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Abstract

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

In this contribution we summarize the results obtained about:
(i) the measurement of the all particle energy spectrum, discussing the influence 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 Nµ/Nch ratio. This technique allowed us to

unveil a steepening of the spectrum of heavy primaries at E " 1016.92±0.04eV and a hardening of the spectrum of light
primaries at E " 1017.08±0.08eV .

(ii) A search for large scale anisotropies.
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1. Introduction

Measurements of the cosmic-rays all-particle and in-
dividual elemental spectra, of the primary chemical
composition and of the anisotropies in the primaries
arrival directions are some of the tools to understand
the phenomenology of cosmic rays. The KASCADE-
Grande experiment was built to investigate the energy
range from 1016 to 1018eV with the main goal of search-
ing 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.

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 # 1015eV is due
to a break in the spectrum of light elements (Z$ 6).
Several models foresee a rigidity dependence of such
breaks. Therefore, a knee of the heavy component
is expected around 1017eV . Such features can only
be investigated by precise measurements both of the
all-particle spectrum (i.e. the spectrum of the entire
event sample) and of the spectra of di!erent mass
groups (i.e. the spectra of event samples obtained
applying a primary mass dependent selection).

The evolution with energy of the primary chemical
composition brings also relevant informations concern-
ing the transition from a galactic origin of the primary
radiation to an extra-galactic one. Most of the astro-
physical models identify in a change toward a compo-
sition dominated by light (mainly protons) primaries a
sign of such a transition. It is therefore of main impor-
tance 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 fields. The foreseen
e!ect is very low (of the order of 10!3 ! 10!2) and is
hidden by counting di!erences induced by pressure and
temperature variations. To take into account such e!ects
we have performed the search following the East-West
method[3].

In this contribution we will present the results ob-
tained for the all-particle[4], light[5] and heavy[6] pri-
mary energy spectra; and we will show the upper limits
derived from a search for large scale anisotropies.
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Figure 1: Layout of the KASCADE-Grande experiment. The KAS-
CADE 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
fiducial area selected for spectra analysis.

2. The experiment

The multi-detector experiment KASCADE[8] (lo-
cated at 49.1% n, 8.4% e, 110m a.s.l.) was extended to
KASCADE-Grande in 2003 by installing a large array
of 37 stations consisting of 10m2 scintillation detectors
each, the layout is shown in figure 1. KASCADE-
Grande[9] provides an area of 0.5 km2 and operates
jointly with the existing KASCADE detectors. The joint
measurements with the KASCADE muon tracking de-
vices are ensured by an additional cluster (Piccolo) lo-
cated close to the center of KASCADE-Grande and de-
ployed for fast trigger purposes. For results of the muon
tracking devices see [10].

The Grande detectors are sensitive to charged parti-
cles, while the KASCADE array detectors measure the
electromagnetic component and the muonic component
separately. The muon detectors of KASCADE 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 par-
ticles (Nch) are provided by the measurements of the
Grande stations. The Grande array accuracy in the EAS
parameter reconstruction is measured comparing, on an
event by event basis, the values independently deter-
mined by the KASCADE and by the Grande arrays.
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A resolution of 5 m on the core position, of 0.7% on
the arrival direction, and of 15 % on the total num-
ber of charged particles (with a systematic di!erence
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 Nµ EAS parameter is evaluated recon-
structing simulated events, a " 20 % accuracy has been
achieved. More details on the experimental setup and
on the event reconstruction can be found in[9].

Full e"ciency for triggering and reconstruction of
air-showers is reached at a primary energy of 1016eV ,
slightly varying on the cuts needed for the reconstruc-
tion of the di!erent observables[9].

3. Primary spectrum measurement

3.1. The technique

The technique employed to derive the all-particle en-
ergy spectrum and the abundance of light and heavy pri-
maries is based on the correlation between the number
of charged particles (Nch) with energy E > 3 MeV , and
muons (Nµ) with kinetic energy E > 230 MeV on an
event-by-event basis[4].

