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Abstract LOPES, the LOFAR prototype station, was an
antenna array for cosmic-ray air showers operating from
2003 to 2013 within the KASCADE-Grande experiment.
Meanwhile, the analysis is finished and the data of air-shower
events measured by LOPES are available with open access in
the KASCADE Cosmic Ray Data Center (KCDC). This arti-
cle intends to provide a summary of the achievements, results,
and lessons learned from LOPES. By digital, interferometric
beamforming the detection of air showers became possible
in the radio-loud environment of the Karlsruhe Institute of

2 e-mail: katrin.link @kit.edu

b e-mail: frank.schroeder@kit.edu (corresponding author)

Technology (KIT). As a prototype experiment, LOPES tested
several antenna types, array configurations and calibration
techniques, and pioneered analysis methods for the recon-
struction of the most important shower parameters, i.e., the
arrival direction, the energy, and mass-dependent observables
such as the position of the shower maximum. In addition to
areview and update of previously published results, we also
present new results based on end-to-end simulations includ-
ing all known instrumental properties. For this, we applied
the detector response to radio signals simulated with the
CoREAS extension of CORSIKA, and analyzed them in the
same way as measured data. Thus, we were able to study the
detector performance more accurately than before, including

@ Springer
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some previously inaccessible features such as the impact of
noise on the interferometric cross-correlation beam. These
results led to several improvements, which are documented
in this paper and can provide useful input for the design of
future cosmic-ray experiments based on the digital radio-
detection technique.

1 Introduction

What is the potential of the digital radio detection technique
for high-energy astroparticle physics? To answer this ques-
tion, LOPES (the LOFAR PrototypE Station) was deployed
in the early 2000s and operated for about one decade. Mean-
while the experiment is concluded and data analysis finished.
Therefore, it is time to summarize: What is the answer to the
original question? What has been achieved? What else have
we learned, what new questions emerged, and how is the field
continuing?

Thanks to prototype experiments such as LOPES, digital
radio detection has been established as an additional tech-
nique for the measurement of cosmic-ray air showers. First
measurements of the radio emission were performed with
analog detectors more than fifty years ago [1-3]. However,
their accuracy for the cosmic-ray energy and the position of
the shower maximum was limited by the analog technology
used and by the incomplete theoretical understanding of the
radio emission of air showers. Nevertheless, the community
maintained a certain level of interest in the technique and
continued experimental efforts regarding the radio detection
of air showers [4,5]. A technical breakthrough was achieved
in the 2000’s with the digital antenna arrays LOPES [6] and
CODALEMA [7] because the digitally saved data enabled
sophisticated post-processing and computing-extensive anal-
yses of the measurements. In parallel, progress was made on
a variety of simulation and calculation tools [8—11], whose
latest generations are generally able to reproduce measured
radio signals. Together with the second generation of digital
antenna arrays such as AERA [12], LOFAR [13], TREND
[14], and Tunka-Rex [15], the measurements of LOPES and
CODALEMA were critical to improve the understanding of
the emission processes, in particular by comparing the mea-
sured radio signals with the predictions of Monte Carlo sim-
ulations of extensive air showers and to the data of the co-
located particle detector arrays.

Because LOPES was triggered by the co-located particle-
detector array KASCADE-Grande, a comparison of radio
and particle measurements of the same air showers demon-
strated that radio detection provides an accuracy for the
shower direction [16] and energy [17] approximately equal to
that of the particle-detector array. As prototype station in the
radio-loud environment of the Karlsruhe Institute of Tech-
nology, the precision of LOPES was, however, limited [17].

@ Springer

With improved methods and at more radio-quiet sites, the
successor arrays LOFAR in the Netherlands [18], the Auger
Engineering Radio Array (AERA) of the Pierre Auger Obser-
vatory in Argentina [19], and Tunka-Rex in Siberia [20] have
meanwhile achieved an accuracy comparable to the leading
optical techniques for air showers even for the position of the
shower maximum.

In general, radio detection combines several advantages
of the classical detection techniques for air showers. Like the
air-fluorescence and air-Cherenkov light of air showers, also
the radio emission depends on the relatively well-understood
electromagnetic shower component, i.e., the radio signal has
an intrinsic sensitivity to the energy of the electromagnetic
component and the position of the shower maximum. The
radio technique is not restricted to clear nights, but works
under almost any weather conditions. LOPES showed that
only thunderclouds directly over the antenna array have
a significant impact on the radio signal [21], which low-
ers the available measurement time by only a few percent.
Radio detectors share their advantage of availability around
the clock with the classical technique of secondary-particle
detection at the ground. Thus, antennas arrays are the ideal
companion to particle detectors, in particular to muon detec-
tors that yield complementary information to the electro-
magnetic shower component measured via the radio signal.
Moreover, as it was done at LOPES, a particle detector array
can provide a trigger to the radio antennas, which facilitates
the discrimination of air-shower radio signal against back-
ground.

Digital radio experiments [22-24] also revealed some
complications of the radio technique: due to the interplay
of two different emission mechanisms, the radio footprint on
ground has a two-dimensional, asymmetric shape. The two
proven emission mechanisms are the geomagnetic deflection
of the electrons and positrons [25,26], which is the domi-
nant effect for most air-shower geometries, and the weaker
Askaryan effect, i.e., radio emission due to the variation of
the net charge of the shower front during the shower develop-
ment [27]. Several radio arrays in radio-quiet environments
have experimentally confirmed the coexistence of these two
emission mechanisms [28-30]. At LOPES, this complica-
tion was neglected against the typical measurement uncer-
tainties, i.e., the LOPES measurements were interpreted as
if the radio emission were purely geomagnetic. The result-
ing inaccuracy was small compared to other uncertainties,
e.g., resulting from the high radio background at the site.
Another complication of the radio technique regards self-
triggering, which turned out to be possible, but difficult,
and is unnecessary when radio arrays are operated as exten-
sion to particle-detector arrays. Finally, we learned that fully
efficient detection for all arrival directions requires a rela-
tively dense antenna spacing below 100 m, but sparse arrays
with kilometer-wide spacing still qualify for the detection of
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inclined air showers. Despite these complications, the prin-
ciple advantage of a precise all-day sensitivity to the elec-
tromagnetic shower component make the radio technique a
suitable extension to existing particle-detector arrays, and
potentially even for stand-alone neutrino detection.

Given these prospects of the radio technique, we have
decided to provide this review of previous LOPES results
starting with a summary of the main results, followed by
a description of the LOPES setup and its various configura-
tions. The focus is on the latest results using end-to-end simu-
lations based on CoOREAS, which are published in detail in the
last Ph.D. thesis related to LOPES [31], and have partly been
shown on conferences [32-34]. We also include an overview
of lessons learned, in the hope that some mistakes might be
avoided by future radio experiments.

2 Overview of LOPES results

The following list provides a quick overview of important
results obtained by LOPES. Some of them are reviewed in
more detail in the later sections.

— LOPES was the first digital radio array which unambigu-
ously proved that the detection technique is suitable to
study air showers generated by high-energy cosmic rays
[6].

— LOPES confirmed earlier results [2] that the dominant
emission mechanism is due to the Lorentz force. The
amplitude of the radio signal is correlated with the geo-
magnetic angle [6], and the ratio of the signal of differ-
ently aligned antennas is consistent with the polarization
pattern expected by geomagnetic emission [35,36].

— Several very inclined events were detected by LOPES
[37]. The slope of the lateral distribution was observed to
become flatter with increasing shower inclination [38],
i.e., the more inclined the shower the larger the radio
footprint. This is in line with later results by ANITA [39]
and by the Auger Engineering Radio Array [40].

— Closeby thunderstorm clouds with high atmospheric
electric fields can significantly change the radio emis-
sion of air showers and can cause much higher radio-
signal amplitudes than during normal weather conditions
[21,41].

— Digital interferometry, in particular cross-correlation
beamforming, is an effective way of lowering the detec-
tion threshold and identifying air-shower pulses against
background [42].

— LOPES pioneered methods for the calibration of the
absolute amplitude using an external reference source
[43,44],1 and for the continuous calibration of the rel-

! Due to the better insight and update of the absolute calibration, numer-
ical values for amplitude measurements reported in publications prior

ative timing by a reference beacon emitting sine-wave
signals [45]. The nanosecond relative timing accuracy
was essential for digital interferometry.

— Thanks to its absolute calibration, LOPES was able to
test the radio-signal amplitudes predicted by the REAS
[46] and CoREAS [8] radio extensions of the COR-
SIKA Monte-Carlo simulation code on an absolute level.
Applying the improved amplitude calibration showed
that not REAS, but the newer CoREAS is fully com-
patible to LOPES within its measurement uncertainties
[44].

— The lateral distribution of the radio signal falls less
steeply than indicated by the historic results from the ana-
log era [2]. A Gaussian lateral distribution function [17]
describes LOPES data best, but a simple exponential LDF
turned out to be sufficient for many applications [38,47].
In the latter case, the average exponential decay constant
observed by LOPES is approximately Ryp = 180 m.

— The wavefront of the radio emission by air showers was
found to be of hyperbolic shape [48], which subsequently
was confirmed by LOFAR with more precise measure-
ments [49].

— The frequency spectrum observed with LOPES can be
described by a power law or exponential function falling
towards higher frequencies [50].

