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Abstract. The KASCADE experiment measures the electron
and muon number of extensive air showers in the knee region
with high precision. From these data shower size spectra
for electrons and muons are constructed. An analysis is pre-
sented in which electron and muon size spectra in three dif-
ferent zenith angle bins are analysed simultaneously. With a
four component assumption for the mass composition of pri-
mary cosmic rays (hydrogen, helium, carbon and iron) and
using unfolding methods taking into account shower fluctu-
ations and experimental effects energy spectra of these mass
groups in the range between1015 and 1017 eV are recon-
structed. Each energy spectrum shows a steepening of the
index of the resulting power law with a knee-like structure.
The positions of the individual knees suggest a rigidity de-
pendence.

1 Introduction

The KASCADE experiment (Klages et al., 1997) located at
the site of the Forschungszentrum Karlsruhe, Germany at an
altitude of 110 m a.s.l. measures various observables of an
extensive air shower especially in theknee-region (1014 −
1017eV. It consists of three major detector components: the
scintillation detector array, the muon tracking detector and
the central detector complex.

The field array covers an area of200 × 200m2 and con-
sists of 252 detector stations for the detection of the electron
and muon component. The stations in the inner part of the
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array contains four liquid scintillation counters to measure
the electromagnetic part of the shower. The outer stations
contain only two of these detectors but additionally below
an iron-lead absorber plastic scintillators to measure muons.
Using the information of these detectors it is possible to re-
construct the location of the shower core, the direction of
the shower and using the NKG formula the total number of
electronsNe and the so calledtruncated muon numberN tr.

µ .
The latter one is the number of muons inside a ring around
the shower core with an inner radius of 40 m and outer ra-
dius of 200 m. Simulations have shown that this quantity is
more robust against systematical reconstruction errors than
the total muon number. During the reconstruction the contri-
butions of accompanying particles in each detector are taken
into account. A detailed description of the setup and the re-
construction procedure can be found in (Doll et al., 1990)
and (Antoni et al., 2001).

In the present analysis the electron and truncated muon
number are used. The data were taken from May 1998 until
December 1999 and correspond to a total number of about
35 Mio. showers. The aim of the analysis is to determine the
primary energy spectra of different mass groups by analysing
the shower size spectra ofNe andN tr.

µ in intervals of the
zenith angle simultaneously.

2 Outline of the Analysis

To reconstruct the primary energy spectrum by means of the
shower size spectra (electron size or/and muon size spectra)
it is useful to apply the relation between the measured flux



98

of the shower sizedJ/d lgN and the primary energy flux
dJ(lgE)/d lgE for individual types of primary particles.
This relation is a Fredholm integral equation of 1st kind:

dJA
d lgN

=
∫ +∞

−∞

dJA(lgE)
d lgE

pA(lgN | lgE) d lgE (1)

pA(lgN | lgE) is the probability for a primary particle of
typeA with energylgE to be reconstructed as an air shower
with shower sizelgN . This kernel functionpA factorizes
into three parts: the shower fluctuationssA(lgN t | lgE),
the efficiencyεA(lgN t) for the triggering of the measure-
ment, and the reconstruction accuracyrA(lgN | lgN t). We
assume that the probability for a trigger only depends on the
particular type of particles under investigation (electrons or
muons).

pA(lgN | lgE) =
∫ +∞

−∞
kA(lgN t) d lgN t (2)

with

kA(lgN t) = rA(lgN | lgN t) εA(lgN t) sA(lgN t | lgE)(3)

N t is the true shower size since normally the reconstructed
shower sizeN does not coincide with the true one.
Looking at real data integration over an interval of zenith an-
gle must be taken into account since all the functions depend
on the zenith angle via the atmospheric thickness. For the
sake of simplicity this is omitted in the formulas above but is
a key point in the analysis presented below.
In the present analysis four primary components were as-
sumed: hydrogen, helium, carbon and iron. So the general
equation in this case reads

dJ

d lgN
=
∑
A=1

∫ +∞

−∞

dJA(lgE)
d lgE

pA(d lgN | d lgE) d lgE(4)

