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In present-day air shower experiments several techniques are used to determine shower properties, e.g. the 
electromagnetic, muonic, and hadronic components as well as the Cerenkov and fluorescence light are investigated. 
The all particle spectrum of cosmic rays and the mean logarithmic mass have been derived. Most all-particle 
energy spectra are compatible with extrapolations of the energy spectra of individual elements, measured directly 
at the top of the atmosphere. An investigation of the mean logarithmic mass derived from EAS observables yields 
systematic differences between experiments measuring the lateral EAS development on one side and experiments 
investigating the longitudinal EAS development on the other hand. The inconsistencies can be reconciled by 
reducing the logarithmic increase of the total inelastic hadronic cross sections as function of energy. 

1. Introduction 

Cosmic rays are explored using several experi- 
mental techniques. The energy spectra of individ- 
ual elements have been directly measured above 
the atmosphere up to energies of several 1013 eV 
and for groups of elements up to 1015 eV. Due to 
the fast decreasing flux, measurements at higher 
energies require large detection areas or long ex- 
posure times, which presently can only be realized 
in ground-based detector systems. These experi- 
ments measure extensive air showers (EAS), gen- 
erated by interactions of the high energetic cosmic 
rays with the nuclei in the atmosphere. 

Most EAS experiments deduce from their mea- 
surements the all-particle energy spectrum and 
the mean logarithmic mass (ln A). The compati- 
bility of the various experimental results is inves- 
tigated with respect to these two quantities. The 
energy spectra obtained by direct measurements 
are extrapolated to high energies using a model 
with rigidity dependent cut-offs for the individual 
element spectra, the poly-gonato model[l]. The 
all-particle spectrum and the mean logarithmic 
mass obtained are compared to results from EAS 
experiments. 

2. The poly-gonato model 

The model parametrizes the energy spectra of 
individual elements, assuming power laws and 

*http://www-ik.fzk.de/Njoerg. 

taking into account the solar modulation at low 
energies. Above about 2.10 GeV, the modulation 
due to the heliosphere is negligible and the en- 
ergy spectra of cosmic-ray nuclei are assumed to 
be described by power laws. The following ansatz 
is adopted to describe the flux for particles with 
charge 2 

Z(Eo) = @Eo’” 1+ [ (gyC]? (1) 
The absolute flux @$ and the spectral index yz 
quantify the power law. The flux above the cut- 
off is modeled by a second and steeper power law. 
yc and cc characterize tke change in the spectrum 
at the cut-off energy Ez. Both parameters are 
assumed to be identical for all spectra, yc being 
the hypothetical slope beyond the knee and Ed 
describes the smoothness of the transition from 
the first to the second power law. 

To study systematic effects, instead of a com- 
mon spectral index for all elements above the cut- 
off, also a constant difference Ay between the 
spectral indices below and above the knee is tried 
and the spectrum for an element with charge 2 
is assumed as 

-A? 

gpo) = @zoo O TZ [l+(sJrc]~. (2) 

Since the origin of the knee is still under discus- 
sion, three assumptions to parametrize the cut- 
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Figure 1. Average all-particle energy spectrum. 
The line through the data represents a fit of the 
sum spectrum for elements with 1 < 2 5 92 ac- 
cording to the poly-gonato model with rigidity 
dependent cut-off for common Ay. The dotted 
line shows the spectrum for 1 5 Z 5 28. In ad- 
dition, energy spectra for groups of elements are 
shown. Above 10’ GeV the dashed line reflects 
the average spectrum [l]. Below this energy the 
average measured spectrum (open circles) coin- 
cides with the sum of 1 2 Z 1. 92, the solid line. 

off energy are scrutinized 

{ 

$, . Z ; rigidity dependent 
l?‘z = l$, . A ; mass dependent (3) 

-4 ; constant 

Knowing the flux d@z/d&(&) for the species 
with charge Z, the flux of the all-particle spec- 
trum is obtained by summation over all cosmic- 
ray elements 

. (4) 

This equation contains the parameters (ai and yz 
for each element and the common parameters, &,, 
E,, and “/C or Ay. @p”z and yz are obtained from 
direct measurements of individual nuclei. The re- 
maining three parameters are derived from a fit to 
the all-particle spectrum as obtained by indirect 
measurements. 
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Figure 2. Mean logarithmic mass vs. primary en- 
ergy from measurements of distributions for elec- 
trons, muons, and hadrons at ground level, see [ 11. 
Predictions according to the poly-gonato model 
are represented by the solid line. The dashed line 
is obtained by introducing an ad-hoc component 
of protons only. 

3. Energy spectra 

The all-particle energy spectra from many EAS 
experiments have been compiled by the author 
[l]. Experimental observables utilized in the 
experiments include the number of electrons, 
muons, and hadrons measured at ground level 
as well as the observation of Gerenkov and flu- 
orescence light. The detectors are located at at- 
mospheric depths from 606 to 1022 g/cm2. De- 
spite of these differences the resulting all-particle 
spectra agree quite well. The experimental spec- 
tra have been normalized to the extrapolations 
of direct measurements by a proper renormaliza- 
tion of the individual energy scales always within 
the quoted errors. For experiments measuring 
in the knee region (= 4 PeV) energy shifts of 
less than 12% are required, indicating the good 
agreement of the individual measurements. At 
energies above lo* GeV the maximum renormal- 
ization factor turns out to be 20%. Taking into 
account the uncertainties of the different models 
used in the simulations to interpret the observed 
data an absolute energy calibration better than 
20% is a remarkable result. 
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Figure 3. Mean logarithmic mass vs. primary energy, derived from the average depth of the shower 
maximum X,,, using CORSIKA/QGSJET simulations. Left: using original QGSJET [l], right: using 
QGSJET with modified cross sections [3]. Predictions according to the poly-gonato model are represented 
by the solid line. The dashed lines are obtained by introducing an ad-hoc component of protons only. 

