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Abstract. Tunka-Rex, the Tunka Radio extension at the TAIGA facility (Tunka Ad-
vanced Instrument for cosmic ray physics and Gamma Astronomy) in Siberia, has re-
cently been expanded to a total number of 63 SALLA antennas, most of them distributed
on an area of one square kilometer. In the first years of operation, Tunka-Rex was solely
triggered by the co-located air-Cherenkov array Tunka-133. The correlation of the mea-
surements by both detectors has provided direct experimental proof that radio arrays can
measure the position of the shower maximum. The precision achieved so far is 40 g/cm2,
and several methodical improvements are under study. Moreover, the cross-comparison
of Tunka-Rex and Tunka-133 shows that the energy reconstruction of Tunka-Rex is pre-
cise to 15 %, with a total accuracy of 20 % including the absolute energy scale. By us-
ing exactly the same calibration source for Tunka-Rex and LOPES, the energy scale of
their host experiments, Tunka-133 and KASCADE-Grande, respectively, can be com-
pared even more accurately with a remaining uncertainty of about 10 %. The main goal
of Tunka-Rex for the next years is a study of the cosmic-ray mass composition in the
energy range above 100 PeV: For this purpose, Tunka-Rex now is triggered also during
daytime by the particle detector array Tunka-Grande featuring surface and underground
scintillators for electron and muon detection.

1 Introduction

Tunka-Rex started in 2012 as radio extension of the air-Cherenkov array Tunka-133 in Siberia close
to lake Baikal [1]. Its original goals have been a cross-calibration of the radio and the air-Cherenkov
signal [2], and the demonstration that radio detection can indeed by economic compared to other tech-
niques - at least when not operated as stand-alone detector,but as add on to an existing array [3]. After
both original goals have been fulfilled within the first threeyears of operation, the new primary goal
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Figure 1. Map of the antenna array Tunka-Rex, the photomultiplier (PMT) array Tunka-133, and the scintillator
array Tunka-Grande.

of Tunka-Rex is the determination of the mass-composition in the energy range of 1017
−1018 where a

transition of cosmic rays from galactic to extra-galactic origin is assumed [4]. For this goal, the recon-
struction methods for the atmospheric depth of the shower maximum, Xmax, shall be improved, and
the radio measurements of Tunka-Rex shall be analyzed in combination with the co-located Tunka-
Grande array of on- and under-ground scintillator detectors [5]. A secondary goal of Tunka-Rex re-
mains the further investigation of the radio signal, e.g., by comparing the predictions of Monte Carlo
simulations codes to measurements, and by testing results and methods found by other experiments.

2 Experimental setup

Since this summer Tunka-Rex consists of 63 antenna stationsin a hexagonal structure, each consisting
of two orthogonal SALLA antennas measuring the radio emission between 30 and 80 MHz with an
effective band of 35−76 MHz [6]. Apart from six outer satellite stations, the antennas are clustered in
triplets with antenna spacings of several 10 m inside of a triplet and about 200 m between the triplets
(see figure 1). This structure is unprecedented and future analyses will show whether it lowers the de-
tection threshold and increases the reconstruction accuracy for Xmax compared to the first years with
only one antenna per cluster (see table 1). The reason for thenew non-uniform layout is mostly tech-
nical. Each Tunka-133 cluster consists of 7 photomultiplier stations for the detection of air-Cherenkov
light and features its own local data-acquisition (DAQ) in the center. The first 25 Tunka-Rex antenna
stations are attached to this DAQ which provides the triggerduring clear nights. Moreover, close



Table 1. Stages of the Tunka-Rex experiment. Measurements
take place in ‘seasons’ from autumn to spring and are

interrupted each summer for several reasons.

Season Number trigger by Tunka
of antennas -133 -Grande

Oct. 2012 - Apr. 2013 18 x
Sep. 2013 - Mar. 2014 25 x
Oct. 2014 - Apr. 2015 25 *
Sep. 2015 - Jun. 2016 44 x x
from autumn 2016 on 63 x x
* Data not used due to timing problem.

