LOPES 3D - studies on the benefits of EAS-radio
measurements with vertically aligned antennas
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Abstract. The LOPES experiment was a radio interferometer built atettisting air shower array KASCADE-Grande in
Karlsruhe, Germany. The last configuration of LOPES wasdallOPES 3D and consisted of ten tripole antennas. Each
of these antennas consisted of three crossed dipoles eastworth-south, and vertically aligned. With this, LOPES

had the unique possibility to study the benefits of measunesneith vertically aligned antennas in the environmenthef t
well understood and calibrated particle detector array RABE-Grande. The measurements with three spatially coanti
antennas allows a redundant reconstruction of the elefitdit vector. Several methods to exploit the redundancy were
developed and tested. Furthermore, for the first time in LORBe background noise could be studied polarization- and
direction dependent. With LOPES 3D it could be demonstrétatiradio detection reaches a higher efficiency for indine
showers when including measurements with vertically @&ijantennas and that the vertical component gets more iamport
for the measurement of inclined showers. In this contrdoutive discuss a weighting scheme for the best combinatidreét
redundant reconstructed electric field vectors. Furthegmmee discuss the influence of these weighting schemes @bility

to reconstruct air showers using the radio method. We shaesimate of the radio efficiency for inclined showers witbufe

on the benefits of measurements with vertically alignedrarae and we present the direction dependent noise in tesediff
polarizations.
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INTRODUCTION

The radio detection [1, 2, 3] of air showers is so far the onlgtind combining a high uptime with a precise
measurement 0fmnax [4, 5]. Thus the interest in further developing this teclugignd gaining the maximum precision

is very high. With LOPES 3D [6] the benefits of additional dirsneasurements with vertically aligned antennas have
been studied. In principle, with measurements of two ardemt the same location the complete electric field vector
can be reconstructed when knowing the arrival directiorhefgshower. This is already done by radio experiments
like AERA [7] and Tunka-Rex [8]. LOPES 3D measures air shaneith three antennas at the same location, thus
the same electric field vector can be reconstructed thressti®everal methods to make use of this redundancy were
developed and one of them is discussed here exemplarilgeniethods can be adopted out of the box for other radio
experiments that are measuring three polarisation dinestiln addition, the direction dependent background noise
was studied in the single components separately.

LOPES 3D

With LOPES 3D we wanted to study the benefits of measuremaeitttisvertically aligned antennas. Therefore, the
LOPES experiment [9] was reconfigured with tripole anterjh@kas mentioned above and described in [6]. We have
reconfigured and calibrated the complete experiment anelol@®d a new timing calibration method [11] as well as a
method to perform an amplitude calibration on verticaligiaéd antennas. It was shown that LOPES 3D is sensitive
to the transit of the galactic plane and that solar flares eastetbected with LOPES 3D [11]. However, the analysis of
air shower events was harmed by several aspects:

- Increase in the background noise: see figure 1, where thagsdrackground noise is shown as a function of
time on the left hand side. On the right hand side the detemtddeconstructed events from LOPES 3D and the
received triggers for the same time period are shown. It eeselen that after the increase in background noise a
fewer number of events was detected. In fact the rate is dguanfbctor of 6. Thus the analysis performed and
discussed in the following is harmed in the sense that nisstatly significant conclusion can be given.

- Reduction of antenna positions: We reduced the setup fromar2&nna positions to ten. Consequently the
efficiency of the antenna array went down roughly by a fact@ [@]

- Incorporation of the vertical component, where in most samaly a weak signal but high noise is expected.
Measuring also with vertically aligned antennas was thé @oé motivation for LOPES 3D, but nevertheless this
harms the data quality compared to the former setups of LOPES
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FIGURE 1. Average background noise as a function of time (lhs). Detkeand reconstructed air showers from LOPES 3D in
blue and received triggers in black as a function of time)(rfike observed decrease in the event rate is caused by teasecof
the background noise, while the trigger is constant.

The methods developed within LOPES 3D and the knowledgeettere partly applied at current radio observa-
tories like AERA and Tunka-Rex. In the following we presdme tatest results retrieved by analysing the LOPES 3D
data taken before the increase in background noise.

