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Abstract

The KASCADE-Grande experiment, located at Karlsruhe Institute of Technology (Germany) is a multi-component extensive air-
shower experiment devoted to the study of cosmic rays and their interactions at primary energies 1014 - 1018 eV. Main goals of the
experiment are the measurement of the all-particle energy spectrum and mass composition in the 1016 - 1018 eV range by sampling
charged (Nch) and muon (Nµ) components of the air shower. The method to derive the energy spectrum and its uncertainties, as well
as the implications of the obtained result, is discussed. Anoverview of the analyses performed by KASCADE-Grande to derive the
mass composition of the measured high-energy comic rays is presented as well.

Keywords: cosmic rays, energy spectrum, composition, 1016 - 1018 eV, KASCADE-Grande

1. Introduction

The study of the energy spectrum and of the chemical com-
position of cosmic rays are fundamental tools to understandori-
gin, acceleration and propagation of cosmic rays. The energy
range between 1016 eV and 1018 eV is quite important from
astrophysical point of view because it is expected that in this
energy range the transition between galactic and extra-galactic
origin of cosmic rays will occur. 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 around 3 - 4× 1015 eV is due to the break in the spec-
tra of elements with light mass ( Z< 6). Several models forsee
a rigidity dependence of such breaks. Therefore, a knee of the
heaviest components would be expected in the range of 1016

eV to 1018 eV. Various theories with different assumptions try
to explain the rather smooth behavior of the cosmic ray energy
spectrum in this energy range (i.e. (3; 4)). In order to discrimi-

nate between the different models, a very precise measurement
of the possible structures of the energy spectrum and of the evo-
lution of the composition is needed.

2. The apparatus

The KASCADE-Grande experiment (5) (see figure 1) is a
multi-detector setup consisting of the KASCADE experiment
(6), the trigger array Piccolo and the scintillator detector array
Grande. Additionally, KASCADE-Grande includes an array
of digital read-out antennas, LOPES (7; 8), to study the radio
emission in air showers atE > 1017 eV. Most important for the
analysis presented here are the two scintillator arrays: KAS-
CADE and Grande. The KASCADE array comprises 252 scin-
tillator detector stations structured in 16 clusters. The detec-
tor stations house two separate detectors for the electromag-
netic (unshielded liquid scintillators) and muonic components
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Figure 1: Layout of the KASCADE-Grande experiment: The original KAS-
CADE and the distribution of the 37 stations of the Grande array are shown.
The outer 12 clusters of the KASCADE array employ also shieldedµ-detectors.
The dashed line shows the area used in the present analysis.

(shielded plastic scintillators) where muon detectors arehoused
in 12 clusters (or 192 stations), only. This enables to reconstruct
the lateral distributions of muons and electrons separately on
an event-by-event basis. The Grande array is formed by 37 sta-
tions of plastic scintillator detectors, 10 m2 each (divided into
16 individual scintillators) spread on a 0.5 km2 surface, with an
average grid size of 137 m. Grande is arranged in 18 hexago-
nal clusters formed by 6 external detectors and a central one.
Grande and KASCADE arrays are both triggered when all the
7/7 stations in a hexagon have fired (rate∼ 0.5 Hz). Full effi-
ciency for proton and iron primaries is reached at logNch > 5.8.
For a subsample of events collected by the Grande array it is
possible to compare on an event-by-event basis the two inde-
pendent reconstructions of KASCADE and Grande. By means
of such a comparison the Grande reconstruction accuracies are
found to be for the shower size: systematic uncertainty≤ 5%,
statistical inaccuracy≤ 15%; for arrival direction:σ ≈ 0.8◦;
for the core position:σ ≈ 6 m (5). All of them are in good
accordance with the resolutions obtained from simulations.

3. The analysis

The technique employed to derive the all-particle energy
spectrum and its mass composition is based on the correlation
between the size of the charged particles (Nch) and muons (Nµ)
on an event-by-event basis. The method itself has been de-
scribed in detail in (9). Here, we summarize the main points.
A sample of Monte Carlo data was simulated including the
full air shower development in the atmosphere, the response