— LOPES provided an experimental proof that the radio
signal depends on the longitudinal shower development
[51], and was able to measure the depth of the shower
maximum for individual events. Although the measure-
ment uncertainties were too large for an interpretation in
terms of mass composition, LOPES showed that the lat-
eral distribution [17] and the wavefront [48] can each be
used to reconstruct the position of the shower maximum.

— Despite the high radio background at the LOPES site,
LOPES achieved a competitive accuracy of better than
20% for the energy of the primary particle and of better
than 0.5° for the arrival direction (details in this article).

3 The LOPES experiment

This section describes the technical setup of the LOPES
experiments and its data acquisition, the procedure for data
analysis and end-to-end Monte Carlo simulations reproduc-
ing measured events. The section concludes with a descrip-
tion of the data set used for the results presented in this article
and its public access via KCDC.

Footnote 1 contiued

to 2015 need to be corrected by a factor of 2.6 &= 0.2 as explained in
Ref. [44]. Apart from this change of the amplitude scale, all results
remain valid.

@ Springer
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Fig. 1 Photo of an inverted v-shape dipole antenna of the LOPES-30
setup in the KASCADE particle-detector array

3.1 Retrospective view on different experimental stages

LOPES started in 2003 by deploying ten dipole-like LOFAR
prototype antennas at the KASCADE array for cosmic-ray
air showers (Fig. 1). Triggered by the particle-detector arrays
KASCADE [52] and KASCADE-Grande [53], LOPES soon
detected the radio emission of air showers with energies
above 107 eV [6], and subsequently was extended to 30
antennas (Fig. 2). At the beginning, all LOPES antennas were
aligned in east—west direction because, due to its dominant
geomagnetic origin, the radio signal is on average strongest
in the east-west direction.

End of 2006, half of the then 30 antennas were rotated to
align them in north-south direction. The simultaneous mea-
surements of the north-south and east-west aligned antennas
provided additional evidence for the dominantly geomag-
netic nature of the radio emission [35]. Five antenna posi-
tions were equipped with both polarization directions, but
due to restrictions in the cabling infrastructure the remain-
ing ten east—west and ten north-south aligned antennas were
placed at different positions (Fig. 3). Since the radio signal
and its polarization changes significantly on the scale of the
antenna spacing (26—37 m between adjacent antennas) [54],
this special separation of differently aligned antennas turned
out to hamper a reconstruction of the signal polarization.
At LOPES, we therefore decided to analyze the east-west
and north—south aligned antennas separately. Because of the

December 2006
LOPES 30 pol

April 2003
LOPES 10

February 2005
LOPES 30

Fig. 2 Timeline of the LOPES experiment: Starting with 10 east-west
aligned antennas of the inverted v-shape dipole type (LOPES 10),
LOPES was soon extended to 30 such antennas (LOPES 30). End of
2006, half of these antennas were rotated by 90° to north-south align-

@ Springer
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Fig. 3 Map of the LOPES and KASCADE arrays: east-west aligned
antennas are marked with upward triangles, north-south aligned anten-
nas with downward triangles (i.e., stars are antenna stations equipped
with both polarizations), circles mark the positions of the tripole sta-
tions deployed in 2009/2010, and dashed triangles mark those antennas
dismantled in 2006 when deploying north-south aligned antennas

longer measurement time and the stronger signals, the event
statistics was higher for the east—west aligned antennas [38],
and most results are based on these east-west measurements —
including the new results presented in the following sections.

In the winter of 2009/2010, the configuration of LOPES
was changed again, i.e, the antennas were exchanged to ten
"tripole’ stations, each consisting of three orthogonal dipole
antennas aligned in east-west, north-south, and vertical direc-
tion [55]. This setup was operating until 2013 when the whole
KASCADE experiment was stopped and subsequently dis-
mantled. Due to a new research facility close to the LOPES
site, the background level increased substantially during the
last phase of LOPES limiting the statistics of events above
threshold. Nonetheless, statistical analyses and a few indi-
vidual events with detectable signal in all three polarization
directions again confirmed the general picture of the dom-
inant geomagnetic emission [36]. In addition to the overall

February 2010
LOPES 3D

January 2013

ment (LOPES 30 pol). Finally, all antennas were dismantled and 10
tripole antennas connected to the existing cables and DAQ infrastruc-
ture (LOPES 3D). The results presented in this article are based on data
acquired with the LOPES 30 and LOPES 30 pol setups
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increase of the background level, we noted that the back-
ground rises towards the horizon, as is expected for anthro-
pogenic radio background. Thus, no final conclusion was
drawn whether such a more expensive setup with three polar-
ization directions per station would have an advantage over
a setup with two antennas per station.

3.2 Data-acquisition system

While the setup of the antennas was changed several times
over the operation period of LOPES, the hardware of the
data-acquisition remained the same. Technical details can be
found, e.g., in reference [55] and [56], and only the main
features are described here.

The voltage measured at each antenna was continuously
digitized and stored in a ring buffer, where the digitiza-
tion of all antenna signals was synchronized by a common
clock distributed via cables. Upon receiving a trigger from
KASCADE or KASCADE-Grande, the buffers of all anten-
nas were read out and combined to one event containing the
coincident traces of all 30 antennas. Each event was stored
on disk and combined during later analysis with the coinci-
dent KASCADE or KASCADE-Grande event providing the
trigger, i.e, the radio signal measured by LOPES could be
compared directly to the particle measurements of the same
air shower.

Due to limitations of analog-to-digital converters (ADCs)
available at this time for a reasonable budget, a frequency
band of a maximum width of 40 MHz had to be selected
for LOPES. The radio signal is strongest at frequencies
below 100 MHz, because at these frequencies the wave-
lengths exceed the typical thickness of the particle front of air
showers (today we know that the signal-to-noise ratio can be
better at higher frequencies under some circumstances, and
at the Cherenkov angle the radio emission extents even up to
GHz frequencies as shown by the CROME experiment at the
same site [57]; see “Appendix H”). Taking into account the
knowledge when LOPES was built, the location of the fre-
quency band of LOPES had been chosen to 40-80 MHz as
a compromise between the Galactic background increasing
towards lower frequencies and avoiding the FM band.

The radio signals received by the LOPES antennas were
sampled in the second Nyquist domain with a nominal depth
of 12 bits at arate of 80 MHz (see Fig. 4). Analog filters in the
signal chain strongly suppressed the frequency range outside
of the nominal band of 40-80 MHz. This band was further
reduced during analysis by digital filters to an effective band
of 43—74 MHz to avoid systematic uncertainties because of
slightly different cut-off frequencies of the individual filters.
As the sampling conditions fulfill the Nyquist theorem, the
radio signal between the samples in this band could later be
retrieved by upsampling.

Table 1 Properties of the LOPES experiment

Location 49°06’N, 8°26'E

Altitude 110 m above sea level

Size Approx. 0.04 km?

Geomagnetic field B =48.4T, 0 = 25.2°

Number of antennas Up to 30

Nominal band 40-80MHz

Effective band 43-74MHz

Trigger By co-located KASCADE(-Grande)

Because the time synchronization of LOPES had glitches
causing occasional offsets up to a few samples between
antennas, we applied a dedicated method to improve the rela-
tive timing. First, the carrier signals of TV transmitters in the
measurement band were used and later a dedicated reference
beacon emitting continuous sine waves [45]. This external
reference beacon ensured that the relative timing between
different antennas was accurate to about 1 ns, which corre-
sponds to a phase error of less than 30° at 80 MHz. Together
with an accurate measurement of the antenna positions by
differential GPS this enabled the use of LOPES as a digital
interferometer.

The complete antenna array was calibrated by an exter-
nal reference source several times per year starting in 2005
[43], achieving an absolute accuracy of the measured radio
amplitude of about 16% [44]. Since the directional pattern of
the antennas was not measured, the directional gain depen-
dence of the antennas was taken from simulations which,
however, came with some deficiencies (cf. Sect. 4). Regard-
ing the phase response of the LOPES signal chain, the largest
effect was by the filters whose phase response was measured
in the laboratory and was corrected for during analysis. How-
ever, we did not need to correct for the gain of the individual
components, because LOPES features the end-to-end cali-
bration of the absolute gain by the external reference source.

In summary, the data-acquisition system of LOPES was
fully appropriate and fulfilled its purpose of providing reli-
able radio measurements of every triggered KASCADE
(-Grande) event.

3.3 Analysis pipeline

Data analysis was performed by an open-source software
"CR-Tools’ written in C++. The software as well as cali-
bration and instrumental data of LOPES were made pub-
licly accessible in a repository shared with LOFAR [58].
The LOPES software comes with different applications, e.g,
for instrumental tests, calibration measurements, and a stan-
dard analysis pipeline for cosmic-ray air showers used for the
results presented here. The individual steps of this pipeline
are described in detail in various references [31,59,60].