A powerful tool to solve Fredholm integral equations of
1st kind is in general known asunfolding. There exist several
different unfolding methods each one appropriate to special
problems. For the method chosen the first step is the formu-
lation of the integral equation as a matrix equation. This will
be done in the following only for one primary particle type
A. Again, integration over the zenith angle is not explicitly
mentioned as above.
The data are arranged in a vector with dimensionn. The
number of events in each bini is yi. Now one is searching
for the corresponding histogram or vector of the energy spec-
trum with dimensionm. These vector elements are labeled as
xAj . Defining the matrix elementsRAij of theresponse matrix
RA

RAij =

∫
bin i

d lgN
∫
bin j

d lgE
dJA(lgE)
d lgE

pA(lgN | lgE)∫
bin j

d lgE
dJA(lgE)
d lgE

(5)

one obtains

yi =
m∑
j=1

RAijx
A
j (6)
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Fig. 1. Electron size spectra (upper plot) and truncated muon size
spectra (lower plot) in intervals of zenith angle. The data have not
been corrected for reconstruction accuracy.

The elementsRAij depend on the unknown distribution. How-
ever, for sufficiently narrow bins the result will become in-
sensitive to the exact form ofJA(lgE). For practical pur-
poses it is sufficient in the most cases to use a best guess of
the unknown distribution. Of course, the result of the unfold-
ing procedure must be checked for any systematical bias due
to the binwidth and this simplification.

The data in the analysis consist ofNe andN tr.
µ spectra in

three zenith angle bins:0◦ < ϑ < 18◦, 18◦ < ϑ < 25.9◦ and
25.9◦ < ϑ < 32.3◦. They are displayed in fig. 1. The lower
histogram borders were chosen in a way that the muon and
electron size spectra are not affected by the trigger threshold,
so that they can be treated as independent. The data vector
y consists of 6 spectra. The response matricesRA of the
four components are arranged in one response matrixR con-
sisting of 24 submatrices, the vectorx represents the four
unknown energy spectra.

The unfolding method chosen is theGold-algorithm(Gold,
1964). This is an iterative scheme which computes the next
solution using the one obtained before. The algorithm pro-
duces only non-negative solutions and tries to minimize the
χ2 functional. Defining the error matrixC of the data and
the modified response matrixG with G = C R the iterative
scheme can be written as

xk+1 = xk
(GTGGT) Cy

(GTGGTG) xk
(7)
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wherexk+1 is the estimate in thek + 1-iteration,xk the
estimate in thekth iteration andy is the data vector. Products
of the matrixG and its transposeGT are used instead ofG
to fulfill the requirements of the algorithm. The number of
allowed iterations can be chosen to give an acceptable small
value ofχ2 or to be dependent on the convergence rate (e.g.
if the value ofχ2 is not changing any more).

3 Calculating the Response Matrix

In order to obtain the response matricesRA one usually sim-
ulates Monte Carlo events at least in the same order of mag-
nitude as have been measured. When dealing with exten-
sive air showers this is not possible. To overcome this prob-
lem of limited statistics the distributions were parametrized
and the matrix elements calculated separately. The air show-
ers were simulated using the CORSIKA package (Heck et
al., 1998) version 5.623 with the QGSJet model (Kalmykov,
N.N. and Ostapchenko, S.S., 1993) with activated thinning
option. By using the thinning option it is possible to generate
high energy air showers with high statistics. All simulations
were performed using an appropriate zenith angle distribu-
tion. The distributionss(lgNe | lgE) ands(lgN tr.

µ | lgE)
can be very well described by the product of an error function
and an inverse error function with the same mean:

s(lgNe,µ | lgE) ∝ erf(lgN0, σ1)(1− erf(lg(N0, σ2)) (8)

For the determination of the efficiencies and reconstruction
accuracy a second sample of full simulated EAS was gen-
erated which corresponds to a continuousE−2 spectrum.
These showers were used as input for the KASCADE de-
tector simulation based on the GEANT package (GEANT,
1993). The showers were analysed with the standard KAS-
CADE analysis software. The efficiencies can be well de-
scribed using an error function, the reconstruction accuracies
are well described by a gaussian. All the relevant parame-
ters are parametrized as functions of primary energy or true
shower size. This procedure was performed for each of the
four assumed primary particle types with the same number
of simulated showers.

