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A new EAS Cherenkov light array Tunka-133 with about 1%geometric area has been installed
in the Tunka Valley (50 km from Lake Baikal). The array willa& a detailed study of the
cosmic ray energy spectrum and mass composition in the gnange of 16° - 10'8 eV. This
energy range is of crucial importance for understandindnefdrigin and propagation of cosmic
rays in the Galaxy. The completed Tunka-133 array has bda@mgtaata since October 2009.
We give an overview on the array construction and DAQ, prielary results from data collected
during the first winter run and plans for a significant detectograde, including an increase of
the effective area and the deployment of radio-antennasmaith detectors.
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1. Introduction

The study of primary energy spectrum and mass composition in the enaggy18° — 108 ev
is of crucial importance for the understanding of the origin of cosmic ragso@itheir propagation
in the Galaxy.

The change from light to heavier composition with growing energy marksribegg limit of
cosmic ray acceleration in galactic sources (SN remnants), and of theigamatainment. This
effect was described by theoretical calculatiof ([11, [],[3] ) amaficmed by several experiments
(e.9.[4], [], [8]). An opposite change from heavy to light compositibmigher energy would
testify the transition from galactic to extragalactic sources. An experimewidd¢rece of such
behavior of the composition was reported][ih [T], [8].

To measure the primary cosmic ray energy spectrum and mass compositiombotleemen-
tioned intermediate energy range, the new array Tunka-{B3 [[9), [h nearly 1 kn? internal
area has been deployed in the Tunka Valley, Siberia. It records EA$e@kov light using the
atmosphere of the Earth as a huge calorimeter and has much better esaigyiae (~ 15%)
than EAS arrays detecting only charged patrticles.

2. The Tunka-133 Array

The Tunka-133 array consists of 133 optical detectors based on RMBES0 with a hemi-
spherical photocathode of 20 cm diameter. The detectors are groupddinlusters, each cluster
with seven detectors — six hexagonally arranged detectors and one iertteg. cThe distance
between the detectors in the cluster is 85 m (se¢]Fig.1).

An optical detector consists of a 50 cm diameter metallic cylinder, containing & Phe
container window is directed to zenith and covered with plexiglass plate hagt@ast hoar-frost
and dew. The detector is equipped with a remotely controlled lid protecting theffih sunlight
and precipitation. The detection efficency of the opical module decrsasesthly to~ 80 % of
that at the vertical efficiency at 3an to~ 50% at 45 [[L1].

The Cherenkov light pulses are sent via 95 m coaxial cable RG58 to iber @ each cluster
and digitized. The minimum pulse width is about 20 ns (FWHM). The dynamiceraxighe
amplitude measurement is about1®*. This is achieved by means of two channels for each
detector extracting the signals from the anode and from an intermediatdelghthe PMT with
different additional amplification factors.

The array DAQ system is arranged in a hierarchical way from the claktetronic module to
the central DAQ station. Each cluster electonics is connected to the DAQ gétitea multi-wire
cable consisting of four copper wires and four optical fibers.

The cluster electronics includes the cluster controller, 4 four-chai@CHoards, an adapter
unit for connection with optical modules and a special temperature contrdllee 12 bit and
200 MHz sampling FADC boards are based on AD9430 fast ADCs andAPRIGINX Spartan
XC3S300 microchips. The cluster controller consists of an optical traresca synchonization
module, a local time clock and a trigger module. The optical transceiveatpgat 1000 MHz
is responsible for data transmission and formation of 100 MHz synchitamzsignal for cluster
clocks. The cluster trigger (the local trigger) is formed by the coincidefied last three pulses
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from optical detectors exceeding the threshold within a time window$.5The time mark of
the local trigger is fixed by the cluster clock. The accuracy of the time sgncation between
different clusters is about 10 ns.

