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a b s t r a c t

Tunka-Rex is the new radio extension of Tunka-133 located in Siberia close to Lake Baikal. The latter

is a photomultiplier array registering air-Cherenkov light from air showers induced by cosmic-ray

particles with initial energies of approximately 1016–1018 eV. Tunka-Rex extends this detector with

25 antennas spread over an area of 1 km2. It is triggered externally by Tunka-133, and detects the

radio emission of the same air showers. The combination of an air-Cherenkov and a radio detector

provides a facility for hybrid measurements and cross-calibration between the two techniques. The

main goal of Tunka-Rex is to determine the precision of the reconstruction of air-shower parameters

using the radio detection technique. It started operation in autumn 2012. We present the overall

concept of Tunka-Rex, the current status of the array and first analysis results.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since the measurements of cosmic rays have reached the

theoretical limit for energies [1,2], the main challenge for the

physics of ultra-high cosmic rays is to increase the statistics and

the measurement quality near the energy spectrum cut-off.

To obtain a sufficient statistics from the surface of Earth we

need to build economically reasonable large-area detectors with

a high duty cycle. The radio detection could be one of the

perspective techniques for future investigations of ultra-high

energy cosmic rays.

Radio emission from extensive air showers was theoretically

predicted [3–6] and first detected [7–9] about 50 years ago. The

radio detection techniques became popular in the last decade

again, because standard detection methods have reached techno-

logical and economical limits: measurements by surface particle

detectors depend on models, whose accuracy is limited at high

energies due to extrapolation; optical fluorescence and air-

Cherenkov detectors are limited by their duty cycle due to night

length and weather. Thus, a number of modern experiments

[10–13] aim at obtaining the main properties of extensive air

showers, such as arrival direction, energy, shower maximum, and

primary particle1 using the radio detection technique. These

experiments proved that the radio emission can be detected from

air showers with energies above 1017 eV, with an angular resolu-

tion for the arrival direction better than 11 [14].

The open question is the precision of the reconstruction for

primary energy and shower maximum. Up to now, the experi-

ments have given only upper limits for these quantities (20% for

the energy and about 100 g/cm2 for Xmax) [15–18]. In a very recent

report of the LOFAR collaboration, there has been shown that the

precision of the Xmax reconstruction can reach up to 20 g/cm2 for

some events [19]. This precision would be comparable with the

fluorescence technique. The current challenge is to reach a

competitive precision with an economic radio array which can

be scaled to very large areas.

The main goal of Tunka-Rex, the radio extension of the Tunka

observatory for air showers, is to answer this question, i.e. to

determine the precision for the reconstruction of the energy and

the atmospheric depth of the shower maximum based on the
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cross-calibration with an air-Cherenkov detector. For this purpose,

Tunka-Rex is built within the Tunka-133 photomultiplier (PMT)

array. The latter measures the air-Cherenkov light of air showers in

the energy range between 1016 and 1018 eV [20,21]. Data of both

detectors are recorded by a shared data-acquisition system, and

the radio antennas are triggered by the photomultiplier measure-

ments. This setup automatically provides hybrid measurements of

the radio and the air-Cherenkov signal, and consequently allows us

to perform a cross-calibration of both techniques. In particular, we

can test the sensitivity of the Tunka-Rex radio measurements for

the energy and for Xmax by comparing them to the measurements

of the established air-Cherenkov array.

2. Setup and hardware properties

Tunka-Rex currently consists of 20 antennas attached by cables

to the cluster centers of the Tunka-133 photomultiplier array

(Fig. 1), which is organized in 25 clusters formed by 7 PMT each.

The spacing between the antennas in the inner clusters is

approximately 200 m, covering an area of roughly 1 km2. At each

antenna position there are two orthogonally aligned SALLAs (short

aperiodic loaded loop antenna) [22] with 120 cm diameter (Fig. 2).

Unlike most radio experiments the antennas in Tunka-Rex are not

aligned along the north-south and east-west axis, but rotated by

451, like in LOFAR [13]. Since the radio signal from cosmic ray air

showers is predominantly east–west polarized [23], this should

result in more antennas with signal in both channels but also less

events with signal in at least one channel. The SALLA has been

chosen as antenna not only for economic reasons, but also because

its properties depend only little on environmental conditions,

particularly, the influence of the ground on the antenna gain

and, thus, the measurement accuracy, is suppressed by a load

attached to bottom part of the antenna. The signal chain is

continued by a low noise amplifier (LNA) placed in the isolated

metal box, connected directly to the top of the SALLA; a buried

coaxial cable connecting the antenna to the main amplifier and a

filter at each cluster center of Tunka-133 hosting a flash ADC board

for the digital data acquisition (Fig. 3).

