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ABSTRACT

Aims. The capability of radio antenna arrays to measure cosmic ray air showers with very large zenith angles is explored. This is important,
since a possible neutrino detection has to fulfill two requirements. First: antennas should be able to detect very inclined cosmic ray air showers
and second: it should be possible to estimate the distance to the shower maximum, since neutrinos are most likely to travel far through th
Earth’s atmosphere without interaction and induce air showers close to the ground.

Methods. LOPES (LOFAR PrototypE Station; LOFAR - LOw Frequency ARray), an array of dipole antennas, is used for the detection
of inclined cosmic ray air showers. LOPES is co-located and triggered by the KASCADE (KArlsruhe Shower Core and Array DEtector)
experiment, which also provides information on air shower properties such as electron and muon numbers on the ground, as well as the arriv
direction. Radio emission of nearly vertical cosmic ray air showers has been detected by LOPES.

Results. LOPES-10 (the first phase of LOPES, consisting of 10 antennas) detected a significant number of cosmic ray air showers with a zenitt
angle larger than 50 and many of these have very high radio field strengths. The most inclined event that has been detected with LOPES-10
has a zenith angle of almost8T his is proof that the new technique is also applicable for cosmic ray air showers with high inclinations, which

in the case that they are initiated close to the ground, can be a signature of neutrino events.

Conclusions. Our results indicate that arrays of simple radio antennas can be used for the detection of highly inclined air showers, which might
be triggered by neutrinos. In addition, we found that the radio pulse height (normalized with the muon number) for highly inclined events
increases with the geomagnetic angle, which confirms the geomagnetic origin of radio emission in cosmic ray air showers.
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1. Introduction that is relativistically beamed in the forward direction. They
suggested that this radiation can be observed in the radio do-
fhain with the new generation of digital radio telescopes like
BFAR (LOw Frequency ARray, 8tgering 2003) and SKA
guare Kilometer Array, Beck 2005). The shower in its dens-
S region has a thickness that is smaller than the wavelength
&Pradio emission below 100 MHz (around a few meters). The

mechanism. In some experiments during the sixties and S€V&Hiission is then coherent and the signal is amplified. The fact

ues, comudegcesﬁaetv;gzn -raA(?Ilo pigs?els agd coermcFraIy fv?ﬂ it air showers can be observed in radio frequencies was re-
were reported (Jelley 5; Allan ). Recently, Falcke @fently confirmed by the first results of the LOPES (Falcke et al.

Gorham (2003) suggested that the mechanism for a radio 9%05) and CODALEMA experiments (Ardouin et al. 2005).
sion of air showers might be geosynchrotron emission: sec-

ondary electrons and positrons produced in the particle cascade”An air shower develops in three stages: an initial rapid

are deflected in the Earth’s magnetic field producing radiati®Hild-up due to the cascade process, culminating in a parti-
cle number maximum, moving with relativistic speed. At the

Send gfprint requests topetrovic@astro.ru.nl maximum, ionization losses of electrons and positrons roughly

When cosmic rays interact with particles in the Earth’'s atm
sphere, they produce a shower of elementary particles pr
agating towards the ground almost at the speed of light. T
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equal theiry-ray production through bremsstrahlung (at a crittrinos that are most likely to trigger air showers are those en-
cal energy of about 80 MeV in air). The third phase is a graduafing the atmosphere almost horizontally, possibly producing
decay as the electrons further lose energy through ionizatiowery inclined cosmic ray air showers that may be detected in