For the reconstruction of experimental events and
simulated data, we restricted ourselves to events with
zenith angles less than 40%. Additionally, only air
showers with cores located in the central area of the
KASCADE-Grande array (shown in figure 1) were se-
lected (" 0.15 km2). With these cuts on the fiducial
area, border e!ects are discarded and possible under-
and overestimations of the muon number for events
close to and far away from the center of the KASCADE
array are reduced. All of these cuts were applied also
to the Monte Carlo simulations to study their e!ects.
Full e"ciency for triggering and reconstruction of air-
showers is reached at a primary energy of " 1016 eV .
The analysis presented here is based on all the 1753
days in which KASCADE-Grande operated with good
data quality between 2002 and 2013, the cuts on the sen-
sitive central area and zenith angle correspond to a total
acceptance of A = 0.1976 km2 sr, and an exposure of
N = 0.949 km2 sr year, respectively.

Sets of simulated events were produced in the energy
range from 1015eV to 3#1018eV with high statistics and
for five elements: H, He, C, Si and Fe, representative for
di!erent mass groups.

Based on Monte Carlo simulations a formula is ob-
tained to calculate the primary energy per individual
shower on the basis of the reconstructed Nch and Nµ.

The formula takes into account the mass sensitivity in
order to minimize the composition dependence in the
energy assignment, and at the same time, provides an
event-by-event separation between light and heavy can-
didates. The formula is defined for 5 di!erent zenith an-
gle intervals independently, to take into account shower
attenuation in the atmosphere. Data are combined only
at the very last stage to obtain a unique power law spec-
trum. The energy assignment is defined as E = f (Nch, k)
(see equation 1), where Nch is the number of charged
particles and the parameter k is defined through the
ratio of the numbers of the Nch and Nµ components:
k = g(Nch,Nµ) (see equation 2). The main aim of the
k variable is to take into account the average di!erences
in the Nch/Nµ ratio among di!erent primaries with simi-
lar Nch and the shower to shower fluctuations for events
of the same primary mass :

log10 E =[aH + (aFe ! aH) · k] · log10 Nch+

bH + (bFe ! bH) · k (1)

k =
log10(Nch/Nµ) ! log10(Nch/Nµ)H

log10(Nch/Nµ)Fe ! log10(Nch/Nµ)H
(2)

log10(Nch/Nµ)H,Fe = cH,Fe · log10 Nch + dH,Fe (3)

The k parameter is, by definition of equation 2, a num-
ber centered around 0 for H initiated showers and 1 for
Fe ones if expressed as a function of Nch for Monte
Carlo events. It is expected that the average values of
the k parameter for the experimental data lie between
the H and Fe limits. In case this is not verified it would
be a hint of some deficit of the model to describe the
experimental data. Naturally, as the calibration func-
tions di!er from model to model, the same experimen-
tal event might give di!erent values of k when di!erent
calibration functions are used.

