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E. Cantonia,f,1, A. Chiavassaa, F. Cossavellad,2, K. Daumillerb, V. de Souzag, F. Di Pierroa, P. Dollb, R. Engelb,

J. Englerb, B. Fuchsd, D. Fuhrmannh,3, A. Gherghel-Lascue, H.J. Gilsb, R. Glasstetterh, C. Grupeni, A. Haungsb,
D. Heckb, J.R. Hörandelj, D. Huberd, T. Huegeb, K.-H. Kamperth, D. Kangd, H.O. Klagesb, K. Linkd, P. !uczakk,
H.J. Mathesb, H.J. Mayerb, J. Milkeb, B. Mitricae, C. Morellof, J. Oehlschlägerb, S. Ostapchenkob,4, N. Palmierid,
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Abstract

The shape and composition of the primary spectrum of cosmic rays are key elements to understand the origin,
acceleration and propagation of the Galactic cosmic rays. Besides the well known knee and ankle features, the recent
results of KASCADE-Grande indicate that the measured energy spectrum exhibits also a less pronounced but still
clear deviation from a single power law between the knee and the ankle, with a spectral hardening at 2 " 1016 eV and
a steepening at 1017 eV. The average mass composition gets heavier after the knee till 1017 eV where a bending of
the heavy component is observed. An indication of a hardening of the light component just above 1017 eV has been
measured as well. In this paper the major results obtained so far by the KASCADE-Grande experiment are reviewed.
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1. Introduction

The paradigm of the origin of galactic cosmic rays
(CR) are supernovae, as their shock waves can provide
the required power to explain the intensity of the CR
radiation at least up to 1015 eV. This paradigm is sup-
ported by the recent observations of AGILE [1] and
FERMI satellites [2] at least up to 1014 eV. A continuous
and steady source distribution in space and time would
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generate an energy spectrum with a simple power law
for all elements. However, in a more realistic approach
sources are discrete and a possible non uniform distri-
bution in space and time could generate structures and
changes in the spectral indices of the primaries at certain
energies. Moreover, di!erent populations of sources
could be responsible for the galactic CRs at lower en-
ergies and extra-galactic ones at the highest energies
[3, 4]. Those sources would be subject to a rigidity
cuto! in the maximum energy at which the various el-
ements are accelerated as proposed originally by Peters
[5]. Proton will cuto! first, followed by the heavier ele-
ments such as helium, carbon, silicon, iron, etc. accord-
ing to:

Emax(Z) = Z " Emax(Z = 1). (1)

In this approach, the knee at #4"1015 eV would rep-
resent the end of the spectrum of CR accelerated by
supernova remnants in the Milky Way and the ankle
at #4"1018 eV the transition to particles from extra-
galactic sources.

A refined study of the CR primary spectrum and
composition is, therefore, extremely important to ad-
dress the above questions. As acceleration and prop-
agation mechanisms in magnetic fields would lead to
the same rigidity dependence, the study of large scale
anisotropies in the arrival direction of CRs could pro-
vide relevant information to distinguish source and
propagation e!ects.

The direct study of CRs by means of satellite or
balloon-borne detectors is performed only at energies
below 1015 eV (see [6] for a recent review of the sub-
ject). Close to the knee the flux becomes of the order of
1 particle m$2 sr$1 year$1. This fact prevents the pos-
sibility of a direct observation of its structure by cur-
rently planned satellite or balloon experiments. Indeed,
at least hundred of events above the knee are necessary
to determine its existence with enough significance.

Around the knee and at higher energies CRs are stud-
ied by means of large arrays of particle detectors located
at ground that measure the secondary particles produced
by the primary CR cascading in the atmosphere, the
so called Extensive Air Showers (EAS). Typically, the
energy is almost proportional to the total number of
secondaries sampled at ground, while the composition
is inferred either through a multi-component measure-
ment, such as the electromagnetic and muonic compo-
nents, or through the measurement of the emitted light
(Cherenkov or fluorescence lights) along the longitudi-
nal development of the shower. Despite the fact that
shower arrays allow to collect high statistics, the inter-
pretation of the results is based on the comparison with

expectations from simulation describing the EAS devel-
opment in atmosphere, which are at some level inaccu-
rate. This introduces a systematic uncertainty on the
results, especially on the mass composition.