Tunka-Rex is triggered by the photomultipliers and records the

radio signal from the air showers between 30 and 80 MHz, where

the signal outside of this band is suppressed with an analog filter

(Fig. 4). First, this improves the signal-to-noise ratio of the air-

shower radio signals, second, this ensures that we measure

entirely in the first Nyquist domain and can fully reconstruct the

Fig. 2. A Tunka-Rex antenna in front of a Tunka-133 cluster center box and its

central PMT.

Fig. 3. Signal chain of a Tunka-Rex antenna with the corresponding

transformations.

Fig. 4. The mean background spectrum in one night of operation, as measured with

Tunka-Rex station 15. Background interferences are under active investigation,

more details in Ref. [24].

Fig. 5. Scheme of the data acquisition of Tunka-133/Tunka-Rex. Each cluster

contains a local clock. The time for each single cluster event is calculated as cluster

time plus the delay of the optical fiber. We assume that signals from the same air-

shower are within a 7000 ns time window corresponding to the time needed by

the shower front to cover of the whole air-Cherenkov detector.

Fig. 1. Map of Tunka. One Tunka-Rex antenna, consisting of two SALLAs, is attached

to each cluster of seven non-imaging photo-multipliers (PMTs). In the season from

October 2012 to April 2013, 18 out of 20 Tunka-Rex antennas have been operating.

In autumn 2013, five additional antennas will be installed to complete the array of

25 antennas in total.

D. Kostunin et al. / Nuclear Instruments and Methods in Physics Research A ∎ (∎∎∎∎) ∎∎∎–∎∎∎2

Please cite this article as: D. Kostunin, et al., Nuclear Instruments & Methods in Physics Research A (2013), http://dx.doi.org/10.1016/j.
nima.2013.10.070i

http://dx.doi.org/10.1016/j.nima.2013.10.070
http://dx.doi.org/10.1016/j.nima.2013.10.070
http://dx.doi.org/10.1016/j.nima.2013.10.070
http://dx.doi.org/10.1016/j.nima.2013.10.070


signal in this frequency band. Each of the clusters features its own

local DAQ independently (for an air-shower event a coincidence in

at least 3 PMTs is required). There the signal from both, the

antennas and the PMTs, is digitized and transmitted to the central

DAQ via optical fibers where it is stored on disk (see Fig. 5). Then,

during the offline analysis, all independent entries from clusters

are merged into hybrid events.

Based on the known Tunka-133 and Tunka-Rex hardware

properties, particularly, on the differences of cable lengths, we

can estimate the window for the radio signal (see Fig. 6)

t ¼NFADC

2
TBW þLR�LC

ɛc
� d

ffiffiffi

2
p

c
�τ7Δt ð1Þ

where NFADC ¼ 1024 is the number of FADC records in the trace,

TBW ¼ 5 ns is the binwidth, LR � 30 m, LC � 90 m are the cable

lengths to radio antennas and PMTs containers respectively,

c� 3� 108 m=s is the speed of light, ɛc� ð2=3Þc is the signal

velocity in the coaxial cable, d� 80 m is the typical distance

between each cluster center and the surrounding PMTs,

τ� 50 ns is the PMT signal width and Δt � d=ð
ffiffiffi

2
p

cÞ ¼ 200 ns is

the bound for the radio signal window. The first term in this

expression just gives the center of the trace (approximate position

of the signal from last PMT), the second term is the delay due to

the difference of cable lengths, the third term is possible delays

due to geometry of the detector (for a typical zenith angle of 451),

and the fourth term describes possible delay between shower

arrival and triggering (passing amplitude threshold for PMT).

Finally we have chosen Δt to take into account all possible

geometries (i.e. for the range of zenith angles from 01 to 701) of

air showers. Thus, our estimation for the time window of the radio

signal is 20007200 ns.

For more details on the Tunka-Rex hardware and the systema-

tic uncertainties on signal reconstruction, see Ref. [24].

