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Abstract— The KASCADE-Grande experiment, which is located
at the site of the Forschungszentrum Karlsruhe, Germany,
studies cosmic radiation in the energy range 1014 eV–1018 eV. The
data of the KASCADE array, one essential part of KASCADE-
Grande, was used to analyse the chemical composition as well
as the anisotropy of the cosmic radiation in the knee region of
the energy spectrum. It was observed that the knee feature is
caused by a decrease in flux of the light primaries leading to a
heavier composition at energies above the knee. No anisotropies
were observed in the KASCADE data. The sensitive detection
area of KASCADE was enlarged to 0.5 km2 by the Grande
array to gain more statistics at higher energies around 100 PeV
where the knee in the iron component of the cosmic radiation
is expected. First results from analysis of air showers measured
by KASCADE-Grande are presented.

I. I NTRODUCTION

The origin of the cosmic radiation hitting the earth is still
unknown. Its energy spectrum (figure 1) can be described by a
simple power law∝ E−γ , and a change of the spectral index at
an energy of around 3 PeV fromγ ≈ 2.75 to γ ≈ 3.1, causing
a sudden drop in cosmic ray flux is one pronounced feature.
The explanation of this so calledknee in the energy spectrum
by cosmic ray studies could solve the problem of the sources
of high energetic cosmic rays. A popular model is, that at this
energy the maximum acceleration by supernova remnants as
cosmic ray sources is reached. The maximum energyEmax ∝
Z · R · B is then a function of the chargeZ of the cosmic
ray particle. The parametersR and B refer to the size and
the magnetic field of the acceleration region. Therefore the
knee should occur at higher energies with increasing charge
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Fig. 1. All particle cosmic ray energy spectrum and the energy range covered
by KASCADE-Grande.

Z. Different theoretic approaches predict instead a dependence
on the atomic mass numberA, as a result of interaction
processes described by particle physics involving all nucleons
of the cosmic ray particle. From these models follows, that the
knee in the energy spectrum of iron could explain a possible
second knee in the all particle energy spectrum. A study of
the energy spectrum separated into its elemental composition
is thus demanded to address these questions. Apart from the
sources of cosmic radiation its propagation to the earth is also
still uncertain and some models also predict a knee in the
energy spectrum. An analysis of the anisotropy around the



knee could be used to confirm or exclude propagation models.

II. T HE KASCADE-GRANDE EXPERIMENT

The KASCADE-Grande experiment depicted in figure 2 is a
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Fig. 2. Sketch of the KASCADE-Grande experiment showing thecontribut-
ing parts.

multiple detector setup consisting of the KASCADE exper-
iment [1] (see also figure 3), the trigger array Piccolo and
the scintillator detector array Grande [8]. The KASCADE
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Fig. 3. Layout of the KASCADE experiment showing its subdetectors [1].

experiment is itself a multiple detector setup and its major
parts are an array of 252 scintillator detector stations, a muon
tracking detector and a central detector.

Most important for the analysis presented here are the two
scintillator arrays: the KASCADE array and the Grande array,
respectively. The Piccolo trigger array serves as a link between
the Grande array and the KASCADE experiment and provides
a trigger signal which is fast enough to trigger the muon
detectors of the central detector.

The detector array of KASCADE is structured in 16 clusters
as can be seen in figure 3. The detector stations of the 12
outer clusters house a detector for the electromagnetic as well
as a detector for the muonic shower component. A separate
determination of the electromagnetic and muonic shower size
is therefore possible on a shower to shower basis. The detector
stations of the inner four clusters are equipped with a detector
for the electromagnetic air shower component only, because
close to the shower core punch-through of the electromagnetic
component makes an accurate determination of the muonic
shower size impossible.

The Grande array is made up by 37 detector stations housing a
scintillator of 10m2 sensitive area. Since there is no shielding
of the detectors, they are only able to measure the charged
shower component without separation into muons and elec-
trons. In each station the photomultipliers are operated with
to different voltages. These two gain ranges assure a dynamic
range which is big enough to measure single particles as well
as high particle densities close to the shower axis.

III. M ASS COMPOSITION ANALYSIS

KASCADE data have been used to study the elemental com-
position of the primary cosmic radiation [4]. The basic data
set for this analysis is represented by the two dimensional
shower size spectrum measured by the KASCADE array,
which is shown in figure 4. Each measured air shower enters
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Fig. 4. The two dimensional shower size spectrum of air showers measured
by KASCADE [4].

this distribution with its measured number of electronsNe

and its truncated number of muonsN tr
µ . The latter number



corresponds to the number of muons with distances between
40 m and 200 m from the shower core, which prevents that
punch-through of the electromagnetic component close to the
shower core biases the measured muon size. About6.9 · 105

events within the zenith angle interval0◦ − 18◦ enter the
distribution, corresponding to an effective measurement time
of 900 days. The main cuts for the data are: distance of shower
core from KASCADE center smaller than 91 m, shower age
parameter of fitted NKG function0.2 < s < 2.1, all array
clusters were active,lg Ne ≥ 4.8 and lg N tr

µ ≥ 3.6. These
cuts assure a good reconstruction quality and avoid threshold
effects. The content of each cellNi of the spectrum can be
described by equation 1

Ni = C

Np
∑

A=1

∫ +∞

−∞

dJA

d lg E
pA(lg Ne,i, lg N tr

µ,i| lg E)d lg E.

