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The KASCADE experiment measures local muon densities of air-showers in the knee region at various core 
distances for two different muon energy thresholds. Muon density spectra have been reconstructed for the total 
EAS sample, as well as for particular subsamples with enhanced light and heavy induced EAS, classified on the 
basis of the shower size ratio N,/N,. By comparing these spectra for different muon energy detection thresholds 
and core distances with detailed Monte Carlo simulations each spectrum should result in the same primary energy 
spectrum. This allows a comprehensive test of the simulation procedures of the muon lateral distribution and 
the muon energy spectrum by various Monte Carlo codes. Different combinations of high-energy and low-energy 
interaction models in the frame of the CORSIKA code are used for comparisons. 

1. Introduction 

Frequency spectra of the extensive air-shower 
(EAS) observables (like number of electrons or 
charged particles) reflect the primary energy 
spectrum, but a quantitative conversion to en- 
ergy has to invoke a model of the shower devel- 
opment and an assumption of a mass composi- 
tion [I]. Hence the determination of the energy 
spectrum is affected by different systematic un- 
certainties, especially by the dependence on the 
model of high-energy interactions. Therefore the 
validity of the hadronic interaction models used 
as generators of Monte Carlo simulations is an im- 
portant subject in context of EAS analyses. Here 
a co-operation between present and future accel- 

erator experiments and the cosmic ray investiga- 
tions is aspired [2], but also by cosmic ray mea- 
surements there appear possibilities to probe the 
validity of the models [3,4]. It is useful to ana- 
lyze different experiments on basis of a coherent 
methodology as well as to compare the resulting 
features for various sets of different EAS param- 
eters in the individual experiments. 
In the present paper we endeavor to analyze the 
frequency distribution of local muon densities at 
fixed distances from the shower core. Thus inde- 
pendent measurements of such spectra for differ- 
ent fixed core distances allow a check of the lateral 
distribution obtained from simulations. In addi- 
tion, the layout of the KASCADE experiment [5] 
enables the study of density spectra for two dif- 
ferent muon energy thresholds. Hence the consis- 
tency of the simulations with respect to the muon 
energy spectrum and systematic features of differ- 
ent models can be revealed. 

*corresponding author, e-mail: andreas.haungsQik.fzk.de 
ton leave of absence from National Institute of Physics 
and Nuclear Engineering, Bucharest, Romania 
ton leave of absence from University of Lode, Poland 
son leave of absence from Moscow State University 
Moscow, Russia 

0920-5632/03/$ - see front matter 0 2003 Elsevier Science B.V. All rights reserved. 
doi: IO. IOl6lSO920-5632(03)02052-S 



A. Huungs et 01. /Nuclear Physics B (Pmt. Suppl.) 122 (2003) 384-387 385 

2. Local muon density spectra 

The main detector components of KASCADE 
used for the present analysis are the “array” of 
252 stations and the “central detector” compris- 
ing additional detector systems. The array pro- 
vides the data necessary for the reconstruction 
of the basic EAS characteristics like electron and 
muon size, core location, and arrival direction of 
individual air showers [S]. The KASCADE cen- 
tral detector is placed in the geometrical center 
of the detector array. The local muon density of 
the EAS is measured with two separate detector 
set-ups. A setup of 32 large multiwire propor- 
tional chambers (MWPC) [7] is installed in the 
basement of the building and enables the estima- 
tion of the muon density pi for each single EAS. 
The total absorber corresponds to a threshold for 
muons of 2.4 GeV. The second muon detection 
system is a layer of 456 plastic scintillation de- 
tectors in the third gap of the central detector, 
called trigger plane [S]. Here the muon density 
@ is estimated for muons with a threshold of 
490 MeV for vertical incidence. The total sam- 
ple of EAS is further divided in “electron-rich” 
and “electron-poor” showers performed by a cut 
along the ratio Ig(Nfi)/lg(Ne), i.e. observables es- 
timated by the array data only. The reconstruc- 
tion of muon density spectra of all samples have 
been performed for both energy thresholds and 
for nine core distance ranges [9]. For the fit pro- 
cedure the flux Ig(dN/dp,) is assumed to follow 
a power law below and above a specified knee re- 
gion. As example Fig. 1 shows the reconstructed 
local muon density spectra for the avarage dis- 
tance from the shower axis (R,) = 45.5m for 
both muon energy thresholds. Spectra for all, 
for the electron-rich (predominantly light ion in- 
duced), and for the electron-poor (predominantly 
heavy ion induced) showers are displayed. The 
general features of the spectra are similar for all 
core distance ranges; the all-particle spectra show 
a slight, but significant kink, the component of 
electron-rich EAS dominates the flux below the 
knee while it strongly decreases after the kink, 
and no knee is seen in the component of electron- 
poor EAS. Whereas the assumed fit functions de- 
scribe the all-particle spectra well, the spectra 
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Figure 1. Examples for measured muon density 
spectra for both threshold energies. The “all”- 
particle spectra are here compared with the spec- 
tra of “electron-poor” and “electron-rich” EAS 
for the same core distance range. 

for the electron-rich subsamples are not well de- 
scribed by power-laws above the knee position in 
the all-particle spectra. These pure experimental 
results are a strong indication that the knee in 
the primary cosmic ray spectrum originates from 
a cut-off in the flux of the light primary particles. 

