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Depth of shower maximum and mass composition of cosmic rays
from 50 PeV to 2 EeV measured with the LOFAR radio telescope
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We present an updated cosmic-ray mass composition analysis in the energy range 1016.8 to 1018.3 eV
from 334 air showers measured with the LOFAR radio telescope and selected for minimal bias. In this
energy range, the origin of cosmic rays is expected to shift from galactic to extragalactic sources. The
analysis is based on an improved method to infer the depth of the maximum Xmax of extensive air showers
from radio measurements and air shower simulations. We show results of the average and standard
deviation of Xmax versus primary energy and analyze the Xmax dataset at the distribution level to estimate
the cosmic ray mass composition. Our approach uses an unbinned maximum likelihood analysis, making
use of existing parametrizations of the Xmax distributions per element. The analysis has been repeated for
three main models of hadronic interactions. Results are consistent with a significant light-mass fraction, at
best fit 23% to 39% protons plus helium, depending on the choice of hadronic interaction model. The
fraction of the intermediate-mass nuclei dominates. This confirms earlier results from LOFAR, with
systematic uncertainties on Xmax now lowered to 7 to 9 g=cm2. We find agreement in mass composition
compared to results from Pierre Auger Observatory, within statistical and systematic uncertainties.
However, in line with earlier LOFAR results, we find a slightly lower average Xmax. The values are in
tension with those found at Pierre Auger Observatory but agree with results from other cosmic ray
observatories based in the northern hemisphere.

DOI: 10.1103/PhysRevD.103.102006

I. INTRODUCTION

Cosmic rays arrive at the Earth’s atmosphere in an
energy range from below 109 to above 1020 eV. Upon
interacting in the atmosphere, they produce a cascade of
secondary particles called extensive air shower, which is
measurable in ground-based detector arrays for energies
above about 1014 eV. At the high end of the energy

spectrum, these particles have the highest energy of the
known particles in the Universe. Therefore, the questions
about their origin and their mass composition have raised
considerable interest, and cosmic-ray air showers are
measured in observatories around the world. The largest
is the Pierre Auger Observatory in Argentina [1,2], span-
ning an area of 3000 km2.
In this analysis, we study cosmic rays with a primary

energy between 1016.8 and 1018.3 eV, the energy range
where a transition is expected from particles originating
from within the Galaxy, to an extragalactic origin. Heavy
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This is nonnegative by definition, and in the large-N limit,
it follows a chi-squared distribution with 1 degree of
freedom, when fixing 1 parameter. The confidence intervals
at significance level 1 − p then follow directly from the
critical values of the chi-squared distribution. For confi-
dence levels of 68%, 95%, and 99%, these are 1.00, 3.84,
and 6.64, respectively.
Confidence intervals for two elements simultaneously,

such as used in the contour plot Fig. 11 in Sec. V are
computed analogously, fixing two parameters instead of
one, and noting that the test statistic D then follows a χ2ð2Þ
distribution.
When splitting the sample into two equal-sized bins,

such as done in Sec. V D, one can use another likelihood
ratio test to assess the significance of the difference
between results in the two bins. For instance, in a model
with three independent parameters, such as used in this
analysis, splitting into two bins adds three parameters to the
(model) description of the data. As a result, the combined
(log)likelihood, and test statistic D, will be higher than in a
single-bin analysis. The difference follows a χ2ð3Þ distri-
bution under the null hypothesis that the data in both bins
are a drawing from the same model distributions. This
yields a p value for the difference between the bin results.

IV. RESULTS: THE MEASURED Xmax
DISTRIBUTION

In the following sections, we present the results regard-
ing statistics on Xmax, such as the estimate of the mean and
standard deviation of the Xmax distribution. After this, the
implications for the cosmic-ray composition in our energy
range are given, based on the statistical analysis presented
in Sec. III.
The results are based on a dataset of N ¼ 334 cosmic

rays with energies between 1016.8 and 1018.3 eV, which
pass all selection criteria for a bias-free sample with
accurately reconstructable showers, as explained in
Sec. II E. It is a subset of 720 showers measured in at
least three LOFAR stations, of which 469 have a core
reconstruction precision better than 7.5 m. Another 135
showers did not meet the sample selection criteria; their
inclusion would lead to a dataset biased in Xmax. The
uncertainty on the Xmax measurement per shower is on
average 19 g=cm2. The average fit quality of the best-
fitting simulation to the measured LOFAR data is
χ2=d:o:f: ¼ 1.19, indicating a good fit.

A. Mean and standard deviation of Xmax as a function
of primary energy

We have divided the dataset into energy bins of width
0.25 in lgðE=eVÞ and computed the mean and standard
deviation in each bin.
The sample averages are shown in Fig. 4. The given

uncertainty is the uncertainty on the mean of the Xmax

distribution, i.e., σ=
ffiffiffiffiffiffiffiffiffi
Nbin

p
, with a sample standard

deviation σ. For positioning the points, we have used the
average log-energy inside each bin. Two showers above
lgðE=eVÞ ¼ 18.25 were discarded, as no meaningful aver-
age can be taken from them.
For comparison, results are included from the Pierre

Auger Observatory [39], HiRes [42], Tunka [41], and
Yakutsk [40]. We also include recent results from TALE
[43], noting that their method to infer a bias-corrected
hXmaxi is different and assumes the EPOS-LHC hadronic
interaction model.
The differences with respect to the earlier LOFAR results

[8] can be explained through statistical fluctuations, and
from the revised treatment of systematic effects including
the atmosphere and the radio-derived energy scale. The
lowest-energy data point stands out somewhat, with a
difference of 17.6 g=cm2, at statistical uncertainties of
7.5 and 6.8 g=cm2 for the older and newer result, respec-
tively. Such a difference in one of three overlapping data
points is not unreasonable just from statistics; it is also
possible that improvements in fiducial selection criteria
make some difference here, as differences are expected to
appear especially at lower energies where signals are closer
to trigger thresholds.
The average Xmax agrees reasonably well with the other

experiments such as Tunka, Yakutsk, HiRes/Mia, and
TALE, especially for lgE > 17.2. However, the results
from the Pierre Auger Observatory, which is the largest
experiment, are somewhat higher starting at the bin around

