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Abstract

The all particle enegy spectrun at enegies > 50 TeV is measurd usirg the laterd distributions of electrons,
muors ard Cherefkov photons The dat are from the HEGRA airstower array at ORM, La Palma The
enggy spectrun is obtainal using a regularisel unfolding of the data on the bass of the Monte Carlo code
CORSIKA. Differert modé inputs allow an estimae of systemat uncertainties The position of the knee is
determine as well as coar® information on the chemicé composition.

1 Introduction

The enegy spectrim ard chemicd compositiom of cosmt rays below and above the ‘kne€ remairs an
area of intengve experimentaacivities. Up to abou 100 TeV theresuls of dired experimens from detectors
carriad by satellites ard balloors above the earh atmosphes provide arathe detailed ard accurag picture of
primaty cosmc rays At highe enegies information on cosmc rays are entirely from grourd basel airstower
arrays An up to dae and compreherise overview of the resuls achieved so far can be found in Biermam et
al. (1999).

2 HEGRA data

The HEGRA array on LaPalma Canay Islands (Karle et al., 1995 (Krawczynsk et al., 1996 (Rhock et
al., 1996 combines obsevatiors of Chereikov photonsthe e,y componehand muors of individud showers,
to provide rathe accurag enggy reconstructia of the primary particles Furthermorethe developmer of the
CORSIKA air shower code (Hed et al., 1998 allows very detailed simulatiors of the shower development
ard in particula, to study the influene of differert physicd modek on measurd quantities We describe
hete the resuls of an analyss of HEGRA array datg taken betwea Octobe 19% and April 1995 when
the differert componers of the array had acceptal# performance 39 runs with 3 - 10* - 1.7 - 10° events
triggeral have been selecte with appropria¢ weathe condition for optimd obsevation for Cheretkov light
using the AIROBICC array of HEGRA. About 5 - 10° evens with zenih angle< 30 have bee usel for
analysis Furthermoe 123 runs mostly during day time when Cheretkov obsevation is nat available with
goad performane of the Geigerbwer ard szintillatar arrays have bean selectd for this analysis This data
sampe contairs 4 - 107 evenss with zenih angle< 30°. Trigger threshold taken at the 50 % efficiency point
are 50 TeV (protond and 110 TeV (iron) for the szintillatar array with > 14 statiors required ard 40 TeV
(protong ard 100 TeV (iron) for the AIROBICC arragy at > 6 stations Thes values have been determined
from CORSIKA simulatiors and have been found to depeml (slightly) on the physics input of the Monte Carlo
programs.

3 Analysis

In the analyss of the data we used an unfolding procedue basel on ‘RUN‘ developel by V. Blobd at
DESY (Blobel, 1984 ard now widely usal in various versiors with all purpo® storag ring detectos like
e.g H1 at HERA. The bast ideais to unfold from measurd quantities G( ¥ all distorting influences A(x, ¥,
resulting the experimenta procedureto obtain the true physica variabk f(x) by solving the integrd equation
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The key issue here is an adequate handling of the distribution of the fluctuations which is based on complete
modelling of the experimental conditions by Monte Carlo. With CORSIKA a suitable code has become avail-
able and based on it unfolding becomes possible in high energy cosmic ray physics.

Directly determined experimental quantities arg the effective number of electrons determined from fitting

a NKG function to the szintillator information and,the number of Cherenkov photons obtained from AIRO-
BICC information and the number of muong, lifom a fit to the Geigertower information on the basis of the
Greisen-parametrisation. As a qualitative result we find in all these quantities an indication of spectral break
in the size distribution. For Ndistributions we see a shift of the break to lower values pfaith increasing

zenith anglef, up to 1/cosf) = 1.6. The real position of the break, the 'knee’, is to be determined by con-
verting the measured quantities,NN,,, N, to a shower energy variable. We find from Monte Carlo studies

the product of quantities log(N r;) and log(N, - r;) (with r; the light radius from Cherenkov observations)

to show very little dependences on the nature of the primary particle and a well behaved energy resolution of
Alog(Ey)/log(Ey) of about 3%%.

4 Results on the energy spectrum
The all particle energy spectra for the 39 individual runs with N, and § well determined have been
determined in 5 energy bins from 50 TeV - 15 PeV. This choise of energy bins matches approximately the
energy resolution obtainable from our data, further subdivision in energy can therefore not provide more real
physical information. The energy spectra of the individual runs have been fitted using the first 4 energy bins
to a simple power law
d®/dE = &¢(E/100TeV )™ 2

to obtain the normalisatio®, and the spectral index. The values found are compatible with Gaussian
distributions with mean valueg = 2.63+ 0.02 and®, = 0.85+ 0.05- 106 [m? -s-sr- TeV]~' . From a
variation of physical input parameters of the CORSIKA Monte Carlo used to unfold the data we estimate an
additional systematic uncertainty ©f0.09 for-y, and +0.24/-0.06 for the normalisatidn. As developments
in understanding the physical input of CORSIKA proceeds, we expect that systematic uncertainties can be
further reduced.
The data points above 4 PeV are found to be systematically below the extrapolation using the fit to the 4 lower
energy points. This is an & effect for all 39 runs taken together. To determine more precisely the position
of the knee the 39 runs are grouped into 4 samples with slightly shifted energy bins and then applying the
unfolding procedure. The 4 energy spectra obtained have been fitted by two power laws resulting in spectral
indicesy; = 2.63+ 0.02+ 0.09 (syst.) below the knee at 2150.5 4 0.5 (syst.) PeV and, = 3.034+ 0.10+
0.10 (syst.) above the knee. Systematic uncertainties (syst.) have been estimated from using different physical
model inputs to CORSIKA. Statistical errors have a dominating contribution in particular for the high energy
points from very limited Monte Carlo statistics. This limitation is a consequence of the need to model the
shower development in air simultanously for the particles and the Cherenkov light which at energies above a
few PeV becomes very time consuming.

These results of this analysis are in substantial agreement with those resuitwingR A. et al. 1999a and
Roéhring, A. et al 1999b, follwing a different analysis method.

5 Chemical composition

The RUN unfolding procedure allows for an analysis method with signal events on a general background.
This feature can be used to divide the data into two groups chosen as light elements (H + He) and heavy
elements (C - Fe). The analysis runs with one group as signal and the second as background and the reverse.
From this procedure the energy spectra of light and heavy elements have been extracted again in 5 energy bins
from 50 TeV to 15 PeV. A power law (2) has been fitted to the data obtained resulting for the light element
group (H + He) iny = 2.72+ 0.07 and®, = 0.524+ 0.03- 1075 [m? - s- sr- TeV ]~! and for the heavy group
(C - Fe),y=2.57+ 0.11 and®; = 0.30+ 0.03- 10 ¢ [m? - s- sr- TeV ] L. This indicates a trend to heavier



nuclei at the knee. A more definite conclusion would be possible on the basis of the present data sample, once
improvements of the Monte Carlo codes become available and significantly more showers can be simulated at
energies beyond a few PeV.
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