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This work describes the system of tracking detectors operating at the Yakutsk complex EAS array.
A technique is given for calculation of number of photons arriving from different heights of the
atmosphere from the detector response and, thus, to reconstruct the longitudinal development of
individual showers. We present the results of direct observations of the cascade curve and give
the depth of maximum shower development determined from the measurement of the Cherenkov
emission from EAS. From the comparison between experimental values of Xmax With simulation
results based on the QGSJET-11-03 model for different primary particles, a preliminary conclusion
was made on the cosmic rays mass composition in the energy range 106-10'8 eV.
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1. Introduction and Experimental array

The particle of cosmic rays entering the atmosphere from outer space reacts to the nuclei of
air atoms and forms an avalanche process of secondary particles [1]. This phenomenon is called
the extensive air shower (EAS). It is registered since the early 1970s. at the Yakutsk complex
array [2]. The width of shower at the surface of the Earth can reach hundreds and thousands of
meters, so the Yakutsk array consists of observation stations on the territory of 12km?, which
accommodate 2 scintillation counters, each of 2m?, and a Cherenkov radiation receiver based on
the photomultiplier (PMT-49). At present, 49 stations participating in the selection of events are
located in a circle with a radius of 2km, so that a grid of regular triangles is formed. At 19 stations
in a circle of 1 km radius, besides the scintillation counters, the Cherenkov EAS radiation
receivers i.e. the Cherenkov integral detectors were installed. Inside this circle three muon
detectors of 20m? each are located. In the center of array there is a large muon detector of 200m?.
As a part of the Yakutsk array, six antennae were installed to resume the recording of the radio
EAS emission which are located at a distance of 300m, 350m and 500m from the center of array
[3]. At the Yakutsk EAS array a wide field-of-view Cherenkov telescope [4] develops which is
operated by coincidence with the surface detectors of the extensive air shower array. Also, at a
distance of 0.5km from the center three tracking Cherenkov detectors (Obscura cameras) [5] were
installed.

2. Tracking Cherenkov detectors

To investigate the longitudinal development of the shower at the Yakutsk EAS complex
array the tracking Cherenkov detectors are used (see Fig.1). They consist of a camera, mosaic of
photomultipliers, recording counter [6,7]. The Obscura 1 and Obscura 2 have narrow rectangular
slits, Obscura2 has two narrow circular slits. The mosaic of Obscura 1 is a chain of photomulti-
pliers located on the lower part of the plane of the camera along a line perpendicular to the slits.
The mosaic of Obscura 2 and 3 has a cross-shaped form located also in the lower part of the plane
of the camera.
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Figure 1: All 3 tracking Cerenkov detectors with different slits and mosaic of photomultipliers
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The peculiarity of the tracking Cherenkov detector operation is that the detector makes pos-
sible to receive information about the differential flow of the Cherenkov EAS light coming from
different heights above sea level. A rather simple construction of the detector in the form of a
camera with narrow slits has the narrow viewing angle along the vertical and widely possible
angle of the horizontal coverage. The illuminated photocathode area of the photomultiplier and
their number for this detector changes when the shower moves from the upper boundary of the
site to the lower boundary (see Fig.2).

Figure 2: Image of the tracking Cherenkov detector and the boundaries surveyed by each photomultiplier
of the mosaic AX = X»-X1

In each case, depending on the angles of arrival of the shower (azimuthal and zenithal
angles) relative to this detector, the photomultiplier signals of the mosaic corresponding to
different sections of the cascade curve of the EAS development will be received. Two slits in the
case of the Obscura 1 and 3 detectors provide an overview of the section of the sky from different
hemispheres along the azimuth angle. The construction of Obscura 2, due to two annular circular
slits, covers a wider range of zenith angles and, because of the cross-shaped arrangement of the
photomosaic, provides more or less the uniform efficiency of azimuth observations.
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Figure 3: Example of recording a shower event with all three detectors

Figure 3 shows the simultaneous recording of a shower event with all three tracking
detectors. In this event, in Obscura 1, in Obscura 2, in Obscure 3 eight, nine, six photomultipliers
came into action, respectively. But in reality the statistics of such shower events is very small.

