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Cosmic Ray Energy Spectrum around theKneeby
Muon Density Measurementsat KASCADE
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Abstract

A system of large-area position sensitive multiwire proportional chambers (MWPC), installed below the
hadron calorimeter of the KASCADE (KArlsruhe Shower Core and Array DEtector) central detector is able
to measure the muon density spectra at fixed distances from thecore of EASin the knee region. Comparisons
of these muon density spectra with Monte Carlo simulations for different primaries and various high-energy
interaction models lead to an estimation of the slopes before and after the knee and its position. In contrast
to many other knee determinations this method does not invoke the integration of sampled lateral particle
distributions, and the muon density spectrum is a directly measurable observable with reduced systematic
uncertainties.

1 Int roduction:
Since forty yearsaconspicuous changeof thespectral index from ca. -2.7 to -3.1 of thepower law descrip-

tion of theprimary cosmic ray spectrum around 3 PeV isknown. In spiteof a lot of experimental efforts, there
remain many open questions, in particular about the detailed position and the shape of the knee region, about
the variation of the primary mass composition, in addition to the question of the astrophysical origin of the
observed features at all. There is a number of theoretical conjectures about the mass composition, predicting
avariation from dominantly light nuclei to acomposition of heavier nuclei.
Local muon density spectra at fixed distances from the shower axis have been measured and display conspic-
uous kinks at certain values of the local muon density. The analysis of this observation by use of extensive
Monte Carlo EAS simulation calculations relates the observed kinks to the knee of the primary cosmic ray
energy spectrum and implies new amethodical approach of EASinvestigations.

2 Apparatus:
KASCADE isamultidetector setup (Klages et al. 1997) built in Karlsruhe, Germany for measurements of

EASespecially in the primary energy range of the knee region. TheKASCADE detector array has an area of
200�200m2 and 252 detector stations (positioned on rectangular gridswith 13m spacing) consisting of liquid
scintillators for measuring theelectromagnetic and of plastic scintillators for measuring themuonic component
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Figure 1: Integral muon density spectra measured by the MWPC for showers with two different core distances.
The vertical lines assign the position of the knee in the muon density spectra. The� represent the indices of
the fitted power law functions.

of EAS. This array provides the data necessary for the reconstruction of the basic EAS characteristics like
the sizeNe, muon sizeN tr

� , core location, and angle of incidence of each single air shower. The present
measurements of the muon densities use a setup of 32 multiwire proportional chambers (MWPC) of the central
detector. It consists of 16 stacks (5m2-9m2) of two chambers one upon another. Each chamber consists of
three layers of crossed anode wires and cathode stripes. The crossing angle of the cathodes to the anode wires
is�34� at each of the three different size types of the chambers. The MWPC allows a accurate determination
of the position and angle of single muons with a spatial resolution of around1 cm. The total sensitive area
of the MWPC setup is2 � 129m2. The absorber of the calorimeter effects an energy threshold of2GeV for
vertical muons. For each single shower the local muon density��� can be estimated with help of the number
of reconstructed muons in the MWPC setup and its sensitive area as a function of the angle of incidence of the
EAS (Haungs et al. 1999).

3 Muon Density Spectra:
The spectrum of��� of the EAS observed in a certain distance from the shower core and for a certain range

of the angle of shower incidence is the quantity of the present investigation. Figure 1 display integral muon
density spectra measured with the MWPC system (E� > 2GeV) for two particular core distances and for
the zenith angle range10� � � � 30� measured in c. 5000 hours. The spectra follow a power law form
dN=d��� / (���)

�� . Both spectra show a kink, expressed by the change of the spectral index�. The spectral
indices and the positions of the estimated knees are included in Figure 1. The quoted errors represent the statis-
tical uncertainties. Due to the reduced efficiency of the trigger threshold for small sized showers the first data
points of the spectrum of the smaller core distance have not been included in the fit procedure. With increasing
distance from the shower core the position of the kink shifts to lower muon densities as a consequence of the
lateral distributions of the EAS muons of decreasing muon densities with increasing R. This explains also the
steeper slopes of the density spectra at larger R.
In order to analyze these results and to relate the local muon densities to the energy and nature of the primaries
detailed Monte Carlo calculations simulating the EAS development have been performed. Using the COR-
SIKA v 5.62 code (Heck et al. 1998) samples of proton and iron induced EAS of the energy range of5�1014 eV