FIG. 4. The average depth of shower maximum Xmax, as a
function of primary particle energy. The annotated numbers
indicate the number of showers in each bin, and the error margins
indicate the uncertainty on the mean of the Xmax distribution. The
upper lines indicate the mean values expected for protons, from
simulations with QGSJetII-04 (solid), EPOS-LHC (dashed) and
Sibyll-2.3d (dotted). The lower lines show the mean predicted
values for iron nuclei. For comparison, results from Pierre Auger
[39], Yakutsk [40], Tunka [41], HiRes/Mia [42], and TALE [43]
are included.
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where Pant and σant denote the measured signal energy and
its uncertainty, and Psim is the simulated pulse energy. The
overall scaling factor is f2r , and ðx0; y0Þ is the fitted shower
core position. In contrast to the method in [7], we perform
the fit based on the radio signals only, making the radio
reconstruction self-sufficient. In the previous analysis, the
fit included both radio and particle detector data. As a
consequence, showers for which the reconstruction cannot
be done accurately without the particle detector signals are
now (automatically) discarded.
The result of the fitting procedure for one of our

measured showers is shown in Fig. 1. In the left panel,
the best-fitting simulated shower is shown (background
color) together with the measurements (colored circles).
The colored circles blend in well with the background
color, indicating a good fit. This is confirmed by the middle
plot, showing a reduced χ2 of 1.3 for the best fit, and a clear
minimum as a function of Xmax. The right panel shows a
one-dimensional representation of the simulated and mea-
sured intensities per antenna.
We employ a Monte Carlo procedure, using the simu-

lated ensemble of showers to infer the uncertainties on
Xmax, the energy and the shower core position. For each
simulated shower in our ensemble, we create three mock
datasets as they would have been measured, i.e., adding the
noise level found in each LOFAR antenna. They represent
three different realizations of the random noise, at a fixed
shower core position. This simulated shower is then
reconstructed through the above procedure, using the
ensemble of all other simulations. Statistically comparing

the reconstructions with the real Xmax, core position, and
radio scale factor, which are known in simulations, yields
their uncertainties. The uncertainties thus found are calcu-
lated from the entire simulated ensemble and are applicable
to the measured shower as well as to each simulated
shower; this is important in the bias-free sample selection
procedure explained in Sec. II E. This procedure, relying on
the reconstruction method described above, now also uses
only the radio signals.

C. Estimate of the primary particle energy

We estimate the energy of the primary particle by
comparing the pulse energy of the measured radio signal
with the predicted radio signal from CoREAS, which was
produced at a given simulation energy obtained from the
initial fit. The intensity, and measured pulse energy, of the
radio signal scale quadratically with the primary energy
[28–30]. Fitting CoREAS radio signal energy to LOFAR
data produces an overall scale factor. The square root of this
is taken as a correction to the simulation energy, giving an
estimate of the primary particle energy. Moreover, follow-
ing [24], we apply a correction factor of 11% to the
simulated pulse intensities. This accounts for a finite step
size (electron multiple scattering length) in tracking the
particle cascade in the simulation.
This procedure of matching simulated and measured

pulse energy relies on an accurate absolute calibration of
the radio antennas at LOFAR. The calibration has been
improved with respect to the previous analysis [12]. It uses
the emission from the Galaxy, which enters the measured
time traces of the antenna signals as “noise.” The galactic
emission model LFMap [31] is used to obtain the con-
tribution of each point on the sky at a given (sidereal) time.

FIG. 1. An example of fitted CoREAS showers to a LOFAR-measured shower. The left panel shows simulated signal energy along
with the measurements, in the shower plane, for the best-fitting shower. The lateral intensity (and pulse energy) distribution is not
rotationally symmetric. The middle panel shows the reduced χ2 as a function of Xmax, with a parabolic fit through the lower envelope
denoted by the magenta line. The right panel shows a 1D lateral distribution function, where red points with uncertainties denote the
measurements, and blue points denote the simulated intensities.
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where Pant and σant denote the measured signal energy and
its uncertainty, and Psim is the simulated pulse energy. The
overall scaling factor is f2r , and ðx0; y0Þ is the fitted shower
core position. In contrast to the method in [7], we perform
the fit based on the radio signals only, making the radio
reconstruction self-sufficient. In the previous analysis, the
fit included both radio and particle detector data. As a
consequence, showers for which the reconstruction cannot
be done accurately without the particle detector signals are
now (automatically) discarded.
The result of the fitting procedure for one of our

measured showers is shown in Fig. 1. In the left panel,
the best-fitting simulated shower is shown (background
color) together with the measurements (colored circles).
The colored circles blend in well with the background
color, indicating a good fit. This is confirmed by the middle
plot, showing a reduced χ2 of 1.3 for the best fit, and a clear
minimum as a function of Xmax. The right panel shows a
one-dimensional representation of the simulated and mea-
sured intensities per antenna.
We employ a Monte Carlo procedure, using the simu-

lated ensemble of showers to infer the uncertainties on
Xmax, the energy and the shower core position. For each
simulated shower in our ensemble, we create three mock
datasets as they would have been measured, i.e., adding the
noise level found in each LOFAR antenna. They represent
three different realizations of the random noise, at a fixed
shower core position. This simulated shower is then
reconstructed through the above procedure, using the
ensemble of all other simulations. Statistically comparing

the reconstructions with the real Xmax, core position, and
radio scale factor, which are known in simulations, yields
their uncertainties. The uncertainties thus found are calcu-
lated from the entire simulated ensemble and are applicable
to the measured shower as well as to each simulated
shower; this is important in the bias-free sample selection
procedure explained in Sec. II E. This procedure, relying on
the reconstruction method described above, now also uses
only the radio signals.

C. Estimate of the primary particle energy

We estimate the energy of the primary particle by
comparing the pulse energy of the measured radio signal
with the predicted radio signal from CoREAS, which was
produced at a given simulation energy obtained from the
initial fit. The intensity, and measured pulse energy, of the
radio signal scale quadratically with the primary energy
[28–30]. Fitting CoREAS radio signal energy to LOFAR
data produces an overall scale factor. The square root of this
is taken as a correction to the simulation energy, giving an
estimate of the primary particle energy. Moreover, follow-
ing [24], we apply a correction factor of 11% to the
simulated pulse intensities. This accounts for a finite step
size (electron multiple scattering length) in tracking the
particle cascade in the simulation.
This procedure of matching simulated and measured

pulse energy relies on an accurate absolute calibration of
the radio antennas at LOFAR. The calibration has been
improved with respect to the previous analysis [12]. It uses
the emission from the Galaxy, which enters the measured
time traces of the antenna signals as “noise.” The galactic
emission model LFMap [31] is used to obtain the con-
tribution of each point on the sky at a given (sidereal) time.