Probably the most important task for radio and particle déie radio domain. Those showers may be triggered anywhere
tectors in cosmic ray physics is finding the composition and pglong the traveling path and also close to the ground (Capelle
mary energy spectrum of cosmic rays, especially at ultra-highal. 1998). The cross sections of neutrinos increase with their
energies (UHECR). Currently, it is believed that cosmic raynergy as well, so the highest energy neutrinos are more likely
(protons and nuclei) up to about*®@V gain their energy in ac- to be detected, but their expected flux is extremely small. It is
celeration by shocks from supernova explosions (see, for exameresting to mention that Berezinskii & Smirnov (1975) sug-
ple, Nagano & Watson 2000). For cosmic rays with even highgested that muons created in cosmic ray air showers that started
energies it has been suggested that acceleration can happéiginin the atmosphere can trigger showers close to the ground,
the interaction with multiple supernova remnants (Ip & Axfordnd these could appear similar to the neutrino-induced ones.
1991), galactic wind (@lk & Zirakashvili 2004), or extragalac- However, with radio observations, due to the low attenuation
tic sources like jets of gamma-ray bursts (Waxman 1995; Vietr radio waves, it should be possible to see two showers in this
1995) or active galactic nuclei (Biermann & Strittmatter 198 ¢ase: the original one in which secondary muons are created
Rachen & Biermann 1993). Another option is so-called tognd the secondary one, triggered by one of those muons.
down scenarios: protons and neutrons, but also neutrinos andHighly inclined showers are expected to be very well de-
gamma-rays, are produced from quark and gluon fragmentieetable in the radio domain (Gousset et al. 2004; Huege &
tion of heavy exotic particles formed in the early UniversBalcke 2005a,b) and they can be very interesting for neutrino
(Hill 1983; Schramm & Hill 1983). The highest energy cossearches. In this paper we show that the LOPES-10 radio array
mic rays are expected to be suppressed by interaction w(the first phase of LOPES, consisting of 10 antennas) can de-
the cosmic microwave background radiation, which is knowtact highly inclined cosmic ray air showers which can, in prin-
as the Greisen-Zatsepin-Kuzmin (GZK) cut-(Greisen 1966; ciple, be the signature of primary neutrinos. The data is also
Zatsepin & Kuzmin 1966). The HiRes experiment (Abbasised to check the dependency of detectiffitciency on muon
et al. 2004) measurements are in agreement with the prediatedhber, zenith, and azimuth angle. Also, highly inclined events
flux suppression of the highest energy cosmic rays. Howevare convenient for further investigation of the previously found
the results of the AGASA experiment (Takeda et al. 1998) shaarrelation (Falcke et al. 2005) between radio pulse strength
an excess compared to the predicted GZK suppression (Bahaatl geomagnetic angle, due to the larger range of geomagnetic
& Waxman 2003). The ultra-high energy cosmic ray flux is exangle values. The paper is organized in the following way: in
pected to be accompanied by associated fluxes of gamma ragst. 2 we briefly introduce the LOPES experiment. In Sect. 3
and neutrinos from pion decays formed in the collision of prave present some highly inclined events detection statistics and
tons with photons (see, for example, Zas 2005). show an example event with zenith angle of 56 Sect. 4 we

To reconstruct the initial energy of a primary particle (bghow some properties of inclined showers. In Sect. 5 we present
measuring the particles on the ground with an array of partigeents with zenith angles larger tharf 70Qur conclusions are
detectors) it is necessary to have a good estimate of the tgfaken in Sect. 6.
number of muons and electrgpssitrons during shower devel-
opments. Muons dter insignificant losses in the Earth’s atmo- :
sphere and almost all reach the ground, so they are detec%éghe LOPES experiment
by particle detectors like KASCADE (KArlsruhe Shower Coré OPES (LOfar PrototypE Station, see Hoffiee et al. 2004)
and Array DEtector, see Antoni et al. 2003). On the other harigl, a phased array of dipole antennas co-located with the
electrons are absorbed proportionally to the shower path lenf#RSCADE experiment (Karlsruhe Shower Core and Array
through the atmosphere, and, in case of highly inclined sholdetector, see Antoni et al. 2003), which provides coincidence
ers, only a small fraction reaches the ground, but the total nutriggers for LOPES and well-calibrated information about air-
ber of electrons is expected to be roughly proportional to tseower properties, like electron numbsy, total muon num-
strength of the radio pulse detected with radio arrays suchkas N, o, truncated muon numbe, (muon number within
LOPES (LOFAR PrototypE Station). The numbers of muor)-400 m of the shower core), azimuth, and zenith angle of the
and electrons in the air shower can also reveal the nature of éivent. Radio emission of cosmic ray air showers (40-80 MHz)
primary particle. Cosmic ray air showers triggered by nuclei tias been detected by LOPES-10 in the frequency range from
protons can be recognized by the strong hadronic componéiitto 80 MHz as reported by Falcke et al. (2005).
and since muons travel through the atmosphere almost unaf-The setup of LOPES-10 consists of 10 inverted V antennas
fected, a large number of muons can be detected on the grodistributed over the KASCADE array, which consists of 252
level. Air showers that are initiated by gamma rays are donsintillation detector stations on a uniform grid with 13 m spac-
nated by the electromagnetic component (electrons, positrang, electronically organized in 16 independent clusters. Each
and photons) while the number of muons is lower. LOPES antenna is centered between four KASCADE huts in

