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The KASCADE-Grande experiment measures extensive air showers induced by cosmic rays in the energy range
between 0.5 PeV and 1 EeV – the so-called knee region. Principal task of the experiment is to measure with high
accuracy the energy and composition of primary cosmic rays to shed light on the nature of the knee. The data
of the former KASCADE experiment have been used in a composition analysis showing the knee at 3-5 PeV to
be caused by a steepening in the light-element spectra. In the following, an update on these analyses will be
given. In addition, the status of the experimental extension – the Grande array – together with first results will
be briefly discussed.

1. Introduction

Even 50 years after its discovery, the “knee” in
the cosmic ray energy spectrum (a steepening of
the spectrum around 4 · 1015 eV) and the energy
region around it are still of considerable interest.
Proposals for the origin of the knee are numerous,
ranging from astrophysical scenarios to particle
physics models. Since all these theories inher-
ently describe the all-particle energy spectrum of
cosmic rays, it is widely accepted that only knowl-
edge about the energy spectra of single elements
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or at least mass groups can discriminate between
the different models. Indeed, recent analyses [1,2]
find a steepening in the energy spectra of the light
components in the knee region, thus explaining
the knee by a superposition of knee-like features
in the single-element spectra.

Due to the low intensities, at present the knee
region is only accessible by the detection of ex-
tensive air showers (EAS) induced by the pri-
mary cosmic-ray particles. Whereas this mea-
surement method circumvents statistical prob-
lems, one has to rely on the results of simulations
and the description of high energy hadronic inter-
actions while reconstructing the properties of the
primary particles. Since the considered energy re-
gion is beyond the realm of collider or fixed target
experiments, the interaction models used are un-
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certain and differ in their predictions. On the
other hand, a thorough analysis of EAS data of-
fers the opportunity of testing and improving the
validity of these high energy interaction models.

The KASCADE-Grande experiment [3], lo-
cated on site of the Forschungszentrum Karl-
sruhe (Germany), is especially designed to mea-
sure EAS in the energy range between 0.5 PeV
and 1 EeV. The installation consists of the orig-
inal KASCADE [4] experiment and the newly
added Grande array, covering an effective area
of 0.5 km2. An unfolding analysis [2] of the key
KASCADE observables, namely the electron and
the muon shower size, revealed a strong depen-
dence of the result for the elemental abundances
on the interaction model used. Also, an insuf-
ficient description of the measured data by the
considered simulations has been demonstrated.

In the following, the actual status of the
KASCADE-Grande experiment will be briefly
discussed. First, an update on the mentioned
composition analysis is given, addressing espe-
cially the question of the influence of the low
energy interaction model on the result. Further-
more, the analysis is repeated for data of different
zenith angle intervals, thus testing for the consis-
tency of the procedure. In the second part, prop-
erties of the Grande extension together with first
results are presented.

2. Composition analysis of the KASCADE
shower size spectrum

2.1. Outline of the analysis
Starting point of the analysis is the so-called

two-dimensional shower size spectrum, i.e. the
number of measured EAS depending on the elec-
tron number lg Ne and the truncated muon num-
ber lg N tr

µ (number of muons with core distances
between 40 m and 200 m). In Fig. 1 this spec-
trum is given for showers inside the KASCADE
array and with inclination between 0◦ and 18◦.

The content Nj of each histogram cell j can be
written as

Nj = C

NA∑

A=1

∫ +∞

−∞

dJA

d lg E
pA d lg E. (1)

C is a normalizing constant (time, aperture), and
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Figure 1. Two-dimensional shower size spectrum
as measured by KASCADE. The effective mea-
surement time is 900 days.

the sum is carried out over all primary parti-
cle types with mass A. The functions pA =
pA(lg Ne,j , lg N tr

µ,j | lg E) give the probability for
an EAS with primary energy E and mass A
to be measured and reconstructed with shower
sizes Ne,j and N tr

µ,j . The probabilities pA include
shower fluctuations, efficiencies, and reconstruc-
tion systematics and resolution. For reasons of
clarity integration over solid angle and cell area is
omitted in Eqn. 1. In case of KASCADE data pA

is dominated by the shower fluctuations, whereas
reconstruction properties play an inferior role.
The data range in Fig. 1 was chosen in a way
to minimize influences from inefficiencies.

Adopting this notation the two-dimensional
shower size spectrum is regarded as a set of cou-
pled integral equations. In the analysis the pri-
mary particles H, He, C, Si, and Fe were chosen
as representatives for five mass groups. The cor-
responding probabilities pA were determined by
Monte Carlo simulations using CORSIKA [5] and
a detailed GEANT [6] based simulation of the ex-
periment. To solve this system for the mass group
energy spectra, unfolding algorithms are applied.
Details of the analysis can be found in Ref. [2].