3. Event selection and data analysis

Tunka-Rex started operation on 8 October 2012. Since then

operates within the Tunka-133 trigger, i.e. in dark moonless nights

with good weather excluding the summer months from May to

September.

By design, the maximum zenith angle for each PMT illumina-

tion is 501 (PMTs are placed inside isolated metal barrels whose

top is covered by plexiglas). The zenith angle for triggering can be

extended up to 701 due to indirect detection of light reflected from

the inner surfaces of barrels. Thus, all radio events are divided into

two groups based on geometry:

� “vertical” events: zenith angle θo501 with reconstructed

geometry, energy, shower maximum available from the air-

Cherenkov detector. These events are good candidates for the

cross-calibration. The main disadvantage of them is the low

statistics and a small number of antennas per event due to the

steepness of the lateral distribution of the radio signal.
� “horizontal” (inclined) events: zenith angle θZ501 with

reliable reconstruction of the shower direction from the air-

Cherenkov detector. For these events, the other shower

parameters cannot be reconstructed from the air-Cherenkov

measurements. Thus, if it is possible to reconstruct the shower

parameters (energy, Xmax) from the radio measurements, this

could increase the total statistics of usable events at Tunka.

For the exposure and flux estimation from the radio detector

we still have to study the background in more detail and make

performance simulations.

For a first analysis, we used only high quality events which

have a clear radio signal (signal2/noise2 46) in at least three

antennas. Based on the detectors specification (opening angle for

the PMT, typical distance between radio stations) one can assume

that the maximum efficiency for hybrid events could be reached

near the Tunka-133 reconstruction threshold θ� 501 (Fig. 7). Due

to these reasons, only a small fraction of the air-Cherenkov events

have also a clear radio signal (see Fig. 8 for an example). Moreover

we demand that the direction reconstructed from the arrival times

of the radio signal agrees within 51 with the direction obtained

Fig. 6. Trace of the radio signal from air-showers before correcting for the antenna

pattern. We take the first 500 ns (left shaded area) for the noise level estimate and

estimate the bounds for the signal window (central shaded area) from cable

lengths, hardware delays and detector geometry.

Fig. 7. Zenith angle distribution. The maximum efficiency is reached at the Tunka-

133 reconstruction threshold if θ� 501. The statistics at smaller angles is mainly

suppressed by the steeply falling lateral distribution of the radio signal, the

statistics at larger angles is suppressed by trigger detection capabilities.

Fig. 8. Example for a Tunka-Rex event. Left: footprint of the event, where the size of the crosses indicates the signal strength, the color code the arrival time, and the line and

the star the direction and shower core respectively. Right: example trace of the reconstructed electric-field strength we expect the radio pulse around 2000 ns.

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)

D. Kostunin et al. / Nuclear Instruments and Methods in Physics Research A ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 3

Please cite this article as: D. Kostunin, et al., Nuclear Instruments & Methods in Physics Research A (2013), http://dx.doi.org/10.1016/j.
nima.2013.10.070i

http://dx.doi.org/10.1016/j.nima.2013.10.070
http://dx.doi.org/10.1016/j.nima.2013.10.070
http://dx.doi.org/10.1016/j.nima.2013.10.070
http://dx.doi.org/10.1016/j.nima.2013.10.070


from the photomultiplier array. This cut excludes most of the

background events, which by chance pass the signal-to-noise cut.

In future, we plan to develop improved quality criteria based on

the radio signal alone, to distinguish real from false events. For

analysis of the radio measurements, we use the radio extension of

the Offline software framework developed by the Pierre Auger

Collaboration [25,26]. It features a correction of the measured

radio signal for the properties of the used hardware and a

reconstruction of the electric field-strength vector at each antenna

position. Since the absolute calibration of the antennas is still

under evaluation we use a simulated pattern for the SALLA.

4. First results

Until now, we found 49 events with a zenith angle θr501, and

82 events with θ4501 in an effective measurement time of 392 h

(Table 1). Generally, the radio efficiency increases not only with

large geomagnetic angles α, i.e. the angle between the shower axis

and the geomagnetic field2(Figs. 9 and 10), but also with larger

zenith angles (Fig. 7). In addition, we expect that the event rate

will increase when we complete the array to 25 antennas this

autumn, and optimize our algorithms for digital background

suppression.