Neutrinos are not very likely to interact within the Earth'¢he north-western part of the array. The antenna setup has a
atmosphere and produce air showers due to the very smmadlximum baseline of 125 m. The analogue radio signal re-
cross section for interactions. The probability for interactioreived by antennas is filtered to select a band from 43 to 76
increases with the path length through the atmosphere, so nditz, giving a bandwidth of 33 MHz.
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About 0.8 ms of data are read out whenever KASCAD#les, so the reconstruction of the electron and muon number is
produces a ‘large-event trigger‘, which means that 10 out 6t accurate for all 51 events. However, it is important to men-
16 KASCADE clusters have produced an internal trigger. Thien here that shower direction and shower core position are
resulting trigger rate is about two to three per minute (deperalways well reconstructed by KASCADE.
ing on how many clusters are operating and local atmosphere As an example, we show one of those 51 events (with ac-
conditions, such as pressure). On average the trigger is delag@cite KASCADE electron and muon number reconstruction),
with respect to the shower by 1.8, depending on the showerdetected by LOPES-10 in March 2004, with a zenith angle of
geometry relative to the KASCADE detector. 53 and an azimuth angle of 54an azimuth of 0 corresponds

We relate the radio signal to shower properties using pa-a direction towards the north), with roughly the same num-
rameters provided by the KASCADE data processing from ther of electrons and total number of mudvs Nﬂ,totz1.5106.
particle detectors. These parameters are: location of the sholMee angle between the shower axis and the Earth’s magnetic
core, shower direction, energy deposited in the particle detéield or so-called geomagnetic angle is’7The energy of the
tors, total number of electrons on the ground leMg) and primary particle is estimated to be around16V.
muon numbersN, 1, N.). The strength of the detected radio In Fig. 1 (left panel) we show the electric field (defined as
pulse is in unitsuV/m/MHz. There is no absolute gain cali-electric field strength divided by the LOPES bandwidth) as a
bration yet. The positions of radio flashes are coincident withinction of time for each of ten LOPES-10 antennas, after be-
the direction of the shower axis derived from KASCADE dating corrected for instrumental and geometric time delays in the
within the expected uncertainties (averagéset 0.80.4°). direction of the shower axis. The field is coherent at -1,825
Details about the LOPES-10 experiment and data processivigich is the arrival time of the shower. The incoherent noise
are given by Hornger et al. (2004) and Horffir (2006). afterwards is radio emission from photomultipliers and in this
case is relatively weak, indicating a lower energy deposit in the
photomultipliers and a lower electron number on the ground
than in the case of more vertical events, due to the absorption
LOPES-10 received 2017 triggers from the KASCADE delong the shower’s traveling path in the Earth’'s atmosphere.
tector for events with a zenith angle larger thari 50seven The right panel of this figure shows the radio emission as a
months of taking data during the year 2004, with primary efunction of time after power-beam and cc(cross correlated)-
ergy approximately in the range @10 eV (whichis roughly beam forming. For beam forming, for a given direction, signals
the threshold for the radio detection; the KASCADE detectare corrected for a time delay between the arrival of signals
is optimized for 18° eV). There were 1931 triggers for eventso each antenna and for antenna gain. Then, the power beam
with a zenith angle between 5@&nd 70 and, out of those, is calculated as follows: the electric field of each antenna is
roughly 1 in 35 have been detected in the radio domain. Wiglquared, all is summed and normalized by the number of anten-
