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Cross-calibrating the energy scales of cosmic-ray experiments using a portable radio array K. Mulrey

Different experiments use different techniques to detect and reconstruct cosmic-ray events, yielding
different energy scales. Having a method to compare the energy scales of different experiments
with minimal uncertainty is necessary in order to make meaningful comparisons of their spectra
and composition measurements, which are used to create global models of cosmic-ray sources,
acceleration and propagation. Comparing energy scales has proven to be difficult, given that
uncertainties on energy measurements depend on the location, technique and equipment used.
In this contribution we introduce a new radio-based technique which will be used to build a
universal cosmic-ray energy scale. Radio detection provides a measure of the radiation energy in
air showers, which scales quadratically with the electromagnetic energy. Once the local magnetic
field strength is taken into account, radiation energy can be directly compared at different locations.
A portable array of antennas will be built and deployed at various experiments, measuring radiation
energy in conjunction with the host experiments’ traditional air shower measurements. The energy
measured at each location can then be directly compared via the contemporaneous radiation energy
measurements. Using radiation energy to compare the energy scales eliminates uncertainties
due to measurements being made at different locations, and using the same array at each site
eliminates the uncertainties associated with the equipment and calibration. This will allow for
a cross-calibration of the energy scales of different experiments with minimal uncertainty. Here
we present the technique and report on the status of a prototype array that began taking data in
January 2021.
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1. Introduction

The cosmic-ray energy spectrum has a changing spectral index at the highest energies, which
indicates a transition of sources from Galactic to extra-galactic, and eventually a suppression of
cosmic-ray flux. In order to address open questions about the origin of the highest energy cosmic
rays, it is critical to understand this region of the spectrum [1]. In this energy range different
experiments have inconsistent energy scales, and it is necessary to shift the energy scales with
respect to one another in order to align them to produce an overall spectral fit [2, 3]. Comparing
energy scales directly is difficult because experiments use different detection, calibration, and
reconstruction techniques, all of which affect the overall scale and associated uncertainties.

Many methods are used to detect air showers indirectly. Particle detectors measure air shower
particles that reach the Earth’s surface, which can be used to estimate the total energy in the
air shower. This method samples only a snapshot of the shower development, and furthermore,
relies heavily on hadronic interaction models for the interpretation of data, which introduce large
systematic uncertainties at high energies [4]. The fluorescence technique eliminates complications
due to hadronic models, but the detectors are expensive to build and reconstruction requires good
knowledge of atmospheric conditions.

Broadband radio emission is generated as air showers develop and has proven to be a very
effective detection technique [5]. The radio emission is primarily due to the geomagnetically
induced, time-varying transverse current that develops as the shower propagates [6, 7]. The strength
of this “geomagnetic” emission scales with the strength of the local geomagnetic field and the sine
of the angle between the shower propagation and the geomagnetic field. A smaller “charge excess”
contribution to the radio emission comes from the development of a charge excess in the shower
front [8]. Radio emission is produced primarily by the electromagnetic components of the shower,
and thereby bypasses uncertainties associated with hadronic interaction models [9]. Furthermore,
the measured radio signals are integrated over the whole air shower, meaning measurements can be
used to perform complete calorimetric energy reconstructions [10].

The total energy radiated by the air shower in the form of radio emission is called radiation
energy. Once the radiation energy is adjusted for the strength of the local magnetic field and second
order effects (such as the relative charge excess contribution), it becomes a universal quantity
that can be directly compared between experiments [11]. When the radiation energy is found in
conjunction with the air shower energy, as determined using an independent method, it can be used
to compare the energy of cosmic rays detected at different locations. This allows for the direct
comparison of energy scales between experiments [12]. An energy cross-calibration array will be
build for this purpose and is presented in these proceedings.

2. Concept

Energy scales between experiments have already been successfully compared using radio
techniques. KASCADE-Grande [13] and Tunka-133 [14] were compared using their radio exten-
sions [15], although not using radiation energy, which was a limiting factor in the comparison. The
fact that the same antennas were used at each location reduced the systematic uncertainties on the
comparison. The energy scales of the particle detector installation at LOFAR [16] and Auger [17]
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Figure 1: Energy cross-calibration array design. The array consists of 5 stations, each with an antenna, two
scintillators, a solar panel, readout electronics and data storage.

were compared using radiation energy, but the antennas used at each site differed, adding substantial
uncertainty to the comparison [12]. If a comparison could be made using the same detection system
and using radiation energy, the systematic uncertainties on the comparison become minimal, and
a meaningful, quantitative statement could be made about the energy scales of each experiment
relative to one another. This concept is the basis for a project that aims to build a universal energy
scale.

3. Method

This project has two main requirements: it must be able to measure radiation energy to high
precision, and it must use the same detection system in multiple locations to minimize the systematic
uncertainty on the comparison. A portable array of antennas, which can physically be moved to
multiple locations, satisfies these criteria. The radiation energy can be determined using radio
measurements, and the fact that the same antennas are used eliminates the majority of systematic
uncertainties on the comparison. In this section we will present the array design and radiation
energy reconstruction techniques.