3. Metodology for reconstruction of the cascade curve

Using a methodology described in details in [8,9,10], showers with energies above 10'%eV
were selected to reconstruct the cascade curves. In the showers a common charged component
was recorded with the scintillation counters and the Cherenkov EAS light — with the integral and
differential detectors. The main characteristics of the EAS are following: the shower arrival angles
0, ¢, the shower axis, the shower energy, the total number of charged particles at the observation
level are determined by the indications of the main observation stations. The determination error
of the axis coordinates at the Yakutsk EAS array is 15-35m, and the zenith angle of the direction
of arrival is determined with the accuracy of about 3-5°. Unfortunately, such uncertainty in the
localization of the shower axis leads to additional errors in the analysis of tracking detector data.

According to the program for processing of the recording data, the H-heights detected by
each photomultiplier of the mosaic are determined by the tracking Cherenkov detector. Next, the
total number of charged particles is calculated at the observation level by the data of large array
scintillation detectors (see Fig.4).
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Figure 4: Determination of the number of particles Ns at the observation level by the data of scintillation

detectors

Furthermore, this EAS characteristic is used to construct the tail of cascade curve behind
the depth of maximum shower EAS development and reconstruction of the cascade curve in the
wide range in depth of the atmosphere. In minimizing of the experimental data, the formula (1)
is used as the first approximation, in determining the number of particles at the mean depth in the
atmosphere by the indications (amplitudes) of photomultipliers.

N; =N +[0.434+(6.5+0.021 (X g, =600))]- A~ (X; / X ey )+ IN(X; / X)) ()

Where Ns is the number of particles at the observation level, Xs=1020-sec@ is the depth at
the observation level depending on the zenith angle 6, Nmax is the number of particles in the
maximum of shower which is determined from the formula:

N, =N, —[0.434.(6.5+0.021-(X , —600))]-(1—(X /X, )+In(X. /X)) @

The iteration of the minimization process is stopped when the minimum condition is
reached, that is, when a good agreement of the experimental data and the expected function (1) is
reached. Thus, Xmaxand other parameters of the cascade curve are determined.

4, Observation results and Conclusions

All shower events have been selected in the tracking detector with the simultaneous opera-
tion of more than 8 photomultipliers of the mosaic for the 2006-2011 season with a master signal
from a large array. By the method described above, the depth of the maximum and the number of
particles of each shower event have been calculated. Further, these shower events have been sep-
arated in energy into three groups and have been marked by black dots in Figure 5. In this Figure,
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the obtained dependence Xmax(Eo) is shown in comparison with calculations for the model
QGSJETII-03 for the primary proton (red line) and iron core (blue line). In the energy range of
~10" eV, the black dots are grouped closer to the curve from the iron core, and above 7-10%’eV -
it tends to approach the proton calculation.
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Figure 5: Dependence of Xmax (Eo) is given in comparison with calculations for the model QGSJETII-03

White dots have been obtained according to the form of spatial distribution of the Cheren-
kov light at the Yakutsk EAS array. Consequently, within the framework of the chosen models,
it can be assumed that the composition of cosmic rays in the energy interval ~10%" eV is heavier
than at ~10% eV.
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Figure 6: Dependence of the number of particles N(x) on the depth of the X of EAS development

The maximum development of EAS, found by direct measurements of the cascade curve for
showers with <Eo>=7.7*10%"eV, is at a depth <Xmnax>=656+62g/cm? (see Fig.6). The calculations
for the QGSJETII-03 model are also given for the case if a cascade of particles is generated by
the primary proton and primary iron core. It is seen from Figure 5 and Figure 6 that the data of
Xmax lie between the calculated curves for the proton and iron core and rather correspond to the
mixed composition of cosmic rays. And the fraction of iron nuclei can consist of 20 to 40%. In
order to make a more unambiguous conclusion, the extended set of statistics of showers is neces-
sary which means that it is necessary to conduct further observations of the EAS using a tracking
detector.
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The described construction of tracking detector based on the Obscura camera is more
simple for making and operation, nevertheless, a high accuracy of measurement of all parameters
is required to minimize the errors in determining the radiation flux density. For this aim, at present,
the Yakutsk EAS array is modernizing for more accurate determination of localization of the
shower axis that will allow to improve the analysis results for the calculation of measurements
with the tracking detectors.
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