the increase of zenith angle, the number of triggers decreasas, and the square root is taken. The cross correlated beam is
and there were only 86 events for zenith angles larger than 7/drmed in the following way: electric field strengths of all pos-
Out of those events 4 have been detected by LOPES-10. Tilde two antenna combinations are multiplied, summed, and
detection rate is significantly higher than the average detectimormalized by the number of antennas, and finally, the square
rate for LOPES-10, which is roughly 1 event detected in threot is taken (while preserving the sign). The power beam gives
radio domain per 1000 triggers received from the KASCADE peak if there is a lot of power in the antennas, independent of
detector. The reason for this is that inclined showers that d@rbeing coherent or incoherent, while the cc-beam is more sen-
detected by KASCADE still have a significant number of pasitive to the coherencefects (for more details see Holffier
ticles reaching the ground, even after traveling path lengt®806).
through the Earth’s atmosphere several times longer than theFigure 2 is a radio map of the example event (Falcke et al.
vertical ones. In other words, inclined showers that manage2@05). The air shower is the brightest point in the sky at the
reach the ground must have high energy primary particles, aadio frequencies for several tens of nanoseconds. Figure 3
they are above the threshold for radio detection. It is also imives the energy deposit of the chosen cosmic ray shower over
portant to mention here that the radio signal of highly inclinetie KASCADE array with g detectors. We can see that the
events has a larger 'footprint’ (Huege & Falcke 2005b) on ttehower core falls within the KASCADE array and that the max-
ground and due to this thefective collecting area of a radioimum energy is deposited in the north-western part, within the
antenna array becomes bigger. This might be not so importa@PES-10 array. We can notice the elliptical shapes of the con-
for the small baseline arrays like LOPES-10 (around 100 ntpurs of the energy deposit, which is typical for inclined events.
but it will be for larger arrays like LOFAR or Pierre Auger We should also point out that the antenna gain (ratio of the
Observatory (Nitz & The AUGER Collaboration 2000). power receivetransmitted in a certain direction to the power

To reduce low energy air showers triggering KASCADRBhat an isotropic emitter would radiate in that direction) de-
for the following detailed investigation of individual inclinedcreases with an increase of zenith angle (the gain also depends
cosmic rays, we introduce an additional condition: only shown frequency and azimuth), so the sensitivity of LOPES-10 de-
ers with large densities in the muon counters are selected. Tdnsases towards the horizon. For example at fixed azimuth an-
narrows the sample to 51 events and around 40% of those glee the gain is around three times larger for a zenith angle of
detected by LOPES, many with very large radio pulse heigh®®r than for a zenith angle of 70We should keep in mind that
The KASCADE detector is not optimized for large zenith ardue to this, on a map of an inclined event, (for example Fig. 2),

3. Radio detection of inclined events
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Fig. 1. Left: The electric field as a function of time for LOPES-10 antennas for an event detected in March 2004 with a zenith afngaaf 53
an azimuth angle of 54Geomagnetic angle of this event is"7Blumber of electrons ibl,=1.510° and total number of muorNﬂ,totzl.SlOG,

reconstructed by KASCADE. Right: Radio emission as a function of time after beam forming for the same event. The dark blue line represents

the resulting cc-beam, the light blue line the power-beam. Note that the timescales on the panfisrant. di

AZEL Latitude
34° 34°5 35° 35°.5 36° 36°.5 37°

AZEL Longitude

enerqy deposit [MeV/ ]