@ Springer
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Fig. 4 Data-acquisition system N
(DAQ) of LOPES organized in 10 x per station
three stations of 10 channels, e
each. The signal of all antennas RML (Receiver Module LOPES) :
was digitized continuously in . . |
ring buffers. After receiving an coax cable . D m/‘\&j RF A D dig.data _ | optical
external trigger, the signal of all ! 77| 40-80 MHz 1 Gbit/s transmit. |:
amp-filter 80 MSp/s i
30 antennas were read out active antenna :
simultaneously and stored on (including LNA) [ tmmmmmmmmmmmmmmmmmomm oo g
one of nine local computers. e R 3% |
Then, the data were combined to iMaster Clock Slave Clock Module
one event in a central computer Module 80 Mz 3x clock S0 MRz Sample clock
and stored on a hard disk and as ' |clock generation o distribution N
backup additionally on tape & distribution z sync signal 40 MHz digital clock
sync signal sync signal distribution  [syncsignal digital data
distribution || ——— onoptical fiber
sync signal < ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, '
trigger input veto | optical |dig.data RAM PCl |frontend
1Hzinput ) ! 2ndjinput | ) Sx1cos ] module m PC
5 MHz input time-stamp [ f— © |receiver 2GByte  [1PUS
from KASCADE  Clock Card ‘Memory Buffer (TIM—Module) 3 x per station

In the first step of the pipeline, the measurements were cor-
rected for known instrumental properties such as the phase
response of the filters, the simulated directional antenna pat-
tern, and the total absolute gain obtained from end-to-end
calibration measurements. In the second step of the pipeline,
the data quality was enhanced by upsampling and by dig-
itally removing narrow-band interferences: the frequency
spectrum measured at each antenna was obtained by a fast
Fourier transform (FFT) of the recorded traces. Narrow-band
lines in the frequency spectrum generally are of anthro-
pogenic origin. Consequently, they were suppressed. This
enhanced the signal-to-noise ratio and left the broad-band
air-shower signal almost unchanged. Three of these sup-
pressed lines in the frequency spectrum corresponded to the
sine waves emitted by the dedicated reference beacon of
LOPES [45], whose phasing was used to correct the rela-
tive timing between the individual antennas to an accuracy of
about 1 ns.

Upsampling was performed by the zero-padding method
in the frequency domain: after a Fast Fourier Transform
(FFT), zeroes were added to the frequency spectrum for the
frequencies below the nominal band, i.e., for 0-40 MHz, for
an upsampling factor of two, and also at higher frequencies
until n x 40 MHz for an upsampling factor of n > 2. Sev-
eral cross-checks, e.g., with calibration pulses, had shown
that high upsampling factors enabled a timing precision of
better than 1 ns although the original samples were 12.5 ns
apart. Generally, a higher upsampling increases the compu-
tation time for the analysis. Therefore, for each analysis the
upsampling factor was chosen such that the resulting sam-
pling did not contribute significantly to the final uncertainties,
which was given for most analyses at an upsampling factor
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of at least n = 8§, and for timing-sensitive analyses at an
upsampling factor of at least n = 16.

The interferometric method used at LOPES was cross-
correlation (CC) beamforming, which was the next step in the
pipeline: The traces of the individual antennas were shifted
according to the arrival time of the radio wavefront. This time
shift depended on the arrival direction of the signal and on
the shape of the radio wavefront. For the latter we used an
hyperboloid centered around the shower axis with a variable
angle p between the shower plane and the asymptotic cone
of the hyperboloid [48]. After the time shift of the individual
traces, the CC beam CC (¢) was calculated as the sum of all
pair-wise cross-correlations of shifted traces (details in Refs.
[42,50]):

com — SOl &
(t) = sgn(S(1)) v with (1) = Zsi (t)s (1)
b i#]

D

with N the number of antennas, N, the number of pairs (all
combinations of two different antennas), and s(¢) the time-
shifted signal in an individual antenna.

Because the CC beam features rapid oscillations, it was
smoothed by block averaging over consecutive samples over
37.5ns (i.e., n x 3 samples for an upsampling factor of n). A
Gaussian was fitted to this smoothed CC-beam trace and the
height of this Gaussian was used as measure for the ampli-
tude of the CC beam. This smoothing made the reconstruc-
tion more robust, but lowered the amplitude of the CC beam.
Therefore, the CC-beam amplitudes depend on the recon-
struction procedure and are difficult to compare to other
experiments.
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In an iterative fit procedure we searched for the maxi-
mum CC-beam amplitude by varying the cone angle p of
the wavefront and the arrival direction.” To speed up the
reconstruction procedure, we used the KASCADE(-Grande)
reconstruction as initial value for the shower axis and search
for the maximum in a range of 2.5° around this initial value.
This range is more than five times larger than the direction
accuracy of both arrays, KASCADE(-Grande) and LOPES,
and we checked that the search range was large enough to
avoid a bias due to the selection of the initial value. Hence,
the maximization procedure yielded a reconstruction of the
arrival direction as well as of the steepness of the radio wave-
front.

Using the arrival direction and cone angle found by max-
imizing the cross-correlation beam, we also form a power
beam:

p(t) =

1 N
2N 2. 2)
v Zs, (t) (

The fraction of the power and the CC-beam, the so-called
excess beam, is a measure for the coherence of the signal [62].
Assuming that the air-shower pulse is mostly coherent in the
individual antennas, incoherent contributions by background
increase the value of the power beam, but not of the CC
beam. Thus, the fraction of the total power contained in the
CC beam is one of the quality criteria applied to the data set
(cf. Sect. 3.5).

Furthermore, by the time shift of the indiviudal traces that
maximizes the CC beam, we knew the arrival time of the sig-
nal in each antenna. Thus, we could subsequently measure the
signal amplitude at each individual antenna even very close
to the noise level and without the need of applying additional
quality cuts at the level of single antennas. Then, these ampli-
tude measurements at the individual antennas were used for
further analyses.

The amplitude measurements at the individual antennas
are given in field strength per effective bandwidth, using an
effective bandwidth of LOPES of 31 MHz (this means that
values stated here need to be multiplied by 31 MHz to obtain
the field strength in yV/m in the effective band.) With some
remaining limitations (see below), these amplitudes are eas-
ier to interpret than the CC beam and were used for the final
step of the pipeline, which was the reconstruction of the lat-

2 In an earlier version of the LOPES pipeline we used a spherical wave-
front which corresponds to the approximating of a static point source.
The maximization procedure of the CC-beam was similar, varying the
arrival direction and the distance to the assumed point source (= radius
of curvature) instead of the arrival direction and the cone angle. Such
a method of searching for the point in the sky maximizing an interfer-
ometric beam was recently re-suggested in [61]. At LOPES, however,
we switched to the hyberbolic wavefront model because it describes the
measured and simulated events slightly better than a spherical wavefront
model and also enabled a more precise X a5 reconstruction [48].

eral distribution. Although an exponential lateral distribu-
tion function (LDF) features an unphysical singularity at the
shower axis, it turns out to provide a sufficient and simple
empirical description of the LOPES measurements - given
the significant uncertainties of typically 4—8 m in axis dis-
tance and atleast 5% in the individual amplitudes (much more
at typical signal-to-noise ratios [63]). Hence, an exponential
LDF with two free parameters was fitted to the amplitude, €,
over distance to the shower axis, daxis:

€(daxis) = €100 €Xp(—1(daxis — 100m)) 3

where the amplitude at 100 m axis distance, €1¢p, is a good
energy estimator, and the slope parameter 7 is sensitive to
the longitudinal shower development [51], as was predicted
on the basis of simulations [64].

The lateral distribution was even better described by a
Gaussian LDF which contains an additional free parame-
ter. We used the Gaussian LDF for the reconstruction of the
energy and the position of the shower maximum [17]. How-
ever, for the energy precision, the Gaussian LDF provided
no significant improvement compared to the simpler expo-
nential LDF [31]. We therefore use the simpler exponential
LDF (Eq. 3) for the analysis presented here.

3.4 End-to-end simulations

The latest feature implemented in the analysis software is the
treatment of air-shower simulations in the same way as mea-
sured data. The radio signal of air-showers was calculated
by the CoREAS extension of the CORSIKA Monte Carlo
code [8]. Afterwards, all known instrumental effects were
applied on simulated electric-field vectors at each antenna
position, in particular the gain pattern of the antennas, the
amplitude and phase characteristics of the signal chain, and
the quantization of the signal implied by the resolution of
the 12-bit ADC. The simulated signals were stored as traces
with the LOPES sampling rate of 80 MHz in the same data
format as real events (see Fig. 5 for a typical example event).
Subsequently, the simulations were analyzed using the same
standard analysis pipeline as for the measurements.

Optionally measured noise was added to the simulated
events. For this purpose, we used real background mea-
sured by the LOPES antennas. Thus, the performance of the
LOPES experiment could be assessed using these end-to-end
simulations. In particular the cross-correlation beamforming
was studied with the simulations, and the measurements of
the hard to interpret CC beam were compared quantitatively
to the predictions of the COREAS simulations.