Interestingly, the TeV region allows some partial
overlap between direct and indirect measurements. Sev-
eral techniques have been employed recently on ground
detectors which are sensitive to specific components of
the CR radiation to overcome such di"culties (for a re-
view see [7]). Among them it’s worth mentioning the
measurement of the light component (p alone, or p+He)
using hadron calorimeters [8, 9], or Cherenkov light
measurements in coincidence with TeV muons [10], and
RPC counters at high-altitude [11]. Those results are in
quite a good agreement with measurements done with
the CREAM balloon experiment [12]. In particular, the
ARGO results allow to cross-check the fluxes on an ex-
tended energy range (5 – 250 TeV). These results show
that, when indirect measurements have the opportunity
of selecting almost pure beams, their findings are in
reasonable agreement with direct ones and confirm a
fair representation of the EAS development in the at-
mosphere by simulation codes such as CORSIKA [13]
at least in this energy range.

2. The knee region

The all-particle CR energy spectrum shows a dis-
tinct feature at #4"1015 eV where the power index sud-
denly changes from ! #-2.7 to ! #-3.1. This is the
so-called ‘knee’ of the CR spectrum. Since its discov-
ery in 1958 by Kulikov and Khristiansen [14], many
theoretical works and experimental measurements have
been performed, however, the origin of this feature is
still unknown. From the experimental point of view
measurements indicate that such a break is observed in
the hadronic, muonic, and electromagnetic components
(i.e. [15, 16, 17, 18, 19, 20, 21, 22, 23]), as well as in
Cherenkov light (i.e. [24, 25, 26, 27]). These results
give a clear indication that the knee is a peculiarity of
the primary spectrum, disfavoring a hypothesis based
on changes of the interaction characteristics of the pri-
maries with air nuclei. This conclusion has been rein-
forced by the first comparisons of the predictions from
hadronic models and LHC data [28].

The experiments operate at di!erent altitudes, rang-
ing from #4300 m of TIBET-AS! to the sea level of
KASCADE. In general for experiments sampling EAS
at observation level, the height above sea level is cru-
cial either for energy resolution and for sensitivity to
composition. In general, near the shower maximum the
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Figure 1: All-particle energy spectrum as measured by [17, 15, 26, 29, 30, 27, 31, 32, 33, 34] between 1015 – 1018 eV. The separation in mass
groups obtained by KASCADE and KASCADE-Grande in [35] is shown as well. The two lines in the plot indicate the systematic uncertainty in the
energy spectrum of KASCADE-Grande by interpreting the data using SIBYLL (top line) or EPOS (bottom line) interaction models. See Sections
4 - 6 for details of this plot. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

number of particles is almost independent from the pri-
mary particle, and the fluctuations of EAS are mini-
mized. Therefore, high altitudes are suitable for good
energy resolution. On the other hand, experiments at
sea level enhance the di!erences in the longitudinal de-
velopment of EAS of di!erent primaries, as the shower
is sampled well after its maximum. Therefore, they are
more suitable for composition studies, however, fluctu-
ations are higher.

Fig. 1 shows the all-particle energy spectrum mea-
sured by several experiments. Despite the slight dif-
ferences in flux, emphasized by multiplying the di!er-
ential spectrum by E2.5, the ‘knee’ is observed by all
experiments around #4"1015 eV. A general consensus
does not exist yet on the chemical component mainly
responsible for such a feature. Nevertheless, several
experimental results associate it to the bending of the
light component, and are compatible with a rigidity de-
pendent cut-o! [20, 18, 22, 23]. There are hints by
KASCADE and EAS-TOP/MACRO results that the all-
particle spectrum is dominated by the Helium compo-
nent. Unfortunately, the flux of the di!erent compo-
nents vary significantly depending on the interaction
model used to interpret the data [20]. However, if this
interpretation is correct, the heavy component should
show a similar bending in the energy range 5"1016 –
1017 eV.