FIG. 1. An example of fitted CoREAS showers to a LOFAR-measured shower. The left panel shows simulated signal energy along
with the measurements, in the shower plane, for the best-fitting shower. The lateral intensity (and pulse energy) distribution is not
rotationally symmetric. The middle panel shows the reduced χ2 as a function of Xmax, with a parabolic fit through the lower envelope
denoted by the magenta line. The right panel shows a 1D lateral distribution function, where red points with uncertainties denote the
measurements, and blue points denote the simulated intensities.
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Abstract: The combined fit of the measured energy spectrum and shower maximum depth
distributions of ultra-high-energy cosmic rays is known to constrain the parameters of
astrophysical models with homogeneous source distributions. Studies of the distribution of
the cosmic-ray arrival directions show a better agreement with models in which a fraction of
the flux is non-isotropic and associated with the nearby radio galaxy Centaurus A or with
catalogs such as that of starburst galaxies. Here, we present a novel combination of both
analyses by a simultaneous fit of arrival directions, energy spectrum, and composition data
measured at the Pierre Auger Observatory. The model takes into account a rigidity-dependent
magnetic field blurring and an energy-dependent evolution of the catalog contribution shaped
by interactions during propagation.

We find that a model containing a flux contribution from the starburst galaxy catalog
of around 20% at 40 EeV with a magnetic field blurring of around 20¶ for a rigidity of
10 EV provides a fair simultaneous description of all three observables. The starburst galaxy
model is favored with a significance of 4.5‡ (considering experimental systematic e�ects)
compared to a reference model with only homogeneously distributed background sources.
By investigating a scenario with Centaurus A as a single source in combination with the
homogeneous background, we confirm that this region of the sky provides the dominant
contribution to the observed anisotropy signal. Models containing a catalog of jetted active
galactic nuclei whose flux scales with the “-ray emission are, however, disfavored as they
cannot adequately describe the measured arrival directions.
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Figure 4. Modeled arrival directions pdf (eq. (2.17)), left for Centaurus A model with m = 0,
middle for Centaurus A model with m = 3.4 and right for SBG model with m = 3.4. The energy
bins log10(Edet/eV) =19.3 (upper row), log10(Edet/eV) =19.6 (middle row) and log10(Edet/eV) =19.9
(lower row) are shown as examples. The catalog contribution and with that the level of anisotropy
rises with the energy, while the overall blurring decreases. Additionally, the contribution of individual
sources depends on the energy through their distances and flux weights. The stars indicate the
directions of the source candidates with the size scaling with the relative flux contribution before the
observatory exposure is applied.

how the catalog contribution becomes relevant at higher energies, where it reaches values
of up to ¥ 40% at 100 EeV. Additionally, figure 2 displays the individual spectrum of the
strongest source in the SBG catalog, NGC 4945. The modeled spectrum looks rather similar
to the one of Centaurus A, only with smaller uncertainties due to the additional constraints
from the other candidates in the SBG catalog. The two source candidates NGC 4945 and
Centaurus A are located in similar directions and distances of around 3.5 Mpc. Hence, the
contribution of that sky region is modeled consistently, independent from the number of other
subdominant candidate sources in the catalog. This is also visible in the arrival directions
in figure 4, where both the size of the blurring and the overall anisotropy level is similar
for both NGC 4945 and Centaurus A.

To verify explicitly that the model describes the overdensity in the region of Centaurus
A and NGC 4945, we investigate the spectrum of all events in a circular region with variable
angular size centered on the direction of the respective source candidate. The size of the
region is a trade-o� between wanting to fully contain the contribution of the source candidate,
and minimizing the contamination by background and neighboring candidates. The modeled
and measured (calculated from the energy spectrum data set described in section 3.2) spectra
for one example selection angle of 20¶ (radius) are displayed in figure 5. Here, it is visible how
the model predicts an increased flux for the region around the source candidate. In particular,
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Figure 2. Modeled spectra on Earth for the Centaurus A model with m = 0 (left), with m = 3.4
(middle) and the SBG model with m = 3.4 (right). In this and all following figures the thick lines
indicate the best-fit and the thin lines are drawn from the posterior distribution demonstrating the
uncertainty. The markers represent the measured data of the Pierre Auger Observatory. The grey
area symbolizes the energy bins which are not (fully) included in the fit (see section 3.1.2). In the
upper row the total spectrum is depicted with the di�erent element contributions in di�erent colors.
The contribution by the source catalog is indicated by the dashed line. The lower row shows the
individual spectrum of the strongest source in the respective catalog.
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Figure 3. First two moments of the Xmax distributions for the Centaurus A model with m = 0 (left),
with m = 3.4 (middle) and the SBG model with m = 3.4 (right).

For the SBG model with m = 3.4, the spectral index has softened visibly compared
to the reference model with m = 3.4. The softening decreases the number of high-energy
particles emitted at the background sources. This compensates the increased number of
high-energy particles from the catalog sources which can reach Earth easily due to the short
propagation distances. The signal fraction is around f0 ¥ 20%. In figure 2, it is again visible
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Results.—The D fluxes are measured as functions of the
rigidity from May 2011 to April 2021 in 33 time periods of
four Bartels rotations (108 days) each. To compare the time
and rigidity dependence of the D fluxes with the 3He and
4He fluxes, the 3He and 4He flux measurements of Ref. [12]
were extended to April 2021 and to the rigidity range
from 1.9 to 21 GV. The resulting 3He and 4He fluxes
are consistent with Ref. [12] over the overlapping time
period and rigidity range. The D, 3He, and 4He fluxes and
the flux ratios are presented in Tables S1–S99 in the
Supplemental Material [20,33], including statistical and
systematic errors. For the fluxes, the contributions of
individual independent sources to the systematic error
were added in quadrature to obtain the total systematic
uncertainty. For the D and 3He=4He flux ratios the corre-
lation of the systematic errors is taken into account to
evaluate the total systematic error.
Figure 1 shows the AMS time-averagedD=4He flux ratio

as a function of kinetic energy per nucleon together with
earlier measurements [14–17] and predictions from the
recent cosmic ray propagation models, GALPROP [34] and
USINE [35]. Figure S6 of the Supplemental Material [20]
shows the AMS time-averagedD=He flux ratio as a function
of kinetic energy per nucleon together with earlier measure-
ments [13–16] and predictions from the GALPROP and
USINE propagation models. Data from other experiments
have been extracted using Ref. [36]. As seen, the AMS
results on the D=4He and on the D=He flux ratios disagree
with the GALPROP predictions above ∼2 GeV=n and
disagree with the USINE predictions from ∼1.5 to
3.5 GeV=n and above ∼5 GeV=n. Future models may
provide alternative interpretations of our data.