4 Results

After applying the unfolding algorithm to the experimental
data one obtains the four energy spectra displayed in fig.2.
Each of the spectra shows a knee like structure shifted to
higher energy with increasing mass. The knee in the total en-
ergy spectrum at about 5 PeV (dependent on the definition of
the knee) is caused mostly by the steepening of the spectra of
the light components. The quoted vertical error bars display
only the statistical errors. The horizontal error bars display
the systematic uncertainties in the energy assignment. For
reasons of a clear presentation an estimate of the systematical
errors is only displayed for the iron spectrum. These system-
atical errors include the uncertainties in the used parametriza-
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Fig. 2. Result of the unfolding procedure. The vertical error bars are
statistic errors, the horizontal reflects the uncertainty in the energy
assignment. The shaded yellow band displays the estimated size of
systematical errors in the case of iron.
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Fig. 3. Comparison of the total energy spectrum with spectra re-
ported by other experiments. Error bars are only statistical ones.

tions and their parameters, the uncertainties in the used en-
ergy spectra for the calculation of the matrix elements, and
the systematics introduced by the unfolding algorithm. The
latter is mainly crosstalk between the individual components
i.e. due to the limited resolution power of the algorithm. The
systematical errors are largest for the iron component. The
total energy spectrum is hardly affected by these systematical
errors.

In figure 3 the obtained total energy spectrum is compared
with the results of other experiments (taken from Hörandel
et al. (1999)). A very good agreement with the data of Tibet
and Hegra is found. Also there’s a excellent agreement when
analysing the data with nonparametric methods, e.g. neural
networks (Roth et al., 2001).

In fig.2 the spectra of the lighter components appear to
be steeper below the knee as compared to the heavier ones.
Also the starting position of the steepening of the spectrum
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Fig. 4. The flux spectra of proton, helium and carbon primaries
between 1 PeV and 10 PeV. The differential flux is scaled withE3.
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Fig. 5. The mean logarithmic mass versus primary energy. Only
statistical errors are displayed.

is shifted to higher energies for the heavier components. To
investigate these dependencies the spectra of hydrogen, he-
lium and carbon are displayed in figure 4 in the energy range
between 1 PeV and 10 PeV. The differential energy flux is
multiplied byE3. Again the systematical errors are omitted
for reasons of a clearer representation.
The helium and carbon spectra show a relatively sharp knee
whereas the proton knee appears very smooth. As can be
seen the index of the power law describing the individual en-
ergy spectra below the knee is steeper for proton than for
helium, and flatter for carbon than for helium. Looking at
the starting positions of the index change (e.g. defined as the
first point below the extrapolation from the points to the left)
one finds a factor of 2-3 between proton and helium and a
factor of≈ 3 between helium and carbon. The factor be-
tween iron and proton is around 20, but less well defined due
to the larger statistical uncertainties. The data thus suggest
a rigidity dependence of the individual knees. Since system-
atical errors are still large this has to be treated with caution

and kept in mind when drawing quantitative conclusions. Re-
garding these results it is on the other hand unlikely that the
knee position is dependent on the atomic massA.

As a result of the spectra in fig. 2 the chemical com-
position of the primary cosmic rays becomes heavier with
increasing energy. This is also reflected in the mean loga-
rithmic mass< lnA > displayed as a function of the pri-
mary energy in figure 5. It slowly starts to increase at about
2.5 PeV from a constant value up to about 45 PeV when
< lnA > starts to saturate.

5 Conclusions

Using unfolding algorithms the energy spectra of four mass
groups (proton, helium, carbon and iron) of the primary cos-
mic radiation have been reconstructed. As input the shower
size spectra of electrons and muons in different angular in-
tervals were used and analysed simultaneously. Each of the
obtained spectra shows a knee-like feature. The results sug-
gest that the position of the individual knees depends on the
nuclear chargeZ. Since the systematical uncertainties are
still relatively large further investigations will focus on this
point. All the results were obtained using CORSIKA with
the QGSJet model and have to be seen in this context. Future
investigation will also be carried out using other hadronic in-
teraction models.
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