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a b s t r a c t

The KASCADE-Grande experiment operated at KIT from January 2004 to November 2012, measuring EAS
generated by primary cosmic rays in the 1016–1018 eV energy range. The experiment detected, for each
single event, with a high resolution, the total number of charged particles (Nch) and of muons (N!).

In this contribution we present the latest results about:

(i) The measurement of the all particle energy spectrum, discussing the in!uence of the hadronic
interaction model used to derive the energy calibration of the experimental data.

(ii) The energy spectra derived separating the events according to the N!=Nch ratio. This technique
allowed us to unveil a steepening of the spectrum of heavy primaries at E! 1016:9270:04 eV and a
hardening of the spectrum of light primaries at E! 1017:0870:08 eV.

(iii) The elemental spectra (for "ve mass groups) obtained applying a detailed unfolding analysis technique.
(iv) A search for large scale anisotropies.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Measurements of the cosmic-rays all-particle and individual elemen-
tal spectra of the primary chemical composition and of the anisotropies
in the primaries arrival directions are the tools to understand the
phenomenology of cosmic rays. The KASCADE-Grande experiment was
built to investigate the energy range from 1016 to 1018 eV with the main
goal of searching for a change of slope in the primary spectrum of the
heavy particles and to investigate the possible transition from a galactic
to an extra-galactic origin of cosmic rays in this energy range.
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The results obtained at lower energies by KASCADE [1] and
EAS-TOP [2] as well as by other experiments suggest that the knee
in the primary energy spectrum observed at 3–4"1015 eV is due
to a break in the spectrum of light elements (Zr6). Several
models foresee a rigidity dependence of such breaks. Therefore,
a knee of the heavy component is expected at around 1017 eV.
Such features can only be investigated by precise measurements
both the all-particle spectrum (i.e. the spectrum of the entire
event sample) and the spectra of different mass groups (i.e. the
spectra of event samples obtained by applying a primary mass
dependent selection).

The evolution with energy of the primary chemical composition
brings also relevant information concerning the transition from a
galactic origin of the primary radiation to an extra-galactic one. Most
of the astrophysical models identify in a change toward a composi-
tion dominated by light (mainly protons) primaries a sign of such a
transition. It is therefore of main importance to perform composition
studies in a wide energy range and with high resolution.

In addition a search for large scale anisotropies in the arrival
directions of cosmic rays is performed, that is an observable very
sensible to the propagation of the primaries in the galactic
magnetic "elds. The foreseen effect is very low (of the order of
10#3–10#2) and is hidden by counting differences induced by
pressure and temperature variations. To take into account such
effects we have performed the search following the East–West
method [3].

In this contribution we will present the updated results
obtained for the all-particle [4], light [5] and heavy [6] primary
energy spectra; we will discuss the elemental spectra obtained
unfolding the Nch#N! spectrum [7]; and we will show the upper
limits derived from a search for large scale anisotropies [8].

2. Experimental setup

The multi-detector experiment KASCADE [9] (located at 49.11N,
8.41E, 110 m a.s.l.) was extended to KASCADE-Grande in 2003 by
installing a large array of 37 stations consisting of 10 m2 scintilla-
tion detectors each, the layout is shown in Fig. 1. KASCADE-Grande
[10] provides an area of 0.5 km2 and operates jointly with the
existing KASCADE detectors. The joint measurements with the
KASCADE muon tracking devices are ensured by an additional
cluster (Piccolo) located close to the center of KASCADE-Grande
and deployed for fast trigger purposes. For results of the muon
tracking devices see [11].

The Grande detectors are sensitive to charged particles, while
the KASCADE array detectors measure the electromagnetic com-
ponent and the muonic component separately. These muon
detectors enable to reconstruct the total number of muons on an
event-by-event basis also for Grande triggered events.