2.2. Using FLUKA instead of GHEISHA
In the original analysis [2] the probabilities pA

were determined using the high energy hadronic
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Figure 2. Distribution of electron (left) and trun-
cated muon (right) shower size for iron induced
showers of 1 PeV using GHEISHA and FLUKA.

interaction models QGSJet [7] (2001 version) and
SIBYLL [8] 2.1 in the simulations. For both
cases the GHEISHA [9] code was used for low
energy (< 80 GeV) interactions. In the suc-
cessive analysis GHEISHA was replaced by the
FLUKA [10] package, and only the QGSJet model
used. Differences between these simulations are
rather small, as can be seen in Fig. 2. Here, as ex-
ample the distributions of electron and truncated
muon size for nearly vertical 1 PeV iron induced
showers are displayed, once simulated with the
combination QGSJet/GHEISHA, the other time
with QGSJet/FLUKA. In case of FLUKA simu-
lations the shower size distribution is shifted by
Δ lg Ne ≈ 0.01 towards larger electron numbers,
and by Δ lg N tr

µ ≈ 0.02 towards smaller muon
numbers.

After performing the complete unfolding anal-
ysis, the results for the FLUKA case differ only
little from the GHEISHA case, as could have been
expected from the small differences in Fig. 2. In
Fig. 3 the results for the energy spectra of H, He,
and C using GHEISHA and FLUKA are com-
pared with each other. Differences between the
two solution sets are small, especially when com-
pared to methodical uncertainties (shaded bands
in the figure). The same holds for the correspond-
ing spectra of Si and Fe, which are compared to
each other in Fig. 4. Here, the influence of re-

Figure 3. Comparison between QGSJet/FLUKA
based results and QGSJet/GHEISHA based re-
sults for the energy spectra of H, He, and C.
Shaded bands correspond to estimates of the me-
thodical uncertainties for the QGSJet/GHEISHA
solutions.

Figure 4. Comparison between QGSJet/Fluka
based results and QGSJet/GHEISHA based re-
sults for the energy spectra of Si and Fe. Shaded
bands correspond to estimates of the methodi-
cal uncertainties for the QGSJet/GHEISHA so-
lutions.
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Figure 5. Comparison between results for the all-
particle energy spectrum, using GHEISHA and
FLUKA in the simulations. In the FLUKA case
the data sets originate from different zenith an-
gle intervals. The shaded band gives an es-
timate of the methodical uncertainties for the
QGSJet/GHEISHA solution, which are of simi-
lar order for the other solutions.

placing the low energy interaction model on the
result is larger than for the light elements, but
differences are still of the same order as method-
ical uncertainties. Finally, the results for the all
particle energy spectrum are displayed in Fig. 5.
To summarize, using the FLUKA model instead
of the GHEISHA model seems to have no signifi-
cant effect on the overall picture of the solution.

2.3. Analysing data for different zenith an-
gle ranges

So far only EAS with zenith angles below
18◦ were considered in the composition analysis.
Even though simulations and the models therein
are not able to describe these data satisfacto-
rily (see Ref. [2]), the analysis of more inclined
shower data can serve as consistency check. Due
to the minor data description one cannot expect
to obtain identical results for the energy spec-
tra as compared to the vertical data set. Nev-
ertheless, strong and large differences, between
the solution sets for different zenith angle ranges
could indicate a severe problem in either the
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Figure 6. Results for the energy spectra of H and
He, based on the analysis of EAS data originating
from different zenith angle ranges. Estimates of
methodical uncertainties are omitted for reasons
of clarity.

simulation code or the performed analysis tech-
nique. For this reason the analysis based on
the QGSJet/FLUKA simulations was repeated
for two additional data sets, the first one con-
taining EAS with zenith angles ranging from 18◦

to 25.9◦, the second one from 25.9◦ to 32.3◦.
The corresponding results for the all-particle

energy spectrum are already depicted in Fig. 5.
These coincide very well inside their statistical
uncertainties. In case of the underlying mass
group spectra small differences can be detected.
For lack of space, only the results for the spectra
of H and He are discussed in the following (Fig. 6).
For Helium, as the most abundant group, the
spectra derived from the three data sets coincide
inside their statistical uncertainties. In the case
of the proton spectra, systematic differences are
present for energies above the proton knee. As
can be seen, the knee in the proton spectrum
gets less pronounced, i.e. the change of index
decreases with increasing zenith angle. The ob-
served systematic differences of the solutions sets
to each other are small and can be understood by
the interplay of the dependence of shower sizes
from energy and primary particle type, increasing
shower fluctuations with increasing zenith angle,
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and shifted energy threshold (caused by the fixed
data range in Ne and N tr

µ ).
To conclude, the results of the unfolding anal-

ysis of the two-dimensional shower size spectrum
for different zenith angle ranges show no strong
or unexplainable systematic differences to each
other. Thus, the results give no hint to any severe
problem in the simulation or the analysis, and af-
firm the conclusions [2] drawn from the analysis
of the nearly vertical shower set.

