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Cosmic-ray (CR) air-showers impacting a high-altitude ice sheet impart a significant fraction
of energy into the ice, forming a dense cascade below the ice surface. Above PeV energies,
these secondary CR cascades are the target of the RET-CR experiment, and their associated
radio-Askaryan emission makes them a background source in radio-neutrino detectors, such as
ARA and RNO-G. This process can be simulated using Monte-Carlo techniques; however, these
methods become computationally expensive at higher CR energies. In this work, we explore
an alternative method to generate the in-ice continuation of a CR air-shower simulated with
CORSIKA. We show that using the particle content at the air-ice interface in combination with
standard air-shower parameterisations allows the resulting in-ice cascade to be obtained quickly
and accurately.
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1. Introduction

Given sufficient primary energy (> 10'®eV) and altitude, a cosmic-ray (CR) extensive air
shower (EAS) will meet the ice near the strongest region of the shower (X;,,4x ), and the corresponding
energy deposit will form a significant secondary in-ice particle cascade. While the footprint of the
impacting EAS may span hundreds of metres, the in-ice cascade is primarily driven by a dense
core of high-energy particles close to the shower axis, resulting in a secondary cascade with length
0O(20 m), and radius O(20cm) [1].

The cascade produces a direct radio signal, termed Askaryan radiation, due to the development
of a negative charge-excess over the cascade length [2, 3]. This Askaryan signal is also generated
by ultrahigh energy (UHE) neutrino-induced cascades, constituting the mechanism by which in-ice
radio-neutrino telescopes such as the Askaryan Radio Array (ARA) [4] and the Radio Neutrino
Observatory-Greenland (RNO-G) [5] search for in-ice UHE cosmic neutrino interactions. This
means that CR cascades form both a background and calibration source to these experiments [6—
8]. Additionally, in-ice CR cascades are directly targeted by the RET-CR pathfinder, using a
radar system [9]. When illuminated with a radio signal from an in-ice transmitter, the short-lived
ionisation trail left in the wake of the cascade re-scatters the incident signal, producing an echo
signifying the CR event. With these detections, the experiment aims to demonstrate the feasibility
of the radar method, using CR cascades as a natural test beam for a future in-ice radar neutrino
experiment.

For the purposes of both radar and Askaryan detectors there is a need to be able to simulate
these CR cascades. Currently, this can be done using Monte-Carlo code tools, such as the FAERIE
framework [3], or the CORSIKA 8 code [10], resulting in an accurate, particle-level description of
the air-ice CR cascade and the resulting direct radio emission. The Monte-Carlo approach means
that these codes become increasingly computationally expensive at higher CR primary energies
(2 10'7 &V), which can form a bottleneck in the simulation of large datasets. Alternatively, the CR
cascade can be approximated as a neutrino-induced cascade originating from the ice surface. The
latter can be generated analytically using well-established parameterisations, allowing the resulting
radio or radar emission to be quickly obtained [11, 12]. However, without additional modifications,
this may not capture effects introduced in the CR cascade topology such as the spreading of the
footprint with inclination angle, which sharply reduces the coherence of the in-ice cascade above
2> 50° [1], or shower-to-shower fluctuations.

This work details a new approach to modelling in-ice CR cascades — the NKG+ method — where
we propose to use the particle content of the air shower footprint to inform analytic descriptions of
the in-ice cascade. We then aim to utilise the cascade in existing simulation tools, quickly obtaining
either the Askaryan or radar signal as needed. We first outline the method itself, focusing on the
longitudinal profile for a single event. We then discuss the additional steps under investigation in
order to obtain the radio and radar emission of the NKG+ cascades, as well as the remaining steps
needed to finalise these pipelines.
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XO Ec X1 a b
37.9g/cm? | 97.0MeV | 18.0g/cm? | 0.05 | 0.67

Table 1: Full parameters utilised in the NKG+ fit throughout this work.

2. NKG+ Method

In order to outline the proposed NKG+ method, we will first generate a set of CR events making
use of the FAERIE framework. FAERIE simulates a CR event in two steps: the CORSIKA 7 [13]
code is used to generate the EAS resulting from a CR with user-defined parameters, after which the
air-shower particle footprint is propagated into a given ice volume with the Geant4 toolkit [3]. We
create two sets of proton primary events: twelve vertical showers with primary energies from 106 eV
to 10'8 eV, and sixteen showers of fixed primary energy 1063 eV, with zenith angles of 0° to 45°.
Events are generated using magnetic field and atmospheric conditions found at Summit Station,
Greenland, at an altitude of 3.2 km, and the particle footprint is propagated through an ice profile
based off of Greenland firn measurements [14]: Full simulation details match those given in [15].

We will then employ the NKG+ method with this datset, effectively bypassing the secondary
propagation step of FAERIE. First, we extract the particle footprints provided by CORSIKA from
each event, binning the constituent particles by energy. Only electromagnetic particles above a
threshold energy Ej;,, = 97 MeV and within a 2 m radius of the shower axis are considered'.