Figure 2 shows the AMS D flux as a function of time for
three characteristic rigidity bins, compared with the AMS
p, 3He, and 4He fluxes. The p fluxes were extracted from
Ref. [37], with the D fluxes subtracted. As seen, all spectra
exhibit nearly identical variations with time and the relative
magnitude of the variations decreases with increasing
rigidity.
To study the differences in time variation for the D, 3He,

and 4He fluxes in detail we fit a linear relation between the
relative variations of ΦD=Φ4He and Φ3He=Φ4He and of Φ4He

for the ith rigidity bin, ðRi; Ri þ ΔRiÞ, as
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FIG. 1. The AMS D=4He flux ratio as a function of kinetic
energy per nucleon with total errors, together with previous
measurements [14–17] and the predictions of the recent propa-
gation models GALPROP [34] (blue shaded area) and USINE
[35] (green shaded area). The shaded areas show the variations of
the model predictions due to solar modulation. As seen, the AMS
results on the D=4He flux ratio disagree with the GALPROP
predictions above ∼2 GeV=n and disagree with the USINE
predictions from ∼1.5 to 3.5 GeV=n and above ∼5 GeV=n.
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curves), and p (green curves) fluxes as functions of time for three
characteristic rigidity bins. The 3He, 4He, and p fluxes have been
scaled to obtain the same time-averaged flux asD in each rigidity
bin. The errors are the quadratic sum of the statistical and time-
dependent systematic errors. As seen, in each rigidity bin the four
fluxes show a similar time behavior.
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Upgrade of particle detector - LORA
1.5 km

Existing scintillator
New scintillator
LOFAR Superterp
LOFAR Core station

1.5 km

Existing scintillator

LOFAR Superterp

We doubled the size of the triggering 
array used at LOFAR. 

Key improvements:
• Larger effective area = higher 

energy events
• Better coverage = reduction in 

detection biases
• More detectors = more advanced 

triggering algorithms
Example event
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LOFAR 2.0
• LOFAR is getting an upgrade, 

primarily to serve 
astronomical observations - 
but is also highly beneficial 
for cosmic rays!

• Key improvements: 

- continuous observations 
for all antenna sets  

- un-beamformed HBA 
antennas - much wider 
measurement range  

- increased network speed - 
access to higher trigger 
rate, low energy events
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radio antenna 30-80 MHz
two orthogonal polarizations
250 MHz sampling

plastic scintillator
120 MHz sampling

read-out electronics 

water-Cherenkov detector
120 MHz sampling

NL signature contribution:

ERC Advanced Grant   3,5 M€ 
NWO subsidy                2,5 M€

~25% of Auger Upgrade

extend mass sensitivity to inclined showers  ✓ > 60�

Key science questions
•What are the sources and acceleration mechanisms of 
ultra-high-energy cosmic rays (UHECRs)? 

•Do we understand particle acceleration and physics at 
energies well beyond the LHC (Large Hadron Collider) 
scale? 

•What is the fraction of protons, photons, and neutrinos 
in cosmic rays at the highest energies? 

Upgrade of the Pierre Auger Observatory

completed end of 2024!
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Radio Detector of the Pierre Auger Observatory

• close to ideal p-Fe separation

• increasing measurements of e/m 
and µ components for inclined 
showers by an order of magnitude

extend mass sensitivity to inclined showers  ✓ > 60�
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Radio Detector of the Pierre Auger Observatory
extend mass sensitivity to inclined showers  ✓ > 60�

next 10 years:

- precise mass/type measurement of CRs

- isolate high-rigidity particles  
—> charged-particle astronomy

- measure 1st UHE neutrino

- measure 1st UHE gamma ray
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1.5 km
Detector Array

Beacon Transmitter (3x4)  
from this project

Communication  
Tower (4x)

Deliverables:

Synchronisation system (~1ns) 

 Localisation survey ( < 30cm)

(not to scale)

Basic idea: add the capabilities to perform 
interferometry to the 3000 km2 array 
 
This will enable for very horizontal air showers the 
determination of depth of shower maximum (Xmax)

Cosmic ray composition at the 
highest energies

Air shower physics (studying 
energetic muons)

Interferometry at the Pierre Auger Observatory 
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The Square Kilometer Array - SKA
Pierre Auger Observatory —> large detection area  
LOFAR/SKA —> high antenna density

LOFAR/SKA/IFT meeting at KIT, June 20252

LOFAR/SKA/IFT meeting at KIT, June 20253

precision measurement of air showers in transition region
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The Square Kilometer Array - SKA
Pierre Auger Observatory —> large detection area  
LOFAR/SKA —> high antenna density

precision measurement of air showers in transition region

cosmic ray

leading particle
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Layered Water Cherenkov Detectors for 
Next Generation Air-Shower Arrays

Benjamin Flaggs1, 2, Ioana Mariş2
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2 Université Libre de Bruxelles, Belgium 

Layered water Cherenkov detectors are 
a proposed detector for next generation 

air-shower arrays that can separate 
electromagnetic and muonic signals on 

an event-by-event basis [1], [2].

γ
e+/-

μ+/-

1.2 m

0.4 m

0.8 m

Obtaining Electromagnetic and Muonic Signals

a + b → from simulations, depend on detector specifics
Stop + Sbot → from calibrated PMT signals

Analysis Goal: Obtain calibrated Stop and Sbot
Can then invert matrix to obtain SEM and Sμ

Determination of Matrix Coefficients (a + b)

From simulations: 
a + b are 

independent of 
air-shower 
properties

Depend on 
detector 
geometry

Prototype Detectors at the Pierre Auger Observatory
Two prototype layered water Cherenkov detectors were 
deployed at the Pierre Auger Observatory in Malargüe, 
Argentina in 2014 and have since been stably recording data.

The prototypes are modified Auger water Cherenkov detectors 
with a separation layer 80 cm from the bottom of the tank and a 
single additional PMT in the bottom layer.

Bottom PMT Calibration

PMT calibration: 
Converting the PMT signal 
in FADC counts to units of 
a Vertical Equivalent 
Muon.

The peak position of the 
“muon hump” is obtained 
from a Gaussian fit, and 
used as the calibration 
constant.

Q / FADC counts

C
ou

nt
s

Q = 135.3 ± 0.7
χ2 / DoF = 1.18

Conclusions and Outlook

Calibration of the bottom PMTs show stable functioning of the bottom layer of the detector.
The muon hump of the top PMTs is swallowed by the electromagnetic contribution.

Outlook: Develop more advanced methods to extract the calibration constants of the top 
PMTs from the shape of the muon signals and coincidence calibration histograms with the 

bottom PMT.
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preparing for the next-generation observatory after 2035
The Global Cosmic Ray Observatory - GCOS

Could we extend Auger to build a 
1st GCOS (R&D) site?
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Figure 1: Expected exposures of GCOS and exisiting air shower arrays as function of time. Adapted from [21].

stations that sample the density of electromagnetic particles (electron, positrons, photons) and
muons on the ground. The energy and mass scale of this array will be set by a fluorescence
detector (FD) and/or a radio detector (RD).

