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Abstract: We have analyzed data taken over three winter seasons 2009-2012 with the air shower array Tunka-
133 and present the results in this paper. We also describe improved methods of EAS parameter reconstruction
which are suitable for shower core positions both inside andoutside the array. We present the primary CR energy
spectrum in the range of 1015 - 1018 eV. We also discuss the variation of theXmax distribution parameters with
energy and corresponding variation of the primary mass composition.
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1 Introduction
The study of primary energy spectrum and mass composi-
tion in the energy range of 1015 - 1018eV is of crucial im-
portance for understanding origin and propagation of cos-
mic rays in the Galaxy.

To measure the primary energy spectrum and mass com-
position of cosmic rays in the mentioned energy range, the
new array Tunka-133 ([1], [2]), with nearly 1 km2 geomet-
rical area has been deployed in the Tunka Valley, Siberia. It
records EAS Cherenkov light using the atmosphere of the
Earth as a huge calorimeter, resulting in a better energy res-
olution (∼ 15%) than EAS arrays detecting only charged
particles.

The array initially consisted of 133 detectors arranged in
19 compact subarrays (calledclusters in the following). An
essential improvement of the array was made in 2011: the
addition of 6 clusters around the basic array, at distances
of about 1 km from the center. This extention results in an
increase of the effective area for extremely high energies
(> 1017 eV) by a factor of 3 nearly. The details will be
reported in this proceedings [3].

2 EAS parameter reconstruction
The primary data record for each Cherenkov light detector
contains 1024 amplitude values in steps of 5 ns [4]. Thus
each pulse waveform is recorded over 5µs. To derive the
three main parameters of the pulse: pulse peak amplitude
Ai, front delayti at a level 0.25 ofAi, and pulse areaQi,
each pulse is fitted with a specially developed smoothing
curve [5]. A fourth pulse parameter is the effective width
τe f f determined as:

τe f f = Qi/(1.24·Ai), (1)

The accuracy of this parameter is better than that of the
pulse width (FWHM) used earlier. The additional coeffi-
cient (1.24) ”normalizes”τe f f to FWHM.

The reconstruction of the EAS core position is per-
formed with a new method – fitting measured amplitudes
Ai with an amplitude distance function (ADF):

A(R) = A(200) · f (R), (2)

The functionf (R) is a fit to four different parametriza-
tions according to the distanceR (in meters) to the shower
core:

f (R) =



















































exp

(

(Rkn−R)

R0

(

1+ 3
R+2

)

)

,

R < Rkn
(200

R

)b2 , 200m ≥ R ≥ Rkn
((

R
200+ a

)

/(1+ a)
)−bA ,

400m≥ R ≥ 200m
((

R
200+1

)

/2
)−bA ,

R > 400m

(3)

All four variables in equation (3) (R0, Rkn, a andb2),
describing the ADF shape in the different ranges of core
distance are related to a single parameter of the ADF shape
– the steepnessbA:
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d = bA −5, lgd = log d,
R0 = 275/d,
Rkn = 145−115· lgd,
a = 0.89−0.29· lgd,

b2 =

{

2.4+2 · (lgd−0.15), bA ≥ 6.41
2.4, bA < 6.41

(4)

As a measure of energy we use the Cherenkov light
flux density at a core distance of 200 m -Q(200). The
connection between the EAS energy E0 andQ(200) can be
expressed by the following formula:

E0 = C ·Q(200)g (5)

It was found from CORSIKA simulations, that for the
energy range of 1016−1018eV, the zenith angle range of
0◦−45◦ and a complex composition, consisting of equal
contribution of protons and iron nuclei, the value of the
indexg is 0.94.

To reconstruct the EAS energy from the Cherenkov
light flux one needs to know absolute sensitivities of the
Cherenkov detectors and the atmosphere transparency. To
avoid these problems, the method of normalization of
the integral energy spectrum to a reference spectrum is
used. The reference energy spectrum was measured by the
QUEST experiment [6]. The integral energy spectrum ob-
tained for each night of the Tunka-133 operation is nor-
malised to that reference spectrum.

3 Experimental data
The Cherenkov light array Tunka-133 operates in clear
moonless nights every year since October till the begin-
ning of April. During other seasons nights are too short
and weather conditions are mostly unsatisfactory. The data
taking by the Tunka-133 array continued during four win-
ter seasons 2009-2010, 2010-2011, 2011-2012 and 2012-
2013. The data of the last season are still being analysed.
Here we present the data of the first 3 seasons. The total
time of data acquisition is 980 hrs. The mean trigger rate
was about 2 Hz. The number of recorded events is about
6 ·106. Such an amount of recorded data provided the pos-
sibility of calibration of the apparatus using the data itself.