Basic shower observables like the core position, angle-of-
incidence, and total number of charged particles (Nch) are provided
by the measurements of the Grande stations. The Grande array
accuracy in the EAS parameters reconstruction is measured
comparing, on an event by event basis, the values independently
determined by the KASCADE and by the Grande arrays. A resolu-
tion of 5 m on the core position, of 0.71 on the arrival direction,
and of 15% on the total number of charged particles (with a
systematic difference lower than 5%) has been achieved. The total
number of muons is determined using the core position recon-
structed by the Grande array and the muon densities measured by
the KASCADE muon array detectors. The resolution on the N! EAS
parameter is evaluated reconstructing simulated events, a ! 20%
accuracy has been achieved. More details on the experimental
setup and on the event reconstruction can be found in [10].

Full ef"ciency for triggering and reconstruction of air-showers is
reached at a primary energy of 1016 eV, slightly varying on the cuts
needed for the reconstruction of the different observables [10].

3. Results

3.1. All particle energy spectrum

The energy of the primary particle that originated the detected
EAS is determined by the KASCADE-Grande experiment by means
of the Nch and N! observables [4], combining these two variables
indeed we can lower the dependence from the chemical composi-
tion of the primary particles. This is obtained evaluating for each
event the so-called k parameter, that is essentially a measurement
of the ratio between the muon and the charged particles numbers.

k$
log 10%Nch=N!&# log 10%Nch=N!&H
log 10%Nch=N!&Fe# log 10%Nch=N!&H

%1&

log 10%Nch=N!&H;Fe $ cH;Fe log 10 Nch'dH;Fe %2&

From its de"nition is clear that k is a number centered around
zero (one) for proton (iron) generated events, if expressed as a
function of Nch for Monte Carlo events, assuming intermediate
values for all other primaries. The values of the k parameters are
tuned by a full EAS and detector simulation, the analysis reported
in [4] is based on the QGSJetII-02 [12] hadronic interaction model.
Having calculated, for each event, the k parameter the primary
energy is estimated from the Nch value:

log 10%E=GeV& $ (aH'%aFe#aH& ) k* log 10%Nch&
'bH'%bFe#bH& ) k %3&

To take into account the shower evolution in atmosphere the
parameters, aH;Fe, bH;Fe, cH;Fe, dH;Fe, contained in the k and E
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Fig. 1. Layout of the KASCADE-Grande experiment. The KASCADE array and the
distribution of the 37 stations of the Grande array are shown. The 192 muon
detectors are placed in the outer 12 clusters of the KASCADE array (hatched area).
The dashed line shows the "ducial area selected for the all-particle and heavy mass
group spectra analysis. The dotted line indicates the area used for the measurement
of the light mass group spectrum.
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expressions are derived in "ve different angular intervals, whose
upper limits are: 16.71, 24.01, 29.91, 35.11 and 40.01. The values of
the parameters can be found in [4].

The all-particle energy spectrum is then measured in the "ve
different angular bins. As shown in [4] these spectra are slightly
shifted, indicating that the EAS evolution in atmosphere is not
correctly described by the simulations. Nevertheless these differ-
ences are inside the experimental uncertainties and thus we
mediate them to obtain the all particle energy spectrum measured
in the zenith angle range from 01 to 401. The residuals of the all-
particle energy spectrum multiplied by a factor, in such a way that
the middle part of the spectrum becomes !at are shown in Fig. 2.

The measured spectrum cannot be described by a single power law:
a hardening around 1016 eV and a steepening at log 10%E=eV& $
16:9270:10 are observed. The statistical signi"cance of the steepening
is 2:1s, here the change of the spectral slope is from " $ #2:9570:05
to " $ #3:2470:08. The same spectral features are meanwhile con-
"rmed by the Tunka-133 [13] and Ice-Top [14] experiments.

This procedure relies on the EAS simulation and thus depends
on the high-energy hadronic interaction model used. To evaluate
the systematic effects introduced in the all-particle spectrum
measurement [15] the same procedure has been repeated using

events simulated with the SIBYLL2.1 [16], EPOS1.99 [17] and
QGSJetII-04 [18] hadronic interaction models.