We aim at a threshold for 100% trigger efficiency at 10 EeV above which the end of the
UHECR spectrum can be studied, including the instep feature, the flux suppression and po-
tentially a flux recovery at extremely high energies. At this threshold energy, most events will
be measured with just the minimum number of three particle detector stations. The energy
threshold for high-quality data is at 30 EeV and above, where a at least a 5-fold coincidence of
particle detectors will be triggered by an air shower. Above this energy, we aim at an energy
resolution of better than 10% per event, a muon number resolution for mass measurements of
better than 10% and an Xmax resolution of better than 30 g/cm². The angular resolution for the
direction of cosmic rays will be better than 1�.

2.2 Particle Detector IM

• layered water Cherenkov detectors
• emag. and muonic EAS component
• detector spacing: 2.2 km
• number of stations: 18 000
• sS: 10%, sNµ : 10%, sXmax : 30 g/cm2

Particle Detector Design
To cover the required area of GCOS with a
minimal number of particle detector stations,
we envisage a detector spacing of 2.2 km.
spacing vs resolution (variable spacing, ...): �
1.5km, less than 2.2 km
partial efficiency at lower energies ! zenith
angle cuts
type of detectors: LCD (+ variations)?
need vertical separation?
placing triangular/square grid
size of wcd
one piece (legal limits with respect to maximum dimensions on roads)
transport pieces and mount on site, water contained in liner ! one could build larger wcds (no
limits any more by road regulations).

4

GCOS white paper  
arXiv:2502.05657

https://arxiv.org/abs/2502.05657


Jörg R. Hörandel - APP29, Soesterberg, 12-13 June 2025 21

AMS

NL Cosmic-Ray landscape

LOFAR CR
Pierre Auger 
Observatory

GRAND
⌫

energy

tim
e

LOFAR 2.0 Upgrade

Layered Water Cherenkov Detectors for 
Next Generation Air-Shower Arrays

Benjamin Flaggs1, 2, Ioana Mariş2

1 Bartol Research Institute, University of Delaware, USA
2 Université Libre de Bruxelles, Belgium 

Layered water Cherenkov detectors are 
a proposed detector for next generation 

air-shower arrays that can separate 
electromagnetic and muonic signals on 

an event-by-event basis [1], [2].

γ
e+/-

μ+/-

1.2 m

0.4 m

0.8 m

Obtaining Electromagnetic and Muonic Signals

a + b → from simulations, depend on detector specifics
Stop + Sbot → from calibrated PMT signals

Analysis Goal: Obtain calibrated Stop and Sbot
Can then invert matrix to obtain SEM and Sμ

Determination of Matrix Coefficients (a + b)

From simulations: 
a + b are 

independent of 
air-shower 
properties

Depend on 
detector 
geometry

Prototype Detectors at the Pierre Auger Observatory
Two prototype layered water Cherenkov detectors were 
deployed at the Pierre Auger Observatory in Malargüe, 
Argentina in 2014 and have since been stably recording data.

The prototypes are modified Auger water Cherenkov detectors 
with a separation layer 80 cm from the bottom of the tank and a 
single additional PMT in the bottom layer.

Bottom PMT Calibration

PMT calibration: 
Converting the PMT signal 
in FADC counts to units of 
a Vertical Equivalent 
Muon.

The peak position of the 
“muon hump” is obtained 
from a Gaussian fit, and 
used as the calibration 
constant.

Q / FADC counts

C
ou

nt
s

Q = 135.3 ± 0.7
χ2 / DoF = 1.18

Conclusions and Outlook

Calibration of the bottom PMTs show stable functioning of the bottom layer of the detector.
The muon hump of the top PMTs is swallowed by the electromagnetic contribution.

Outlook: Develop more advanced methods to extract the calibration constants of the top 
PMTs from the shape of the muon signals and coincidence calibration histograms with the 

bottom PMT.

References

[1] A. Letessier-Selvon et al., Nucl. Instrum.
     Meth. A 767 (2014).
[2] S. Kunwar et al., Nucl. Instrum. Meth. A
     1050 (2023).
Supported by a Fellowship of the Belgian American Educational Foundation. 
Funding for this research was provided by the United States National Science 
Foundation through NSF award #2046386.

Distance to shower core / m

GCOSSKA



Jörg R. Hörandel - APP29, Soesterberg, 12-13 June 2025 22

PoS(ARENA2024)057

GRAND: status and perspectives

Kumiko Kotera0,1,⇤ for the GRAND Collaboration
0Sorbonne Université et CNRS, UMR 7095, Institut d’Astrophysique de Paris, 98 bis bd Arago, 75014
Paris, France

1Vrĳe Universiteit Brussel (VUB), Dienst ELEM, Pleinlaan 2, B-1050, Brussels, Belgium
2Department of Physics; Department of Astronomy & Astrophysics; Center for Multimessenger
Astrophysics, Institute for Gravitation and the Cosmos, The Pennsylvania State University, University
Park, PA 16802, USA

E-mail: kotera@iap.fr

GRAND (the Giant Radio Array for Neutrino Detection) is a proposed next-generation observatory
of ultra-high-energy neutrinos, cosmic rays, and gamma rays of cosmic origin, with energies
exceeding about 100 PeV. GRAND is envisioned as a collection of large-scale ground arrays of self-
triggered radio antennas that target the radio emission from extensive air showers initiated by UHE
particles. Three prototype arrays are in operation: GRAND@Nançay in France, GRAND@Auger
in Argentina, and GRANDProto300 in China. They test the detection principle and technology of
GRAND, in preparation for its next phase, consisting of two arrays of 10’000 antennas each, in
the Northern and Southern hemispheres, to be deployed from 2030 on. We present the concept of
GRAND, its science goals, the status of the prototypes, their first measurements, and the technical
and scientific perspectives that these measurements open for the field.
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Figure 1: Left: Projected 10-year sensitivities of GRAND and other projects (differential and integrated
over an ⇢�2 spectrum, with ⇢ the neutrino energy). Overlayed are predicted diffuse neutrino fluxes from
astrophysical sources [5, 6] (purple), of cosmogenic origin: standard (light gray band) and pessimistic (dark
gray band) parameters [7] and a theoretical extension to UHE energies of the measured IceCube flux, as well
as upper limits on UHE neutrinos from IceCube and Auger. Right: GRAND instantaneous sensitivity over
all declinations, assuming that the source is in the field of view in terms of right ascension, for 200k antennas
deployed in a single location, are compared with the fluence of 100 stacked short GRBs or binary neutron
star mergers within 100 Gpc [8] (red solid line). The same quantity is indicated for RNO-G and BEACON
100 stations (adapted from [9]).