Until recently several generations of arrays were
mainly focused on the investigation of the knee region.

They were characterized by a small spacing among de-
tectors which limited the size of the array. Conse-
quently, they tended to run out of statistics around 1017

eV, and were, therefore, unable to give a conclusive an-
swer to the origin of the knee. In the last decade a
new generation of detectors was set up to study in detail
the energy range between 1016 eV and 1018 eV, namely
KASCADE-Grande [36], Tunka-133 [37] and IceTop
[38] arrays. References [39, 40] o!er a recent summary
of the results obtained so far by these experiments.

3. The KASCADE-Grande apparatus

The KASCADE-Grande experiment [36] (see fig-
ure 2) was a multi-detector setup consisting of the KAS-
CADE experiment [41] with the Muon Tracking Detec-
tor (MTD) [42], the trigger array Piccolo and the scin-
tillator detector array Grande. The KASCADE-Grande
apparatus operated from 2002 to 2013. Additionally,
KASCADE-Grande included an array of digital read-
out antennas, LOPES [43, 44], to study the radio emis-
sion in air showers at E ! 1017 eV. The KASCADE
array comprised 252 scintillator detector stations struc-
tured in 16 clusters. The detector stations housed two
separate detectors for the electromagnetic (unshielded
liquid scintillators) and muonic components (shielded
plastic scintillators) where muon detectors were housed
in 12 clusters (or 192 stations), only. This enabled to
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Figure 2: Layout of the KASCADE-Grande experiment: The original
KASCADE and the distribution of the 37 stations of the Grande array
are shown. The outer 12 clusters of the KASCADE array employ also
shielded µ-detectors (shadowed area). The dashed line shows the area
used in the energy spectrum analysis.

reconstruct the lateral distributions of muons and elec-
trons separately on an event-by-event basis. The Grande
array was formed by 37 stations of plastic scintillator
detectors, 10 m2 each (divided into 16 individual scin-
tillators), spread on a 0.5 km2 surface, with an average
grid size of 137 m. Grande was arranged in 18 hexago-
nal clusters formed by 6 external detectors and a central
one. Grande and KASCADE arrays were both triggered
when all the 7/7 stations in a hexagon have fired (rate
# 0.5 Hz). Full e"ciency for proton and iron primaries
is reached at log Nch > 5.8.
For a subsample of events collected by the Grande ar-
ray it is possible to compare on an event-by-event basis
the two independent reconstructions of KASCADE and
Grande. By means of such a comparison the Grande re-
construction accuracies are found to be for the shower
size: systematic uncertainty % 5%, statistical inaccu-
racy % 15%; for arrival direction: " & 0.8'; for the
core position: " & 6 m [36]. All of them are in good
accordance with the resolutions obtained from simula-
tions. The MTD was a large area (128 m2) streamer
tube tracking detector. Its aim was to identify muons
(Eµ > 0.8 GeV) and their angular correlation in exten-
sive air showers by tracking measurements under 18 r.l.
shielding with the resolution " & 0.35'.

4. The Energy Spectrum

The strategy of the KASCADE-Grande data analysis
to reconstruct the energy spectrum and elemental com-
position of CRs is to use the multi-detector set-up of the
experiment and to apply di!erent analysis methods to
the same data sample. This has advantages in various
aspects: One would expect the same results by all meth-
ods when the measurements are accurate enough, when
the reconstructions work without failures, and when the
Monte-Carlo simulations describe correctly and consis-
tently the shower development and detector response.