(1)
The constantC is determined by the aperture and measuring
time. The sum includes all primary types with massA. The
term pA describes the probability that a primary of massA
and energyE initiates an air shower which is measured and
reconstructed with shower sizeslg Ne and lg N tr

µ by KAS-
CADE. This probability depends on natural phenomena like
intrinsic shower fluctuations as well as on efficiencies of the
experiment and the shower reconstruction which were studied
and parametrized using Monte Carlo simulations performed
with CORSIKA [6] 6.018 and the two high energy interaction
models QGSJet (2001 version) and SIBYLL (version 2.1). The
simulation has been limited to five primary particles H, He,
C, Si and Fe as representatives for five mass groups. The
integration over cell size and solid angle are not shown in
equation 1 but are included in the analysis. The contents of
all cells of the whole two dimensional spectrum represent
a system of coupled first order Fredholm integral equations,
which can be solved by the usage of unfolding methods. The
above mentioned parametrizations of the reconstructed Monte
Carlo events are used to construct the response matrix. Slight
changes to these parametrization allow to study systematic
effects of the analyis. The results of the 2-dimensional un-
folding procedure are depicted in figure 5 and 6 based on the
QGSJet01 and SIBYLL model, respectively.

The results of both interaction models show that the knee in the
spectrum of primary cosmic radiation is caused by a decrease
in flux of the light components and that the composition
becomes thus heavier above the knee. Further, the positions
of the knees in the single elemental group spectra indicate,
that a dependence on the chargeZ is more probable than a
dependence on the mass numberA. The positions of the knee
for both interaction models coincide within statistical erros
as was found by fitting a power law parametrization to the
all particle energy spectra based on both models. For QGSJet
the knee position was measured at(4.0 ± 0.8) PeV and for
SIBYLL at (5.7 ± 1.6) PeV.

By forward folding the obtained spectra and comparing the
resulting two dimensional size distribution with the measured
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Fig. 5. Spectra of elemental groups resulting from the unfolding procedure
based on the QGSJet01 model [4]. The shaded bands are estimates of the
systematic uncertainties.
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Fig. 6. Spectra of elemental groups resulting from the unfolding procedure
based on the SIBYLL model [4]. The shaded bands are estimatesof the
systematic uncertainties.

one, significant differences caused by defficiencies of the
interaction models are observed, though. None of the used
interaction models is able to describe the measured data as
can be seen in figure 7 and figure 8, where the differences are
shown in terms of aχ2 test.

A more detailed investigation of thelg Ne spectra in the
region of lg Nµ values with highest deviations is shown in
figure 9 for the solution based on the QGSJet interaction
model. The measured distribution is shown as points, the
distribution resulting from the forward folding is shown as
histogram, and the contributions of the primary mass groups
are shown as smooth curves. The heavy component (iron) is
supressed as many showers from light primaries are needed
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Fig. 7. Comparison between the measured size distribution and the forward
folded elemental spectra obtained from unfolding the data based on the
QGSJet01 model [4].
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Fig. 8. Comparison between the measured size distribution and the forward
folded elemental spectra obtained from unfolding the data based on the
SIBYLL model [4].

to describe the right edge (large electron numbers) of the
measured distribution. This behavior can be understood by the
fact that the QGSJet model produces too many muons or too
few electrons. At higher energies the description of the data by
QGSJet improves. A similar analysis of the results based on
the SIBYLL model yields that SIBYLL seems to overestimate
the electron content or underestimate the muon number of air
showers at higher energies.