1.3 GRAND technical challenges

Due to its large scale, GRAND faces several technical challenges that are being addressed,
experimented and tested with our prototypes.

Low-complexity, robust, and low-cost detection units have to be designed and produced. The
system needs to integrate an adequate shielding system to prevent electronics noise and be robust
to extreme desert environments. The units have to be conceived for deployment in series. See [10].

Autonomous radio-detection, i.e., identifying air-shower signals with radio antennas alone, will
enable cost-efficient detection over large areas. It is a major challenge due to the ubiquitous radio
background, necessitating an important rejection efficiency. The development of dedicated data
acquisition (DAQ) electronics is required at antenna level, to enable high sampling rate (⇠ kHz) and
self-triggering. Furthermore, signal identification methods are being developed, based on previous
studies on time traces, amplitude, and polarization patterns at ground, and experimental efforts in
TREND [11]. These methods are being refined, and novel ideas and sophisticated data treatments
(adaptative filtering, machine learning, etc.) are being developed [12, 13]. See [14, 15]).

Data volume and transfer: low rate and low power consumption. In its current design, GRAND
will have to manage huge data volumes (⇠ 10 kBy/trigger). For the GRANDProto300 protype,
the nominal trigger rates are: 1 kHz for a basic threshold level (L1), and 10 Hz for the CPU-based
computation using template fitting or machine learning techniques (L2), at detection unit. The goal
of the next phase of GRAND is to reduce these rates down to 100 Hz for L1 and 1 Hz for L2. Offline
treatments demonstrate that the relevant information to identify an event from the background can

3
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This layout option was decided in order to have the most58

dense array possible so that the probability of detection of less59

energetic and less inclined events is maximized. Also, its posi-60

tion with respect to the roads allows for easy access, which fa-61

cilitates further modification and maintenance of the DUs. As62

mentioned, the array location is optimal to search for coinci-63

dent events with all three of Auger’s detector types (surface,64

fluorescence and radio).65

3. Setup of a GRAND Detector Unit66

The original AERA setup (2) was modified slightly to re-67

semble the GRAND configuration. In particular, the vertical68

pole was extended by fitting a hollow aluminum tube inside69

the existing pole, thus raising the antenna to an altitude of 3 m.70

The antenna itself consists of 5 arms, namely two dipoles in the71

North-South and East-West directions as well as a monopole in72

the Z-direction. The exact dimensions and characteristics are73

discussed in reference (3). The result of this conversion can be74

seen in Figure 2.75
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head is connected to a sleeve on the top of the pole, which is kept in place with
a bolt. Right: Image of one of the converted antennas (DU 69).

The nut of the antenna contains three Low Noise Amplifiers76

(LNA), as shown in Figure 3. To prevent water damage, the77

nut was sealed with an additional layer of silicone and a trans-78

parent lacquer coating was applied to the LNA boards. In the79

layout of the LNA, care was taken that the path lengths for all80

input channels were exactly the same. The signals from each81

polarization direction (x,y,z) are amplified by about �33 dB, as82

shown in Figure 4. Power is provided to the LNA by a coax-83

ial cable that also functions to transport the signals to the main84

electronics board.85

The prototype GRAND-electronics board, shown in Figure86

5, combines several functionalities. The analog signals are87

shaped through a 5th order elliptical 30-200 MHz bandpass-88

filter. Its response is seen in Figure 6. In addition, the analog89

Figure 3: Picture of the LNA-board. In the nut a teflon? cover holds the antenna
arms and connects these to the board.
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Figure 4: Response of the Low noise amplifier as a function of frequency.

chain supplies power to the front-end LNAs through a bias-T.90

The analog chain also contains an variable amplifier whose set-91

ting is controlled by the digital part of the board. The gain can92

vary between -10 and +20 dB. For GRAND@Auger a gain of93

0 dB is used whereas this same board amplifies the incoming94

signals in GRANDProto300 (3), using a di�erent type of LNA,95

with 20 dB.96

The GRAND-electronics boards digitizes the signals af-97

ter passing the analog chain. The digitization uses a 14-98

bit 500 MHz analog to digital converter (Analog Devices,99

AD9694) in a di�erential mode with a maximum input voltage100

level of 1.8 V. This setting allows to measure the background101

noise at around 30 ADC-counts, leaving a dynamic range of102

about 9 e�ective bits. This compromise allows the Collabora-103

tion to use the variations in the galactic background as a moni-104

toring and calibration tool.105

The digital signals are moved into a System on a Chip (SoC)106

(Xilinx, Zynq Ultrascale+, XCZU5CG-1FBVB900E) consist-107

ing of a Field Programmable Gate Array (FPGA) combined108

with hardcore Central Processing Units (CPUs). The SoC per-109

forms tasks such as event triggering, event building, commu-110

nication and bu�ering. These tasks are divided into tasks per-111

formed by the Firmware that runs on the FPGA, and tasks per-112

formed by the software, running inside the CPU.113

The Firmware continually retrieves the digital data from the114

FPGA, and can be configured to digitally shape this signal. A115

total of 4 notch filters can be applied to the data of each channel,116

and dynamic baseline subtraction is available. It is possible to117

2

3 Instrument overview

GP13 have one central station and 13 identical detector units (DU). Radio signals between 50-200MHz
are sampled in local DUs if they meet first level trigger conditions, and then those traces from several
DUs will be transferred to the central station for coincidence analysis by WiFi.

Figure 5: The detector unit (left) and the central station (right).The background photos was took in
Dunhuang GP13 site.

3.1 Detector Unit

As shown in figure 5 left part, each DU have several di�erent part. Including RF antenna and low
noise amplifier part on the top of the pole. Radio signals from X/Y/Z channels was transtered to front
end board (FEB) through 3 cables which were hided in the pole. GPS system gave time stamps for
radio signals. The power was porveied by solar panel and battery. Signals data from FEB will be send
to central station via wifi system. More over, beneath the LNA nut mounted a environment sensor
that can provide air temperature, air pressure, pole header accelerations for monitoring and advanced
analysis.

The data acquisition chain in hardware composed of two parts. The first part fixed at the top of
the pole includes five arms, nut, balun, matching networks and low noise amplifier. The rest of the
circuits, including filters, dynamic gain control and ADC sampling, are located inside the front end
board (FEB) box.

