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1. Introduction

NuRadio is an open-source, modular Python framework consisting of two packages: NuRa-

dioMC [1], for the Monte-Carlo simulation of radio emission and propagation of ultra-high energy

particle cascades in ice, and NuRadioReco [2], for the reconstruction and detector simulation of

high-energy neutrinos and cosmic rays.

Originally, NuRadio was designed for in-ice radio detectors. However, there is significant

overlap between the analysis tools required for in-ice and land-based radio detectors of ultra-high

energy particle cascades. Thanks to NuRadio’s modular design, it is straightforward to only use those

features that are relevant for the detector or analysis at hand. This has for example allowed the Low-

Frequency Array (LOFAR) experiment to port their analysis pipeline for cosmic-ray air showers

to NuRadioReco, while benefiting from the established open-source NuRadio framework, such

as a self-consistent unit system, coordinate system transformations, and time-dependent detector

descriptions. In addition, NuRadio is an actively developed open-source framework that uses

continuous integration combined with manual code reviews for new contributions. This ensures

both new and existing code run and produce correct output, which help to make analyses more

reliable, and reduce the time spent debugging. Finally, NuRadio features an extensive online

documentation, as well as many interactive examples, that lower the barrier of entry for new users

and help to allow even projects at bachelor or masters level to result in permanent contributions,

rather than private software projects which become unusable once their original developer becomes

unavailable.

This contribution is structured as follows: first, in section 2, we give a brief overview of the data

structure and design philosophy of NuRadio. In section 3, we outline some of the features in NuRadio

for the simulation and reconstruction of the radio signals from cosmic-ray air showers. Section 4

details the current status and outlook for the integration of particle detectors into NuRadioReco.

Finally, some of the main recent improvements for in-ice neutrino simulations are described in

section 5.

2. NuRadio structure

Data in NuRadio is structured according to hierarchical Python classes, the structure of which

is illustrated in Figure 1. Each cosmic-ray (or neutrino) event corresponds to a single Event,

which contains one or more detector Stations. Each Station in turn contains several Channels,

corresponding to the voltage traces at the data acquisition level (generally speaking, each Channel

corresponds to a single antenna). Each Event may also contain one or more Shower objects that

store the (reconstructed) properties of the particle shower. Events can be stored to and read from

disk in a custom binary format.

The second important data format in NuRadio is the Detector. Detectors in NuRadio contain a

description of the detector geometry, antennas and signal chain. Because the full, complex antenna

response as a function of signal direction, and signal chain S-parameters can be large, the detector

description itself usually only contains a reference to the relevant antenna or amplifier, with the full

complex response stored separately; for most experiments that use NuRadio, these are stored on

a public server at DESY, and downloaded on demand by NuRadio. The Detector object contains
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Figure 1: Sketch of the main components of the NuRadio Event data class. For simplicity, some additional

optional components of the Event class that may or may not be present depending on the dataset are not

shown here.

a time-dependent description of the detector, to allow for changes in the detector configuration,

and can be stored either together with the Event(s) or independently as a json-formatted text file.

The reason why the Detector in NuRadio is to some extent independent from the Event is that the

knowledge of the detector geometry and signal chain response may also improve over time, for

example through dedicated in-situ calibration campaigns, whereas the raw data (stored in the Event)

does not.

One advantage of this custom data structure is that each class is aware of what type of data

it contains, and has dedicated methods for the most frequently used operations; for example, one

can immediately obtain either the time domain or frequency domain representation of the voltage

trace of a Channel, without having to worry about different units or FFT normalization conventions.

A second advantage is related to the modular design philosophy of NuRadio. Almost all signal

processing and reconstruction modules in NuRadio have the same structure: they have a run()

method that expects a NuRadio Event and a Detector as input. These already contain most or all of

the information that is needed for the relevant module to run, and also allows for any output to be

stored automatically in the Event. Therefore, only two steps are required in order for a new radio

experiment to use NuRadio: write a reader module that converts the raw experiment data to the

NuRadio Event structure, and provide a description of the detector. After this, one can immediately

use any of the signal processing or reconstruction tools that NuRadio has to offer.