Applying the energy calibration functions, obtained by each
model, to the measured data the all-particle energy spectra for the
"ve zenith angle bins are obtained for the four previously men-
tioned models; for all of them, except QGSJetII-04, an unfolding
procedure has been applied. Different sources of uncertainty affect
the all-particle energy spectrum. A detailed description is reported
in [4]. They take into account: (a) the angular dependence of the
parameters appearing in the energy calibration functions of
the different angular ranges. (b) The possible bias introduced in
the energy spectrum by different primary compositions. (c) The spec-
tral slope of Monte Carlo used in the simulations. (d) The recon-
struction quality of Nch and N!. The total systematic uncertainty is
! 20% at the threshold (E $ 1016 eV) and ! 30% at the highest
energies (E $ 1018 eV) almost independently from the interaction
model used to interpret the data. The "nal all-particle spectrum of
KASCADE-Grande is obtained (see Fig. 3) by combining the spectra
for the individual angular ranges. Only those events are taken into
account, for which the reconstructed energy is above the energy
threshold for the angular bin of interest. In general the shape of
the energy spectrum is very similar for all models, however, a shift in
!ux is clearly observed which amounts to ! 25% increase in the case
of SIBYLL2.1 and ! 10% decrease in the case of EPOS1.99. This is the
consequence of the energy shift assigned on an event-by-event basis.
This result gives an estimation of the systematic uncertainty on the
experimental !ux due to the hadronic interaction model used to
interpret the data, and it is essentially independent of the technique
used to derive the !ux, namely averaging the !uxes obtained in
different angular bins. The shift in the assigned energy to the data is
also visible in the hardening around ! 2" 1016 eV and in the
steepening around 1017 eV which look shifted among the models
in general agreement with the energy shift. This result indicates that
the features seen in the spectrum are not an artifact of the hadronic
interaction model used to interpret the data but they are in the
measured data. In the overlapping region, KASCADE-Grande data are
compatible inside the systematic uncertainties with KASCADE data
interpreted with the same model.

3.2. Energy spectra of individual mass groups

The k parameter previously de"ned can also be used to
separate the events in samples generated by two different primary
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mass groups. To emphasize the features of the heavy elements we
selected the electron-poor events with kep%E&Z%kC%E&'kSi%E&&=2,
i.e. events with a k value greater than the mean value of the
expectations for C and Si primaries (QGSJetII-02 [12] based
simulation). The spectra of these event samples are shown in
Fig. 4, the band indicates changes of the spectra when the cut is
varied by one standard deviation in the kep(E) de"nition.

The reconstructed spectrum of the electron-poor events shows a
distinct knee like feature at about 8"1016 eV. Applying a "t of two
power laws to the spectrum interconnected by a smooth knee [19]
results in a statistical signi"cance of 3:5s that the entire spectrum
cannot be described with a single power-law. The change of the
spectral index is !" $ #0:4870:05 from " $ #2:7670:02 to
" $ #3:2470:05 with the break position at log 10%E=eV& $ 16:927
0:04. The spectrum of the electron-rich events (corresponding, with
this cut de"nition, to light and medium mass primaries) is compatible
with a single power law with slope index " $ #3:1870:01. A
recovery to a harder spectrum at energies greater than 1017 eV cannot
be excluded by this analysis.

To increase the statistics and deeply investigate this possible
hardening of the light primaries spectrum a larger "ducial area has
been de"ned, essentially accepting events at larger distances from
the muon detector (i.e. from the KASCADE array, see Fig. 1). The
main effect of this event selection is that the 100% ef"ciency is
reached at higher energies, that is not a problem for this analysis
aimed to study a possible spectral feature at energies greater than
1017 eV. In order to emphasize features of the light mass group we
rede"ne the cut on the k parameter as ker%E&r%kC%He&'kC%E&&=2
(again a simulation based on the QGSJetII-02 hadronic interaction
model is used). The obtained spectrum is shown in Fig. 5; a
hardening, or ankle-like feature, is clearly observed. Fitting this
spectrum with the same function used for the all-particle and
heavy mass groups primary spectra we obtain a change of the
spectral index from " $ #3:2570:05 to " $ #2:7970:08 at an
energy of log 10%E=eV& $ 17:0870:08. The measured number of
events above the bending is Nmeas $ 595. Without the bending we
would expect Nexp $ 467 events above this ankle-like feature.
The Poisson probability to measure at least Nmeas events above
the bending, if Nexp are expected is P ! 7:23" 10#9, corresponding
to a 5:8s signi"cance.