3.1.1 RF antenna

As shown in figure 6, we employ two symmetric dipoles to o�er the horizontal polarization receiving
capability for the east-west and north-south directions. Meanwhile a monopole antenna is used in the
vertical direction for vertical polarization signal receiving. Compare to dipole, monopole benefits the
mechanical design by simplify the support and insulation structural. The size of dipole is modified
from 0.86m in the first version to 1.365m in the second version, which make it obtain better matching
within working frequency band. The desired working frequency range from 50 to 200MHz. But as
well known, the impedance of the dipole and monopole can not match with the 50 Ohm impedance
of LNA in such a wide frequency band, even though a balun with ratio of 2:1 is already employed to
modify their input impedance to a larger value. Here, we design a 4 order LC matching network, as
shown in 7 based on a optimization method called Real frequency method[]; Thanks to its strategy
of take the measurement input impedance data as the matching target, this method can principally
take all possible influence, such as refection of ground, to the impedance into consideration. From the
measurement results of VSWR shown in 8 we can see that within most of the frequency range, the
VSWR is less than 3, which result in a high e�cient of receiving.

9 shows the typical radiation pattern for horizontal and vertical polarization. In low frequency,
the radiation pattern is like a ‘donut’ pattern, while in high frequency it will split into a multi-beam

5

Figure 2: GRAND@Auger (left) and GP300 (right) prototype detection units.

(traces recorded in Analog to Digital Convertor – ADC – units, with 500 M Samples/s, over 14
bits, with FPGA and 4 CPUs) is identical for the 2 set-ups. The trigger algorithm (unbiased trigger,
ten second samples, 20 Hz mode) and the data format are also common. Two different firmware
versions are implemented to test transient triggering.

In terms of robustness to the environment, in Malargüe, the detection units had to face humidity
and noise level issues, and accommodate constraints due to the mechanical structure in place, and
the low-power consumption necessities. In XiaoDushan, temperature fluctuations led to component
overheating.

2.2 First measurements and sets of reconstructed events

The 10 detection units of GRAND@Auger and the 13 units at GP300 have been taking data
routinely since November 2023. Preliminary measurements of the power spectrum density indicates
a clean continuous background at GP300. At GRAND@Auger, most of the peaks observed in the
spectrum are of identified human origin (Fig. 3, left). On both set-ups, coincident transients between
different channels (antenna arms) and different detection units have been observed, either with online
(GRAND@Auger) or with offline (GP300) searches (Fig. 3, right). On both prototypes, hardware
tests on long-term stability, self-made noise control, LNA optimization, as well as firmware tests
with trigger and measurements of transient rates are being performed.

First source reconstructions have been performed on GRAND@Auger with online triggered
coincident events (L1 trigger at detection unit level, and L3 trigger at central DAQ) and on GP300
with offline coincident searches (after L1 trigger at the detection unit). At GP300, the direction of
the beacon (a 70 MHz sine wave emitter), installed for calibration, was successfully reconstructed
with an analytical Plane Wave Front (PWF) model [19] and a Spherical Wave Front (SWF) model
[11], with standard deviation of 10 m on Northing and Westing, for a source located at 300 m. More
details on this procedure can be found in [10]. The excellent position reconstruction is enabled by
a timing precision of order 6 ns on average over ⇠ 15 min data collection.

At GRAND@Auger, 3 independent analyses (analytic PWF [19], Minuit PWF/SWF, TREND
SWF [11]) consistently converge towards sources located in the direction of 2 villages nearby the
site (Fig. 4, left). The events are based on online coincident searches (L3) between 3 to 7 detection

5

prototypes at 
Auger    &    China
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Figure 3: Left: Power spectrum density measured with the GRAND@Auger prototype, along the 3 antenna
direction channels, in arbitrary units. Labels indicate the identified peak sources. Right: Triggered ADC
traces for a time-coincident event detected online with GRAND@Auger on 5 detection units (identities
indicated by the labels). For similar plots for GP300, see [10].

Figure 4: First sets of reconstructed events with GP300 (offline coincidence search) and GRAND@Auger
(online coincidence search at central DAQ, L3 trigger). Left: Reconstructed Northing and Westing positions
of the beacon installed at GP300, with a SWF model (171 events reconstructed over 173 pulses emitted in
the search time window of 10 minutes), with 10 m standard deviation. Right: Example of identified plane
track over GRAND@Auger (TAM8133 from Santiago to Saõ Paulo) reconstructed with the analytical PWF
method [19]. The color bar indicate the times relative to the registered trigger time stamp. See also [10]).

units. Several plane tracks have also been identified, with time stamp correspondence to actual
flights (Fig. 4, right). These events are being further analyzed to calculate transient detection rates
and timing precision.

3. Collaboration tools

The GRAND Collaboration has been developing various tools to be ready to analyze the
mid-scale prototype (80 antenna) phase of GP300, from 2025.

Data flow and monitoring. All GRAND raw data and simulations from ZHAiReS and CoREAS
microscopic codes are converted into GRAND ROOT format, and stored at the CC-IN2P3 data
center in Lyon. All runs and data files are logged in a database, and an online monitoring system
enables the vizualisation of various features of the detection units and global set-ups at GP300 and
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Figure 3: Left: Power spectrum density measured with the GRAND@Auger prototype, along the 3 antenna
direction channels, in arbitrary units. Labels indicate the identified peak sources. Right: Triggered ADC
traces for a time-coincident event detected online with GRAND@Auger on 5 detection units (identities
indicated by the labels). For similar plots for GP300, see [10].

Figure 4: First sets of reconstructed events with GP300 (offline coincidence search) and GRAND@Auger
(online coincidence search at central DAQ, L3 trigger). Left: Reconstructed Northing and Westing positions
of the beacon installed at GP300, with a SWF model (171 events reconstructed over 173 pulses emitted in
the search time window of 10 minutes), with 10 m standard deviation. Right: Example of identified plane
track over GRAND@Auger (TAM8133 from Santiago to Saõ Paulo) reconstructed with the analytical PWF
method [19]. The color bar indicate the times relative to the registered trigger time stamp. See also [10]).
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Layered water Cherenkov detectors are 
a proposed detector for next generation 

air-shower arrays that can separate 
electromagnetic and muonic signals on 

an event-by-event basis [1], [2].
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Obtaining Electromagnetic and Muonic Signals

a + b → from simulations, depend on detector specifics
Stop + Sbot → from calibrated PMT signals

Analysis Goal: Obtain calibrated Stop and Sbot
Can then invert matrix to obtain SEM and Sμ

Determination of Matrix Coefficients (a + b)

From simulations: 
a + b are 

independent of 
air-shower 
properties

Depend on 
detector 
geometry

Prototype Detectors at the Pierre Auger Observatory
Two prototype layered water Cherenkov detectors were 
deployed at the Pierre Auger Observatory in Malargüe, 
Argentina in 2014 and have since been stably recording data.

The prototypes are modified Auger water Cherenkov detectors 
with a separation layer 80 cm from the bottom of the tank and a 
single additional PMT in the bottom layer.