� (QGSJet) � (VENUS)
proton iron proton iron

40m� R � 45m 0:718� 0:015 0:807� 0:009 0:776� 0:016 0:784� 0:010

65m� R � 70m 0:727� 0:017 0:809� 0:012 0:811� 0:015 0:763� 0:012

Table 1: Exponents of the power law function��� / E� for different core distances, primaries and high-energy
interaction models.

proton iron

QGSJet

1 2.71�0:01stat �0:38sys 2.92�0:01stat �0:27sys

2 2.95�0:04stat �0:46sys 3.18�0:04stat �0:34sys

Eknee (7.27�0:43stat �2:33sys) �1015 eV (4.56�0:10stat �1:10sys) �1015 eV

VENUS

1 2.88�0:01stat �0:27sys 2.83�0:01stat �0:25sys

2 3.14�0:04stat �0:35sys 3.08�0:05stat �0:32sys

Eknee (5.34�0:24stat �1:36sys) �1015 eV (4.60�0:21stat �0:99sys) �1015 eV

Table 2: Spectral indices
i of the primary energy spectrum, obtained with different high-energy interaction
models and primary particles by combining both core distance spectra. Additionally the estimated position of
the knee is given. The main sources of the systematic errors are the evaluation of the position of the kink in
the measured muon density spectra and the uncertainty of� due to the multiple use of single showers in the
detector simulation.
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Figure 2: Example of the dependence of the
local muon density on the primary energy
for different primaries (CORSIKA simula-
tions with full detector simulation included).

to 1 � 1016 eV, distributed along a primary energy spectrum
/ E�2:7 are generated with two different interaction mod-
els (QGSJet and VENUS). The detector efficiency has been
included in the simulations, using each simulated EAS ten
times in the considered ranges of the core distance. Figure 2
displays the relations between the average muon density���
and the primary energy, described by a power law��� / E� as
an example for one interaction model and one core distance.
The values of all� resulting from a fitting procedure are listed
in Table 1. The quoted uncertainties are due to the limited
statistics of the simulated showers. On basis of these results
the position of the knee in the muon density spectra and the
spectral indices� are related to the knee position and the in-
dex
 of the energy spectrumdN=dE = dN=d��� � d�

�
�=dE

leading to
 = � � (� � 1) + 1 . The results of this procedure
are given in Table 2.
With the help of the estimated shower sizesNe and N tr

�

(Glasstetter et al. 1999) by the KASCADE field detectors
a global distinction between showers induced by light and
heavy primaries is realized. The relevant parameter for the EAS separation is the muon number - electron
number ratiolg(N tr

� )=lg(Ne) with N tr
� andNe corrected to the zenithal incidence with the measured attenu-
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Figure 3: Integral muon density spectra measured by the MWPC for all showers for enhanced ”light” and
for enhanced ”heavy” showers. The vertical line assigns the position of the knee in the muon density spectra
estimated for ”all” EAS.

ation lengths�� and�e by the KASCADE group. Figure 3 shows for one range of the shower core distance
the obtained spectra for all, ”light” and ”heavy” induced EAS. The kink in the spectrum of the light induced
showers is clearly rising. With the above described procedure, combining both ranges of core distance the
indices of the primary energy spectrum for both samples are calculated using the interaction model QGSJet
(VENUS). While the spectra of the light induced EAS with
1l = 2:76(2:94) and
2l = 3:20(3:42) show a
clear knee, the spectra of the heavy induced EAS have a passing slope of
h = 2:76(2:62) without any kink
between1015 eV and1016 eV. The results has small statistical errors, and an estimated systematic error of
� 0:3 is mainly due to the limited statistic in the Monte Carlo simulations.

4 Concluding Remarks:
A result of considerable interest is the first observation of kinks in muon density spectra measured at

fixed distances from the shower core. Adopting a particular mass composition and invoking Monte Carlo
simulations (by CORSIKA), the kinks and slopes of the density spectra can be related to the knee position and
spectral indices of the primary energy spectrum. The resulting indices for the all-particle energy spectrum are
about -2.8 before and about -3.1 after the knee position of about5 �1015 eV. Thus we may summarize that after
the evidence for the existence of the knee discontinuity in theNe spectrum by many experiments, lateron in
the spectrum of the EAS muon content and recently in the hadron number by the KASCADE group (H¨orandel
et al. 1999), also the muon density is shown to reveal consistently the phenomenon. The present analysis
give first hints that the knee appearance at ca.5 � 1015 eV is strongly dominated by the light component of the
charged cosmic rays.
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