Table 2. Average contributions to the time
uncertainty of Tunka-Rex studied by
comparing real events with CoREAS
simulations before and after adding

background to the simulations.

Source of uncertainty size (ns)
Synchronization 6
Noise 5
Plane wavefront model 5
total (squared sum) 9

to each of the 19 inner cluster centers of Tunka-133 there is one station of the particle-detector ar-
ray Tunka-Grande consisting of scintillators from the dismantled KASCADE-Grande experiment [7].
Meanwhile two antennas per cluster are attached to the DAQ ofTunka-Grande, triggering Tunka-Rex
during daytime and bad weather. Despite the different local DAQs, the configuration is such that for
all events all three antennas of a cluster are read out, i.e.,no information is lost.

The antennas have been calibrated with the same external reference source used by LOPES [8] and
LOFAR [9] with a total accuracy of 22 % dominated by a 17 % uncertainty of the absolute scale [3].
Because a large part of the scale uncertainty is correlated between the experiments, their results can
be compared to each other with a relative uncertainty of only10 %, which enables more precise cross-
checks of results by the different experiments [10]. Recently, we also studied the timing accuracy in
more detail, since a relative accuracy as good as a nanosecond would be required to exploit timing
information forXmax reconstruction [11]. A previous analysis with a constant-wave reference beacon
similar to the ones used at LOPES [12] or AERA [13] revealed that the relative timing is indeed
stable to better than a nanosecond during single nights [14]. However, due to daily recalibration of
the clock system, there are jumps between nights of several nanoseconds, and moreover the offsets
between different clusters are only known to 5 ns accuracy. Furthermore,background (= internal+
external noise) contributes significantly to the uncertainty of measured pulse times, such that both,
the synchronization and the noise uncertainty, are comparable in size to the residuals between the
real wavefront and the shower plane (see table 2). This situation is sufficient for a 1− 2◦ resolution
on the arrival direction, but significant efforts are still necessary to make the timing of Tunka-Rex
accurate enough for a measurement of the radio wavefront. Thus, the current standard methods for
reconstruction of the shower energy and ofXmax rely fully on amplitude measurements [15, 16], but
do not yet exploit other observables like the pulse time.

3 Analysis results

In the first two seasons 178 events have been measured with sufficient signal-to-noise ratio in at least 3
antennas, and with the arrival directions reconstructed byTunka-133 and Tunka-Rex in agreement [2].
For about half of the events, the absolute amplitude has beencompared to CoREAS simulations [3],
and LOPES measurements [10]. In both cases, Tunka-Rex measurements are in agreement within re-
spective uncertainties of about 20 % and 10 %. Furthermore, the primary energy andXmax have been
reconstructed from the radio measurements and compared to the air-Cherenkov measurements, again,
finding agreement. The derived precision for the radio measurement is about 15 % for the shower
energy, and about 40 g/cm2 for Xmax, the latter though only for a subset of high-quality events [2].
As shown at this conference, the shower energy can even be reconstructed from a single amplitude



measurements at one antenna station, when using the shower axis provided by the host experiment
Tunka-133 [17]. While the accuracy is slightly worse in thiscase, this lowers the energy thresh-
old and might be an interesting option for future hybrid analyses combining Tunka-Rex with muon
measurements by Tunka-Grande [18].

4 Conclusion

Tunka-Rex has shown that a sparse and cost-effective radio array can compete with more expensive
arrays in several aspects, in particular with respect to theprecision of the shower energy. ForXmax,
Tunka-Rex has brought experimental evidence that the radiotechnique can indeed be used to measure
the distance to the shower maximum, complementing earlier evidence by LOPES [19]. However, the
Xmax of Tunka-Rex is still two times worse than that of optical detection methods or of the dense
radio array LOFAR [20], but we expect that the recently increased density of the array as well as the
optimization of our reconstruction methods will improve the precision of Tunka-Rex. In addition, the
combination of radio measurements with the electron and muon measurements by Tunka-Grade ought
to increase the total accuracy on the mass composition for the energy range about 100 PeV.
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