IV. COSMIC RAY ANISOTROPY AROUND THE KNEE

The analysis of anisotropies in the arrival directions of cosmic
ray particles can give hints towards their sources and their
propagation. Therefore the KASCADE data taken between
May 1998 to October 2002 were analized with respect to large
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and small scale anisotropies [2], [3]. In order to study the large
scale cosmic ray anisotropy, the two dimensional distribution
of arrival directions of cosmic rays is reduced to the 1-
dimensional right ascension distribution because of the small
amplitudes expected from theory. The resulting right ascension
distribution was analized by means of the Rayleigh formalism
representing a first order approximation of the distribution’s
multipole expansion. To reduce contributions to the amplitudes
by pseudo signals caused by variations of atmospheric ground
pressure and temperature, the data is selected carefully and
also corrected for these influences. The data is restricted to
zenith angles below 40◦ (corresponding to a declination band
9◦ < δ < 89◦). In this range KASCADE has an angular
resolution of 0.55◦ for small showers and 0.1◦ for showers
with electron numbers oflg Ne ≥ 6. Only sidereal days with
continous data taking and a fully efficient (100 %) KASCADE
array have been used. The latter requirement restricts the data
to showers with electron numberslg Ne > 4. In total, 269
sidereal days of continous data taking entered the analysis,
which has shown no significant Rayleigh amplitudes. Upper
limits of the Rayleigh amplitudes were determined which are
shown in figure 10. For comparison the predictions of various
propagation models are drawn as well. The upper limits of the
amplitude are in the range of 10−3 to 10−2. This limits cannot
restrict predictions by a diffusion-drift model, but constrain
calculations of a leaky-box model (see [7] and references
therein).

In order to study small scale anisotropies and possible point
sources, the northern hemisphere seen by KASCADE (decli-
nation range 15◦−80◦) was separated into bins with a size opt-
mized by Monte Carlo calculations to give maximum sensitiv-
ity to pointlike sources. The flux of cosmic radiation from each
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direction bin was compared to an artificially created isotropic
background. This background was produced by applying the
time shuffeling technique in which a measured air shower was
given a new arrival direction either randomly chosen from the
distribution of arrival directions of all measured showersor
by taking the arrival direction of another measured air shower
randomly chosen from the same data set. By the comparison
the significance of flux excess is calculated for each direction
bin. The resulting significances are summarized in a single
distribution of significances which is shown in fig. 11.
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The distribution shows no deviation from the Gaussian shape
which means that no small scale anisotropy is being observed
within the KASCADE data set used (4.7·107 air showers).
Neutral cosmic particles are the natural candidates to point
back to their sources. The analysis was therefore repeated
on muon-poor air showers which represent candidates for
gamma induced air showers. No anisotropy has been observed
with this data sample, too. Observing the galactic plane or
point source candidates like catalogized pulsars or supernova

remnants neither showed any small scale anisotropy.

V. RECONSTRUCTION OFGRANDE DATA

The KASCADE experiment observed a shift in the position
of the knee with the primary particle group. While a knee
could be observed in the light primary groups, the knee in the
heavy component (iron knee) has not been detected, yet. The
statistics of the KASCADE data in the region of the expected
knee position at about1017 eV is too low to state the position
with an acceptable accuracy. In order to significantly increase
the number of air showers measured at this high energy, the
KASCADE experiment has been enlarged to 0.5 km2 by the
Grande detector field, an array of 37 scintillator stations with
10 m2 sensitive area each.

As mentioned in section III the determination of energy
spectra separated into different mass groups is based on the
measured muon and electron numbers at ground. The detector
stations of the Grande array, however, are not equipped with
dedicated muon detectors, thus a direct measurement of the
muon content of air showers measured by the Grande array
is not possible. This information has to be reconstructed by
using the information of the muon detectors of the KASCADE
array. The KASCADE array offers in total 622 m2 sensitive
area for muons above an energy of 230 MeV and covers a
radial range of 280 m. To exclude misreconstructed showers
having their core at the border of the Grande array a circle
with a radius of 250 m around the center of the Grande array
is chosen as fiducial area. This limits the radial range for a
muon measurement by KASCADE to a core distance between
250 m and 530 m. The muon number is determined from the
measured muon lateral distribution, which is described by

ρµ = Nµ · f(r) (2)

with

f(r) =
0.28

r2
0

(

r

r0

)p1

·

(

1 +
r

r0

)p2

·

(

1 +

(

r

10 · r0

))p3

.

The parameterr0 = 320m is kept fixed as well as the param-
etersp1 = −0.69, p2 = −2.39 and p3 = −1.0 which have
been determined from simulated proton and iron air showers
of energy 1016 eV and 1017 eV by fitting their muon lateral
distributions with the parametrization given by equation 2and
averaging the fit results. In this way, the curvature of the lateral
muon distribution is not varied and only the muon number is
estimated according toNµ =

∑

i ni/
∑

i(f(ri) ·Ai · cos(ϑ)).
Hereinni is the number of muons measured at distanceri from
the shower core within areaAi. The parameterϑ represents
the measured zenith angle of the air shower.