The central DAQ station cosists of 4 DAQ boards strongly synchronigedgingle 100 MHz
oscillator. The boards are connected to the master PC by 100 MHz Etliraset

3. Data processing and reconstruction of EAS parameters

The primary data record for each Cherenkov light detector containg &@plitude values in
steps of 5 ns. Thus, the waveform of every pulse is recorded, tagetthethe preceding noise, as
a total trace of quswide. To derive the three main parameters of the pulse: front delay a¢l lev
0.25 of the maximum amplitudg pulse are&); and full width at half-maximum (FWHMY;, the
method of pulse fitting with a smooth curve is used. The waveform of EASeBkev light pulse
is rather complicated and can't be fitted with a simple function as e.g. a Gagamana function.
Therefore, a function was constructed which separately approxinratetsaind tail of the pulse
[£2).

The reconstruction of the EAS core position is performed with two methods bgitting
the measured charg€¥ with the lateral distribution function (LDF) and one by a new method of
fitting the measured pulse widthisby the width-distance function (WDF).

The LDF shape is described by an expression with a single parameteie¢peass H [13]. P
is strictly connected with the distance from the array to the EAS maxiniujm [113. cBmnection
is used to measure the shower maximum deéfath.

Tunka-133: 19 clusters,
7 detectors in each cluster

BAG U - \?“ptlcal cable
e Cluster

A . Electronic
] bo

Figure 1: Tunka-133: 1. Controll room. 2. PMT insude suppoter cylmde. Up-side view of the optical
decector. 4. Cluster electronics.
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The shape of the WDF is obtained from CORSIKA simulations. We used 2fi€simulated
for both primary protons and iron nuclei, with energies from 10 to 30 Pe&l/zanith angles from
0° to 45°. Details of the simulation are presented[in [12]. The expression far(Redependence
is presented i [31]1(R) - pulse width (FWHM) at the core distan&. The apparatus distortion
of pulses by PMT, preamplifier and the coaxial cable were taking into atdouhis expression.
Pulse widtht at fixed core distance depends on the thickness between the registragib(X{g
and the shower maximum depliX (AX = Xy/cos8 — Xmax), see figg]2 anf] 3.
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Figure 2: Dependence of pulse width on the Figure 3: Thickness of matter between the ar-
core distance for showers with different relative  ray and the EAS maximum depth vs. pulse width
Xmex positions (1. AX = 154g/cn?; 2. AX = 7(400).

555y/cn?; 3. AX = 877g/cn).

4. First results

During the first Tunka-133 run period (winter 2009/10 with 286 hourdedn weather moon-
less nights)~ 2- 1P events with E> 10'® eV have been collected. Events with core positions
inside a radius of 450 m from the array center and with zenith angles lesdShavere selected to
construct the energy spectrum. Among them are about 20000 eventSywitl 0 eV and about
200 events wittEg > 107 eV. An example of a real event registrated with Tunka-133 is shown in
figs[4 andb. The energy of the evenEis- 3.9- 10 eV, the maximum depth ¥x = 605g/cn?

It is seen that the experimental data are fit rather well with the chosen hBMADF functions.

The preliminary differential primary energy spectrum is presented if] fig/é.find a rather
good agreement between results from Tunka-133 and its prededess@-25 [1}#] (shown here
for E < 10%%V). The energy spectrum beyond the knee looks rather complicatesd, ¢fie can
see that the spectrum cannot be fit by a single power law over a widgyeragrge. The power
law index changes from-3.2 to~3.0 at~ 2-10'6 eV. This fact is in good agreement with recent
results of KASCADE-Grand€[[]15]. Secondly, the spectrum has alipeitys wich looks like a
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Figure 4: Tunka-133 event: Lateral distribution Figure 5. Tunka-133 event: Dependence of
of EAS Cherenkov light resulting from fitting the Cherenkov light pulse width on the core distance.
measured light fluxes (points) with the expression  Points — experiment, line — WDF.

(1) (curve)

"bump" in the energy range® 10*’eV — 10"eV (with 353 events in both bins, this cannot easily
be explained by a statistical fluctuation). It should be noted, that the Ep&riexent GAMMA
reported evidence for a feature in the all-particle spectrum at companabigy [1p], as shown in

fig.[q.