The technique to infer the energy spectrum is de-
scribed in detail in [45]. The results rely on simula-
tions and on the description of hadronic interactions
for reconstructing the properties of the primary particle.
Therefore, a cross-check of the results obtained with
various interaction models is needed for understand-
ing the systematic e!ects of this kind. In the follow-
ing, we summarize the results on the all-particle energy
spectrum of KASCADE-Grande data interpreted using
the SIBYLL 2.1 [46], EPOS 1.99 [47], and QGSJetII-
04 [48] high-energy hadronic interaction models in the
CORSIKA framework [13], and compare them to the
previous findings obtained using QGSjetII-02. A de-
tailed description of the results obtained with the above
mentioned models, except QGSJetII-04, can be found
in [33, 34]. In the following, the names are sometimes
abbreviated as SIBYLL, EPOS, QGS2v4 (for QGSJetII-
04) and QGSjet (for QGSJetII-02), respectively. In all
cases, FLUKA [49] is used to describe the low-energy
hadronic interactions in air-shower development.

The technique employed to derive the all-particle en-
ergy spectrum and the abundance of ‘light’ and ‘heavy’
primaries is based on the correlation between the num-
ber of charged particles (Nch) with energy E > 3 MeV,
and muons (Nµ) with kinetic energy E > 230 MeV on
an event-by-event basis. KASCADE array measures
muons, while Grande stations provide the core posi-
tion and angle-of-incidence, as well as the total number
of charged particles in the shower at observation level.
The values are calculated by means of a maximum like-
lihood procedure comparing the measured number of
particles with the one expected from a modified NKG
lateral distribution function. The total number of muons
is calculated using the core position determined by the
Grande array and the muon densities measured by the
KASCADE muon array detectors. Also in this case the
total number of muons Nµ in the shower disk is derived
from a maximum likelihood estimation where the lat-
eral distribution function is based on the one proposed
by [50]. The reconstruction procedures and accuracies
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of KASCADE-Grande observables are described in de-
tail in [36] and related references therein.

A sample of Monte Carlo events was simulated in-
cluding the full air shower development in the atmo-
sphere, as well as the response of the detector and its
electronics with their uncertainties. In this way, the pa-
rameters reconstructed from the simulation are obtained
in the same way as for real data. The EAS events are
generated with an isotropic distribution with spectral
index ! = $2, i.e. roughly one order of magnitude
harder than the measured spectrum. Hence, the simu-
lated showers are weighted to describe a softer energy
spectrum with ! = $3.

Sets of simulated events were produced in the energy
range from 1015 eV to 3 " 1018 eV with high statistics
and for five elements: H, He, C, Si and Fe, represen-
tative for di!erent mass groups (& 257,000 events per
primary for SIBYLL, EPOS and QGS2v4, & 353,000 in
case of QGSjet). Some events up to 3·1018 eV were also
generated in order to cross-check the reconstruction be-
havior at the highest energies.

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 a central area of the
KASCADE-Grande array were selected (#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 simula-
tions to study their e!ects. Full e"ciency for triggering
and reconstruction of air-showers is reached at a pri-
mary energy of & 1016 eV. The analysis presented here
is finally based on 1753 days of data taking .

Figure 3 represents the measured 2-dimensional
shower size spectrum, including the full detector re-
sponse by simulations. The symbols correspond to the
primary protons and iron nuclei, as predicted by the dif-
ferent interaction models. In the QGSJET-II-4 model,
there is an enhancement for the shower muon content
of extensive air showers compared to QGSJET-II-2, due
to the e!ects of the modified treatment of charge ex-
change processes in pion collisions. Therefore, the most
probable values for QGSJET-II-4 in Fig. 3 show a sim-
ilar tendency to the EPOS 1.99 model, which has also
more muons than QGSJET-II-2 at KASCADE-Grande
energies. This implies that a more dominant light mass
composition is predicted if the QGSJET-II-4 model is
used to reconstruct the mass of primary particles from
the measured data [51]. Figure 4 shows the ratio of the
number of charged particles (Nch) to the muon num-

Figure 3: The 2-dimensional shower size spectrum measured by
KASCADE-Grande (color-coded area), along with H and Fe induced
showers for QGSJET-II-2, QGSJET-II-4, EPOS 1.99 and SIBYLL 2.1
simulations [51]. (For interpretation of the references to colour in this
figure, the reader is referred to the web version of this article.)