Each footprint is then utilised as input for the Nishimura-Kamata-Greisen (NKG) parameteri-
sation [16, 17]. The parameterised longitudinal profile is found as,

0.31 e%(l—l.sln(s))’
VIn(E/E.)

producing the number of electrons and positrons over a given column depth X for an initial particle

N(X,E) = ()

energy E and a shower age s:

3X/X,

s(X,E) = X/Xo+2In(E/E.)’

2)

as described e.g. in [2]. Originally derived for CR air-showers, the parameterisation can be applied
to in-ice cascades by adjusting the radiation length X, and critical energy E . to values corresponding
toice: Xo = 36.08 g/cmz, and E. = 78 MeV, following [18].

Using this method, the longitudinal profile can be quickly obtained. To illustrate this procedure
we select a single CR event — a vertical 10'7 eV shower — and split the NKG+ method into three
steps, shown in Fig. 1.

Following FAERIE, this is defined in the shower plane to account for the footprint spreading produced by inclined
showers [3].
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Figure 1: Step-by-step view of the NKG+ method for a 10'7eV vertical shower. The final longitudinal profile
output is shown in the bottom panel (c), compared to the corresponding FAERIE profile. Full details are
given in the text.

1. To begin with, each energy bin of the shower footprint is treated as a group of particles with
energy E;. The longitudinal cascade profile resulting from a single group is then simulated
using Eq. (1), with E; and N; the bin energy and number of particles respectively. Applied
to the full footprint, this procedure results in Fig. 1a.

2. The individual cascades of each bin are then summed to obtain the total longitudinal profile
of the cascade — shown in Fig. 1b, in comparison to the corresponding FAERIE longitudinal
profile, given by the dashed red line.

3. Finally, we introduce a number of modifications to the parameterisation to improve the fit,
resulting in the final form N;,; = w(X’) - Zle Ni pin - (N(X’, E;)). We implement a shift

_ ’
aX’ and

parameter X’ = X — X|, an early suppression factor of the form w(X’) = 1 — be
adjust the X and E. constant values. A full list of the parameters used are given in Table 1,
and kept consistent for the rest of this work. Fig. 1c shows the result of the modifications,

demonstrating good visual agreement between the NKG+ and FAERIE profiles.

We now apply NKG+ to the full simulated shower sets. Fig. 2a demonstrates the in-ice profiles
originating from the set of vertical showers, and Fig. 2b the set of inclined showers. We continue
to compare the NKG+ profiles to the corresponding FAERIE profiles, and the bottom panel of both
figures show fractional residuals between the two for each event.
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Figure 2: (a) NKG+ and FAERIE longitudinal profiles for twelve showers of varying energy. The colour
scale indicates the fractional energy deposit E./E, of each footprint, where E.. is the energy contained with
a 2 m radius of the shower axis. (b) NKG+ and FAERIE longitudinal profiles for sixteen showers of varying
zenith angles, with E,, = 10'eV. The colour scale indicates the zenith angle of each event.

For all showers considered, the residuals remain within +2.5% in the region near the cascade
Xmax, while worst agreement is consistently found within the first few metres of the early devel-
opment of the cascade. Nevertheless, it is clear that NKG+ is able to reproduce the full FAERIE
profiles to a good level of accuracy, and that the information encoded in the particle footprint allows
for the shower-to-shower fluctuations present in the dataset to be accounted for.

3. In-Ice Askaryan Emission

Fig. 2 serves to demonstrate the potential of the NKG+ method, allowing the longitudinal
in-ice cascade profile to be obtained O(s). Following this, we aim to be able to utilise the generated
cascade profiles to obtain the direct Askaryan signal. To this end we make use of the established
semi-analytic ARZ code, implemented in the NuRadio package [19, 20].

ARZ provides a method with which to simulate the Askaryan signal from an input cascade
profile provided by the user. However, this input cascade should be characterised by a charge-
excess profile, No.., = N.- — N... By nature, NKG+ only produces a total particle number,
Niot = No— + N... Therefore, obtaining the generated Askaryan signal with this method requires
a conversion factor to move from the NKG+ longitudinal form to the charge excess profile.

Investigation of the FAERIE CR events show that the fractional number of cascade electrons,
Ne—/(Ne— + Ne4), remains largely consistent with depth — plotted in Fig. 3a for the vertical CR
set. This allows us to utilise a global N, _ electron fraction, fit to the average of all simulations, to
obtain the charge-excess profile of any given NKG+ cascade — shown as the dashed black line in
Fig. 3a. The resulting profiles of the vertical CR set are shown in Fig. 3b, compared to the FAERIE
charge-excess profiles. While the conversion has decreased the accuracy of the fit for all showers,
the residuals remain within +10%, demonstrating the feasibility of the pipeline needed to move
from NKG+ to ARZ input for the Askaryan signal.