With the new end-to-end simulations, we were able to
check the effect of a simplification made when comparing
REAS and CoREAS simulations to LOPES measurements in
earlier publications [38]: when processing the simulations,
we simply filtered the east-west and north-south polariza-
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Fig. 5 Example event measured by LOPES and simulated with
CoREAS using the KASCADE-Grande reconstruction as input: energy
E = 3.4 x 10! eV, azimuth ¢ = 8.6°, zenith 0 = 44.1°. This event is
a best case example with high signal-to-noise ratio. Therefore, the sig-
nal is easily visible in all antennas. Left: LOPES measurement. Right:
CoREAS end-to-end simulation including the detector response. Top:
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smoothing. Bottom: Lateral distribution of the maximum instantaneous
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(figure from Ref. [34])
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Fig. 6 Ratio between the true polarization components in individual
antennas and the values reconstructed by the standard analysis pipeline
of LOPES for end-to-end CoREAS simulations including all known
detector effects for the east-west (EW) and north—south (NS) aligned

Table 2 Average bias due to noise determined by comparing the end-
to-end simulations with and without noise for the east-west (EW) and
north—south (NS) polarization components, respectively. The stated val-
ues were calculated as (1 — without noise/with noise) for values given
in % and as (without noise—with noise) for the slope parameter . For
the parameters of the lateral distribution, €199 and 7, also the biases
due to the simplified reconstruction method of the electric field used by
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antennas. While for individual events the deviation can be as large as
a factor of 2, in most cases the reconstructed values are only slightly
smaller than the true ones. The average bias is only (4.5£0.5)% for the
east-west component and (7.4 + 0.6)% for the north-south component

LOPES are stated: (1 — true/reconstructed) and (true — reconstructed),
respectively. Such a bias cannot be determined for parameters of the
cross-correlation beamforming, since it implicitly includes the recon-
struction simplifications and, thus, no ’true’ values without bias are
available from the CoOREAS simulations. The =+ indicates the standard
deviation, which for the bias due to noise can be interpreted as average
statistical uncertainty of the corresponding quantity due to noise

Bias due to reconstruction

Bias due to noise Net bias

CC-beam amplitude
EW
NS

Cone angle pcc
EW
NS

Lateral amplitude €00
EwW
NS

Lateral slope n
EW
NS

+(1.5£8.1)%
+(6.6£7.3)%

—(1.05 £ 0.64) km™!
—(1.02 4+ 0.85) km™!

—(1.9+59)%
—(3.7+6.5)%

+(0.2+£12.0)%
0.0+12.1)%

—(1.1£7.3)%
—(1.9+£7.3)%

+(1.9 £ 10.6)%
+(37+14.4%

+(1.01 £ 1.80) km™!
+(0.52 4+ 1.70) km™!

+(0.08 &+ 1.72) km™!
+(0.68 £ 2.35) km ™!

tion components of the simulated electric field to the effec-
tive band of LOPES, but ignored that LOPES was unable
to measure these electric field components directly. Due to
the inverted v-shape of the LOPES antennas the east-west
and north-south aligned antennas are also partially sensitive
to vertically polarized signals. In contrast to other experi-
ments featuring two orthogonally aligned antennas at each
station, the three components of the electric field vector could
not be reconstructed at LOPES. Since at most antenna posi-
tions only one antenna was available, e.g., east-west aligned,
necessarily a simplifying assumption had to be made in
the reconstruction of the radio signal. Therefore, we used
a simplified treatment of the deconvolution of the direction-

dependent antenna pattern, which is described in detail in
reference [31]. Nevertheless, with the new end-to-end simu-
lations we treated simulations and measurements in the same
way and were able to fully compare them with each other.
Furthermore, with the end-to-end simulations we were
able to study the error made by the simplification. Since
both, the polarization of the radio signal emitted by an air
shower as well as the antenna gain, depend on the arrival
direction, the size of the error is strongly arrival-direction
dependent. While for individual events the error can be as
large as a factor of 2, on average the reconstructed values
of the field strengths are only few percent lower than the
true values of the simulated air showers. Figure 6 shows the
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Fig. 7 Lateral distribution of a typical example event measured by
LOPES and simulated with CoOREAS. The application of the detec-
tor response (= end-to-end) impacts the CoREAS simulations only
marginally. Generally, a different slope for the simulated and measured
lateral distribution is expected for individual events because the position
of the shower maximum is subject to shower-to-shower fluctuation

dependence of this bias on the azimuth and zenith angle: each
point corresponds to the arrival direction of a real air shower
measured by LOPES (the distribution is nonuniform because
the amplitude of the radio signal and the detection threshold
of LOPES depended strongly on the arrival direction of the
air shower relative to the geomagnetic field). For the large
majority of events, the error by the simplification is smaller
than 10% and well within systematic uncertainties quoted in
earlier publications.

In addition to the bias for the reconstructed field strength in
individual antennas, we also studied the average effect of the
simplified treatment of the antenna gain on the reconstructed
lateral distribution (see Fig. 7 for an example). By compar-
ing the true values of the simulations with the result of the
end-to-end simulations with and without noise, we discov-
ered that noise introduces an additional bias on the amplitude
and slope parameters, €19p and 7, respectively. This bias is
on top of a bias due to noise in individual antennas, which we
had already corrected for in our standard analysis [63]. For
the amplitude parameter €10, the size of each effect (noise
bias and antenna-gain-simplification bias) is small relative to
the dominating 16% scale uncertainty of the amplitude cali-
bration. For the slope parameter 7, the size of the individual
biases are comparable to the measurement uncertainties, but
the biases by noise and by the simplified treatment of the
antenna gain partly compensate each other. Overall, the mean
net biases are small, but there is a relatively large spread,
which reflects an event-by-event systematic uncertainty (see
Table 2). This implies that the measurements of individual
events have to be interpreted with care while average values
over dozens to hundreds of events should be affected only
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Fig. 8 Impact point of the shower axis (core) of the events passing the
quality cuts described in the text. In addition to the KASCADE array
(Fig. 3) also the detector locations of the larger KASCADE-Grande
array are shown

Table 3 Statistics of LOPES events used in this paper. The two sub-
sets of LOPES events triggered and well reconstructed by KASCADE
and KASCADE-Grande, respectively, overlap by a few events which is
why the total number of events is less than the sum. For those measured
events remaining after all quality cuts, also the statistics of correspond-
ing showers simulated by COREAS are shown that pass all quality cuts
for both cases of a proton and iron nucleus as primary particle

Cumulative quality cuts KASCADE Grande Total
E > 10"ev 951 3042 3974
Signal-to-noise ratio 415 310 715
Power in CC-beam 345 245 582
Exclude thunderstorms 339 239 570
Simulated events 302 162 464
Sim. events with noise 258 122 380

marginally. Consequently, LOPES results published prior to
this paper can be considered reliable.

3.5 Data set

The LOPES data set consists of air-shower events triggered
by the KASCADE array and its KASCADE-Grande exten-
sion. Both arrays provided a trigger to LOPES for all events
with estimated energies > 10'%% eV, which was signifi-
cantly lower than the detection threshold of LOPES around
10'7 eV. We removed those events from the analysis which
had a zenith angle larger than 45° or which had their shower
cores outside of the fiducial areas of the KASCADE or
KASCADE-Grande array, respectively. After applying these
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cuts, both arrays were fully efficient for all types of pri-
mary cosmic rays well below the relevant energy range, and
we can safely assume that all events that had a radio sig-
nal passing the LOPES reconstruction were triggered. How-
ever, LOPES itself was not fully efficient, i.e., only a frac-
tion of the triggered events passed the LOPES reconstruction
(see Table 3 and Fig. 9).> Corresponding to the two particle-
detector arrays providing the trigger, there are two data sets of
LOPES events, KASCADE and Grande events, which have
only little overlap (Fig. 8). Depending on the analysis, we
either use both data sets combined, or only the KASCADE
data set because those events have their core contained inside
of the LOPES antenna array which allows for a higher quality
of the event reconstruction.

For the present analysis we used data recorded by the
east-west aligned v-shape dipole antennas from December
2005 to October 2009, because starting December 2005
LOPES featured an absolute amplitude calibration [43]. Dur-
ing this time almost 4000 well-reconstructed KASCADE and
KASCADE-Grande events with an energy of at least 10!7 eV
triggered LOPES and were propagated through the LOPES
analysis pipeline. To those events which passed the analysis
pipeline without error, which implies, e.g., that the recon-
struction of the arrival direction converged, we applied fur-
ther quality cuts:

— The signal-to-noise ratio of the CC-beam must be greater
than 14 - «/Nant/30, with N,y the number of antennas
contributing to the measurement of the event.

— The CC beam must contain at least 80% of the total power,
which excluded events contaminated by background.

— To reject thunderstorm events, events with an atmo-
spheric electric field of at least 3kV/m were excluded.
This cut was applied to events recorded after the instal-
lation of a local electric field mill on 24 August 2006.

After the quality cuts, 570 measured LOPES events remain
in the analysis.

Using the KASCADE dataset, we were able to estimate
the efficiency because the shower cores of these events were
contained or very close to the LOPES antenna array (Fig. 9).
For energies above 2 x 10'7 eV, more than half of the LOPES
events passed all of the quality cuts mentioned above. For
most of the Grande events, the shower cores were too distant
from the LOPES array for a detectable radio signal. More
detailed discussions on the dependencies of the amplitude of
the radio signal, e.g,. on the energy, the geomagnetic angle,
and the distance to the shower axis can be found in many of
the references cited in the introduction.