Figure 4: Relation between the number of charged particles Nch and
the muon numbers Nµ as a function of Nch for four di!erent simula-
tions. The errors of mean values are plotted here [51]. (For interpre-
tation of the references to colour in this figure, the reader is referred
to the web version of this article.)

ber (Nµ) as a function of Nch. Both QGSJET-II-2 and
SIBYLL 2.1 models have a similar abundance ratio of
Nch to Nµ, while the QGSJET-II-4 and EPOS 1.99 have
approximately 10% and 20% more muons, respectively,
comparing to QGSJET-II-2.

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’
candidates. The formula is defined for 5 di!erent
zenith angle intervals independently, to take into ac-
count shower attenuation in the atmosphere. Data are
combined only at the very last stage to obtain a unique
power law spectrum. The energy assignment is defined
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as E = f (Nch, k) (see equation 2), where Nch is the num-
ber of charged particles and the parameter k is defined
through the ratio of the numbers of the Nch and Nµ com-
ponents: k = g(Nch,Nµ) (see equation 3). The main aim
of the k variable is to take into account the average dif-
ferences in the Nch/Nµ ratio among di!erent primaries
with similar 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,(2)

k =
log10(Nch/Nµ) $ log10(Nch/Nµ)H

log10(Nch/Nµ)Fe $ log10(Nch/Nµ)H
, (3)

log10(Nch/Nµ)H,Fe = cH,Fe · log10 Nch + dH,Fe. (4)

The k parameter is, by definition of eq. (3), a number
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
paramenter 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 experi-
mental data. Naturally, as the calibration functions dif-
fer from model to model, the same experimental event
might give di!erent values of k when di!erent calibra-
tion functions are used.

Simulated events using a mixture of all primaries
have been divided in bins of true energy and the distri-
butions of the relative di!erences between reconstructed
and true energies have been created. The RMS of such
distributions (energy resolution) is # 26% at the energy
threshold and decreases with energy, due to the lower
fluctuations of the shower development and reconstruc-
tion uncertainties, becoming < 20% at the highest en-
ergies. The ratio of the reconstructed flux over the true
one in each energy bin di!ers by less than 10% from
unity. These results apply also for pure light (50% H
- 50% He) or pure heavy (50% Si - 50% Fe) composi-
tions. A similar behavior exists for all hadronic interac-
tion models.

Assuming QGSjet as the reference model for a fixed
energy, SIBYLL simulated events show less amount of
electrons and muons, while EPOS and QGS2v4 a higher
muon content. As a consequence, when interpreting the
same experimental event, SIBYLL is expected to assign
a higher energy than QGSjet, while EPOS and QGS2v4
a lower one. This is confirmed by fig.5, which shows
the average relative di!erence between the energy re-
constructed by SIBYLL, EPOS and QGS2v4 compared
to QGSjet on an event-by-event basis, for di!erent en-
ergy bins. SIBYLL assigns on average a 10% higher

Figure 5: Di!erence between the energy reconstructed by SIBYLL
(filled blue dots), EPOS (filled red dots), or QGS2v4 (filled pink dots)
on experimental data compared to QGSjet as a function of the energy
reconstructed by QGSjet. The open dots refer to the width of the
distributions of the di!erences in each energy bin. (For interpretation
of the references to colour in this figure caption, the reader is referred
to the web version of this article.)

energy than QGSjet at all energies, while QGS2v4 and
EPOS lower ones by #5% and #10%, respectively .

Applying the energy calibration functions obtained
by each model to the measured data, the all-particle
energy spectra for the five zenith angle bins are ob-
tained for QGSjet, SIBYLL, EPOS and QGS2v4. For
all the models, 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
[33]. They take into account: a) the angular dependence
of the parameters appearing in the energy calibration
functions of the di!erent angular ranges. b) The possi-
ble bias introduced in the energy spectrum by di!erent
primary compositions. c) The spectral slope of Monte
Carlo used in the simulations. d) The reconstruction
quality of Nch and Nµ. The total systematic uncertainty
is #20% at the threshold (E = 1016 eV) and #30% at the
highest energies (E = 1018 eV) almost independent from
the interaction model used to interpret the data.