Comparing the two previous observations it is important to
notice that the knee in the heavy component occurs at a lower
energy compared to the bending in the spectrum of the light
primaries. Therefore the steepening of the heavy spectrum and the
recovery of the light component are not due to a bias in the
reconstruction or separation procedures. It is worth pointing out
that the slope of the heavy mass spectrum above the knee-like
feature is very similar to the slope of the light mass spectrum
before the ankle-like feature. The slope index of the light mass
group spectrum above the ankle-like feature is " ! #2:7 and this
can be interpreted as an indication of an injection of a new
(extragalactic) population of high energy cosmic-rays [5].

3.3. Energy spectra for elemental groups by unfolding analysis

The measured two-dimensional shower size spectrum of the
number of charged particles (log 10%Nch&) vs. the number of muons
(log 10%N!&) is the basis for the unfolding analysis [1] to infer the
absolute !uxes of different mass groups. With the KASCADE-
Grande resolution we can separate "ve different groups. Only
events with shower sizes for which the experiment is fully
ef"cient are considered, i.e. log 10%Nch&Z6:0 and log 10%N!&Z5:0.
In order to avoid effects due to the varying attenuation of the
shower sizes for different angles of incidence, the data set used is
restricted to showers with zenith angles #r181.

The analysis objective is to compute the energy spectra of "ve
cosmic ray mass groups [7] (represented by protons (p), helium
(He), carbon (C), silicon (Si), and iron (Fe) nuclei) from 1016 eV to
1017 eV primary energies. The convolution of the sought-after
differential !uxes dJn=d log 10E of the primary cosmic ray nuclei
n into the measured number of showers Ni contributing to the cell
i of shower size plane, and thus to the content of this speci"c
charged particle and muon number bin (log 10%Nch&; log 10%N!&) in
the previously mentioned bi-dimensional spectra, can be
described by an integral equation:

Ni $ 2$Af Tm !
Nnucl

n $ 1

Z 181

01

Z '1

#1

dJn
d log 10E

pn sin # cos # d log 10E d#

%4&

One has to sum over all Nnucl elements contributing to the all-
particle cosmic ray spectrum, in this analysis the "ve representa-
tive primaries. Tm is the measurement time, the factor 2$ accounts
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for the integration over the azimuth angle, and Af is the chosen
"ducial area. The term pn represents the conditional probability to
reconstruct a certain combination of charged particle and muon
number respectively (i.e. to get an entry in the cell (log 10%Nch&;
log 10%N!&) if the air shower inducing particle was of the type n and
had an energy E.

In Fig. 6, the unfolded differential energy spectra of lighter
primaries (protons as well as helium and carbon nuclei, upper
panel), and the spectra of heavier ones (silicon and iron nuclei,
lower panel) are depicted. In addition, all "ve unfolded spectra
are summed up to the all-particle !ux, which is also shown.
The shaded band indicates the methodical uncertainties, while the
error bars represent the statistical error originating from the
limited measurement time. The uncertainties due to the interac-
tion models used, i.e. QGSJET-II-02 and FLUKA2002.4 [20], cannot
be considered.

With increasing energy the heavy component gets the domi-
nant contributor to the cosmic ray composition. The spectra of
lighter primaries are rather featureless within the given

uncertainties, while in the iron spectrum there is a slight bending
discernible at around 1017 eV. The position of this knee-like
structure agrees with those observed in the all-particle and in
the heavy component spectra previously discussed.

There are no indications so far that the interaction models
used, i.e. QGSJET-II-02 and FLUKA 2002.4, have serious de"cits in
the description of the physics of hadronic interactions at these
energies, which, however, does not mean necessarily that these
models must be accurate in all details. Different interaction models
primarily have impact on the absolute scale of energy and masses,
such that model uncertainties can shift the unfolded spectra,
possibly resulting in different abundances of the primaries, while
speci"c structures, e.g. knee-like features of the spectra, are less
affected by the models.