3.2. All particle spectrum

Applying the energy calibration functions obtained
by each model to the measured data, the all-particle en-
ergy spectra for the five zenith angle bins are obtained
for QGSjetII-02[11], SIBYLL2.1[12], EPOS1.99[13],
EPOS-LHC[14] and QGSjetII-04[15]. For all the mod-
els an unfolding procedure has been applied as well.
Di!erent sources of uncertainty a!ect the all-particle
energy spectrum. A detailed description is reported
in[4]. They take into account: a) the angular depen-
dence of the parameters appearing in the energy cali-
bration functions of the di!erent angular ranges. b) The
possible bias introduced in the energy spectrum by dif-
ferent primary compositions. c) The spectral slope of
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Monte Carlo used in the simulations. d) The recon-
struction quality of Nch and Nµ. The total systematic
uncertainty is " 20% at the threshold (E = 1016eV) and
" 30% at the highest energies (E = 1018eV) almost in-
dependently from the interaction model used to interpret
the data. The final all-particle spectrum of KASCADE-
Grande is obtained (see Fig. 2) by combining the spec-
tra for the individual angular ranges. Only those events
are taken into account, for which the reconstructed en-
ergy is above the energy threshold for the angular bin of
interest. In general the shape of the energy spectrum is
very similar for the five models, however, a shift in flux
is clearly observed which amounts to " 25% increase in
case of SIBYLL and " 15% decrease in case of EPOS-
LHC. This is the consequence of the shift in the energy
calibration due to the choice of the high energy hadronic
interaction model in the EAS simulation. This result
gives an estimation of the systematic uncertainty on the
experimental flux due to the hadronic interaction model
used to interpret the data, and it is essentially indepen-
dent of the technique used to derive the flux, namely av-
eraging the fluxes obtained in di!erent angular bins. In
general the post-LHC models cause a decrease the flux
compared to the original QGSjetII-02 energy spectrum
by 5% - 15%. The shift in the assigned energy to the
data is also visible in the hardening around " 2#1016eV
and in the steepening around 1017eV which look shifted
among the models in general agreement with the en-
ergy shift. This result indicates that the features seen
in the spectrum are not an artefact of the hadronic inter-
action 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 uncer-
tainties with KASCADE data interpreted with the same
model.

3.3. Mass groups spectra
The mass-group separation is performed subdividing

the measured data in samples, defined as heavy and light
mass-groups based on the k parameter - see equation
2. A detailed explanation of the procedure is reported
in[5, 6]. The analysis is conducted independently for
each hadronic interaction model. In each energy bin
the average value of k for pure H, He, C, Si and Fe
simulated compositions is evaluated. These values are
very similar among models by construction (see equa-
tion 2). In fact H showers will lead to average k values
close to 0 and Fe showers close to 1. Two lines are
used to separate events into heavy (k(E) > kh(E)) and
light mass groups (k(E) < kl(E)), where the separation
line of the heavy mass-group is defined by fitting the
kh(E) = (kS i(E) + kC(E))/2 points which are obtained

by averaging the values of k for Si and C components
of the simulated events, and the light mass-group is de-
fined by fitting the kl(E) = (kC(E) + kHe(E))/2 points
which are obtained by averaging the values of k for C
and He components of the simulated events. Naturally,
the absolute abundances of the experimental data in the
two samples depend on the location of the straight lines.
However, the evolution of the abundances as a function
of energy will be retained by this approach, as the lines
are defined through a fit to the k values. The assign-
ment to the heavy or light mass groups is performed on
an event-by-event basis. Due to the di!erent Nch/Nµ
ratio among models for the same k value, the same ex-
perimental event might be assigned to the same group,
to none of them or even to a di!erent group depend-
ing on the model used. As a consequence, the abun-
dances of the so defined heavy and light groups will
vary among models. Figures 3 and 4 show the abun-
dances of the heavy and of the light according to the
di!erent hadronic interaction models used to interpret
the data. With such a selection cut the reconstructed
spectrum of the heavy primary sample shows a distinct
knee-like feature around 1017eV for all hadronic inter-
action models. Applying a fit of two power laws to the
spectrum interconnected by a smooth knee in the en-
tire energy range 16.2 < log10(E/eV) < 18.0 results
in a statistical significance that the entire spectrum can-
not be fitted with a single power-law. These results are
summarized in table 1. The spectrum of the electron-
rich component is much steeper with a possible harden-
ing at the highest energies for all models. Details are
discussed in[5].

4. Large Scale Anisotropy

A search for large scale anisotropy in the cosmic
rays arrival directions has been performed with the
KASCADE-Grande data. To take into account the trig-
ger rate variation induced by atmospheric and instru-
mental e!ects (overwhelming an anisotropy signal) we
have applied the East-West method[3]: an algorithm
based on the counting rate di!erences between East-
ward and West-ward arrival directions.

