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Abstract

The KASCADE experiment measures local muon densities of EAS in the

knee region at various core distances for different muon energy thresholds. Ex-
pectations of detailed Monte Carlo simulations including various combinations

of high-energy and low-energy hadronic interaction models in the frame of the
CORSIKA code are compared with the data. This allows a comprehensive test

of the simulated muon energy spectra for various Monte Carlo codes in the pri-
mary energy range of 1014 − 1016 eV for KASCADE and of 1016 − 1018 eV for

KASCADE-Grande.

1. Introduction

The validity of hadronic interaction models used as generators of Monte

Carlo simulations is an important subject in context of EAS analyses. A co-
operation between present and future accelerator experiments and cosmic-ray

investigations is aspired for tests, but also by cosmic-ray measurements there
appear possibilities to probe the validity of the models [11]. In the present paper

we endeavor to analyze local muon densities in high energy air-showers for two
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Fig. 1. Examples of the distribution of
the ratio of local muon densities mea-
sured by KASCADE.
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Fig. 2. Mean and width of the muon
density ratio distributions vs. N tr

µ for
measurements and simulations.

different muon energy thresholds. Therewith the consistency of the simulations

with respect to the muon energy spectrum and systematic features of different
Monte Carlo models can be revealed. Analyzing KASCADE data, the local muon

densities were used to reconstruct the primary energy spectrum of cosmic rays

in the energy range of 1 to 10 PeV [1]. A systematic inconsistency were found
by using the two different muon thresholds for transforming the measured local

muon density spectrum in the primary energy spectrum with help of Monte Carlo
simulation procedures. To proceed a more direct comparison between measured

and simulated data with respect to the muon energy spectrum, in the present
paper the ratio Rρ of the local muon densities estimated on an event-by-event

basis is used. With the extension of KASCADE to KASCADE-Grande [6] this
kind of analysis can be continued and applied on data of higher primary energies,

where systematic validity checks of the models are even more important, as no
accelerator data will exist in next decades at energies above 100 PeV, but the

models will be used for interpretations of the data of giant air-shower experiments.

2. Measurements at KASCADE

The local muon density of the EAS is measured with two separate detec-

tor set-ups of the KASCADE central detector which is placed in the geometrical
center of the KASCADE detector array. A setup of 32 large multiwire propor-

tional chambers (MWPC) is installed in the basement of the building and enables
the estimation of the muon density ρ�

µ for each single EAS. The total absorber

corresponds to a threshold for muons of 2.4 GeV. The second muon detection sys-
tem is a layer of 456 plastic scintillation detectors in the third gap of the central



39

log10(Nµ
tr)

m
ea

n 
of

 m
uo

n 
de

ns
it

y 
ra

ti
o 

<R
ρ> QGSJET-GHEISHA

SIBYLL-GHEISHA
QGSJET-UrQMD
NEXUS-GHEISHA
KASCADE-data

light primaries

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

3.8 4 4.2 4.4 4.6 4.8

Fig. 3. Comparison of 〈Rρ〉 for differ-
ent model combinations with KAS-
CADE data.
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Fig. 4. Expectations of Rρ for the case
of KASCADE-Grande measurements
in dependence of the primary energy.

detector, called trigger plane. Here the muon density ρtp
µ is estimated for muons

with a threshold of 490 MeV for vertical incidence. Global shower parameters
like core position, arrival direction, shower size and truncated muon number are

reconstructed with help of the KASCADE detector array. The truncated muon

number describes the muon content (> 300 MeV) of the shower between 40 m and
200 m core distance and was found to be a valuable coarse primary energy esti-

mator in case of the experimental conditions of KASCADE. The total sample of
measured EAS is further divided in “electron-rich” and “electron-poor” showers

performed by a cut along the ratio lg(Nµ)/lg(Ne), i.e. observables estimated by
the array data only. The ratio Rρ = ρ�

µ/ρtp
µ is the relevant parameter for the

present analyses. As example Fig. 1 shows measured distributions of Rρ for a
certain core distance and primary energy range. Differences for various primaries

(electron-rich EAS as predominantly induced by light ions and electron-poor EAS
as predominantly induced by heavy ions) are found to be small compared to the

width of the distributions.

3. Comparisons with Simulations

A large set of CORSIKA [8] simulations including a full simulation of

the detector have been performed using the interaction models QGSJET (vers. of
1998 [10]), SIBYLL (vers.2.1 [4]), and neXus (vers.2 [3]) for the high-energy inter-

actions and GHEISHA [5] and UrQMD [2] for interactions below Elab = 80 GeV.
Observation level, Earth’s magnetic field, and the particle thresholds are chosen

in accordance with the experimental situation of KASCADE. The simulations
cover the energy range of 1014 – 3 · 1016 eV. The calculations are performed for
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the zenith angular range 0◦ − 42◦ and for three primary particle types: protons,
oxygen, and iron nuclei.

Fig. 2 shows the dependence of the mean and fluctuations (width of distributions)
of the density ratio on the truncated muon number (∝ E0, E0 ≈ 1 − 10 PeV) for

data and predictions by the model combination QGSJET/GHEISHA analyzed
by same procedures. The general behavior of decreasing mean and fluctuation

with increasing energy is reproduced by the simulations, but in contrast a clear
deviation on the mean values and on the amount of fluctuations is visible. To

perform a test of the interaction models by comparing the calculated predictions

with air shower data the sensitivity to differences in the simulations should be of
significance (see also [7]). Fig. 3 compares the mean values for different model

combinations, where differences of up to 10% in Rρ are revealed. None of the
models can reproduce the measurements, but the behavior of the models neXus

and UrQMD comply better then QGSJET, SIBYLL, or GHEISHA. Next genera-
tion of CORSIKA will include FLUKA and NEXUS 3 as new models, which show

in first tests a significant different behavior of the muon component (see [9]).

4. Expectations for KASCADE-Grande

At KASCADE-Grande [6] similar measurements can be performed for EAS

of primary energies at least up to 1017 eV. The muon detection at the KASCADE
central detector will then be possible for core distances of 50−550m with reason-

able muon statistics. Fig. 4 shows the expectations of Monte Carlo simulations
for KASCADE-Grande measurements on the muon density ratio. The test of the

validity of the description of the muon component will be of high relevance for
the shower simulation procedures at ultra-high energies.
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