3 Because the biases related to the partial efficiency of LOPES are
difficult to estimate, we refrain from determining the absolute flux,
energy spectrum, or mass composition.
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Fig. 9 Top: Number of events triggered by the KASCADE array with
a reconstructed energy above 107 eV (no event had an energy above
10'8 eV); and the number of events in the subset passing all LOPES
quality cuts. Bottom: Fraction of the two event numbers which is a
measure for the efficiency of LOPES

We also produced a library of COREAS simulations using
the energy, arrival direction, and shower core reconstructed
by KASCADE(-Grande)* as input. Using CORSIKA 7.3
with the hadronic interaction model QGSJet I1.03, two simu-
lations were created per LOPES event, one with a proton and
one with an iron nucleus as primary particle. Because differ-
ent LOPES analyses used different selection criteria, versions
of the analysis pipeline, and subsequent quality cuts, the exact
data sets varied slightly over time and LOPES publication,
and some showers were not included in the simulation library.
Still, there is significant overlap between all selections, and
for about 90% of the measured events used here there are
corresponding CoREAS simulations. Each simulation was
processed twice through the standard analysis pipeline, once
the pure simulated radio traces and once the simulated radio
traces after adding randomly selected noise samples mea-
sured by LOPES.

After the analysis pipeline, the simulated events were
subject to the same quality cuts as the measured events.
Since many of the measured events are close to the detec-
tion threshold, only a part of the corresponding simulated
showers passed the quality cuts (the vice-versa situation does
not happen because those showers missing the cuts for the
measurements, were simply not simulated). In case of pure
simulations without adding noise, 464 events passed all qual-

4 *"KASCADE(-Grande)’ refers to both, the KASCADE and the
KASCADE-Grande data sets, at the same time.

@ Springer



176 Page 12 of 25

Eur. Phys. J. C (2021) 81:176

ity cuts for both, proton and iron, as primary particle (after
removing three simulated events for which the fit of the lateral
distribution failed). In case of the simulations with measured
noise added, 380 events passed all quality cuts for both, pro-
ton and iron, as primary particle. These common events with
both measured and simulated results available are the data
set used for the results shown here.

The LOPES events were made available to the public in
the KASCADE Cosmic Ray Data Center (KCDC) [65] in
November 2019 as part of the *Oceanus’ release. In addition
to the reconstructed parameters of these LOPES events (up to
20 parameters per event and 4 parameters per antenna in an
event), also the corresponding KASCADE-Grande data can
be downloaded from KCDC as detailed in the user manual
available on the KCDC website. The LOPES data can be
found as subset of the KASCADE data in the KCDC data
shop: https://kcdc.ikp.kit.edu/

4 Results

Using the end-to-end simulations, we first checked for the
consistency of measurements and simulations. Generally,
the CoOREAS simulations describe the measured events well.
Therefore, in a second step we used the simulations to study
several features of our analysis procedure, in particular the
relation between the amplitude at a specific lateral distance
and the CC-beam amplitude. Finally, we provide an update
on earlier results regarding the direction and energy accuracy
of LOPES and the sensitivity to the shower maximum.

4.1 Consistency of measurements and end-to-end
simulations

Do CoREAS simulations agree with the measurements? In
earlier publications, we had compared the amplitude pre-
dicted by CoREAS with the amplitudes measured by LOPES,
but were not able to assess the systematic uncertainties due
to the simplified treatment of the antenna gain described
above. With the new end-to-end processing of the simula-
tions, we solved this problem and could compare simula-
tions and measurements in an “apples-to-apples” way. The
remaining significant uncertainties are the scale uncertainty
of the amplitude calibration of 16% and the 20% uncertainty
on the energy reconstructed by KASCADE-Grande that was
used as input for the simulations.

We confirmed that COREAS describes the absolute ampli-
tude well, both for the CC-beam amplitude and for the ampli-
tude €1 at 100 m obtained from the LDF fit. Determining the

> Due to different versions of the KASCADE reconstruction software
"KRETA’, the values available in KCDC may differ slightly from the
ones used in the analysis presented in this paper.
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offset between simulations and data as a factor k of a line fit-
ted to the event-by-event correlation (Fig. 10) and as the mean
of a histogram of the deviations (Fig. 11) yielded consistent
results. Also the offsets between simulations and measure-
ments for the CC-beam amplitude and for the amplitude €109
at 100 m axis distance are consistent within statistical uncer-
tainties. The difference of about 11—12% between proton
and iron showers can be explained by the different fraction
of the energy in the electromagnetic component emitting the
radio signal. In all cases, the mean offset between LOPES
and CoREAS is lower than the calibration scale uncertainty.

Hence, except for a few outliers, the CoOREAS simula-
tions are generally consistent with the LOPES measurements.
These outliers were observed in earlier analyses, too [38]. For
all outliers, the measured amplitude is significantly higher
than the simulated one (in the vice-versa situation, an event
was likely not detected at all). Such upward fluctuation of
the measured amplitude could be caused, e.g., by undetected
thunderstorms (however, only one of the outliers is an event
detected before the thunderstorm monitoring was installed),
man-made radio noise overlapping with the air-shower sig-
nal, or systematic issues in the instrument response or recon-
struction procedure.

A closer investigation of the comparison of the COREAS
simulations and the measurements revealed that there is a
trend in the ratio of measured versus simulated amplitudes
with zenith angle (Fig. 12). This trend might be due to deficits
in the simulated antenna pattern used for the interpretation
of the measurements (regular calibration measurements were
only done for the zenith, and cannot be repeated for other
directions since LOPES is dismantled). This unknown relia-
bility of the antenna pattern is a major systematic uncertainty
for the interpretation of amplitudes of individual events, but
only a smaller uncertainty for average values of the full data
set which has its mean at (cos ) = 0.84 (with only a smaller
difference between the two data sets: (cos fgascape) = 0.86
and (cos Ogrande) = 0.82). The clustering of some of the out-
liers at a particular zenith angle may be a hint that deficits in
the antenna pattern could also be the explanation for some of
the outliers. 8 of the 11 outliers in Fig. 12 are also outliers in
Fig. 10. Overall, it seems that there is no unique explanation
for all outliers, but a variety of reasons. In any case, the out-
liers do not affect the conclusions derived from the average
values of the full event statistics presented here.

In addition to the amplitudes, we also compared higher-
level quantities, in particular the slope of the lateral distribu-
tion and the shape of the wavefront (Fig. 13). The results
show that CoREAS simulations are generally compatible
with the measurements, though there are some interesting
details. For both the slope parameter 5 of the LDF and the
cone angle p, i.e, the angle between the shower plane and the
asymptotic cone of the hyperbolic wavefront determined by
maximizing the CC-beam amplitude, the measured distribu-
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Fig. 10 Event-by-event comparison of the cross-correlation-beam
amplitude of the LOPES measurements and the end-to-end CoREAS
proton and iron simulations (including noise; for east-west antennas).
The k values are the offsets of the fitted dashed lines to the one-to-one
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tions are slightly wider than the simulated ones. Such a wider
distribution is expected if there are additional measurement
uncertainties not considered in the end-to-end simulations.
Indeed, there are such uncertainties: the weather-dependent
uncertainty on the antenna gain increases the uncertainty on
the lateral slope; and occasional glitches and jitters in the
time synchronization, though corrected mostly by the bea-
con, increase the uncertainty on the wavefront reconstruction.
Thus, a slightly wider distribution of the measured param-
eters than in the end-to-end simulations was expected, and
does not mean that COREAS would not describe the distri-
butions correctly.
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correlation (solid lines), which is in both cases smaller than the calibra-
tion scale uncertainty of 16%. The outliers are mostly the same events
as in Fig. 12
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the shower axis as determined by a fit of the lateral distribution (for
east-west antennas). The stated values are from a Gaussian fitted to the
histograms

Regarding the mean values of the distribution, there is a
small inconsistency, which may reflect unknown systematic
uncertainties. The measured distributions of 1 and p are each
individually compatible with COREAS. However, given that
both distributions originate from the same measured events,
there is an interesting divergence: For the slope parameter 7,
the measured distribution is close to the proton distribution.
For the cone angle p, the measured distribution is closer to
the iron distribution. This discrepancy was reported earlier
by us [34]. In order to make a conclusion whether there was
an unknown systematic effect at LOPES, or whether this
discrepancy originates from the simulations, further inves-
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tigation will be necessary at more accurate interferometric
antenna arrays, such as LOFAR [13] or the SKA [66].

4.2 Relation of the cross-correlation beam and the lateral
distribution

The end-to-end simulations finally enabled us to better study
the interpretation of the CC-beam amplitude. With the first
LOPES data we had already shown that the CC-beam ampli-
tude was approximately linearly correlated with the energy
of the primary particle after correction for the geomagnetic
angle «, i.e., the angle between the Earth’s magnetic field and
the shower axis [6]. While the absolute amplitude € measured
in individual antennas is easy to understand, the absolute
amplitude of the CC-beam lacked interpretation and it was
not clear how the CC-beam amplitude related to the ampli-
tudes in individual antennas.

@ Springer

We now investigated this by comparing the amplitude
€100 determined by the LDF with the CC-beam amplitude
(Fig. 14).

We find a linear correlation which has a mean ratio of
(€100/CC) = 1.83 £ 0.22 for the LOPES measurements,
1.79+£0.19 for the proton simulations, and 1.82+£0.14 for the
iron simulations. The stated ratios are the mean and standard
deviations of a Gaussian fitted to the ratio of €jgg and the
(normalized) CC-beam amplitude. The outliers are mainly
the more distant events, with a core in the Grande array,
which show a significantly lower CC-beam amplitude. Since
the CC beam represents a non-trivial way of averaging over
the individual antenna signals, this was expected due to the
steeply falling lateral distribution of the radio signal. While
the CC beam itself does not contain any correction for the
lateral distribution and is expected to depend on the mean
distance of the antennas from the shower axis, €99 should
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be independent of the distance by construction. The fact that
the outliers are consistent in the measurements and end-to-
end simulations, indicates that they are not an artifact, but
have a physical explanation in the lateral distribution of the
radio signal.