5 . » . ” Fig. 3. Energy deposit of the cosmic ray shower with a zenith an-
R ?8 R gle of 53 detected in March 2004 foyfe KASCADE detectors (area
AZEL Lofituoe 200x200 4, each small square represents one KASCADE station).
Fig. 2. Radio map of the cosmic ray shower with a zenith angle @ark blue color shows the energy deposit of 100 &% red color
53 detected in March 2004. Azimuth (AZEL longitude) and elevatioshows 1000 Me¥m?. The maximum energy deposit for this event is
(AZEL latitude) of the event are given on the axes. The map is focused500 MeVym?.
on a distance of 3000 m.

tected by LOPES-10 (rhombs). Note that there are 7 events

the maximum can be slightly shifted towards lower zenith ajith accurate KASCADE reconstruction that are detected by
gles. Also, gain values for larger zenith angles are less certailypes-10. Other events (21) reconstructed by KASCADE are
not registered in the radio domain. Also, there are 14 events
'seen’ by LOPES-10, but with no reliable particle numbers
from KASCADE. Finally, there are 7 events not accurately re-
Out of 51 events with a zenith angle larger thari,3&o oc- constructed by KASCADE and also not detected by LOPES-10
curred in thunderstorm conditions, and are taken out of the fgtriangles).
ther analysis (Buitink et al. 2005). The remaining 49 events are We can see that above a zenith angle ¢f @uon and elec-
shown in Fig. 4 and 5. tron number sreconstructed by KASCADE are not reliable, due

Figure 4 shows geomagnetic and zenith angles of inclinerithe detector sensitivity decrease for large inclinations. On
events triggered by the KASCADE detector in the year 200the other hand, the most inclined cosmic ray air shower (reg-
Out of those, 28 events have accurately reconstructed mistered as highly energetical with a large muon density on the
and electron numbers by KASCADE (stars), and 21 were dground) detected in the radio domain has a zenith angle of al-

4. Properties of inclined showers
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Fig. 4. Geomagnetic and zenith angle of inclined events from the ] ) ]
year 2004. Rhombs: events detected by LOPES-10 in the radio &é3- 6- Radio pulse normalized with the truncated muon number (and
main, stars: events with the reliable KASCADE reconstruction gpultiplied with 1) as a function of a geomagnetic angle for bright
muon and electron number, and triangles: events not detectede¥§nts (Hornffer 2006) and inclined events from this paper in the
LOPES and without well reconstructed muon and electron numbéggime of 100% radio detection. The dashed line represents the lin-
by KASCADE. Radio detectionficiency is almost 100% above a€ar fit for bright events with 250°, and the solid line represents the
geomagnetic angle of 60 quadratical fit for all events.

same meaning as in the Fig. 4. An azimuth &fc@rresponds

to a direction towards the north. All radio detected events are
+80° around the north and4(® around the south. Events from
east and west directions are not detected. This may be due to
two times larger antenna sensitivity in the north-south than in
the east-west direction for inclinations larger thari &@dor

due to the fact that showers coming from east or west are ex-
pected not to have a significant emission in the east-west polar-
ization component (Huege & Falcke 2005b), which is the one
that LOPES antennas measure.

There are more detected events coming from the north than
from the south, which is probably related to the fact that cos-
mic rays coming from the north have the largest geomagnetic
angles. Also, the tight correlation (two thin bands) shown in