INCORPORATION OF THE ANTENNA GAIN

During the measurement the electric field vector is conddde voltage at the antenna foot-point. Thus, the vectorial
information gets lost, as a vector is converted to a sc8lar= E - G(f, 8, @), with the electric field vectoE, the gain
of the antenn&(f, 08, @), the frequency of the signdl the azimuthp, the zenith angl®, and the resulting voltage at
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FIGURE 2. Background noise in vertical component as a function oftheamgle (lhs). Absolute amount of reconstructed events
for KASCADE, black, for LOPES when only using horizontalljgned antennas, blue, and when including also verticdignad
antennas red (rhs).

the antenna foot-poii&,n:. It is obvious that the electric field vector cannot be retmresed when using measurements
from only one antenna. In principle three independent measents are needed in order to fully reconstruct the etectri
field vector as the gain and the voltages at the antenna faintgare known. Thus the resulting linear equation system
E - Gantx= Santx (X = 1,2, 3 for the 3 different measurements) can be solvedfdrike any electromagnetic wave, the
radio emission from cosmic ray induced air showers is a Wt@nse wave, consequently the component of the electric
field vector along the shower axis equals zero. In this frameasurement with two antennas in spatial coincidence is
sufficient to reconstruct the electric field vector accogdim equation 1 with the two components of the electric field
vector in the new reference frarkg andE,.
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Weighting scheme

Due to the measurement with three antennas in spatial dance the electric field vector can be reconstructed
three times with all possible combinations of measurenfenis two antennas. Thus in total three values of the same
electric field vector are available. This gives rise to thesiion on the best use of these redundant reconstructions
of the electric field vector. Several methods have been dpeel and tested, for further details consider ref. [12]. In
this paper we briefly discuss the so-called gain method, @isthis method the best results were achieved. Hereby we
do a weighted averaging of the three electric field vectossaAveight we used the combined simulated sensitivity
of the two antennas used to reconstruct the electric fieltbvelm general the vertical antennas get higher weights
the more inclined the air shower was, whereas the horidgraigined antennas get high weights the more vertical
the air shower arrived. With the gain method most eventstcbalreconstructed when including measurements with
vertically aligned antennas.

MEASUREMENTS WITH VERTICALLY ALIGNED ANTENNAS

Including measurements with vertically aligned antenaads to fewer reconstructible events in radio. One reason fo
this is the vertical component which is in most cases the estalat least at the LOPES site). Another reason could
be background noise, as the noise was never studied in fieeatif components separately. The vertical component is
expected to be stronger affected by noise in particular visihg zenith angle of the incoming air shower [13]. This

behaviour could be confirmed by measurements. By using LO#ESdigital radio interferometer the radio signal

can be analysed according to the arrival direction. In figu(#hs) the zenith angle dependence of the background
noise in the vertical component is shown. It can be seen thakpected the background noise increases with rising
zenith angle. This is harming the efficiency of measuremeiitts the vertical antennas as they get more sensitive
and additionally the expected signal gets higher with gstenith angle. In other words, the best geometries for



the measurements with vertically aligned antennas whekirigoat the sensitivity and predicted emission are the
geometries with highest background noise. For the backgtooise in the north-south and east-west component no
significant zenith angle dependence was found.

SENSITIVITY TO INCLINED SHOWERS

As discussed above, measurements with vertical anteneasipposed to be more efficient the more inclined the air
shower was. Thus we compare the reconstruction efficienty and without vertical measurement as a function
of the zenith angle. In figure 2 (rhs) the amount of reconstlec events is shown, in red when including the
vertical measurements, in blue when ignoring them. In dasy ghe triggers LOPES received from KASCADE-
Grande [14, 15] are shown. It can be seen that in general mergscan be reconstructed when ignoring the vertical
measurements. This is due to the weak signal and the noibe iwettical component. However this figure changes
for inclined geometries, as for these more showers can loaseticted when including vertical measurements. When
looking just for events with a zenith angte60°, in total 22 events can be reconstructed when using only botally
aligned antennas whereas 29 events can be reconstructedeheding the vertical measurements LOPES 3D and
especially this analysis suffers from the poor statistaussed by a rise in the background noise [12].

CONCLUSION

In this article we have discussed the benefits of additioralsurements with vertically aligned antennas. In a dettaile
study an increase of background noise with zenith angledvéntical component was found at the LOPES site. This
led to a decrease in the number of reconstructible events winduding the measurements with vertically aligned
antennas for showers with zenith angles smaller than l§8vertheless, for showers with zenith angles larger than
60° the number of reconstructible events increased when imgutheasurements with vertically aligned antennas.
This shows that the measurement with vertically aligneémamas is of importance when it comes to inclined shower
detection but the full potential of these measurements eaxploited best when going to radio quiet areas.
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