One would expect that a normalization of the CC-beam
amplitude by the average exponential falloff of the radio
amplitude with axis distance would fix the issue. Therefore
we multiplied all CC-beam amplitudes by exp(dmean/180 m),
where 180 m corresponds to the average lateral slope param-

normalized CC beam amplitude (uV/m/MHz)

10 1 10
normalized CC beam amplitude (uV/m/MHz)

Grande events), which have a larger axis distance to the LOPES anten-
nas. Normalizing the CC-beam amplitude by the mean lateral distance
improves the correlation significantly

eter n = 5.6km™! measured with the LDF. This normaliza-
tion improves the correlation and changes the average ratio
to 1.09 = 0.11 for the LOPES measurements, 1.06 £+ 0.19
for the proton simulations, and 1.08 = 0.11 for the iron sim-
ulations. However, for some distant events this correction
was insufficient which is visible by the few remaining out-
liers in the middle plot of Fig. 14). Multiplying the CC-beam
amplitude instead by the square of this normalization factor,
exp(dmean/180 rn)z, yielded a linear correlation between the
CC-beam amplitude and €19 with a ratio of 1.37 £ 0.16 for
the LOPES measurements, 1.34 £ 0.15 for the proton sim-
ulations, and 1.36 = 0.14 for the iron simulations. Note that
there is no reason to expect a ratio of 1; since the ampli-
tude €4 depends on the reference distance d to the shower
axis, choosing a different reference distance will automati-
cally lead to a different value for the ratio. Nonetheless, the
measurement of this ratio is useful, e.g., for comparing ear-
lier publications using either the CC-beam or the lateral dis-
tribution. Regarding the relative standard deviation, there is
no major difference between both normalizations, but there
is regarding the outliers which are Grande events at larger
distances. Although the squared normalization is difficult to
explain from simple principles, we point out that we observe
the improvement regarding the outliers by this normaliza-
tion consistently in the measurements and simulations. This
means that albeit empirical, the choice of the normalization is
not arbitrary. Itis likely related to the complex interplay of the
physics of the radio emission and the detector response, since
both are included in the end-to-end simulations. The consis-
tent effects of these normalizations in the measurements and
simulations also show that the CC-beam amplitude can be
well studied on an absolute level using the end-to-end simu-
lations.
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4.3 Reconstruction of shower parameters

At LOPES we used the cross-correlation beam as well as the
pulse time and amplitude in individual antennas to recon-
struct the most important shower parameters, which are the
arrival direction, the energy, and the depth of the shower max-
imum (Xpmax). Apart from the improved calibration [44], the
reconstruction procedure used for the final results presented
here had not changed significantly compared to earlier publi-
cations. However, for the CC beam the reconstruction proce-
dure evolved over time, since we meanwhile used the more
accurate hyperbolic wavefront for the beamforming instead
of the spherical wavefront used in the early years of LOPES
[48]. Moreover, due to the end-to-end simulations, we were
able to update the formula for the reconstruction of the pri-
mary energy using the CC-beam amplitude.

The arrival direction was reconstructed by maximizing
the CC-beam amplitude (cf. Sect. 3.3). With the end-to-end
simulations, we checked the intrinsic accuracy by compar-
ing the true and reconstructed directions for each event. In
simulations without noise, the accuracy is 0.05° and in simu-
lations with noise the accuracy is 0.1° (Fig. 15). In contrast to
particle detectors, Poisson statistics do not limit the accuracy
of arrival time measurements of a radio array, which explains
why radio detection can easily provide for a high angular res-
olution. This high accuracy also shows the importance of an
adequate wavefront model, since the deviation between the
plane wavefront and the used hyperbolic wavefront is already
an order of magnitude larger (the average cone angle mea-
sured by LOPES is 1.2°; see Fig. 13). Thus, the use of an
inadequate wavefront could otherwise dominate the uncer-
tainty of the arrival direction.

For the LOPES measurements, we can only give an upper
limit for the achieved direction accuracy by comparing the
directions reconstructed with LOPES and with KASCADE-
(Grande). Doing so, the average accuracy of LOPES was esti-
mated to be better than 0.5°. This value includes the uncer-
tainty of KASCADE-(Grande), which is not known accu-
rately enough to make a reliable estimation of the stand-alone
accuracy of LOPES. It is plausible that the direction accuracy
of LOPES was worse than in the simulations because the sim-
ulations did not include uncertainties in the relative timing
between the antennas and in the core position taken from the
KASCADE(-Grande) reconstruction. In any case, the result-
ing upper limit for the accuracy of 0.5° is better than needed
for most applications in cosmic-ray physics. This demon-
strates that even with a limited size and number of detectors,
aradio array can provide for an excellent angular resolution.

For the reconstruction of the energy of the primary parti-
cle, we had already shown that in addition to the amplitude of
the lateral distribution at a specific distance [17] also the CC-
beam amplitude provides an energy estimator [6]. Our new
results confirm that the CC-beam method features a measure-
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ment accuracy approximately equal to the lateral-distribution
method. With the end-to-end simulations, we determined an
independent absolute calibration for the energy reconstructed
using the CC beam. Furthermore, we updated the way how
we normalize to the angle between the geomagnetic field and
the shower axis and to the mean axis distance of the antennas
contributing to the CC-beam - resulting in the following for-
mula for the reconstruction of the energy E of the primary
particle:

CC - exp (dmean/180 m)
v x Blgw

E =«

“

with CC the amplitude of the cross-correlation beam, dpean
the mean axis distance of the antennas contributing to the
measurement of the event, and v x B the unit vector of the
geomagnetic Lorentz force, i.e., we normalized the CC-beam
amplitude by the size of its east-west component, and k a pro-
portionality factor determined by the average of the proton
and iron simulations [31]: for the 258 KASCADE events the
used proportionality factor is x = 41.9 PeV/(uV/m/MHz)
and for the 122 Grande events k = 36.7 PeV/(uV/m/MHz).
In both cases the values were determined as mean of the
proton and iron simulations because showers initiated by
heavy primaries have a slightly lower radio amplitude on
ground than those initiated by light particles (cf. Fig. 11).
By this choice of the mean value, the maximum energy bias
for an individual event is 6% which is small compared to
the total energy uncertainty. In contrast to the observation
in Fig. 14, the normalization by exp(dmean/180 rn)2 instead
of exp(dmean/180 m) deteriorated the correlation of the CC-
beam amplitude with the energy instead of improving it (this
again is an empirical observation which is consistent in the
LOPES measurements and the COREAS end-to-end simula-
tions).

We have investigated possible reasons for the need of two
different proportionality factors « for the KASCADE and
Grande events: A possible explanation is that KASCADE
events are mostly contained in the array, while the core of
Grande events generally is outside the LOPES array. More-
over, there might be a selection bias, since only a small frac-
tion of the triggered Grande events is detected by LOPES.
However, neither simple upward fluctuations nor systematic
measurement uncertainties are possible causes of the effect
because the factors « have been derived from the end-to-end
simulations. Nonetheless, also the LOPES measurement of
the energy is systematically higher for Grande events than
for KASCADE events when using an equal proportionality
factor as a cross-check. The effect seems to be even stronger
in the measurements, probably due to systematic uncertain-
ties or selection biases not present in the simulations, such
as upward fluctuations of the CC beam increasing the detec-
tion probability. However, a solid quantitative investigation



Page 17 of 25 176

Eur. Phys. J. C (2021) 81:176
| [ LOPES 2
A CoREAS p o
v CoREAS Fe A .g
; 18_ vV oA —_
o 107 - 2L
g; : . .VA N .VD . vt 5
5 r VA”V% ® e V.A wA
C e,
’di B AVAVI*7 &A °
V Ae
% i o Tt AV °
§ f S .
0] Y fas .
g B 0.. e . °.
D ‘.‘. ’ ve
5 . 4
8 | '
S 10} .
- | Il 1 1 1 1 11 | Il
10'7 108

energy reconstructed by CC-beam (eV)
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Per-event comparison. The outliers in the upper-right corner visible also
in the simulations have a small east-west component of the geomag-

is not possible because most LOPES events do not fulfill
the minimum quality criteria for the KASCADE and Grande
energy measurements simultaneously. Consequently, while
a firm conclusion is difficult due to the limitations of the
experimental setup, it appears that simulations and measure-
ments are at least qualitatively consistent regarding the need
of different proportionality factors.

We checked the accuracy of the energy reconstruction by
Eq. 4 by comparing the true and reconstructed values for
the end-to-end simulations with noise, and by comparing
the LOPES and KASCADE-Grande reconstruction for the
measured events (Fig. 16). According to the simulations, the
energy precision could be as good as 13—14%, with an addi-
tional bias of the order of 6% if the mass of the primary
particle is unknown. This would result in a total average accu-
racy of about 15% for the case of a mixed, unknown mass
composition.

For the LOPES measurements, the mean deviation to the
KASCADE(-Grande) reconstruction is 23%. This includes
the KASCADE(-Grande) uncertainty of the energy, which
can explain most of the difference to the accuracy expected
from the end-to-end simulations. Additionally, the larger
mean deviation indicates that the measurements include addi-
tional uncertainties not considered in the end-to-end simula-
tions, such as the deficiencies in the antenna model. On the
one hand, these deficiencies contribute significantly to the
systematic energy uncertainty of individual events, and will
increase the spread of the distribution. On the other hand, the
effect of the antenna model on average values over a larger
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data set is expected to be small compared to the 16% scale
uncertainty of the amplitude calibration, which is the largest
systematic uncertainty.