3.4. Large scale anisotropies

The search for large scale anisotropies has been performed
through a differential method, the so-called East–West [3]
method, based on the counting rate differences between East-
ward and West-ward directions. This method allows us to remove
counting rate variations caused by atmospheric and instrumental
effects. The used data set contains 107 events recorded between
December 2003 and October 2011. To ensure reconstruction
quality, a cut on the zenith angle # and on the number of charged
particles at observation level (Nch) was applied: #o401 and
log %Nch&45:2.

Fig. 7 shows the modulation in sidereal5 time obtained using
the East–West method. The amplitude of the "rst harmonic
calculated in sidereal time is %0:2870:08& " 10#2 with a 0.2%
Rayleigh probability of being due to background !uctuation
(i.e. s$ 3:5) at median energy 3:3" 1015 eV. The 99% C.L. upper
limit on the amplitude is 0:47" 10#2, derived according to the
distribution drawn from a population characterized by an aniso-
tropy of unknown amplitude and phase as derived by Linsley [21].

To investigate a variation of the amplitude and phase of the
"rst harmonic with primary energy we have performed the same
analysis in intervals of the number of charged particles. In order to
have bins containing events of similar energy and have good
statistics in each of them we have chosen !log Nch $ 0:4. The
results are shown in Table 1, in none of the bins the amplitude of
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Fig. 7. Sidereal time distribution of the number of counts (#o401 and log Nch45:2)
in 20 min intervals obtained applying the East–West method. The dashed line shows
the calculated "rst harmonic.

5 Sidereal time: Common time scale among astronomers which is based on the
Earth's rotation measured relative to the "xed stars.
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the harmonic is statistically signi"cant and so we have calculated
the upper limits at 99% con"dence level. The Nch limits of the
intervals used for the harmonic analysis are converted to primary
energy and the median energy of the events in each bin is de"ned
as representative energy.

4. Conclusions

The KASCADE-Grande experiment took data from January 2004
to end 2012, detecting EAS generated by primary cosmic rays in
the 1016–1018 eV energy range. In this contribution we have shown
the main results obtained so far by the experiment:

1. A measurement of the all-particle energy spectrum, showing that
it cannot be described by a single slope power law. A hardening
slightly above 1016 eV and a steepening at log 10%E=eV& $
16:9270:10 are detected.

2. The measurement of the light and heavy primary mass group
energy spectra. These spectra were obtained dividing the
events in two samples on the basis of the ratio between the
muon and the charged particles numbers. A steepening at
log 10%E=eV& $ 16:9270:04 in the spectrum of the electron poor
event sample (heavy primaries) and a hardening at
log 10%E=eV& $ 17:0870:08 in the one of the electron rich (light
primaries) one were observed. The slope of the heavy mass
group spectrum above the knee-like feature is similar to the
one of the light mass spectrum before the ankle-like feature.

3. Applying the unfolding algorithm to the Nch vs: N! spectrum
we could extract the spectra of "ve different elemental mass

groups. These measurements rely on the hadronic interaction
model utilized in the EAS simulation. Making use of the same
hadronic interaction model to interpret the data, the measured
!uxes are in agreement with those obtained at lower energies
by the KASCADE array and with the "ndings above for the
KASCADE-Grande energy range.

4. Upper limits on the amplitude of large scale anisotropies in four
Nch bins.
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Table 1
Results of harmonic analysis through the East–West method for "ve intervals of
Nch.

log 10%Nch& E (PeV) Asid " 10#2 Hours

5.2–5.6 2.6"1015 0.2670.10 1571.4
5.6–6 5.5"1015 0.3970.17 16.371.6
6.0–6.4 1.2"1016 0.6770.41 8.472.2
6.4–6.8 2.5"1016 0.571.0 18.476.6
4 6.8 6.3"1016 4.672.2 16.171.8

log 10%Nch& E (PeV) U.L."10#2 P (%)

5.2–5.6 2.6"1015 0.49 3
5.6–6 5.5"1015 0.77 7
6.0–6.4 1.2"1016 1.54 26
6.4–6.8 2.5"1016 2.8 85
4 6.8 6.3"1016 9.3 11
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