The average all-particle spectrum, calculated 
from the normalized experimental results is 
shown in Fig. 1. The free parameters of the poly- 

gonato model have been obtained by fits to this 
spectrum. In the case of a rigidity dependent cut- 
off and a common Ay, e.g. the knee of the proton 
component is found to be at l$ = 4.5 f 0.5 PeV, 
and the values Ay = 2.10 f 0.24 as well as 
ec = 1.90 f 0.19 have been obtained. 

4. Mean logarithmic mass 

The mean logarithmic mass exhibits on a first 
glance a more confusing behaviour than the all- 
particle spectrum. A compilation of all experi- 
ments, unregarded their techniques used, yields a 
large scatter of (ln A) [2]. At lo7 GeV the (ln A) 
values cover a range from 0 to 3.5, and no real 
conclusion can be derived concerning the mass 
composition above knee energies. 

But, a closer look reveals systematic differ- 
ences for the (In A) values obtained with different 
experimental techniques. Experiments explor- 
ing the lateral distribution of particles at ground 
level by measurements of electrons, muons, and 
hadrons obtain (In A) values as compiled in Fig.2, 
for references see [l]. The mean logarithmic 
mass calculated according to the poly-gonato 
model with rigidity dependent cut-off is given 

by the solid line. Since more and more elements 
reach their cut-off energy iz, the mean logarith- 
mic mass increases with rising energy and would 
finally reach pure uranium. However, above 
100 PeV the sum spectrum for 1 I 2 I 92 is not 
sufficient to describe the all-particle spectrum. 
For this reason, a new component is introduced ad 
hoc in order to fill the difference between the sum 
spectrum and the all-particle spectrum. Antici- 
pating a pure proton composition yields a lower 
limit for the (ln A) values, indicated as dashed 
line in Fig. 2. The results of experiments investi- 
gating the lateral EAS development are well com- 
patible with the extrapolations of the direct mea- 
surements as can be inferred from Fig. 2. 

On the other hand are experiments which study 
the longitudinal shower development in the atmo- 
sphere, observing Cerenkov or fluorescence light. 
The obtained average depth of the shower maxi- 
mum -La, has been compiled in [l]. X,,, values 
have been simulated using CORSIKA/QGSJET 
for primary protons as well as iron nuclei and 
corresponding (In A) values have been calculated 
from the measured X,,, values. The results are 
displayed in Fig.3 (left). They are not compatible 
with the poly-gonato model. 

The differences can be explained by the longi- 
tudinal development of EAS, i.e. the results indi- 
cate that the measured showers penetrate deeper 
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Figure 4. Distributions for the average depth of the shower maximum X,,, for 5.10’ GeV to log GeV. 
The measured values of the Fly’s Eye experiment [4] are compared to simulated values using COR- 
SIKA/QGSJET. Left: original QGSJET, X,,, values shifted by AX,,, = 30 g/cm2 [I]. Right: 
QGSJET with modified cross section [3]. 

into the atmosphere as predicted by QGSJET. 
This is confirmed by an investigation of the mea- 
sured X,,, values of the Fly’s Eye experiment, 
presented in Fig. 4 (left). The simulated distribu- 
tions had to be shifted by AX,,, = 30 g/cm2 in 
order to obtain agreement with the experimental 
values. 

Inspired by these observations, the total inelas- 
tic hadronic cross section has been modified in the 
model QGSJET and the influence on X,,, has 
been studied [3]. It has been found, that a modest 
increase of the cross section to u$’ = 64 mb at 
10’ GeV describes the data best. The resulting 
X maz distributions are compared in Fig. 4 (right) 
to the Fly’s Eye measurements. No artificial shift 
in La, is necessary to obtain agreement. 

Using the modified version of QGSJET, (In A) 
values as shown in Fig. 3 (right) are obtained. 
The results agree much better with the extrapo- 
lations of the direct measurements as compared 
to the original QGSJET values. The scattering 
of the experimental results investigating the lon- 
gitudinal development around the line given by 
the poly-gonato model is now comparable to the 
deviations of the observations of the lateral EAS 
development, see Fig. 2. 

5. Conclusion 

An investigation of the mean logarithmic mass 
obtained by many EAS experiments reveals sys- 
tematic differences between experiments explor- 
ing the lateral and longitudinal development of 
EAS. The measured showers seem to penetrate 
deeper into the atmosphere as predicted by the 
model QGSJET. Therefore, the increase of the 
total inelastic cross section has been reduced in 
the model. As consequence, the (ln A) values 
obtained from X,,,,, observations are compati- 
ble with experiments measuring the lateral EAS 
development and the results of most EAS ex- 
periments are compatible with the extrapolation 
of direct measurements according to the poly- 
gon&o model. 
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