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Abstract

The Tibet air-shower array was upgraded in 2000 by adding wide dynamic
range PMTs to 221 sets of all detectors which are placed on a lattice of 15 m
spacing in the area of the Tibet-III array. Using the data set collected in the
period from 2000 November through 2001 October with this array, we obtained
the energy spectrum of primary cosmic rays in the energy region above 5 x 104
eV.

1. Introduction

It is well known that the energy spectrum of primary cosmic rays changes
its slope at energies between 10'® and 10'® eV. This energy region is called as
the knee and many arguments have so far been made about its origin. Such a
steepening of the spectrum or the existence of the knee is considered to be deeply
related to the breakdown of a cosmic-ray acceleration mechanism at sources or
leakage of cosmic rays from the trapping zone in the Galactic disk. However, a
general agreement is not reached yet about the shape of the knee and its position,
although many measurements have been done on the energy spectrum around the
knee.
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We presented the all-particle energy spectrum around the knee in 1996
with most accurate way at that time using the data obtained with a small air
shower array (Tibet-I array) [1]. It is important to note that air showers induced
by primary particles with energies ~ 10'° - 10'6 eV reach their maximum develop-
ments at Yangbajing altitude of 4,300 m so that their size fluctuations become a
minimum. This fact enables us to estimate the primary energy spectrum around
and beyond the knee with smallest ambiguity:.

The Tibet-I array has been gradually improved to increase its sensitivity for
high energy gamma-ray astronomy and then the Tibet-III array was constructed
in the late fall of 2000. In this paper, we present a preliminary result on the
energy spectrum of primary cosmic rays using the data set obtained with the
Tibet-III array.

2. Experiment

The Tibet-IIT air shower array, consisting of 533 scintillation detectors of
each 0.5 m? with the area of 22,050 m?, has been successfully operating since 1999
with energy threshold of a few TeV. In the fall of 2000, this array was further
improved for UHE cosmic-ray study by adding wide dynamic range PMTs to all
221 sets of detectors which are placed on a lattice of 15 m spacing in the detector
covering area of 36,900 m?. This PMT in each detector can be measured to the
number of particles beyond 4,000, so that UHE cosmic rays with energy above
the knee could be observed with sufficient accuracy.

3. Simulation

We have done an extensive Monte Carlo (MC) simulation to generate air
showers induced by primary cosmic rays in the atmosphere using a Cosmos code
with an ad-hoc model [2] which is expected to give a similar result by a COR-
SIKA code with QGSJET model [3]. All shower particles are followed untill their
energies become 1 MeV in the atmosphere. We also used an Epics code [4] to
calculate the energy deposit of these shower particles in the scintillator inside each
detector under the same conditions as the experiment.

Primary particles are uniformly injected at the top of the atmosphere as-
suming a heavy dominant model [1]. Air shower events induced by these primaries
in the atmosphere are uniformly thrown on the Tibet-III detector area. Each air-
shower event is observed with the Tibet-III array like the actual experiment.

In this experiment, the number of one particle is defined as a peak position
of the ADC distribution recorded by singly charged particles passing through the
detector. According to the MC, the peak value of energy deposit for a single
particle in each detector is calculated to be 5.52 MeV. Based on these results, we
can easily estimate the number of shower particles from the observed ADC value
for each hit detector.
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Fig. 1. Distribution of Ne.s/Ne and E.s/FEp for MC events in the primary energy
region over 10 eV. For the estimation of size and primary energy, see text.

4. Data Analysis

As shown in the previous paper [1], the air showers observed at Yangbajing
with smaller zenith angles are almost independent of the nature of the primary
particles when their primary energies are higher than several x10'* eV. Hence,
we selected the high-energy shower data from the original data set by imposing
the following conditions ; 1) The zenith angle (#) of each shower event should be
smaller than 25°, or secd < 1.1, 2) more than 10 detectors should detect a signal
of more than five particles/detector, and 3) the center of positions weighted 8th
power of the number of detected particles of each shower should be inside the
innermost 135 mx 135 m area.

It is confirmed that this large power value is very useful for estimating the
effective area of the array. For the lateral fitting of shower particles, however, a
much smaller value of the power, say 2.0, is better to estimate the core position.

We used the data set obtained with the Tibet-III array in the period from
2000 November through 2001 October. Then, the total number of air showers
selected under the conditions mentioned above was 2.73x 10% events. Monte Carlo
events are also selected under the same conditions as the experiment.

Each air shower size was calculated by fitting a modified NKG function [1]
to the experimental data and MC data. A conversion factor from the air shower
size to the primary energy was calculated as a function of air-shower size by the
MC simulation.

In Figure 1, we compare the estimated shower size (Negs) and primary
energy (FE.s) with the true size (Ne) and energy (Ep), respectively, for MC events.
Here, the size is estimated by using the modified NKG function and the primary
energy is estimated by multiplying the conversion factor. It is seen that the
estimation of size and primary energy is well done with a good accuracy in the
knee energy region. However, there are still some problems when we apply the
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above method to the events with small size of < 10° ( Fy < 3 x 10! eV) and its
study is under way.

The total effective area S x  is calculated to be 9.91x103m?sr for all
primary particles with energy greater than 3 x 104 eV. In this experiment, the
effective running time 7T of the array was 2.77 x107 s.

5. Result and Summary

Figure 2. shows the differential energy spectrum of all-particle cosmic
rays observed with the Tibet-III air shower array. Although the present result is
still preliminary and systematic errors are under extensive study, it seems to be
consistent with the Tibet-I data above 2000TeV and a small possible deviation
seen below 2000TeV may be attributed to a better energy resolution of the Tibet-
[T array compared to the Tibet-I array.
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Fig. 2. Differential energy spectrum of primary cosmic rays between 5 x 104 and
3 x 10'6 €V. The present result is compared with other data.

Dependence of the result on simulation codes, interaction models, primary
models, other possible systematic biases should be carefully checked. And the
analysis of the data taken in 2001-2002 is still going on.
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