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Abstract—The final analysis of EAS maximum (%a) depth

distribution derived from the data of Tunka-25 EAS Cerenkov

array is presented. The perspectives of %, study with the new
Cherenkov light array Tunka-133 of 1 knf area are discussed.
During the winter 2007 — 2008 the new array operate with 4

clusters of 7 detectors in each one. The analysi§ experimental

data has shown the unique possibilities of the nearray provided

by the registration of pulse waveform from each detctor.

1. INTRODUCTION

THE elaborate study oprimary mass composition in the
energy range & — 10® eV is of crucial importance for
the understanding of the origin and propagatiocosimic rays
in the Galaxy. The change from light to heavier position
with growing energy marks the energy limit of cosmay
acceleration in galactic sources (SN remnants).opposite
change from heavy to light composition at higheergg
would testify the transition from galactic to exjedactic
cosmic rays. Both changes are expected in the gmarge
under our study.

To study the mean composition we use the relatic
between the logarithm of mass (InA) and the depth.j of
the extensive air shower (EAS) maximum: 5% ~ <InA> -
which is well-known from electromagnetic cascadeotly. In
the Tunka-25 experiment %, was derived for every event
from the steepness of the Cherenkov light flux rkdte
distribution function (LDF), resulting in an % distribution.
There are two methods of estimation of the meanposition
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using this distribution. The first of them is a dar
interpolation of <InA> between that for protons arah using
the experimental <)X,>>. The second, more correct one
presented below is the statistical analysis of toéal
distribution. It shows the existence of a metholddistortion

of estimated <InA> for the first method.

Both methods show the beginning of composition gban
from light to heavy at energies above™6V. To study the
further behavior of <InA> one needs more statistioyd
consequently an array of larger sensitive areasatid angle.
Such an array, Tunka-133, is how under construatiose to
its predecessor Tunka-25. Last winter the first pathe new
array operated for about 270 h during clean mosntéghts.
The first results and perspectives of the new araagy
presented below.

2.MASS COMPOSITION ANALYSIS USINGX jyax DISTRIBUTION

The detailed description of the Tunka-25 experimamnd
the procedure of X, deriving from the LDF steepness is
given in [1].
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Figure 1. Simulated correlation between Cherenigit LDF
steepness and the distance of the EAS maximum.



The simulated connection of the LDF steepness tR thie partial distribution make it almost impossible tetohguish
linear distance to shower maximum,4&is shown in fig. 1. between proton/helium and CNO/iron groups.

We have to pay attention once more to the fact dflathe

simulated points for different primaries, differeztiergy and

different zenith angles cluster along the samegtttdine in i pad -
fig. 1. So this correlation can be really usedrfa@asuring the 250 M REf

EAS maximum position, taking into account the bagtin
formulae connecting khy with X, The simulation was made i
for the Tunka valley level (675 m a. s. |.). A danisimulation 200 1
for the EAS-TOP level (2000 m a. s. ) shows gl
difference from the first line at large depth only.
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logarithmic mass <InA>. The experimental dependente

Figure 2. Depth of maximum, %, vS. primary energy & <InA> on primary energy &s shown in fig. 4

The experimental plot of the depth of the showeximam

thus obtained vs. primary energy B shown in fig. 2. It < 45
contains 7632 points. Analysis of possible distoisi of the = P :
.. Rk ) [ & - interpelation (==
distribution has shown that there are no systenstiors for 40
EAS with energy B>2.510" eV and zenith angle#<12° and [ @  <Xw> — distribution apalys]s
for E;>510" eV and0<25°. The distributions inside narrow 3581

logarithmic energy bins (0.1) have been analyzée. dnalysis g

was done as follows. The experimentalXdistribution is 7 r \
compared with the simulated one. The simulatedibigton is 25 H QNO
constructed from 4 partial distributions for diéet nuclei : \
groups — p, He, CNO and Fe. Partial distributions a 2 [

simulated with a “model of experiment” code assugnihe :

QGSJET-01 model of primary interaction. The codselit 1.5 | Ha
includes all the essential parameter correlationsd a i

distributions extracted from CORSIKA and takes iatzount Tr

all the apparatus errors and selection of eventsletiiled g

description of this code is given in [1]. The wdigif each 05 -

group is selected for the best fit of the experiraen o e
distribution. The result for one of the logarithmlmins 6 62 64 66 68 7 72 74 V6 78 8
(6.4<logo(Es/GeV)<6.5) is shown in fig. 3. We note that l0g1o(Eo/GeV)
QGSJET-01 provides the best fit of the left edgetlod Figure 4. Mean logarithmic mass vs. primary endtgyDense
distribution when compared with the other models. curve is the theory [2], dotted curves are the ghing