We emphasize, that in contrast to earlier analyses, we did
not tune the energy formula to the KASCADE(-Grande) mea-
surements, but instead to the CoREAS simulations. There-
fore, the fact that the mean offset between the LOPES and
KASCADE(-Grande) energy measurements is smaller than
the 16% scale uncertainty of the absolute amplitude calibra-
tion confirms again that the CoREAS simulations are com-
patible with the LOPES measurements. In addition, all simu-
lations depend on the hadronic interaction models in use. This
might affect the reconstruction of KASCADE-Grande mea-
surements more than the reconstruction of LOPES measure-
ments since the radio emission is sensitive to the well under-
stood electromagnetic shower component, only. For both, the
simulations and measurements, the accuracies achieved by
the CC beam for the energy are similar to that achieved by
using the amplitude at a specific lateral distance [17]. Con-
sequently, for other experiments it might be worthwhile to
investigate both methods.

As experimentally demonstrated by LOPES, radio mea-
surements on ground are sensitive to the longitudinal shower
development [51], and therefore can be used for the recon-
struction of the position of the shower maximum. The two
methods used by LOPES are based on the slope of the lateral
distribution [17] and on the opening angle of the asymptotic
cone of the hyperbolic wavefront [48]. The more distant the
shower maximum from the array, the flatter is the lateral
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Fig. 17 Correlation of the lateral slope parameter 7 (left) and of the
wavefront cone angle p (right) of the COREAS end-to-end simulations
(with noise) with the geometrical distance to the shower maximum for

distribution and the flatter is the wavefront. With the end-
to-end simulations we confirm our earlier results that both
parameters are statistically correlated with the distance to
the shower maximum (Fig. 17). In earlier publications [34],
we had used these dependencies to determine the mean atmo-
spheric depth of the shower maximum, Xn;x, though with
limited precision. As at the time of the original publications,
we are unable to quantify the additional systematic uncertain-
ties, e.g., the wavefront reconstruction seems to be sensitive
to the uncertainty of the core position. The wavefront method
might therefore be useful primarily for dense arrays with a
good resolution of the shower core, such as LOFAR or the
SKA.

As noted earlier [34,48], there is a difference in the abso-
lute scale of Xmax resulting from the wavefront and the lat-
eral slope methods. While both methods show a sensitivity
to Xmax, 1.€,. are suitable to measure X,x of an individual
event with a certain precision, there seems to be an additional
uncertainty on the absolute scale depending on the method.
Understanding and quantifying these scale uncertainties will
be crucial for an accurate interpretation of Xpax in terms
of mass composition. For this purpose, we suggest that also
other experiments could compare their Xy« reconstructions
of an amplitude-based (e.g., lateral slope) and a timing-based
(e.g., wavefront) method. This will be most important for
those experiments using radio as only technique for Xmax,
but will only be a minor issue for hybrid arrays also fea-
turing optical detectors available for cross-calibration of the
scale [15,19]. Moreover, better methods for the estimation of
the efficiency and aperture are needed to avoid a bias caused
by the partial efficiency of a radio array close to its threshold
[67].
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5 Conclusion

LOPES was a successful pathfinder for the radio detection of
air showers in the digital era. It was a driver and initiator of
the meanwhile matured detection technique for ultra-high-
energy cosmic rays, and provided essential contributions to
the understanding of the radio emission and the potential
of the detection technique. While today there is a general
agreement in the community on the principles of the radio
emission, this was not the case when LOPES started, and its
measurements helped to understand deficits in earlier mod-
els and simulation codes. Now CoREAS simulations and
LOPES measurements are compatible within uncertainties
for all tested parameters, which shows that the physical pro-
cesses of the radio emission are well understood. Even so, the
question remains why the wavefront and lateral slope meth-
ods result in a slightly different Xny,x scale although both
methods were calibrated using the same CoREAS simula-
tions. Further investigations at other experiments will help to
investigate whether this is due limitations of our understand-
ing of the LOPES detector or due to the simulations.

Independent of the simulations, the comparison of the
LOPES and KASCADE-(Grande) measurements provided
the proof-of-principle that the radio technique can be used
for accurate measurements of the arrival direction and energy
of cosmic rays — even in a noisy environment. Using the
full potential of the radio technique, including an accurate
reconstruction of Xy,x, however, requires a location more
radio-quiet than the LOPES site. This has meanwhile been
demonstrated by several second-generation experiments fol-
lowing LOPES [19,20,68].
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LOPES also pioneered many methods regarding the radio
technique which have been used by other experiments, such
as LOFAR, AERA, and Tunka-Rex. Examples are the contin-
uous monitoring of the atmospheric electric field and the cali-
bration methods used by LOPES, in particular the monitoring
of the relative timing with a beacon [69,70] and the end-
to-end amplitude calibration using an absolutely calibrated
external reference source [71-73]. The latter also enabled
the comparison of the absolute energy scales of different air-
shower arrays using radio measurements [74]. Finally, the
public availability of the data on the KCDC platform sus-
tains the LOPES measurements for future analyses.

So what questions remain? The most important one is
about the relevance of the technique for the progress of the
general field. Can the radio technique alone or in combina-
tion with particle-detector arrays provide new knowledge on
cosmic-ray physics or the particle physics of air-showers?

As stand-alone technique, radio antennas can be used to
instrument huge areas for a reasonable price, as planned for
the GRAND array aiming at ultra-high-energy cosmic rays
and neutrinos [75]. For the solution of many of the open ques-
tions in high-energy astroparticle physics, a major increase
in measurement accuracy for the properties of the primary
particle is required, in particular for its mass [76,77]. The
radio technique now seems to deliver a measurement accu-
racy mostly equal to the established techniques, but can it
also enhance the total accuracy over the state-of-the-art?

The results of LOPES and other experiments already pro-
vided hints that antenna arrays can improve the energy and
direction accuracy, and possibly also the accuracy of Xmax
providing access to the elemental composition of cosmic
rays. These gradual improvements of the state-of-the-art are
important. Yet, there are two ideas under investigation that
go beyond and may provide for major breakthroughs with
the next generation of antenna arrays:

— Can a significant increase in antenna density increase
the overall accuracy for air showers and possibly reveal
substructures in the shower development? This remains
to be shown by LOFAR or the SKA [66].

— An alternative idea is to combine radio and muon detec-
tors in hybrid arrays because the radio and muon sig-
nals contain complementary information on the shower
development [6]. As supported by a recent simulation
study [78], the combination of radio and muon detec-
tors can indeed provide for an increase of the accu-
racy for the mass composition of cosmic rays. This idea
still needs deeper investigation and experimental demon-
stration at appropriate air-showers arrays, such as the
planned enhancement of IceTop [79,80] and the Auger-
Prime upgrade of the Pierre Auger Observatory [81,82].

In summary, the LOPES results, experiences, and lessons
learned remain a valuable resource for the current and next
generation of digital antenna arrays for air-shower detection.
These are now dedicated to all kinds of cosmic messengers —
high-energy cosmic rays, photons, neutrinos —and it becomes
likely that radio arrays will play a major role in high-energy
astroparticle physics during the coming decades.
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Appendix: Lessons learned

LOPES being among the first digital radio arrays for air show-
ers, we also used it as a test facility for various new technolo-
gies and ideas related to radio detection of cosmic rays. Not
all of them were published in refereed journals and not all of
them were successful. Nonetheless, there are lessons learned
form these approaches and the design and data analysis of
future experiments may profit from the experience made. For
these reasons, we give a summary of these approaches and
their results and other lessons learned.

Appendix A: Self-trigger
LOPES was successful due to its external trigger by

KASCADE(-Grande). While a self-trigger might be bene-
ficial for some science cases, it is not critical when radio
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is added as additional technique to a hybrid array featuring
particle detectors for the purpose of increasing the overall
measurement accuracy for cosmic rays. However, for very
inclined showers in addition to the radio signal only muons
arrive at ground, and the low particle density provides a chal-
lenge for particle detectors. Thus, there are other experimen-
tal approaches such as ANITA [39] and GRAND [75] which
require stand-alone radio detection with a self-trigger.

At LOPES we developed hardware and algorithms for
self-triggering at the LOPESSTAR setup [83], which con-
sisted of 10 additional logarithmic periodic dipole antennas
in the KASCADE-Grande array. These efforts led to effec-
tive techniques for filtering RFI and rejecting background
pulses. Although the algorithms were successful to iden-
tify air-shower pulses in previously recorded test samples,
we were not successful in self-triggering events with the
deployed hardware. One of the problems was that also anthro-
pogenic background pulses often led to coincident signals
in several antennas. Nonetheless, several experiments have
meanwhile successfully demonstrated self-triggering at more
radio quiet sites [14,39,84-87].