3. Towards 1 EeV: KASCADE-Grande

3.1. Motivation and experimental setup
The analyses presented suggest, that the knee

in the all-particle energy spectrum is caused by
knee-like features in the light element spectra.
Naturally, the question arises, at which energy
a steepening in the heavy-element spectra takes
place. Especially the position of the expected iron
knee could give valuable information on the de-
pendence of the individual knee energies on rigid-
ity or mass. Furthermore, the connection of the
iron knee to the so-called second knee in the all-
particle spectrum at 3−7·1017 eV is still under de-
bate. Since even the energy of this feature is un-
certain, possible explanations range from a steep-
ening in the spectra of ultraheavy elements [11]
up to the transition from galactic to extragalactic
cosmic rays [12] in this energy region.

For a detailed investigation of this energy re-
gion the KASCADE experiment was extended in
2003 by the addition of 37 detector stations, the
so-called Grande array. Each station contains 16
scintillation detectors (80×80×4 cm3) with a to-
tal detection area of 10 m2. The stations are or-
ganized into 18 hexagonal trigger cells, each con-
sisting of 7 stations with a distance between two
stations of 135 m on average. A sketch of the ex-
perimental setup is shown in Fig. 7. To provide
a fast trigger for KASCADE, the Piccolo clus-
ter was added. It consists of 8 stations of plastic
scintillators, located between the KASCADE ar-
ray and the center of Grande.

Since the detectors of the Grande array can-
not discriminate between electrons and muons,
the muon information of EAS is obtained only
from the KASCADE detectors (see Ref. [13] for

x/m

-700 -600 -500 -400 -300 -200 -100 0 100

y/
m

-700

-600

-500

-400

-300

-200

-100

0

100

KASCADE
Muon Tracking 
Detector

Central 
DetectorPiccolo

KASCADE-Grande

Figure 7. Layout of the KASCADE-Grande ex-
periment with the Grande array, Piccolo cluster,
and the original KASCADE experiment.

details). Demanding a 7 out of 7 stations coinci-
dence (one trigger hexagon), a successful recon-
struction of the muon shower size, and at least
20 triggered stations, full efficiency is reached at
a primary energy of 3 · 1016 eV. This holds for
showers with zenith angles up to 42◦ as can be
seen in Fig. 8.

3.2. Reconstruction and first results
The Grande array data are analyzed in respect

of shower core position, arrival direction, and
number of charged particles (Nch). The number
of muons (Nµ) in the shower is retrieved from the
KASCADE array muon detectors. Their lateral
distribution is described by a modified Lagutin
function [14]. Considering with this distribution
the muon contribution in the Grande detectors,
finally allows the determination of the electron
number Ne. The lateral distribution of electrons
is described by a modified NKG-function, opti-
mized for the KASCADE-Grande measurement
range. Details about reconstruction procedures
and properties can be found in Ref. [15].

In Fig. 9, good agreement of these lateral distri-
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Figure 8. Trigger and reconstruction efficiency of
the Grande array for showers of various primary
energies depending on zenith angle. A minimum
number of 20 triggered stations is demanded for
reasons of reconstruction quality.

Figure 9. Measured lateral distribution of
charged particles for 5 different energy bins above
10 PeV [15].

Figure 10. Two-dimensional shower size spec-
trum measured by KASCADE-Grande. Dashed
lines indicate average lines of constant en-
ergy [15].

bution functions with first Grande data is demon-
strated. Here, the fit function ρch = ρe + ρµ with
average fit parameters is superimposed on mea-
sured data for different estimated primary energy
intervals (see Ref. [15] for details). Finally, in
Fig. 10 a first two-dimensional shower size spec-
trum measured with KASCADE-Grande is pre-
sented. Dashed lines in the figure roughly indi-
cate the covered energy range.

4. Summary and outlook

In parallel to ongoing analyses of KASCADE
data, the installation of the upgraded experi-
ment has been completed. Already in one year
of data taking KASCADE-Grande has collected
as many showers in the overlapping energy region
from 10 PeV to 100 PeV as has KASCADE in
10 years. Whereas KASCADE analyses give fur-
ther on valuable information for the improvement
of hadronic interaction models, Grande focuses on
higher energies. With improving understanding
of the data, an analysis analogue to the KAS-
CADE unfolding analysis will be carried out to
determine energy spectra of different mass groups
in the energy region around the second knee.
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