of the detector and its electronics as well as their uncertainties.
In this way, the parameters reconstructed from simulation are
obtained in the same way as for real data. The EAS events
were generated with an isotropic distribution with spectral in-
dexγ = −3 and were simulated with CORSIKA (10) and the
hadronic Monte Carlo generators FLUKA (11) and QGSJet II-
03 (12). Sets of simulated events were produced in the en-
ergy range from 1015 eV to 1018 eV with high statistics and for
five elements: H, He, C, Si and Fe, representative for different
mass groups (≈ 353.000 events per primary). Few events up
to 3 · 1018 eV were also generated in order to cross-check the
reconstruction behavior at the highest energies.
Grande stations (5) are used to provide core position and angle-
of-incidence, as well as the total number of charged particles
in the shower, by means of a maximum likelihood procedure
comparing the measured number of particles with the one ex-
pected from a modified NKG lateral distribution function (13)
of charged particles in the EAS.
The total number of muons is calculated using the core posi-
tion determined by the Grande array and the muon densities
measured by the KASCADE muon array detectors. The to-
tal number of muonsNµ in the shower disk (above the energy
threshold of 230 MeV) is derived from a maximum likelihood
estimation assuming a lateral distribution function basedon the
one proposed by Lagutin and Raikin (14). The reconstruction
procedures and obtained accuracies of KASCADE-Grande ob-
servables are described in detail in reference (5).
For the reconstructed events, we restricted ourselves to events
with zenith angles lower than 40◦. Additionally, only air show-
ers with cores located in a central area on KASCADE-Grande
were selected. With this cut on the fiducial area, border effects
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 the ef-
fects and to optimize the cuts. Full efficiency for triggering and
reconstruction of air-showers is reached at primary energyof
≈ 1016eV, slightly depending on the cuts needed for the recon-
struction of the different observables (5).
The analysis presented here is finally based on 1173 days of
data and the cuts on the sensitive central area and zenith angle
correspond to a total acceptance ofA = 1.976· 109 cm2

· sr, and
an exposure ofN = 2.003· 1017 cm2

· s·sr, respectively.
With Monte Carlo simulations a formula is obtained to cal-

culate the primary energy per individual shower on the basisof
Nch andNµ. 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 electron-rich and electron-poor candidates.
The formula is defined for 5 different zenith angle intervals (θ <
16.7, 16.7≤ θ < 24.0, 24.0≤ θ < 29.9, 29.9≤ θ < 35.1, 35.1≤
θ < 40.0) independently, to take into account the shower atten-
uation in atmosphere. Data are combined only at the very last
stage to obtain a unique power law spectrum and mass compo-
sition.

The energy assignment is defined asE = f (Nch, k) (see
equation 1), where Nch is the size of the charged particle com-
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Table 1: Parameters of the calibration functions.
Angles[deg] a b c d

H Fe H Fe H Fe H Fe

0.0− 16.7 0.910 0.876 1.333 1.817 0.100 0.161 0.786 -0.055
16.7− 24.0 0.894 0.878 1.495 1.923 0.081 0.179 0.884 -0.254
24.0− 29.9 0.937 0.889 1.301 1.935 0.104 0.156 0.677 -0.170
29.9− 35.1 0.934 0.881 1.458 2.099 0.109 0.171 0.543 -0.351
35.1− 40.0 0.919 0.875 1.748 2.287 0.105 0.156 0.412 -0.348
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Figure 2: Scatter plot of the reconstructedNch/Nµ vs. Nch for H and Fe pri-
maries for the first angular bin. The full dots and error bars indicate the mean
and its statistical error of the distribution of the individual events (small dots).
The fits result in parameters c and d of expression 3.
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Figure 3: Scatter plot ofE vs. Nch for Fe and H primaries. The fits result in
parameters a and b of expression 1.

ponent and the parameterk is defined through the ratio of the
sizes of the Nch and muon (Nµ) components:k = g(Nch,Nµ)
(see equation 2). The main aim of thek variable is to take into
account the average differences in the Nch/Nµ ratio among dif-
ferent primaries with same Nch and the shower to shower fluc-
tuations for events of the same primary mass:

log10(E[GeV]) = [aH + (aFe − aH) · k] · log10(Nch) +
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Figure 4: Ratio between the reconstructed and true simulatedenergy spectra
for H, Fe and all mixed primaries summing up all angular bins.

+ 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)

Figs. 2, 3 show the scatter plots with the parametrizations
defined for H and Fe in the first angular bin, while table 1 the
summarizes the complete list of parametersa -d. Fig. 4 shows
the capability of reproducing simulated energy spectra. Pure
spectra of H, Fe and a mixture of 5 different primaries with
20% abundance each are shown as examples. The true flux is
always reproduced within 10% uncertainty.
The k parameter is, by definition of eq. (2), a number centered
around 0 for H showers and 1 for Fe ones if expressed as a func-
tion of Nch, while slightly shifted when reported as a function
of energy (see Fig. 8). After applying the procedure to the 5 an-
gular bins independently, a combined spectrum is obtained by
using all the events of the 5 bins calibrated with their own cali-
bration function. A smoothing procedure is also applied to take
into account the shower fluctuations. Systematic uncertainties
due to the following reasons were considered: a) different in-
tensity in the five angular bins, b) capability of reproducing an,
a priori assumed, single primary spectrum with slopeγ = −3,
c) uncertainty on the index of the energy spectrum used to de-
rive the energy relationE(Nch) and the response matrix, d) un-
certainty on the core location. The total uncertainty is around
15% and it is quite stable in the entire energy range. Regarding
the energy resolution, it varies between 26% at the threshold
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Figure 5: Reconstructed all-particle energy spectrum by the three different
methods applied to KASCADE-Grande data. For theNch − Nµ method a band
is shown indicating the range of the systematic uncertainty.

and 20% at the highest energies due to the decrease of the in-
trinsic shower fluctuations.