3. Radio detection of air showers

Whereas for the simulation of neutrino-induced particle cascades, NuRadioMC uses a fast,

semi-analytic parameterization, for the radio emission of cosmic-ray air showers generally a full

Monte-Carlo approach is used. The standard framework to simulate these is CORSIKA [3], with

the CoREAS [4] extension to simulate the radio emission of an air shower. NuRadio has been able

to read in the HDF5 output files from CoREAS since its inception, converting it to the NuRadio

data structure, so that it is compatible with all of the signal processing and reconstruction tools that

NuRadio provides.
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There have been several improvements on the (reading in of) cosmic-ray air shower simulations.

Although the particle-level simulations produced by CORSIKA/CoREAS are very accurate, they

are also very computationally expensive. In principle, one would have to simulate an ’observer’

at each antenna position, for each air shower. This becomes rapidly intractable — one would

have to generate separate simulations for each shift in core position (the point where the shower

impacts the surface). The computational cost for future detectors such as the Square Kilometre

Array (SKAO), which will feature orders of magnitude more antennas than current radio detectors

of cosmic-ray air showers, would be similarly problematic. Therefore, in practice, instead one

simulates a generic ’star-shape’ pattern for each air shower, computing the radio emission only

for observers at regular radial and azimuthal intervals relative to the core position, and then uses

some form of interpolation to obtain the emission at the actual antenna positions. NuRadio uses

the cr-pulse-interpolator package1, which performs a highly accurate interpolation in the Fourier

domain. This method has been shown to significantly outperform previous linear methods [5],

resulting in accurate interpolation not only of fluences but also of pulse shape and timing, which

are critical for interferometry.

Another improvement in the simulation of the radio emission of cosmic-ray air showers is

the so-called template-synthesis method [6], which uses detailed CoREAS simulations to generate

additional air-showers with different shower parameters (Xmax, energy, direction) at a fraction of

the cost of a full Monte-Carlo simulation, while maintaining an accuracy of a few percent. A Python

package implementing the template synthesis method, SMIET2, has been released recently, and will

receive an interface with NuRadio in a future update.

In terms of data analysis and reconstruction, the largest development has been the adoption

of NuRadio by the LOFAR experiment. In order to make their data analysis easier to maintain

and, also looking forward to the near-future LOFAR 2.0 upgrade, easier to expand upon, it was

decided to move the entire analysis pipeline to NuRadio. A read-in module that converts the raw

LOFAR radio data to the NuRadio Event structure, and a number of noise removal, calibration and

direction reconstruction modules has also been integrated into NuRadio. A description of the Dutch

core LOFAR stations is also included with NuRadio, as is a model of the antenna response of the

low-band antennas (LBAs). Thus, one can already read in, clean up, and reconstruct the cosmic-ray

air shower from raw LOFAR data in just a couple of lines with NuRadio. Looking to the future,

work is ongoing on adding more advanced reconstructions for cosmic-ray air showers, e.g. using

information-field theory (IFT) [7], as well as enabling first studies for the SKA detector.

4. Particle detection of air showers

Radio detectors for cosmic-ray air showers frequently include an array of particle detectors to

trigger the readout of the radio antennas. This is the case also for LOFAR, which uses the LOFAR

Radboud Air shower array (LORA) array of plastic scintillator particle detectors to trigger and

perform an initial reconstruction of air showers.

In an upcoming release, also the data analysis and reconstruction of particle data from LORA

will be included in NuRadio. In order to facilitate this, the NuRadio data structure has been extended

1https://pypi.org/project/cr-pulse-interpolator/
2https://pypi.org/project/smiet/
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Figure 2: Example reconstruction of a single cosmic-ray air shower detected by LOFAR. Shown are both

the particle detectors (squares) and the radio antennas (arrows). The direction of the arrows indicates the

signal polarization, and the length is proportional to the electromagnetic fluence.

by including ParticleStation and ParticleChannel counterparts to the Station and Channel classes.