5. Plan for Tunka-133 upgrade

5.1 Deployment of six distant clusters 1 km away from the array center

It seems that for small random fluctuations of the signal width, the use df WBtead of
LDF will allow a good reconstruction of events with their core position outsideggometric area
of the array. In this cas¥mx can be measured vie(400) and the energy of the shower by the
density of Cherenkov light at the core distances of 400-600 m. To isetth& accuracy of the core
reconstruction for such events, we plan to install six new clusters at la#fims around the center
of Tunka-133. These additional 42 optical detectors will increase feetiple area at 19 eV by
a factor of 4. The first distant cluster was deployed in autumn 2010, ttidine will be deployed
during summer-autumn 2011.

5.2 Registration of radio signal from EAS

Like the Cherenkov light, the radio signal emitted by air showers has a catddrobkaracter.
It has the potential to give information about the energy and the artineadtbn of primary particles
with very high accuracy. In addition, the form of the signal pulse andtiuetsire of the arriving
wave front have sensitivity to the depth of the shower maximum, i.e. to the magmosdion [17].
To explore this method and to correlate it with the measurements of the opticaldnetaglan
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Figure 6: All-particle energy spectrum: small Figure 7: Comparison of all-particle energy spec-
black points - Tunka-25 results, large red points  tra from Tunka-133 (preliminary) and GAMMA
- Tunka-133 (preliminary). ().

to install a net of 30-40 radio antennas for joint operation with the Chereakray. The Tunka
site shows a rather low radio background in the interval from 40 to 80 MHiztwis a typical
frequency range for radio air shower experiments. The first 2 haghHgg periodic antennas were
installed in July 2008[J10]. Two antennas of another type, the so called 8Aintenna [18] was
installed in 2009 - 2010. After operation of array in the winter season-201Q it will be decided
which type of antenna should be chosen for the whole array.

5.3 Registration of muons

The deployment of scintillation counters within the Tunka array provide®ssetalibration
of different methods of air shower measurements since all shower comgoni# be recorded
simultaneously. The Cherenkov light provides the energy of the primaticleaand the depth
of the shower maximum. The scintillation counters, buried under a layer of 215 of ground,
give an estimate of the number of muons. The result is of a higher precisimmirs of mass
composition at 18 - 10* eV. Monte Carlo simulations with the AIRES code showgd]([19]) that
the measurement of the muon number with an accuracy of 5-10%, together sitlcctbracy in
energy and Xax measurements achieved with Tunka-133, allow to distinguish showersqadu
by heavy (Fe, Si) and light (proton, He) nuclei. This is a key information éaiifly the transition
from the galactic to extragalactic cosmic rays. The mentioned accuracydantion number
requires a spacing of the muon detectors not larger than 120-150 ns #hewn in [2D], that with
20 muon detectors of 10%area each arranged within the Tunka-133 geometric area, an accuracy
of ~ 10% in the total muon number for energyl10'’ eV can be reached. The first muon detector
were installed in autumn 2010. The detector can operate independentlygeréiboy Tunka-133.
The other 19 detectors will be installed in 2011 and 2012.
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6. Conclusion

After the first Tunka-133 operation season we present a preliminapagikle cosmic ray
spectrum between-@0' eV and 188 eV. We conclude that the all particle energy spectrum be-
tween 18° eV and 187 eV cannot be fit with a single power law. The indgxhanges from 3.2
to 3.0 at 210'6 eV. Our energy spectrum is in good agreement for the energy rar§e¥0to
6-10'6 eV with the recent results of the KASCADE-Grande experiment.

In the presented preliminary energy spectrum a peculiarity is obsereeewy range 8- 10’

- 10" eV, which looks like a "bump". It seems it is incompatible with a mere statistical ticto.
At similar energies, the GAMMA experiment reported earlier a feature inlthmasticle spectrum.

The number of events above Y&V after the first season of array operation is almost 200.
After the foreseen upgrade in summer 2011 (installation of distant clusteesg¢ffective area of
the array will increase by a factor of 4 for this energy range.
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