30 40 50 60 w80 90 Fig. 5 is due to the fact that most events have zenith angles
geomagnetic angle [°] between 50and 60, so the azimuth changes frorh @ 360,
Fig. 5. Geomagnetic angle and azimuth for the same set of events/d3ereas the zenith angle stays almost constant for those events.
in Fig. 4. The meaning of symbols is the same as in Fig. 4. Note thie only two points out of this general trend are for zenith an-
there are more events detected by LOPES-10 in the north-south digles larger than 70
tion than in the east-west direction. This may be due to the antenna Figure 6 shows events with zenith angles smaller th&n 50
sensitivity, largest geomagnetic angles in the direction of north or p@4ornefer 2006) and inclined events from this paper with ac-
larization dfects. curate KASCADE particle number reconstruction, which are
in the region of 100% radio detection considering their ge-
omagnetic angles and truncated muon numbers. This can be
most 70. Note that almost all events with a large geomagnetixplained as follows: The fraction of radio detected events
angle (more than 6) are detected by LOPES-10. This corwithin KASCADE triggered events increases both with rising
responds to a direction towards the north. Events detectedrbyon number and with rising geomagnetic angle. By defin-
LOPES with geomagnetic angles betweenfi 80d 40 are in ing a more strict cut on muon number and geomagnetic an-
the southern direction. gle, 1-cos(geomagnetic angid.58-0.6logl,), as explained

The same can be seen in Fig. 5. It shows the geomagnétiadetail by Hornder (2006), it is possible to get a selec-

angle and azimuth of 49 inclined events. Symbols have ttien where all events have been detected in the radio domain.
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Figure 6 shows the correlation between the radio pulse nor- Figure 7 shows the geomagnetic angle and the total muon
malized by the truncated muon number and the geomagneticnber (on ground level) of 28 inclined events with accu-
angle. The normalized radio pulse height increases with ttese KASCADE electron and muon numbers. Out of those, 7
geomagnetic angle, for highly inclined events also, which ievents were detected by LOPES-10 (large stars). Radio detec-
dicates the geomagnetic origin of shower radio emission. Ttien clearly favors cosmic ray air showers with a large muon
value used for the radio pulse height in Fig. 6 is the heightmber, which is in agreement with bright, nearly vertical
of a Gaussian fitted to cc-beam and this valuefisced by events from Falcke et al. (2005). This is expected, since the-
errors of the KASCADE data and statistic and systematic ey predicts that due to coherence (Huege & Falcke 2003), the
rors connected with radio measurements (HGa1€2006). We electric field strength scales approximately linearly with the
should point out that the gain of the LOPES antennas is calimber of electroripositrons (times their track length) in the
culated from the simulations and that the real gain cdiedi shower, which is roughly proportional to the number of muons
from those values. Theflierence is the largest for large zenithn the case of the KASCADE detector.
angles, due to the unknown reflections at the ground and the
surroundings. We conclude from the simulations that for zen
angles less than 80the dfect on the pulse height is less tha
10% (Hornéfer 2006). The corresponding estimated error fof we search through 86 KASCADE triggers for events with a
zenith angles larger than 5@s up to 50%. In Fig. 6, beside zenith angle larger than 70we find four events that are de-
other errors, we included 10% gain error for events witB@& tected in the radio domain by LOPES-10. We do this with-
and 50% gain error for more inclined events. In this way, waut selecting events with a large muon density on the ground,
took the largest possible value of the error for highly inclineand that is why they do not show on plots in the previous
events into the account. We made a linear fit for everf802 section. This does not mean that the number of particles in
and a quadratical fit for all events. We can notice that even withose showers is small, but due to the very large inclination,
a maximum gain error included, events with5° are located muon and electron numbers ardidiult to reconstruct with the
above the linear fit and match the quadratical dependence m&ASCADE detector.
closely. However, we should keep in mind that a larger num- We show two examples here. The left panel of Fig. 8 shows
ber of events with a large zenith angle might be necessary farmevent from January 2004. We checked and ruled out the pos-
final conclusions about this dependence, and also, that LOPEiBility that this event occurred in a thunderstorm enviroment
10 antennas measure only east-west polarization and this rfBuyitink et al. 2005). This is the most inclined radio event de-
be the reason that events coming from the north have lar¢eeted by LOPES-10 during the year 2004, with a zenith angle
measured radio pulse heights. of 77° and an azimuth of 3¥7The geomagnetic angle for this
event is 84, which is again in agreement with the conclusion
we have drawn earlier that events with a large geomagnetic an-
gle are favored for radio detection. The signal is coherent with
a very large field strength. Note that the noise after the peak is
AR T T T T T very weak, due to the low noise from the photomultipliers, i.e.,
6.2k - asmall number of electrons that reach the ground, which is ex-
pected in the case of very inclined events. A power-beam and a
cc-beam formed pulses are shown in the right panel of Fig. 8.
6.0 >, %K - Another event with a zenith angle larger tharf ¥0shown in
Fig. 9. Here, the thunderstorm connection is also ruled out. This
event is from July 2004 with a zenith angle°7an azimuth of
300, and a geomagnetic angle of°’88