A comparison between muon lateral distributions of recon-
structed air showers measured by the Grande array and sim-
ulated proton and iron air showers for four different energy
intervals in the zenith angle range0◦ − 18◦ is shown in
figure 12. The lines correspond to the parametrization 2 with
Nµ set to the measured mean muon number in each energy
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interval. The data is described well in the first two energy
intervals. For higher energies an underestimation of the muon
density in the order of 10 % can be observed for distances
smaller than 200 m with the parametrization used. In the
highest energy interval the used lateral function overestimates
the muon density by 10 %–20 % at distances above 500 m.
Investigation of higher zenith angle ranges shows that these
deviations become smaller with increasing zenith angle.

With the possibility to reconstruct the muon content of air
showers measured by Grande it is possible to produce the two
dimensional shower size distribution also for Grande, as can
be seen in figure 13 for the zenith angle range0◦ − 18◦. The
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dashed lines show an estimated primary energy. An analysis of
the elemental composition analog to the analysis describedin
section III can thus be performed also for Grande shower data.
Since the calibration of the KASCADE-Grande data collected
so far is still being studied, the two dimensional shower size

spectrum can still slightly change and no two dimensional
unfolding analysis has been performed yet.

Instead an energy spectrum has been determined by a 1-
dimensional unfolding of the muon size spectrum measured by
the Grande array, since the muon number is most sensitive to
the primary energy. The resulting cosmic ray energy spectrum
is shown in figure 14. The Grande data shown is restricted to
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measurements in which both, the Grande array and the KAS-
CADE array, respectively, took data simultaneously, whichis
mandatory to reconstruct the muon content of the air showers.
The spectrum shows that with an effective data taking time
of 363 days with KASCADE-Grande the same statistics has
been collected in the energy region given by the overlap of
both spectra. The statistics is however still too small to draw
conclusions about a second knee. So far no knee structure is
visible in the energy spectrum.

VI. A FADC BASED DATA ACQUISITION SYSTEM

In order to improve the data quality of the data taken by the
Grande detector stations, a Flash-ADC (FADC) based data
acquisition system [10] is currently being commissioned. In
each detector station digitization electronics will be installed,
housing four interleaved 62.5 MHz FADCs with 12 bit reso-
lution providing an effective sampling frequency of 250 MHz.
While the FADCs sample the photomultiplier signals conti-
nously, a comparator triggers the readout of the digitized data
from the FADC buffers, if the signal from the photomultiplier
exceeds a programmable threshold. In this way, each detector
station takes data self-triggered. The digitized data together
with timing information of the measured event is transmitted
over 700 m long optical fibers to the data acquisition station
of the Grande array, where it is buffered by a receiver board
to which up to eight Grande stations can be connected. To
acquire data from all 37 detector station five receiver boards
are being operated. Each board is connected to a first level PC



via a PCI interface and transfers the digital data directly into
its memory. A master PC scans the timing information in the
data stored in the five PC-memories for shower coincidences
and requests the full data of matching events only, to reduce
the data transfer rate and the amount of data to be stored. Since
the data is transferred optically it is not affected by possible
sources of electric noise at the site of the Forschungszentrum
Karlsruhe, which will increase the quality of the data acquired
by the Grande array.

VII. SUMMARY

The two dimensional shower size distribution measured by
the KASCADE experiment was used to analyze the chemical
composition of the primary cosmic radiation around the knee
of the cosmic ray energy spectrum. An unfolding procedure
was used based on simulation using CORSIKA with the two
high energy interaction models QGSJet and SIBYLL. Five
primary particle types H, He, C, Si, Fe have been used as
representatives of different mass groups in the simulation. The
results of the unfolding analysis show that, independent ofthe
model used, the knee is caused by a decrease in flux of the
light component and that the composition of cosmic radiation
becomes heavier above the knee. The knee position was
determined to be at(4.0±0.8) PeV (QGSJet) or(5.7±1.6) PeV
(SIBYLL), respectively. A comparison between the measured
data and the forward folded solution has revealed that both
models have problems to describe the measured data in certain
energy regions.

An analysis of the arrival directions of the measured air
showers with respect to large and small scale anisotropies has
been performed. To study the large scale anisotropy the right
ascension distribution was investigated using the Rayleigh
formalism. An upper limit of the Rayleigh amplitude has been
determined to be in the range of10−2 to 10−3. No point-like
source was found by looking for small scale anisotropies in
the KASCADE data.

Investigations of the data taken by the whole KASCADE-
Grande experiment have shown, that a reconstruction of the
muon shower size is also possible for the showers measured
by the Grande stations lacking a separate shielded muon
detector. This reconstruction is achieved by making use of
the muon detectors of the KASCADE experiment. Measured
lateral density distributions are in agreement with simulations.
A first energy spectrum has been unfolded using the muon
size spectrum measured by KASCADE-Grande. The statistics
is still too poor to draw conclusions about a knee at higher
energies. A FADC based data acquisition system improving
the data qualitiy is being commissioned.
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