Integrating the particle detector analysis in NuRadio has the advantage of improved stability and

maintainability compared to the previous pipeline, which consisted of a combination of ROOT and

Python code that proved non-trivial to run on newer systems. More importantly, however, having

access to the radio and particle data within the same data structure will allow for analyses that

exploit the information provided by both, such as e.g. combined fits, as well as providing more

options for debugging. An example of such a combined analysis of a single LOFAR event, showing

both the LORA particle detectors as well as the radio antennas, is shown in Figure 2.

5. Updates to in-ice neutrino use cases

In addition to the support for particle detectors, and improved features for radio detectors

of cosmic-ray air showers, NuRadio has also seen several updates focussed on in-ice neutrino

detectors. A more exhaustive summary of the changes since previous publications can be found in

the changelog on the NuRadioMC GitHub3; here, we only highlight some of the most significant

improvements.

As of version 3.0, it is possible to simulate birefringence in in-ice neutrino simulations. Polar ice

is known to be birefringent due to a depth-dependent preferred alignment of the ice crystals caused

by the ice flow and overburden pressure. This implies that the different polarization components

of a radio signal propagate at different speeds, and may additionally interfere. This affects both

the arrival times as well as the pulse shapes detected from the neutrino-induced radio emission by

an in-ice detector. This is expected to impact especially the reconstruction of the original neutrino

properties from the detected radio pulses.

3https://github.com/nu-radio/NuRadioMC
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The implementation of the radio signal propagation in birefringent media is based on the model

presented in Ref. [8], and ice models are available both for the ice at Summit Station, Greenland (the

site of RNO-G) and at South Pole (the site of the proposed IceCube-Gen2 Radio array). Whereas

the refractive index at Summit Station is close to isotropic, due to the limited ice flow at the top of

the Greenland glacier, at South Pole a significant amount of birefringence is expected.

An additional upgrade is the improved modelling of the neutrino cross section and inelasticity,

which now uses the state-of-the-art BGR18 calculations published in Ref.[9] by default. This

improves the accuracy of the predicted in-ice particle cascade energies for a given simulated neutrino

flux, resulting in an O(10%) change in effective volumes at the highest energies (�a ¦ 1018 eV).

Moreover, the core simulation routine of NuRadioMC has been rewritten in a more modular

way, with benefits to simulation speed, the possibility to (re)simulate existing simulations, and

exposing several functions for use in reconstruction routines. The simulation of both ’generic’

(e.g. electronic) and galactic noise has also been updated, with improvements to speed, flexibility

(in terms of simulating different noise spectra), and (for galactic noise) the treatment of coherence

between difference antennas. Finally, there have been countless smaller additions, improvements

and bug fixes, a more detailed account of which can be found on the NuRadioMC GitHub repository.

6. Summary

With a number of recent additions and improvements, NuRadio has become a suitable tool

not only for in-ice neutrino detectors, but also for land-based radio and particle detectors of

cosmic-ray air showers. Indeed, it has already been adopted by the LOFAR and SKA cosmic-ray

groups, both for the analysis of existing data as well as simulations of the performance of future

detectors. The extensive documentation, many examples, as well as the modular and Python-

based nature of NuRadio help to make it easier for new users to adopt it — one can simply

run pip install nuradiomc to immediately get started with any of the included examples. The

continuous-integration testing, combined with manual code reviews, ensure that the simulation, data

processing and reconstruction tools that are part of NuRadio remain accurate and reliable. Finally,

the open-source, collaborative development efforts on GitHub make it possible for a large variety of

users to use and contribute to NuRadio. This helps to reduce the duplication of code development

efforts and to make new analyses or tools developed by both junior and senior researchers available

for future users, which benefits the entire radio cosmic-ray community.

Both the in-ice and land-based radio detector features of NuRadio are continually improved by

a growing number of contributors. We invite researchers working on all radio cosmic-ray air-shower

experiments to join NuRadio.
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