4 Calibration
The methods of amplitude calibration have been described
in [7].

The timing calibration of the detectors inside a single
cluster consists of the correction of apparative delays and
results in shower fronts which are plane within an accuracy
of better than 1 ns.

The obtained calibration corrections are used for prelim-
inary reconstruction of EAS core position.

At the second step of the timing calibration we select
large showers with more than 8 hitted clusters and recon-
struct the shower front assuming a curved shape as derived
from CORSIKA simulations:

D = ((200+ R)/Rs)
2 (6)

whereD, R andRs are measured in meters.
The space base of the pulse delay analysis is more than

500 m for such events. So the apparatus error of cluster
synchronization (about 10 ns) can lead to the error in the
arrival direction less than 0.4◦.

Figure 1: Primary CR energy spectrum

During this step we correct the calibration coefficients
a second time so that the EAS axis direction measured
by each single cluster coincides with multi-cluster derived
axis direction with an accuracy better than 0.5◦.

5 Energy spectrum
For the reconstruction of the energy spectrum, events with
a core position inside a circle of radiusR = 450 m from the
center of the array were selected. The EAS zenith angle of
events used for the spectral measurement was constrained
to < 45◦. With these selections, a 100% registration effi-
ciency is reached for energies larger than 6·1015 eV. The
total statistics above that energy is 170 000 events, 60 000
of them withE0 ≥ 1016 eV and 600 withE0 ≥ 1017 eV.

We found that also for events withR between 450 m and
800 m, the energy spectrum can be reconstructed. Above
some energy threshold (5·1016 eV) it is in good agreement
with the spectrum for events withR < 450 m [4]. Based on
these results we reconstruct the combined energy spectrum
(Fig.1) for events withR < 450 m forE0 < 1017 eV and
events withR < 800 m for higher energies. The combined
spectrum contains about 1900 events withE0 > 1017eV.

The energy spectrum of Tunka-133 is compared with
that of Tunka-25 [6], the predecessor of Tunka-133, in
Fig.1. The energy spectrum above the knee looks rather
complicated. One can see that the spectrum can be fitted
by power laws with 3 different power law indices:
3.23± (0.01)stat ± (0.05)syst for 6 ·1015−2 ·1016eV,
3.00± (0.01)stat ± (0.05)syst for 2 ·1016−3 ·1017eV,
3.33± (0.15)stat ± (0.05)syst for 3 ·1017−1018eV.

5.1 Comparison with results of other
experiments

A comparison of the Tunka-133 spectrum with the results
of other experiments is presented in Fig.2. The energy
range covered by our spectrum (1016−1018eV) is nearly
the same as covered by the KASCADE-Grande array data
[8].

Both spectra reproduce the same structures: decrease of
power law index at 2·1016eV and an increase at 3·1017eV.

The points of Tunka-133 spectrum coincide with that
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Figure 2: Combined primary energy spectrum: compari-
son with some other experimental data

of the Fly’s Eye and HiRes experiments in the range of
2 ·1017−1018eV. These spectra are consistent with the
spectrum of the present TA array at higher energies.

6 Mass composition
To get a uniform estimation forbA over a wide range of en-
ergies, we remove from the analysis detectors at core dis-
tances larger than 250 m during the last step of parameter
reconstruction.

6.1 Two methods of Xmax measurement
Recording the pulse waveform for each detector allows
to use two methods ofXmax reconstruction, which were
developed for our experiment. The first is based on the
shape of the ADF (see above) and calledb-method. The
second method, theτ-method, is based on an analysis of
the width of the Cherenkov pulses.

The ADF shape is described by an expression with a
single parameter, the steepnessbA (see above). CORSIKA
simulation prooves that the steepnessbA is strictly con-
nected with the relative position of the EAS maximum
(∆Xmax = X0/cosθ −Xmax):

∆Xmax = A−B · log (bA −2) (7)

MC simulations show, that this relation does not depend
on energy, zenith angle of showers, mass composition and
the model of nuclear interaction used for the simulation. A
plot of 503 simulated events both for protons and iron, for
the energy range 1016 – 1017 eV and zenith angles from 0◦

to 45◦ is shown in Fig.3.
The τ-method uses the sensitivity of the pulse width

at some fixed core distance to the position of the EAS
maximum. We fixed this distance to 400 m and recalcu-
lated the values measured with detectors at distances be-
tween 200 and 450 m from the core. To recalculate the
pulse width to 400 m, the width-distance function (WDF)
is used. This function was constructed on the basis of COR-
SIKA simulation and described in [9]. It was also shown
[9], that the value ofτ(400) is connected with the thick-
ness of the atmosphere between the detector andXmax
(∆Xmax = X0/cosθ −Xmax) by the expression:

Figure 3: Dependence of the relative EAS maximum posi-
tion ∆Xmax on ADF steepness logbA −2)

Figure 4: Dependence of the relative EAS maximum posi-
tion ∆Xmax on log(τe f f (400))

∆Xmax = C−D · log τe f f (400). (8)

This relation is correct for any primary nucleus, any
energy and zenith angle of the shower and any interaction
model, as in the case of ADF steepness mentioned above.
The plot of the simulated events is shown in Fig.4.

6.2 Phenomenological approach
The phenomenological approach means the experimental
check of the correlation between the measured parameter
of the shower and the position of the maximum. We start
from the parameterτe f f (400). Its zenith angle dependence
(log τe f f (400) vs. 1/cosθ ) can be easily recalculated to the
connection between log(τe f f (400)) and∆Xmax. The only
value which we need to add to this analysis is the mean
< Xmax > for the energy bin chosen for the analysis. The
logaritmic energy bin 16.4 < log (E0/eV ) < 16.5 is cho-
sen, and it is assumed that< Xmax >= 580 g·cm−2 for this
energy. As a result we get consistency with the CORSIKA
simulated correlation as shown in Fig.4. The points are ob-
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Figure 5: ExperimentalXmax vs. primary energy.

tained from about 3600 events in this energy bin. The phe-
nomenological values of the constants in the expression (8)
are as follows:C = 3344 g· cm−2, D = 1624 g· cm−2.

A similar procedure for the same energy has been used
for the second parameterbA. The result is shown in Fig.3.
The experimental dependence deviates slightly from the
simulated one. This can happen because of the more com-
plicated character of the parameterbA. The phenomenolog-
ical points can be fitted with the expression (7) with the
values:A = 2865 g· cm−2, B = 3519 g· cm−2.

These phenomenological expressions have been used
for the measurement ofXmax for each individual event.

6.3 Estimate of Xmax experimental error
The use of two independent methods ofXmax measure-
ment for each individual event allow estimating the
experimental errorσexp(Xmax) using the experimental
data itself. We analyze the distribution of the differ-
ence: δXmax = Xmax,τ −Xmax,b – for each energy bin.
The RMS of the δXmax distribution changes slightly
from 48 g· cm−2 at E0 = 1016eV to 40±1 g· cm−2 for
energies E0 ≥ 3 ·1016eV. Assuming equal experimen-
tal errors for any of the methods we can estimate
σexp(Xmax) = δXmax/

√
2. So σexp = 28±1g· cm−2 for

E0 ≥ 3 ·1016eV. This value is used in [10] for the analysis
of experimentalXmax distributions.

6.4 Xmax vs. E0

The experimental dependence of mean< Xmax > vs. pri-
mary energyE0 in the energy range of 6·1015−5 ·1017eV
obtained with the two methods described above is pre-
sented in Fig.5. Only events where the difference be-
tween the twoXmax values is less than 3δXmax where used.
The new measurements are compared with the theoretical
curves simulated with old QGSJET-01 and the very new
QGSJET-II-04 model for primary protons and iron nuclei.
It is seen from Fig.5 that the new model provides a depth
of the EAS maximum about 10 g· cm−2 higher than the old
one.

The mean values of< Xmax > can be recalculated to the
mean values of< ln A > by a simple method of interpola-
tion. The result of such an approach for the points derived
from the ADF steepness analysis are shown in Fig.6.

Figure 6: Experimental lnA vs. primary energy.

A more complicated analysis of totalXmax distributions
will be presented in [10].

7 Conclusions
1. The primary spectrum above the knee cannot be fit-
ted with a single power law index but with three indices:
3.23± (0.01)stat ± (0.05)syst for 6 ·1015−2 ·1016eV,
3.00± (0.01)stat ± (0.05)syst for 2 ·1016−3 ·1017eV,
3.33± (0.15)stat ± (0.05)syst for 3 ·1017−1018eV.

2. The high energy tail of the spectrum is compatible
with the Fly’s Eye, HiRes and TA spectra.

3. TheXmax values are compatible with that of HiRes
and Auger.

4. The mass composition changes to a heavier composi-
tion in the energy range 1016 – 3·1016 eV, stays heavy till
1017eV and starts changing to a lighter composition from
about 1017 eV.
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