Bottom PMT Calibration

PMT calibration: 
Converting the PMT signal 
in FADC counts to units of 
a Vertical Equivalent 
Muon.

The peak position of the 
“muon hump” is obtained 
from a Gaussian fit, and 
used as the calibration 
constant.

Q / FADC counts

C
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s

Q = 135.3 ± 0.7
χ2 / DoF = 1.18

Conclusions and Outlook

Calibration of the bottom PMTs show stable functioning of the bottom layer of the detector.
The muon hump of the top PMTs is swallowed by the electromagnetic contribution.

Outlook: Develop more advanced methods to extract the calibration constants of the top 
PMTs from the shape of the muon signals and coincidence calibration histograms with the 

bottom PMT.
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Figure 1: The expected sensitivity of the full RNO-G instrument after 5 years of operating 35 stations,
shown for a variety of trigger configurations, from [6]. Also included are limits from other radio experiments,
IceCube, and Auger [7–12]. Various potential neutrino fluxes are also shown in grey and black, representing
both optimistic and pessimistic flux models that could be confirmed or ruled out by future experiments.

1. Introduction

Neutrinos above 10 PeV are expected to be created in some of the most energetic accelerators
in the Universe [1–3], yet no experiment on Earth has yet detected them. These messenger particles
carry important information about the physical processes that define astrophysical objects as well as
the particle physics that describes the highest known energies [4]. Current neutrino observatories
like IceCube are optimized for lower energy neutrinos up to a few PeV [5]; a larger detector is
necessary to probe the ultra high energy (> 1 EeV) regime.

To address this, Radio Neutrino Observatory in Greenland (RNO-G) is currently under devel-
opment at Summit Station, Greenland [6, 13]. Designed to detect the radio emission created when
an ultra high energy neutrino interacts with glacial ice [14], RNO-G can monitor many square kilo-
meters of detector area with relatively little instrumentation. When fully built, RNO-G is expected
to reach the sensitivity shown in Figure 1. However, there are also unique challenges to building a
neutrino detector on this scale in an environment that is dependent on natural ice and susceptible to
a variety of backgrounds.

In this contribution, we will describe the current progress in constructing RNO-G, including
our design choices, instrument status, and some preliminary calibration data. We will also talk
about our timeline for future work and how we hope to transform from a small-scale prototype to a
full-scale neutrino observatory in the coming years.
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Figure 2: Left: a close up of a single RNO-G station, with the different types of antennas identified. Right:
A bird’s-eye view of the entire RNO-G instrument, located next to the Big House of Summit Station. Each
station is named after an animal in native Greenlandic.

2. The RNO-G Instrument

A view of the planned RNO-G instrument is shown in Figure 2 from above. With 35 planned
independent stations, each spaced out from the next by approximately 1.5 km, RNO-G is capable of
observing O(50) square kilometers of ice. Each station acts independently and is set up to trigger at
a rate of approximately 1 Hz, determined by local limitations on data transfer speeds. It is expected
that most neutrino events will only trigger one station, although some fraction of events could be
detected by multiple stations.

The view of a single RNO-G station is also shown in Figure 2. Each station consists of
three strings of antennas buried to a depth of 100 m. The first string, called the power string,
includes the main triggering array of four vertically-polarized antennas, two horizontally-polarized
antennas for enhanced reconstruction, and additional vertically-polarized antennas at staggered
depths throughout the hole. The two helper strings have antennas at the deepest part of the hole
for reconstruction and a local radio pulser for calibration and station monitoring. At the surface,
nine LPDA antennas are deployed in various directions to monitor the surface backgrounds, act as
a veto, and provide minimal neutrino effective volume.

An RNO-G station is designed for a phased array trigger, in which signals from the four deepest
antennas on the power string can be added and summed prior to the trigger logic being applied.
This allows signals with a lower signal-to-noise (SNR) value to trigger more easily, as the signal
can add across multiple channels when a plane wave signal is assumed. The early RNO-G stations
have been deployed with a simple power-sum trigger, while development on a phased array trigger
is ongoing.
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Figure 8: Left: the reconstruction of the local Radiosonde weather balloon, compared to the true recon-
struction from the GPS file. Right: a set of reconstructed airplane events seen by five of the seven RNO-G
stations.

by RNO-G stations up until this point, and briefly discuss the current strategy for calibrating the
instrument.

In Figure 7, we see an example of a local calibration pulser as seen by the vertically-polarized
antennas deployed in the holes. This signal in particular was taken while the local calibration pulser
was being dropped into the hole; the calibration pulser itself is located just above channel 9 and
channel 10, which explains the near-field behavior of those waveforms. Because data was taken
over the course of the pulser drop, this dataset could be especially powerful in understanding the
position of the antennas as well as the local ice model. This analysis is ongoing.

In Figure 8, we see two additional examples of calibration sources, this time outside of the
local RNO-G environment. On the left is the reconstruction of the Radiosonde weather balloon,
which is launched locally from Summit Station twice daily and emits its data back to the station
at a frequency of 405 MHz. This continuous wave signal is visible for flight paths that cross over
the RNO-G stations and appears at a single frequency in the middle of our band. By making some
assumptions about the location of the RNO-G antennas and the ice model, the approximate location
of the balloon can be compared to the true location from the GPS file. While this method currently
carries forward some significant error bars, this could be used as an important check of calibration
success in the future as the unknowns shrink.

On the right hand side of Figure 8, events from each of five stations are reconstructed that
correspond to an airplane flying across the array. Using a local ADS-B receiver, the true location of
the plane at a given time can be compared to the locations reconstructed from each of the RNO-G
stations that had a visible line of sight to the airplane. More analysis is underway to determine how
frequent these airplane events are, and currently it is unclear what mechanism on the airplane is
causing radio emission in the 200-800 MHz band.

Future calibration of an RNO-G station could potentially include signals from each of these
sources. We are particularly interested in calibrating the position of the antennas relative to their
surveyed positions, as well as the index of refraction of the local ice as a function of depth.
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Prototype Detectors at the Pierre Auger Observatory
Two prototype layered water Cherenkov detectors were 
deployed at the Pierre Auger Observatory in Malargüe, 
Argentina in 2014 and have since been stably recording data.

The prototypes are modified Auger water Cherenkov detectors 
with a separation layer 80 cm from the bottom of the tank and a 
single additional PMT in the bottom layer.
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PMT calibration: 
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Conclusions and Outlook

Calibration of the bottom PMTs show stable functioning of the bottom layer of the detector.
The muon hump of the top PMTs is swallowed by the electromagnetic contribution.

Outlook: Develop more advanced methods to extract the calibration constants of the top 
PMTs from the shape of the muon signals and coincidence calibration histograms with the 
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