o

rlligh Events with a zenith angle larger than 70
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We have made a selection of events detected by LOPES-10 dur-
ing the year 2004 with a zenith angle larger thah &ad a large
5.4 7 muon density on the ground, which corresponds to a high en-
T Lviiiin L, L L, L, ergy of the primary particle (51 events). Around 40% of those
30 40 50 60 70 80 90 events are detected in the radio domain, and some of them with
geomagnetic angle [°] very high field strengths, like the example we presented in Sect.
Fig.7. Geomagnetic angle and the total number of muons (3. We also found four radio detected events with a zenith angle
the ground level) for inclined events from 2004 that have reliab(férgerthan 70(Sec_t. 4.)' .
KASCADE reconstruction of muon and electron number. Big star We, found that '”C“”e‘?' events that are prefe_rred for radio
tection are the ones with a large geomagnetic anglgand

represent events detected by LOPES-10. Events with large geo ?i A |
netic angles andr large muon numbers are favored for detection ift /arge number of muons, which is proportional to the total

the radio domain. number of particles in a shower, i.e., the energy of the primary
particle. We also found that the radio pulse height normalized
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Fig. 8. Left: Electric field as a function of time for LOPES-10 antennas for an event detected in January 2004 with a zenith arigiehef 77
geomagnetic angle is 84Right: Radio emission as a function of time after beam forming for the same event. The dark blue line represents
cc-beam, the light blue line the power-beam. Note that the timescales on the panefteegatdi

with the truncated muon number increases with the geomag- prove the estimate of the antenna gain at large zenith an-
netic angle to larger zenith angles than considered in Falcke gles. Another possible way to reduce this problem is to use
et al. (2005). This implies that geomagnetic processes in cos- an optimized antenna for measuring inclined showers, but
mic ray air showers are also dominant emission mechanism for it is important to remember that one has to make a trdtle-o
highly inclined events. between antenna sensitivity to the horizon and suppression
For the particle detector KASCADE, the sensitivity drops of human-made radio emission, which usually comes from
sharply towards the larger zenith angles. However, this is not the horizon and decreases the signal-to-noise ratio even af-
the case for radio detection. Our results show that radio arrayster beam forming.
can be used to detect very inclined cosmic ray air showers. We
show that LOPES-10 can detect events up to a zenith angleé’eknowledgementsThis work is part of the research program of
around 80. This indicates that much larger radio detectors, {fe Stichting voor Fundamenteel Onderzoek der Materie (FOM),
they are able to estimate the distance to the air shower m4gich is financially supported by the Nederlandse Organisatie
imum, might be used in the future as a possible detectors3f" Wetenschappelik Onderzoek (NWO). LOPES is supported

neutrino induced showers with large inclinations initiated clos, \1¢, Serman Federal Ministry of Education and Research. The
to the ground 9 ASCADE-Grande experiment is supported by the German Federal

. . . .Ministry of Education and Research, the MIUR of Italy, the Polish
However, for a possible future detection of neutrinos Wittyinistry of Science and Higher Education, and the Romanian

a large radio array, like the LOFAR telescope, we should kegfhistry of Education and Research (grant CEEX 05-D112005).
in mind the following things:
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Fig. 9. Left: Electric field as a function of time for LOPES-10 antennas for an event detected in July 2004 with a zenith anglerog73
geomagnetic angle is 88Right: Radio emission as a function of time after beam forming for the same event. The dark blue line represents the
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