In principle the result of this procedure can give relative approximations of the experimental points.
weight of each group of nuclei within the total quosition.
But limited statistics and the relatively large thidof the



The theoretical curve in fig. 4 is a simulationrfrg2]. One
sees that the old method of interpolation shifts1A
systematically by about 0.25 towards heavier coiitipos
compared to the more strict method of the analykike full
distribution. The mean value obtained with the selcmethod
for the knee range of energies1@® eV) coincides with that
obtained in the recent balloon experiments for gnabout 10
TeV [3]. The rise of <InA> for energies above'18V is well
visible.

3. TUNKA-133ARRAY
To study the mass composition behavior at the rimteiate

events was about 300000.

4. RECONSTRUCTION OFEAS PARAMETERS

A. Structure of the codes for data processing.

The program of calibration and reconstruction of SEA
parameters consists of three main blocks of codes.

1. The first block works with the primary data resed
separately for each cluster and includes the fatigvsteps.
The analysis of us record with a measurement step 5 ns; a
pulse search defined by a noticeable increaseeofitisolute
amplitude value over 5 or more consecutive poirte

energy range 10— 10° eV, the new array Tunka-133 is underdefinition of a zero level as a mean amplitude mtythe first

construction [4].
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Figure 5. Plan of the Tunka-133 array. Black —ubtdrs
operated in winter 2007-2008, grey — 8 clusterdydar
operation in winter 2008-2009, open circles — tst
clusters to be deployed in 2009.

The array will consist of 133 detectors grouped id9
clusters each composed of 7 detectors. The magedrtay is

1500 ns of the record; a correction of the measanaplitudes
by subtraction of the zero level; fitting of the difed
amplitudes with a four-parameter function [5]; défon with
this function of three key parameters of the pulsent delay
at a level 0.25 of the maximum amplitudg, (pulse area (Q
and full width on half-maximum FWHM

2. The second block of codes works with files ofspu
parameters. This block unites the data of diffechnsters and
provides the time and amplitude calibration. Daterf various
clusters are merged to one event, if the time wiffee for
cluster triggers is less than2.

The time calibration consists of the shower flabntr
reconstruction by the measured delayseparately for each
cluster. The distributions of the delays with redp® the
reconstructed front are analyzed for each deteatar each
inherent delay (defined basically by the commumicatable
length) is corrected. The procedure is repeated tm
residual is less than 1 ns. The final EAS arrivisédion is
defined by data of the cluster with the maximum Eionges.
The amplitude calibration is provided in the samayw
described in our previous work [1].

3. The third block of programs reconstructs the E&%e
location, the primary energy and the depth of thewer
maximum.

B. EAS core reconstruction by the density of Cherenkov

light flux Q.

The first method of EAS core location reconstruttis
fitting the Q by the lateral distribution function (LDF) with
varied parameters of steepness (P) and light geati core

shown in fig. 5. The new array provides much MOrgigiance 175 m (QJ). This function was first suggested by the

information than the previous one. Each detectgnai is
digitized by a FADC with time step 5 ns. So the afavm of

every pulse is recorded, together with the pregedoise, as a
total record of 5us duration. The minimal pulse FWHM is

about 20 ns and the dynamic range of amplitude mneasent

about 10. The latter is achieved by two channels for each

detector taking signals from anode and intermedigt®de of
the PMT with different additional amplification faxcs.

Four clusters marked with black color in fig. 2 ogted last
winter between November and April. Data have besonded
over 270 hours during clean moonless nights. Therame
trigger rate was about 0.3 Hz, the number of tigistered

members of our collaboration in [6], and it is ched here to
include large distances to a treatment:

Q(R) = Qurexp(R«—R)-(1+3/R+3))Ry), R<Rq
Q(R) = Qur(R/R*?, Re< R< 200 m
Q(R) = Qur(Ra/200F%((R'200+1)/2)°, R> 200 m

(1)

Here R is the core distance (in meterg)jsRa parameter of
the first branch of LDF, R is the distance of the first change
of LDF, Q, is the light flux at the distance,R The second
change is at the core distance 200 m, b is thenmes of the
third branch. This branch is checked till the dista 700 m



with CORSIKA simulated events.