The final all-particle spectrum of KASCADE-Grande
is obtained (see Fig. 6 and 7) 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 in-
terest. In general the shape of the energy spectrum is
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Figure 6: Comparison of the all-particle energy spectrum obtained with KASCADE-Grande data based on SIBYLL (blue), QGSJet (black),
QGS2v4 (pink) and EPOS (red) models to results of other experiments. The band denotes the systematic uncertainties in the flux estimation. (For
interpretation of the references to colour in this figure caption, the reader is referred to the web version of this article.)

Figure 7: The residual flux after dividing the spectrum with a factor Am " E!m, which depends on the specific interaction model m used to interpret
the experimental data, in order to flatten the central part of the spectrum (!qgs jet = $2.940, !qgs2v4 = $2.968, !sibyll = $2.979, !epos = $2.924).
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very similar for the three models, however, a shift in flux
is clearly observed which amounts to #25% increase in
case of SIBYLL and #10% decrease in case of EPOS.
This is the consequence of the energy shift assigned on
an event-by-event basis previously discussed. This re-
sult gives an estimation on the systematic uncertainty
on the experimental flux due to the hadronic interac-
tion model used to interpret the data, and it is essen-
tially independent of the technique used to derive the
flux, namely averaging the fluxes obtained in di!erent
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 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.

5. The separation into mass groups

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 equa-
tion 3. A detailed explanation of the procedure is re-
ported in [52, 53]. The analysis is conducted indepen-
dently for each hadronic interaction model. In each en-
ergy bin the average value of k for pure H, He, C, Si
and Fe simulated compositions is evaluated. These val-
ues are very similar among models by construction (see
equation 3). 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 (see fig. 8),
and the light mass-group is defined by fitting the kl(E) =
(kC(E) + kHe(E))/2 points which are obtained by aver-
aging 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 assignment 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

Figure 8: Evolution of the k parameter as a function of the recon-
structed energy for experimental data compared with simulations of
primary masses for the angular range 00 – 240 for the QGSjet model.
The error bars assign statistical as well as reconstruction uncertainties
of k. The thick lines display the chosen energy dependent k values
for separating the electron-poor (e.p.) and electron-rich (e.r.) mass
groups, where the thin lines assign the uncertainty of the selection
(see references [52, 53]).

same k value, the same experimental event might be as-
signed to the same group, to none of them or even to
a di!erent group depending on the model used. As a
consequence, the abundances of the so defined heavy
and light groups will vary among models. The complete
analysis has been defined using the QGSjet interaction
model, while the other models have been considered to
confirm the results and to study the systematic uncer-
tainties due to the hadronic interaction aspects.

The reconstructed spectrum of the electron-poor
events, i.e. the spectrum of heavy primaries, shows
a distinct knee-like feature at about 8 · 1016 eV (see
Fig. 9). Applying a fit of two power laws to the spec-
trum interconnected by a smooth knee results in a statis-
tical significance of 3.5" that the entire spectrum can-
not be fitted with a single power law. The change of
the spectral slope is #! = $0.48 from ! = $2.76 ±
0.02 to ! = $3.24 ± 0.05 with the break position at
log10(E/eV) = 16.92 ± 0.04. Applying the same func-
tion to the all-particle spectrum results in a statistical
significance of only 2.1" at the same energy and a
change of the spectral slope from ! = $2.95 ± 0.05
to ! = $3.24 ± 0.08. Hence, the selection of heavy
primaries enhances the knee-like feature that is already
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Figure 9: All-particle, electron-poor, and electron rich energy spectra
from KASCADE-Grande. The all-particle and heavy enriched spec-
trum is from ref. [52] and the all-particle and light primary spectrum
results from a larger data set with higher energy threshold described
in ref. [53].

present in the all-particle spectrum.
An ankle-like feature is clearly visible in the spec-

trum of the electron-rich events, e.g. light elements of
the primary CRs at an energy of 1017.08±0.08 eV. At this
energy, the spectral index changes by #! = 0.46 from
!1 = $3.25 ± 0.05 to !2 = $2.79 ± 0.08. Applying
again a fit of two power laws to the spectrum results in
a statistical significance of 5.8" that the entire spectrum
cannot be fitted with a single power law. It is worth
to mention that the changes in the spectrum of heavy
primaries and in the spectrum of light elements are not
connected by a bias in the separation or reconstruction
procedures, which was checked in detail [54, 51, 55].