The number of counts from the East and West ward
sectors are a!ected by the trigger ine"ciency in the
same way, therefore the East-West method can be ap-
plied also to data collected with trigger conditions not
reaching a 100% e"ciency. Therefore no selection cuts
are applied on the core position and all the events with
zenith angle ! $ 40% and shower size Nch & 105.2 are
used in this analysis. The azimuthal angle distributions
were used as check of the data quality, the only anomaly
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Figure 2: Comparison of the all-particle energy spectrum obtained with KASCADE-Grande data based on SIBYLL2.1 (blue), QGSJetII-02 (black),
QGSJetII-04 (pink), EPOS1.99 (red) and EPOS-LHC (green) models to results of other experiments. The band denotes the systematic uncertainties
in the flux estimation.
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Figure 3: Reconstructed energy spectra of the heavy component to-
gether with the all-particle spectrum for the five hadronic interaction
models. The error bars show the statistical uncertainties; the bands
assign systematic ones due to the selection of subsamples. Fits on the
spectra and resulting slopes are also indicated.

that was found is in the distribution of the events having
the largest particle density measured by station number
15: therefore these events are rejected in the following

10
18

10
19

16 16.25 16.5 16.75 17 17.25 17.5 17.75 18

!
1
 = -3.00 ± 0.03

!
2
 = -3.15 ± 0.10

QGS2v4
SIBYLL

!
1
 = -2.97 ± 0.08

!
2
 = -3.15 ± 0.05

!
1
 = -3.00 ± 0.02

!
2
 = -3.19 ± 0.07

EPOS

!
1
 = -2.97 ± 0.05

!
2
 = -3.15 ± 0.04

QGSjet

!
1
 = -2.98 ± 0.03

!
2
 = -3.17 ± 0.05

EPOS-LHC

All-particle

electron-rich sample

log
10

(E/eV)

d
N

/d
E

 x
 E

2
.7

 (
m

-2
sr

-1
s-1

eV
1

.7
)

Figure 4: Reconstructed energy spectra of the light component to-
gether with the all-particle spectrum for the five hadronic interaction
models. The error bars show the statistical uncertainties; only the
systematic uncertainties of QGSjetII-02 have been indicated, anyhow
they are similar in all models. Fits on the spectra and resulting slopes
are also indicated.

analysis.
The primary energy is estimated from the shower size

Nch, first calculated at a reference zenith angle (apply-
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Model EPOS1.99 EPOS-LHC QGS2JETii-04 QGSjetii-02 SIBYLL2.1
All-particle
"1 !3.00 ± 0.02 !2.98 ± 0.03 !3.00 ± 0.03 !2.97 ± 0.05 !2.97 ± 0.08
"2 !3.19 ± 0.07 !3.17 ± 0.05 !3.15 ± 0.10 !3.15 ± 0.05 !3.15 ± 0.05
log(E/eV) 16.86 ± 0.10 16.87 ± 0.12 16.91 ± 0.24 16.88 ± 0.16 16.87 ± 0.16
signif. (#) 4.4 3.0 2.8 7.4 2.7
Heavy component
"1 !2.95 ± 0.04 !2.83 ± 0.06 !2.82 ± 0.02 !2.72 ± 0.10 !2.78 ± 0.03
"2 !3.44 ± 0.07 !3.42 ± 0.09 !3.25 ± 0.07 !3.22 ± 0.09 !3.23 ± 0.06
log(E/eV) 16.83 ± 0.05 16.87 ± 0.09 16.93 ± 0.06 16.94 ± 0.09 16.97 ± 0.05
signif. (#) 3.0 11.0 3.7 9.7 11.6

Table 1: Slope of the di!erent spectra and break positions obtained with the five di!erent hadronic interaction models by applying the k parameter
analysis in order to extract the spectrum of the heavy component.