These 4 variables are strictly connected with twainm
parameters of the LDF — density at 175 ms@nd steepness
P:

Qun = Ql75'(|:ekn/:|-75)2'2

Ry = exp(6.79 - 0.56#), (m) )
Ran = 207 - 24.92, (m)

b=4.84-1.23n(6.5P), P<6

b=3.43, P>6

C. EAS core reconstruction with measured widths of
Cherenkov light pulses FWHM

In addition to the traditional method above deslila new
method of EAS core reconstruction using Cherenkgt |
pulse FWHM has been designed and included intoctiuke.
To fit the experimental FWHM, the empirical widtisthnce
function (WDF) is used. It has a very simple aralfarm for
FWHM>20 ns:

FWHM(R) = 11(FWHM(400)/11§R+100/500 (hq) (3)

This expression approximates the result shown bdtow
core distances R<500 m. To get the WDF for highstadces
and to connect FWHM(400) with the shower maximurptde
we plan additional CORSIKA simulations.

The EAS maximum depth % will be reconstructed for
each event by two independent methods from LDFpsess P
and the parameter FWHM(400).
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Figure 6. An example of an experimental event. et of
the circles are proportional to the logarithm af herenkov
light flux.

An example of a reconstructed shower is presemtéid.i 6.
The LDF and WDF for this event are shown in figard 8,
respectively.
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Figure 7. Lateral distribution resulting from fitg the
measured light fluxes (points) with the expresdibn(curve)
for the event from fig. 6.
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Figure 8. Dependence of Cherenkov light pulse wimththe
core distance for the event from fig. 6. Pointsxpegiment,
line — approximation by expression (2).

5. PERSPECTIVES OF THE NEW METHOD OEAS PARAMETERS
RECONSTRUCTION WITH PULSE DURATIONS

The good agreement of the experimental pulse dursti
with WDF (2), the absence of FWHM random fluctuai@and
a more simple expression for WDF than for LDF seéms



allow us applying the new method of EAS core retroig§on
not only inside the array geometry, but also oetsigh to a
certain distance.

A similar idea of reconstruction of EAS core distarusing
pulse width was suggested many years ago by Jomsielyi
[7]. But the use of the idea for charged particigedtors is
problematic because of essential random fluctuatiohthe
signal form. Figure 8 shows that in case of Cheoenlight
random fluctuations do not play an essential role.

We realize that before using the second methodooé c
reconstruction, the detailed study of WDF up tcecdistances

1000 — 1500 m has to be made not only with CORSIKA

simulation but also experimentally. A positive résof this
study would let us expand the sensitive area ofatinay for
energies above-50'" eV by 5 — 10 times compared with the
geometrical area covered by the detectors.

Such sensitive area increase will provide 20-3htsvevith

energies above 1beV during one year of observation and

ensures an overlapping of the Tunka-133 energyeramith
that of huge installations such as Auger.

6. UNUSUAL EAS LONGITUDINAL DEVELOPMENT

Among the events recorded by the first stage ofattiay a
unique shower with very unusual waveforms of pulaesll
the detectors was noticed. The core location feg shower
determined by the traditional method of densityhtliglux
analysis was outside the array geometry. The expeetal
points of pulse waveform at one of detectors witkSEcore
distance ~700 m is shown in fig. 9. The waveforwkk like
containing two local maxima. The delay of the seton
maximum to the first one is about 150 ns. The wawa$ of
pulses at the other detectors are similar to this but with
slightly different delays between maxima.

The further analysis has shown the possibilityn@ifience to
the waveform of small clouds appearing at the skiat time.
The normal waveform coinciding with the observee a the
front and the tail of the pulse is shown by theveuin fig. 9.
The observed waveform can be obtained from the aloome
if to conceal a part of a shower track with a snwhtiud,
because for the large core distance a different fimfig. 9
corresponds to a different direction in the sky.

Nevertheless the ability of the modern apparatusetmrd
events with abnormal longitudinal development ine th
atmosphere is shown by this example. The main osiuri of
this experience is that in order to search for &emith
unusual longitudinal development we have to intoedu
permanent monitoring of the optical conditionstaf sky.
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Figure 9. Abnormal experimental pulse waveform darge
core distance (~700 m). Curve — normal Cherenlght pulse
waveform.
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