given in Fig. 4. Quantitative results
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Figure 4: The estimated probability density of the Neural Network predictions vs the true Primary Energy
values. The energies are plotted on a logjo scale. The Gaussian kernel density estimate was used to estimate
the probability density, without normalisation. The blue line on the diagonal of the corresponds to the line
y = x, where the energy predictions would agree perfectly with the true primary energies.

of this study and an expanded ML implementation incorporating other predictor variables will be
presented in a forthcoming article.

6. Towards Vertex Reconstruction - Ice Raytracing

Ice raytracing is simply the exercise of tracing radio wave rays as they propagate through ice
[11-13]. Rays are refracted in the ice sheet owing to the depth-dependent density, and therefore the
depth-dependent index of refraction. Neglecting small-scale density fluctuations, the top ~200 m of
polar ice sheets have an approximately exponential density profile (details can be found in Ref. [14]).

We note that raytracing is used for vertexing in this study because it is computationally efficient,
but it does not capture all of the propagation effects of polar ice on radio [15-17].Small scale
density fluctuations can produce frequency-dependent propagation effects, that must be modelled
more accurately. However, such effects require finite-difference time-domain or parabolic equation
modeling [ 18], which are computationally more expensive. Therefore, though itis an approximation,
ray tracing is used here for vertexing with an understanding of its limitations.

Fig. 5 shows a voltage-time trace and spectrogram for a shower that was simulated with
RadioScatter using raytracing. Two pulses are visible in Fig. 5: one with the shortest path length
from the shower to the receiver and the other one which reflects off the air/ice interface on its way to
the receiver. Both of these pulses are reflected from the shower due to the shower being illuminated
by the transmitter CW. A chirp-like behavior can be seen in the spectrogram for both pulses. The
chirp behavior can be exploited in trigger designs.

6.1 Vertex Reconstruction

In this simple example, vertexing is done using interferometry which requires the use of multiple
receivers. Interferometry involves using the relative ‘hit’ times of pulses in the receiving antennas
to calculate the direction of the incoming signal and the distance to the source. A minimization
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Figure 5: Voltage-time graph and spectrogram for an event simulated with RadioScatter with raytracing
turned ON. In this case the shower is at (O m,20 m, —2 m) and is propagating in the direction of the vector
(0,+1, —1). The transmitting antenna is at (0 m, 10 m, —15 m) and is transmitting at a CW at a frequency of
0.5 GHz with a power of 160 W. The receiving antenna is at (0 m, 20 m, —20 m). The plasma lifetime was
set to be 10 ns. The energy of the primary particle was set at 100 PeV. Noise is added.

procedure is performed where raytracing is used to simulate ‘hit’ times from varying sources until
the relative ‘hit’ times match the ones extracted from data (or the RadioScatter simulation in this
case).

In order to do vertex reconstruction, a dummy station configuration was used. There were
three rings of receiving antennas in the dummy station, with each ring having nine equally spaced
antennas, a radius of 200 m and depths of —1480 m, —1500 m and —1520 m respectively. The rings
were centered at the origin. The transmitter was placed at (0 m, 0 m, —500 m) and the shower vertex
was placed at (0 m, 300 m, —5 m) and was propagating in the direction of the vector (0, -0.2, —1).
The relative hit times were obtained from the final waveforms for each receiver and were used to
perform vertex reconstruction using the raytracing minimization procedure. The vertex’s X, Y, and
Z values were reconstructed within ~ 5 m of the actual values.

This simple interferometric method is common to any in-ice radio experiment. RET can,
however, perform vertex reconstruction in additional ways common to other radar systems, e.g.,
achieving ranging via transmitter modulation. This in conjunction with other signal observables
(notably those seen to vary as a function of angle, as in Fig. 3) has the potential to provide vertexing
in a single antenna, which will be explored in a forthcoming article.

7. Conclusion

We presented two different methods to compute the return signal from the reflection of a radar
pulse off the ionization deposit left by a particle cascade. First, the geometrical setup and parameters
of the simulation were shown. There was good agreement in the pulse duration vs. the azimuthal
angle between RadioScatter and the simplified line model. The fact that the azimuthal angle and
the pulse duration are correlated signifies the potential for angular reconstruction. Second, using
the macroscopic approach, we showed the parameterized density distribution, the skin depth, and
the effective scattering area of the cascade. We also explored how signal features obtained from
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RadioScatter can be used as inputs to low-level machine learning algorithms to estimate the energy
of the incoming particle with the associated resolution. Finally, an example of vertex reconstruction
using raytracing in a realistic ice profile was shown. In this procedure, the original geometrical setup
was embedded in a larger configuration of antennas, as the raytracing vertexing method required
multiple receivers. The vertex was reconstructed from the simulated RadioScatter signals within
~ 5 m of the true position.
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