ing the constant intensity cut technique[16]) and then
converted to energy using the relation obtained in[17]
for primary protons, from a complete EAS simulation
based on the QGSJetII-02 hadronic interaction model.
The values of the amplitude and the phase of the first
harmonics will be referred to the median energy of the
event sample. Having calibrated the relation from Nch to
energy for primary protons the energy we estimate is a
lower limit of the true one, as the chemical composition
of real events is heavier than pure protons.
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Figure 5: Distribution of the number of counts, obtained applying
the East-West method, in 20 minutes intervals of sidereal time. The
dashed line represent the calculated first harmonic

The number of counts distribution in sidereal time
(20 minutes intervals) is shown in figure 5, the Rayleigh
probability that the amplitude is due to a fluctuation of
the background is 0.2%, its significance is 3.5#, there-
fore we calculate, according to the distribution drawn
from a population characterized by an anisotropy of un-
known amplitude and phase as derived by Linsley[18],
the 99% confidence level upper limit to the amplitude:
A $ 0.47 # 10!2.

These values are obtained using the full KASCADE-
Grande statistics, therefore we cannot expect to ob-
tain significant amplitudes dividing the event sample in
energy intervals, we nevertheless perform this search
to study the behavior of the phase with energy. The
previously discussed analysis is therefore repeated in
three intervals of Nch: 5.2 $ log10 Nch $ 5.6, 5.6 $
log10 Nch $ 6.4 and log10 Nch & 6.4: the obtained val-
ues are reported in table 2 together with the Rayleigh
probabilities and the median energies.
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Figure 6: Comparison of the upper limits to the amplitude of the first
harmonic obtained by KASCADE-Grande with experimental results
in the 1013 < E < 1019 eV energy range.

Figures 6 and 7 show a comparison of the results pre-
sented in this work with those obtained at lower and up-
per energies. The phases of the first harmonic measured
by KASCADE-Grande point at the same sky region in-
dicated by measurements obtained at energies greater
than 1014eV by the EAS-TOP[19], IceCube[20, 21] and
IceTop[22] experiments and at energies between 2#1016

and 1018eV by the Pierre Auger Observatory[23, 24].
These results are thus filling the energy gap between the
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log10(Nch) Median Energy (eV) A # 10!2 Phase
5.2 ! 5.6 2.7 # 1015 0.26 ± 0.10 225 ± 22 %
5.6 ! 6.4 6.1 # 1015 0.29 ± 0.16 227 ± 30 %
& 6.4 3.3 # 1016 1.2 ± 0.9 254 ± 42 %

Table 2: Results of harmonic analysis in sidereal time performed in di!erent intervals of Nch
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Figure 7: Comparison of the KASCADE-Grande measurements of
the phase of the first harmonic with experimental results obtained in
the 1013 < E < 1019 eV energy range.

knee and the ankle of the cosmic rays spectrum, con-
firming (still with large error bars) that in this energy
range the phase of the first harmonic is di!erent from
the one measured below 1014eV and above 1018eV .

5. Conclusions

The KASCADE-Grande experiment took data from
January 2004 to end 2012, detecting EAS generated by
primary cosmic rays in the 10161018eV energy range. In
this contribution we have shown the main results ob-
tained so far by the experiment

1. a measurement of the all-particle energy spec-
trum, showing that it cannot be described by a sin-
gle slope power law. A hardening slightly above
1016eV and a steepening at log10(E/eV) = 16.92 ±
0.10 are detected.

2. The measurement of the light and heavy primary
mass group energy spectra. These spectra were ob-
tained dividing the events in two samples on the ba-
sis of the ratio between the muon and the charged
particles numbers. A steepening at log10(E/eV) =
16.92 ± 0.04 in the spectrum of the electron poor
event sample (heavy primaries) and a hardening at
log10(E/eV) = 17.08 ± 0.08 in the one of the elec-
tron 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 the ankle-like feature.

3. Upper limits on the amplitude of large scale
anisotropies in four Nch bins.
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