3. Comparisons with simulations 

For the interpretation of the measured muon 
density spectra in terms of the primary en- 
ergy spectrum a-priori knowledge inferred from 
Monte Carlo simulations of the air-shower de- 
velopment is necessary. The present analysis is 
based on a large set of CORSIKA simulations [lo] 
including a full simulation of the detector re- 
sponse. The simulations have been performed 
using the interaction models QGSJET (vers. of 
1998 [ll]), SIBYLL (vers.2.1 [12]), and NEXUS 
(vers.2 [13]) for the high-energy interactions and 
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GHEISHA [14] and UrQMD [15] for interactions 
below El& = 80 GeV. The electromagnetic part 
of the showers is treated by EGS4 1161. Observa- 
tion level, Earth’s magnetic field, and the particle 
thresholds are chosen in accordance with the ex- 
perimental situation of KASCADE. The simula- 
tions cover the energy range of 1014 - 3. 1016 eV. 
The calculations are performed for the zenith an- 
gular range 0’ -42’ and for three primary masses: 
protons, oxygen and iron nuclei. 
For a test of the interaction models by compar- 
ing the calculated predictions with air shower 
data the sensitivity to differences in the sim- 
ulations should be of significance. Fig. 2 
shows the relative differences of various model 
combinations for relevant EAS observables 
( 

O(qgsjetgheisha)-O(othermodels) 
O(qgsjet gheisha) ) of KASCADE in 

dependence of the primary energy. While in gen- 
eral all model calculations predict only minor dif- 
ferences in the electron number, the total muon 
number and especially the predictions of local 
muon densities differ considerably (up to 20%), 
increasingly with increasing primary energy. 
When relating the measured density spectra to 
the primary energy spectrum of cosmic rays a 
power law spectrum dN /dEo cx Ery is as- 
sumed. The energy spectrum can be written 
as (dN / dp,) . (dp, / dEo), where dp, / dEo has 
to be deduced from the EAS simulations and 
dN / &, 0; (P/J-’ is taken from the experimen- 
tal results. Thus the spectral index y can be ex- 
pressed by y = 6. (/I - 1) + 1 with b from the simu- 
lations (pP 0: Eo6 ). If the correct elemental com- 
position is adopted, all measured muon density 
spectra (of the total sample or of a certain sub- 
sample) should result consistently in the true pri- 
mary energy spectrum, irrespectively which core 
distance and muon energy threshold is consid- 
ered. 
For all model combinations we found that the 
muon density spectra for the different core dis- 
tances agree within their statistical uncertainties 
for the resulting slopes and knee positions of the 
primary mass. This corroborates the confidence 
in the lateral distribution predicted by the Monte 
Carlo simulations. Nevertheless there remain ob- 
vious systematic differences in the results for the 
two muon energy thresholds, observed for all core 
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Figure 2. Relative deviations of air-shower ob- 
servables at KASCADE after full detector simu- 
lations for different model combinations. All with 
respect to the combination QGSJET/GHEISHA. 

distances. Fig. 3 displays this observation in case 
of the spectral index of the electron-poor sam- 
ple using the simulations of primary iron nuclei. 
Uncertainties by the unknown composition can 
not explain the systematic discrepancy displayed 
by the results from the two different muon en- 
ergy thresholds. These systematic differences for 
the two thresholds remain in all spectra, and, 
more or less for all considered model combina- 
tions (Fig. 3). To reduce this systematic shift a 
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Figure 3. Variation of the reconstructed power 
law index of the primary energy spectrum 
(electron-poor sample) with the core distance for 
both energy thresholds assuming a pure iron com- 
position for different combinations of the interac- 
tion models. 

model combination predicting a smaller ratio in 
the number of lower energy muons to high-energy 
muons with a smaller value of S in the dependence 
,oti 0; Ec6 (again more pronounced for the lower 
muon threshold) is needed. The behaviour of the 
models NEXUS and UrQMD comply with these 
requirements better then QGSJET, SIBYLL, or 
GHEISHA. 

4. Conclusions 

In conclusion we found that the muon lateral 
distribution in the models is described suffi- 
ciently, with a hint to a better description in 
the low energy model UrQMD compared to the 
GHEISHA parameterization. Still none of the 
investigated model combinations describe consis- 
tently the muon fluxes above the two considered 
energy thresholds, i.e. the muon energy spec- 
trum. 
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