The dependence of the results from the interaction
model in use has been checked by repeating the same
analysis on the electron poor spectrum adopting other
interaction models. Fig.10 shows the abundances of the
electron-poor sample 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 1017 eV for all hadronic interaction models.

As a further cross-check, the results of an indepen-
dent analysis are presented [51]. In this approach the
Constant Intensity Cut technique is used to correct the
muon and charged particle numbers for attenuation ef-
fects in atmosphere. Electron rich and poor samples
are separated by using the shower size ratio of YCIC =
lg(Nµ)/lg(Nch). Those events which satisfy the condi-
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Figure 10: Reconstructed energy spectra of the heavy primary com-
ponent for four hadronic interaction models. The error bars show the
statistical uncertainties; fits on the spectra and resulting slopes before
and after the heavy knee are also indicated [55]. (For interpretation of
the references to colour in this figure, the reader is referred to the web
version of this article.)

tion YCIC ( Ythr
CIC are defined as electron-poor events and

the remaining ones as electron-rich events. The energy
is assigned using the relation E(Nch) for the two sep-
arated samples, using calibration functions which are
model dependent. The Ythr

CIC value is model dependent
and it is defined around the CNO element for each inter-
action model. Figure 11 shows the the reconstructed en-
ergy spectra of heavy and light mass groups. Perform-
ing the fit of a broken power law, the breaking positions
and the spectral slopes are summarized in Table 1. In
the spectra of the heavy primaries, i.e. electron-poor
events, a clear knee-like feature can be seen at just be-
low 1017 eV for all four di!erent models. A remarkable
hardening feature above 1017 eV in the spectrum of the
light primaries is observed as well in all hadronic inter-
action models. These results confirm those obtained by
the other method.

The structure or characteristics of the spectra are
found to be much less a!ected by the di!erences of
the various hadronic interaction models than the relative
abundances of the masses. By using the CIC method
and the separation around the CNO mass group (in the
simulated events), the electron-poor sample is always
the more abundant. The flux of the electron-poor sam-
ple can shift by a factor #2 depending on the interaction
model used to interpret the data.
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lg(Ek/GeV) !1 !2 #! #2/ndf
QGSJET-II-2 7.76 ± 0.06 2.92 ± 0.01 3.11 ± 0.03 0.19 0.6 9
SIBYLL 2.1 7.75 ± 0.09 2.87 ± 0.03 3.15 ± 0.05 0.28 1.2 8
EPOS 1.99 7.71 ± 0.06 2.76 ± 0.03 3.18 ± 0.06 0.42 0.98
QGSJET-II-4 7.73 ± 0.14 2.88 ± 0.03 3.18 ± 0.04 0.30 0.96

Table 1: The breaking positions and the spectral slopes after applying a broken power law fit to the spectra of electron-poor events.

Figure 11: Reconstructed energy spectra of the electron-poor and
electron-rich components, based on di!erent hadronic interaction
models of QGSJET-II-2, EPOS 1.99, SIBYLL 2.1 and QGSJET-II-4
by applying the Constant Intensity Cut technique [51]. The lines show
the applied broken power law fits. (For interpretation of the references
to colour in this figure, the reader is referred to the web version of this
article.)

6. The comparison with KASCADE results

It is important to compare KASCADE-Grande results
with those obtained with KASCADE by adopting a sim-
ilar unfolding procedure [35, 56]. As in KASCADE, the
analysis was conducted only on the most vertical show-
ers (zenith angle $ % 18o). For this reason the analysis
focuses on the energy range 1016 - 2"1017 eV, at higher
energies the data sample runs out of statistics.