3.1 Array design

The physics requirement of this array is that it can make radio measurements that lead to an
accurate reconstruction of the radiation energy of a given event. In order to be used in a practical
sense, there are other things to consider. First, the array has to be fully portable. This means we
limit the number of array stations to five. This strikes a reasonable balance between portability and
reconstruction ability, which will be discussed below. As the array is intended to be used at multiple
sites, it would be impractical to base the design on any particular experiment or infrastructure, and
so the array stations will also be fully autonomous. The stations are designed to be powered using
solar panels, and data will be stored locally. Each station will operate independently and events
will be correlated offline using timestamps. Triggering on radio events alone is always a challenge,
especially when considering a design that should be applicable at any site. For this reason, each
station will also include scintillator panels for triggering. Two panels at each station will look
for coincident events and trigger radio readout. The spacing of the scintillator panels dictates the
trigger rate, and can be adjusted accordingly. At a spacing of 20 m, the trigger rate for a single
station is on the order of 0.1 Hz which mitigates concerns about dead time and makes long term
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storage manageable. The array design is shown in Fig. 1. Since the stations are all independent,
their relative spacing can be adjusted to optimize detection in the energy range of interest.

The antennas used will be of the SKALA design and measure between 50 and 350 MHz [18].
These are well characterized and used by a number of experiments [19, 20]. The scintillators have
been recycled from the KASCADE experiment [13], and the digitizing electronics for the radio
readout have been provided by the CODALEMA experiment [21].

3.2 Radiation energy reconstruction

Having an good reconstruction of the radiation energy of an event is critical to this project.
We will build on the reconstruction techniques demonstrated by AERA [22] and proposed by
ARIANNA [23]. The AERA group demonstrated that it was possible to reconstruct radiation energy
with just 3-5 antennas in the 30 — 80 MHz range using a technique that compares the measured
fluence to a two dimensional lateral distribution function that describes the radio footprint [10].
Using this method, a resolution of 22% is achieved for the whole data set, which increases to 17% for
events with 5 illuminated antennas. For events with 3 or more illuminated antennas, we expect to be
able to reconstruct radiation energy at least that well. One advantage the cross-calibration array has
over the traditional 30 — 80 MHz experiments is added bandwidth. Using the wider 50 — 350 MHz
bandwidth retains the higher signal regime at the lower frequencies, while also including the higher
frequencies that sharpen the features of the radio footprint. This will allow us to better constrain
the position of the antenna in the footprint. An example of the difference between a 30 — 80 MHz
footprint and a 50 — 350 MHz footprint for the same event is shown in the right panel of Fig. 2.
Additionally, in event reconstruction, the cross-calibration array has the opportunity to use some
information from the host experiment. For every event detected by the cross-calibration array, the
same event has (most likely) also been seen by the host experiment, which will have done its own
reconstruction, including core position and direction. Using this information will allow for the
reconstruction of events seen in just a few antennas without biasing the results.

The ARIANNA experiment has shown through a simulation study that it is possible to recon-
struct radiation energy using just one broadband antenna [24]. Using a set of realistic Monte Carlo
events and an 80 — 300 MHz bandwidth, they have reconstructed radiation energy with a resolution
better than 15%. This is possible because the frequency content of the signal is different at different
radii from the core in the radio footprint (left panel of Fig. 2), allowing for the determination of
the antenna’s position in the footprint. With more than one antenna in the illuminated area, and
with potential knowledge of the shower core, we expect to able to achieve at least 15% resolution
in radiation energy.

4. Implementation

A prototype energy cross-calibration array has been built at the Vrije Universiteit Brussel.
This installation has been valuable for developing the prototype and characterizing backgrounds.
An image of the prototype is shown on the right side of Fig. 3. The power spectra of a detected
cosmic-ray event is shown on the left. Later in 2021 we plan to deploy the full cross-calibration
array at the LOFAR site and take data for approximately 6 months. During this time, it is expected
that on the order of a few hundred reconstructable events will be detected both by the portable
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Figure 2: Left: Frequency content for a cosmic-ray of energy 10'7 eV, Xjax = 640 g/cm?, and with a zenith
angle of 33° on the vxvxB axis. Each color represents an antenna position at different radii from the core.
Right: Energy fluence for the same cosmic ray, for a frequency band of 30 — 80 MHz (top) and 50 — 350 MHz
(bottom).
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Figure 3: Left: Power spectra of a sample cosmic-ray event. The average background is show as the colored
background. The region of a FM bandpass filter is shown in gray. Right: Prototype array station located on
the roof of the VUB. The antenna is highlighted in the center, with scintillators housed in black boxes on
either side. The roof prototype uses CODALEMA butterfly antennas, while the field setup will use SKALA
antennas.

array and by LOFAR. Then, the array will be moved to the Auger site, presumably in the densely
instrumented area, where again data will be collected for 6 months to a year. The radiation energy for
each event will be determined, and a relation drawn between the radiation energy and reconstructed
cosmic-ray energy for each experiment (in the same was as was done in [12]). With this information,
the difference between the LOFAR and Auger energy scales will be quantitatively determined with
minimal uncertainties. After demonstrating the effectiveness of this technique, the cross-calibration
array will be moved to other experiment sites.

There are also plans to use the design of this cross-calibration array in the prototype of the
Radar Echo Telescope for Cosmic Rays (RET-CR) project [25]. The antenna stations will comprise
a complementary surface component to an in-ice radar detection system. The surface array will
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both provide a trigger for radar readout and also an independent event reconstruction method. More
information can be found in [25, 26].

5. Summary

The energy cross-calibration array will allow for the direct comparison of the energy scales of
different experiments using the universal measurement of radiation energy. The comparison will
have very small systematic uncertainties, as the same detection system will be used in each place.
This quantitative understanding of the different energy scales between experiments is critical to
address open questions about the origin of the highest energy cosmic rays. A prototype array has
been built and is ready for deployment later this year.
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