To test the expected sensitivity of the Tunka-Rex measure-

ments to air shower parameters, in particular to the energy, we

reconstructed the lateral distribution of the radio signal for the 49

events with θr501. In a first approach, we used the shower

geometry provided by the denser air-Cherenkov array to calculate

the distance from each antenna to the shower axis, and then

plotted the maximum absolute value of the electric field-strength

vector as function of this axis distance. To estimate the uncertain-

ties of the amplitude measurements and to correct the measured

amplitudes for a bias due to background, we used formulas

developed for the east–west aligned antennas of LOPES [27], and

then fitted an exponential function (Figs. 11 and 12).3

Consistent with several historic and modern experiments

[9,14–16], the amplitude parameter of the lateral distribution is

correlated with the primary energy (Fig. 13). However, the analysis

is still preliminary, e.g., because of the preliminary status of the

calibration and because the impact of the background at the Tunka

site has to be studied in more detail. Moreover, we expect that the

slope of the lateral distribution is sensitive to the position of the

Table 1

Statistics of Tunka-Rex events passing the quality cuts in dependence of the zenith

angle θ, excluding the period from 08 to 24 Oct 2012 used for commissioning of the

detector. The effective measurement time and counting rate is limited by the PMT

array, i.e. light (moon) and weather conditions.

Measurement period Effective time (h) Number of events

θr501 θ4501

06–23 Nov 2012 56 9 11

04–23 Dec 2012 65 8 12

03–21 Jan 2013 114 14 23

01–17 Feb 2013 87 12 22

01–17 Mar 2013 70 6 14

Total sum 392 49 82

Fig. 9. Arrival directions of the Tunka-Rex events passing the quality cuts. Due to

the geomagnetic effect, the radio signal is expected to be on average stronger for

events coming from North, which explains the asymmetry in the detection

efficiency: 89 of the 131 events are in the northern half of the plot, and 42 in the

southern half.

Fig. 10. Tunka events with energies above 1017 eV detected by the PMT array since

Tunka-Rex is running, and those events passing the quality cuts for the radio

measurements. The efficiency increases with energy E, the sine of the geomagnetic

angle sin α, and the zenith angle θ.

Fig. 11. Lateral distribution of the radio amplitude (¼maximum field strength) for

the example event shown in Fig. 8.

2 The field strength ɛ mainly depends on the vector product jA � Bj ¼
jAj � jBj sin α, where A is the shower axis and B the geomagnetic field, α¼∠ðA;BÞ
is the geomagnetic angle.

3 The exponential fit function has chosen according to the pioneer LOPES and

CODALEMA experiments. First, this simple approximation was sufficient for the

precision reached on these experiments, second, two parameters in that fit

function could be easily connected to shower parameters. In the ongoing experi-

ments and simulations it has been shown that the lateral distribution is more

complicated and contains an azimuthal asymmetry due to the interference of the

geomagnetic and the Askaryan effect.
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shower maximum [28,29], which we will analyze in near future by

comparing Tunka-Rex measurements to the Xmax reconstruction of

the PMT array Tunka-133. Future work will be dedicated to find an

optimal reconstruction algorithm for the energy and Xmax, and to

test the achievable precision by comparison to the air-Cherenkov

measurements. In addition to using the lateral distribution, Xmax

might also be obtained form the radio measurements via the

shape of the radio wavefront [30,31], or the slope of the frequency

spectrum [32].

5. Conclusion

As a result of the first year of operation, Tunka-Rex registered

more than hundred events with a significant radio signal from

extensive air showers with energies above 1017 eV in combination

with the Tunka air-Cherenkov array. This shows that the Tunka

observatory is able to provide hybrid measurements which is the

pre-requisite to perform a cross-calibration between the air-

Cherenkov and the radio signal. Our measurements are compatible

with the picture that the radio emission originates mainly from

the geomagnetic deflection of the charged particles in the air

shower.

In future, we plan to optimize the reconstruction techniques,

and to compare our measurements to simulations and other

experiments. A detailed background study might help to improve

the signal-to-noise ratio and to increase the precision of the

reconstruction of the shower maximum. Moreover, we plan to

trigger Tunka-Rex also by the planned scintillator extension of

Tunka [21], and thus can measure also during day to increase the

duty cycle by an order of magnitude. Finally, we will test a joint

operation with Tunka-HiSCORE [33,34] by deploying additional

antennas. By this, we can also study to which extent a denser array

of radio detectors can increase the detection efficiency and

precision for the energy and Xmax reconstruction.
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