In Fig. 12, the unfolded di!erential energy spectra of
lighter primaries (protons as well as helium and carbon
nuclei, left panel), and the spectra of heavier ones (sil-
icon and iron nuclei, right panel) are depicted. In ad-
dition, all five unfolded spectra are summed up to the
all-particle flux. The shaded band indicates the method-
ical uncertainties, while the error bars represent the sta-

tistical error originating from the limited measurement
time.

With increasing energy, the heavy component be-
comes the dominant contributor to the CR composition.
This agrees with the results of KASCADE [20], where
a reduction of the light component beyond the first knee
was found.

The spectra of lighter primaries are rather feature-
less within the given uncertainties. However, there are
slight indications for a recovery of the proton spectrum
at higher energies, which is not significant, however.
Though, the recovery would agree with the significant
ankle-like feature in the energy spectrum of light ele-
ments previously described.

In the iron spectrum, there is a slight bending dis-
cernible at around 8 " 1016 eV (confirmed by more de-
tailed analyses [56]) as already pointed out by the anal-
yses previously described. Comparing (and assuming
that the mass groups represented by p and Fe actually
consist only, or at least primarily, of those two pri-
maries) the position of this potential iron knee to that
for protons (at around 3 PeV to 5 PeV) gives indica-
tions for a scaling of the knee positions with the charge
of the nuclei, encouraging the CR acceleration models
based on magnetic fields.

The agreement between KASCADE and
KASCADE-Grande results in the flux of the dif-
ferent mass groups is remarkable (see fig 1).

7. Anisotropy

The search for anisotropies in the arrival direction
of CR around the knee region can provide relevant
information to distinguish source and propagation ef-
fects. A lot of progress has been made in the past
years in the TeV energy range and at higher energies
by several experiments in the study of small and large
scale anisotropies [57, 58, 59, 60, 61, 62]. Large-scale
anisotropies of the order of 10$3 – 10$4 have been de-
tected. The anisotropy varies with energy but the topo-
logical structure remains the same till around 1014 eV
where it has an abrupt change as pointed out by Ice-
Cube and IceTop [63]. Such a change is confirmed till
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Figure 12: The unfolded energy spectra for elemental groups of CRs, represented by protons, helium, and carbon nuclei (left panel) as well
as by silicon and iron nuclei (right panel), based on KASCADE-Grande measurements. The all-particle spectrum, which is the sum of all five
individual spectra, is also shown. The error bars represent the statistical uncertainties, while the error bands mark the maximal range of systematic
uncertainties. The response matrix used is based on the interaction models QGSJET-II-02 and FLUKA.

knee energies (#2"1015 eV).
KASCADE-Grande published recently [64] an up-

date on the anisotropy study based on the East-West
method [65]. The analysis has been performed on the
entire data set ($ < 40' and E > 2.6"1015 eV). An upper
limit on the amplitude of 0.47"10$2 at the 99% c.l. was
derived. By investigating the variation of the amplitude
as a function of energy it was found that the amplitudes
were not significant, however, the phases were in al-
most all energy bins centered around 250 ± 25 degrees.
This is interesting in itself because it points towards the
Galactic Center. Moreover, it agrees inside the statisti-
cal uncertainties with the results of the anisotropy stud-
ies of the Pierre Auger Observatory [66] in the energy
range 3"1017 – 1018 eV.

8. Conclusions

A lot of progress has been made in the past 50 years
since the discovery of the knee. Based on the combined
results of KASCADE and KASCADE-Grande, the en-
ergy spectrum of CRs shows two other small features
apart from the main knee around 3-4"1015 eV: a small
hardening at # 2"1016 eV and a small knee around 1017

eV. The mass composition study indicates that the over-
all knee region is compatible with the bending of the
di!erent components of CR, supporting a rigidity de-
pendence of the phenomena. If this is related to galactic
di!usion or limitations of the cosmic accelerators is still
unclear as the anisotropy studies do not allow to settle
the question yet. Above 1017 eV there are hints that the

light component has a harder spectrum.
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