The full procedure remains under investigation, and future work will require validating the
newly obtained signals with the corresponding FAERIE radio traces.
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Figure 3: (a) The electron fraction (N,_/(N.- + N,.) of the longitudinal profiles produced by the vertical
shower set of different primary energies, obtained using the FAERIE simulations. The colour scale indicates
the primary energy of each event. The electron fraction obtained from the average of all shown showers is
plotted in a dashed black line, generated using a b-spline fit, enabling a conversion from total longitudinal
particle number to charge-excess profile. (b) Longitudinal charge-excess profiles of the vertical CR set,
obtained by converting NKG+ profiles as described in the text. The profiles are shown in comparison to the
corresponding FAERIE charge-excess profiles, and the residuals of each are shown in the bottom panel.

4. Radar Application

We also explore the use of NKG+ to simulate the radar echo resulting from a CR-induced
cascade. To do this, we make use of MARES; a semi-analytic code that employs the radar scattering
equations to calculate the radar echo resulting from a given analytic ionisation profile, left in the
wake of the cascade [18].

Currently, MARES models a neutrino-induced cascade using the NKG parameterisation: from
a single progenitor (neutrino) particle with initial energy E,, the cascade longitudinal profile is
obtained with Eq. (1), and the lateral profile following [21] as

1 T'(45-5) P\ §743
W) = T (@5 - 25) (5) (%“) : 3)

for a radial distance r from the shower axis, a fixed shower age s = 1.01 and Moliére radius
ro = 7cm. The particle number is then converted to the ionisation electron density n., with
a conversion factor N, ;o found as Ne ion = pice - (dE/dX)/{Eion), after which the resulting
radar echo can be obtained [18]. Following [18], the ionisation energy loss is approximated as
dE/dX = 2MeV/g/cm? and the mean ionisation energy as (E;,,) = 20 MeV.

While this provides a neutrino-induced cascade topology, it is possible to employ this cascade
to approximate an in-ice CR cascade, as discussed in Sec. 1. An example cascade generated using
this method is plotted in Fig. 4a, approximating a CR event with £, = 1013 eV, § = 0°. In contrast,
applying the NKG+ method within MARES involves implementing a new cascade mode; replacing
the cascade generation procedure with NKG+ and utilising an external input particle footprint. The
result is shown in Fig. 4b, for the same chosen CR event. The longitudinal profile is given as
described above, and the lateral profile is obtained using Eq. 3, with s = 1.96 and r¢y = 9.41 cm.
In the future, we foresee obtaining the lateral profile from the combined particle footprint and
longitudinal profile, but as this is the subject of ongoing work, we utilise here the FAERIE/Geant4
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Figure 4: Two-dimensional profiles of the in-ice ionisation electron density following a single in-ice cascade
event: a vertical 10'° eV proton-induced air shower. In (a), we plot the neutrino-induced approximation of
the CR event, created with the default MARES cascade topology. The primary energy is setas E, = 2.1 PeV,
in a constant ice density p;.. = 0.918 g/cm? in order to match the CR cascade X4 position. In (b), we
show the NKG+ cascade, following the procedure given in the text. In (c), we plot the full FAERIE/Geant4
simulation of the in-ice cascade, which both (a) and (b) are aiming to reproduce.
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Figure 5: Radar signals generated using MARES resulting from the in-ice cascades shown in Fig. 4(a) and
(b), normailsed in both the time and frequency-domain. For consistency, both signals are propagated through
the corresponding Greenland ice profile with the IceRayTracing code, treated in [3].

density profile (Fig. 4c) to inform the lateral profile parameters, so as to provide proof-of-concept
of the method.

Although we cannot currently directly compare the radar signals from the FAERIE and NKG+
cascades, this method does allow for easy comparison of the radar signals from a neutrino-induced
and CR-induced (NKG+) cascade: Fig. 4a and Fig. 4b. We show this in Fig. 5: the normalised
waveforms of both signals are compared in Fig. 5a, and the frequency spectra are shown in Fig. 5b.
Although relatively similar in shape, it is clear that the extended length of the dense core found in
the CR cascade leads to a longer signal, occupying a wider part of the frequency spectrum.

The simulation procedure described above is in the process of being implemented into MARES,
and has been utilised in a combined signal study of the RET-CR signal [15].

5. Conclusions

We have demonstrated a method to model the in-ice continuation of high-energy CR air-
showers, currently termed NKG+. As input, the method requires a particle footprint from a CR
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event simulated by a Monte-Carlo code (e.g. CORSIKA). With this, it can then produce the
resulting longitudinal in-ice cascade profile, significantly decreasing the computation time of a
standard particle-level simulation while maintaining reasonable accuracy in comparison to the full
Monte-Carlo cascade simulation.

We have discussed obtaining both the Askaryan and the radar signals from the NKG+ cascades,
making use of two external simulation codes, as well as the next steps necessary to move forward
with these two applications. Following continued testing and development, the NKG+ method
could serve as a versatile option for use in simulation studies of the different emissions resulting
from in-ice CR cascades.
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