Appendix B: Measurements at 50-500 kHz

Motivated by historic measurements, we also tried to detect
air showers at much lower frequencies in the band of
50—500kHz. Using the standard KASCADE trigger pro-
vided for LOPES, we did not detect any air shower in
this band in 13 days of measurements although more than
70 of the triggering showers had energies above 10'7 eV.
The sensitivity was likely limited by the radio-loud envi-
ronment of LOPES. Hence, we derived an upper limit of
136fj§ mV m~! MHz ™! for the field strength of the vertical
component of the radio signal emitted by the air showers in
this frequency band [88].

Appendix C: Tripole antennas

In the last stage of LOPES, called LOPES-3D, ten ’tripole’
antennas were deployed, each consisting of three orthogo-
nally aligned dipoles in east—west, north—south, and vertical
direction [55]. Due to the very high background level for
the vertical polarization, only few events with signal in all
three polarization channels were detected [36]. The measured
polarization of these events confirmed the prediction for geo-
magnetic emission.

One of the motivations of deploying a third polarization
channel was that the signal would be over-determined if the
arrival direction was known. This means that in theory the
arrival direction of the radio signal could be reconstructed
from the measurement of a single tripole antenna. Due to the
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specific polarization pattern of the radio emission on ground
caused by the interplay of the Askaryan and geomagnetic
emission mechanisms, a sufficiently accurate measurement
of the electric field vector at each antenna position can also be
utilized for many other purposes, such as refining the position
of the shower core or rejecting RFI [89]. Another motivation
was to test whether the threshold for very inclined events
could be lowered by the vertical channel, since by simple
geometry considerations the radio emission of inclined air
showers features a significant vertical polarization compo-
nent. At LOPES-3D we were not able to demonstrate either of
this, and it is not clear whether the level of vertically polarized
background would be low enough at other locations to suc-
cessfully apply one or both ideas. If measurements with three
polarization were repeated elsewhere, we suggest consider-
ing to rotate the whole tripole setup by 45° towards the hor-
izontal plane as already done by others [90,91]. This would
avoid one explicit vertical polarization channel, and make
the antenna setup easier to understand due to the rotational
symmetry around the pole where the antenna is mounted.

Appendix D: Interferometry of air showers

At LOPES we successfully applied cross-correlation beam-
forming as an interferometric method to lower the detection
threshold in a radio-loud environment. The reasoning behind
CC beamforming is that the signal has the same time struc-
ture in all antennas, while any background or noise have not.
Hence, CC beamforming enhances the signal-to-noise ratio
with increasing number of antennas. This technique is widely
used in radio astronomy: a signal arriving as plane wave from
distant sources can be assumed to be the same in all antennas.

For air showers the radio signal changes significantly from
antenna to antenna, and it is a priori not clear that cross-
correlation beamforming is useful. Nevertheless, cross-
correlation beamforming turned out to be a key asset of
LOPES for identifying air-shower pulses against the back-
ground. Probably because the measured pulse shape was pri-
marily determined by the filter response and not by the orig-
inal pulse shape emitted by the air showers, the signal struc-
ture was similar enough in the individual antennas, and the
signal-to-noise ratio was enhanced even though the signal
was not equal in all antennas.

Nonetheless, these complications make the absolute value
of the CC amplitude difficult to interpret and to com-
pare between experiments. For the same radio footprint at
ground, a different antenna array might measure different
CC-beam amplitudes. Consequently, the application of CC
beamforming or other interferometric methods needs to be
re-investigated before applying it to a different array configu-
ration such as a different antenna spacing or frequency band.
For the comparison of experiments, more universal quanti-
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Fig. 18 Image of the radio emission of an air-shower detected by
LOPES (as originally published in [6]). The bright spot in the center
indicates the arrival direction of the air shower

ties, such as the electric field strength or the total radiation
energy in a given frequency band [92] should be used.

Appendix E: Imaging of air showers

LOPES provided the first successful radio images of air
showers (Fig. 18, [6]). For a few 10ns, the air shower is
the brightest source in the sky. The image clearly marks the
arrival direction of the air showers. The brightness is cor-
related to the size of the electromagnetic shower component
and, thus, to the energy of the primary particle. Moreover, the
wavefront shape used to produce the image via beamforming
contains information on the distance of the emission. How-
ever, the radio images of showers were insufficient to reveal
any of the substructure of the detected air showers.

Unlike images of extended sources in astronomy and
unlike the air-shower images produced by the incoherent air-
fluorescence technique, the radio images of the air showers
observed by LOPES were just bright points with no sub-
structure. Since the shower front and the radio signal both
propagate with approximately the speed of light, the radio
signal detected by LOPES is time compressed to a single
pulse containing the emission from the whole shower devel-
opment. This is also true for air-Cherenkov light emitted by
air showers, but since the optical wavelengths are small,
at least lateral substructure is visible in Cherenkov-light
images of air showers. The radio emission, however, orig-
inates mostly from a region around the shower axis smaller

than one wavelength. Therefore, it is not surprising that no
substructures were visible in the radio images - at least at the
LOPES frequency band of 40—80 MHz and at small view-
ing angles corresponding to the small axis distances where
LOPES observed the showers (at larger viewing angles corre-
sponding to larger axis distances it might be easier to resolve
the structure of the shower, but the signal is significantly
weaker). On top of these intrinsic difficulties in radio imag-
ing of air showers, there are side lobes of the instrument
and secondary maxima of the cross-correlation beam which
lead to apparent structure in the image. These difficulties still
need to be resolved before radio imaging can be applied to
the open questions in air-shower and cosmic-ray physics.

Appendix F: Observation of thunderstorms

LOPES featured a special mode for the observation of thun-
derstorms making utilizing the long buffer time of several
ms in the transient buffer boards used for data acquisition.
In addition to the radio signals of the air showers, that were
altered by the atmospheric electric fields of the thunderclouds
[41], also the direct radio emission of lightning was observed
[21]. Due to the limited statistics and small size of the LOPES
and KASCADE-Grande arrays, no conclusion could be made
whether air-showers initiate lightning. Nonetheless, the idea
of studying thunderclouds by the radio signals detected from
air showers was developed further and successfully applied
with higher accuracy at LOFAR [93]. Recently the enhance-
ment of radio signals of air-showers during thunderstorm
conditions was also confirmed at lower frequencies of a few
MHz [94].

Appendix G: Analysis software

To our knowledge, LOPES was the first radio array for air
showers whose analysis software was made available with
open access. Some components of the software were shared
between LOPES and LOFAR, which was easy because both
software resides in the same repository. However, we do
not know about any external users of the LOPES software.
There are at least two reasons why our software was difficult
to transfer to other experiments. First, the LOPES analysis
pipeline was designed specifically for the needs of digital
radio interferometry, and other antenna arrays mostly use
non-interferometric approaches. Second, and most impor-
tantly, the LOPES software was hard to maintain and hard to
compile on new systems. The software makes use of several
external libraries which were not well maintained and did not
compile easily on more modern systems. The examples of the
Offline software of the Pierre Auger Collaboration [95] and
of the newer NuRadioReco software [96] show that a differ-
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ent software design and strict coding rules greatly facilitate
the use of the software for other experiments - to the benefit
of the community. Consequently, we recommend that new
software developed for future experiments should follow a
modular approach and restrict the use of external libraries
to those widely used and likely to be maintained for a long
time.

Appendix H: Frequency band

The frequency band of LOPES of 40—80 MHz was chosen
for technical considerations and taking into account the lim-
ited knowledge of the radio emission of air showers that was
available when LOPES was designed. It was not yet known
that the coherence conditions lead to strong emission up to a
few GHz at the Cherenkov angle [57] despite the radio emis-
sion not being Cherenkov light [97]. Since the Cherenkov
ring has a diameter of about 100—150 m around the shower
axis for the zenith angle range until 45° and the altitude of
110 m of LOPES, a higher frequency band would likely have
had improved the signal-to-noise ratio.

Meanwhile, the progress in high-fidelity simulations of the
radio emission enabled dedicated design studies for future
experiments. Therefore, we have learned that depending on
the science case, the instrumented area and the antenna spac-
ing, other frequency bands might be better. In particular,
higher frequency bands up to several 100 MHz can improve
the signal-to-noise ratio and lower the detection threshold
[98]. This is now taken into account in the design of future
radio arrays [75,80].

Appendix I: Practical advice

Last but not least, we learned several practical lessons in
operating the experiment, which we list here in the hope that
others may benefit from our experience:

— A graphical user interface helps to understand experi-
mental issues quickly.

— A monitoring website providing a quick overview of the
experimental status is very helpful.

— It occasionally happened that during maintenance or
deployment the polarization channels of an antenna were
accidentally swapped. Therefore, after each maintenance
operation, this should be checked by appropriate monitor-
ing tools, e.g., by the relative strengths of RFI or beacon
lines in the frequency spectra recorded by the antenna
channels.

— Most difficult to detect were polarity flips of channels
(corresponding to an accidental rotation of 180° of the
antenna). Although an antenna looks symmetrical, polar-
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ity flips can degrade the performance of the array, in par-
ticular when combining antennas in an interferometric
analysis.

— All cables should be deployed on or preferably under
ground, but not in the air. Otherwise, electrical ground
loops may impact the measurements.

— RFIemitted by other electronics or detectors is difficult to
mitigate by shielding alone because Faraday cages only
help to a limited extent. For LOPES, it was critical that
the distance between the antennas and the closest KAS-
CADE particle detectors was larger than one wavelength.
This enabled us to distinguish the radio signals emitted by
air showers and the RFI ’signals’ by the particle detectors
by timing.
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