4. The energy spectrum

Using the Nch-Nµ ratio we reduced the dependence of the
reconstructd all-particle spectrum on the elemental composi-
tion. But, since both observables are reconstructed indepen-
dently, we can apply an energy reconstruction on both observ-
ables individually. At first the shower size spectra are recon-
structed, then an attenuation correction is applied to the observ-
ables. Finally, the shower size per individual event is calibrated
by Monte Carlo simulations under the assumption of correla-
tions in the formE0 ∝ Nαch

ch andE0 ∝ N
αµ
µ , respectively, and an

assumed primary composition (15; 16).
In Figure 5 the spectra obtained by the three methods are com-
piled, where the flux is multiplied by a factorE3. Owing to the
different approaches, the results using single observables are
obtained only for pure proton and iron assumptions, whereas
the final spectrum is displayed with a band showing the sys-
tematic uncertainties. Taking into account the uncertainties, in
particular due to the unknown composition, which in fact is the
main source of the large band of single observable spectra, there
is a fair agreement between the all-particle energy spectraob-
tained by the different approaches.

Despite the overall very smooth power law behavior of the
resulting all-particle spectrum, there are some smaller struc-
tures observed, which does not allow to describe the spectrum
with a single slope index. Figure 6 shows the resulting all-
particle energy spectrum multiplied with a factor that the mid-
dle part of the spectrum is flat. Just above 1016 eV the spectrum
shows a “concave” behavior, which is significant with respect
to the systematic and statistical uncertainties. Another feature
visible in the spectrum is a small break at around 1017 eV. A fit
with a power law spectrum above 1017 eV gives a spectral index
of γ = −3.24± 0.08.
As the change of spectral index is small compared to the main
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Figure 6: Residual plot for the reconstructed all-particleenergy spectrum ob-
tained from KASCADE-Grande through the Nch - Nµ method. The systematic
error band is also shown (dotted lines).

knee, a significant conclusion is not possible without investigat-
ing the composition in detail in this energy range. These com-
position studies are presently underway at KASCADE-Grande
adopting different approaches based onNch andNµ observables,
among them: a) the reconstruction of the local muon densities
at a certain distance to the shower core as it gives a sensitivity to
changes in the elemental composition (17); b) the distributions
of the Nch/Nµ ratio (18) as a function ofNch ; c) the evolution
of the variableY = log(Nch)/log(Nµ) as a function of energy
(19); d) the evolution of the variablek as defined in equation
2; e) an unfolding procedure, similar to what was already per-
formed with the KASCADE data (20).

5. The composition studies

The influence of predictions of the hadronic interaction mod-
els has a much larger influence on the composition than on the
primary energy. The relative abundances of the individual ele-
ments or elemental groups is very dependent on the hadronic in-
teraction model used to derive the energy spectrum of the single
mass groups. However, the structures or characteristics ofthese
spectra are found to be much less affected by the differences of
the various hadronic interaction models than the relative abun-
dance. The present goal is to verify the structure found in the
all-particle energy spectrum around 100 PeV in the individual
mass groups spectra and to assign it to a particular mass.

The muon densities(17): Muons are the messengers of the
hadronic interactions of the particles in the shower and there-
fore are a powerful tool to determine the primary particle mass
and to study the hadronic interaction models. For each shower,
the density of muons is calculated as follows. The muon sta-
tions are grouped in rings of 20 m distance from the shower
axis. The sum of the signals measured by all muon stations in-
side each ring is divided by the effective detection area of the
stations. Therefore the muon density as a function of the dis-
tance from the shower axis is measured in a very direct way.
No fitting of lateral distributions is needed in these calcula-
tions. The total number of electrons in the shower is recon-
structed in a combined way using KASCADE and KASCADE-
Grande stations. A lateral distribution function (LDF) of the
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Figure 7: Shower size ration distributions for a certain binin charged particle
number. Shown is the measured distribution as well as the simulated ones for
three primary mass groups and the resulting sum.

Lagutin type can be fitted to the density of muons measured
by the KASCADE detector. After that, using the fitted func-
tion, the number of muons at any distance from the shower
axis can be estimated. The KASCADE-Grande stations mea-
sure the number of charged particles. The number of electrons
at each KASCADE-Grande stations is determined by subtract-
ing from the measured number of charged particles the number
of muons estimated with the LDF fitted to the KASCADE sta-
tions. Finally, the muon densities are plotted as a functionof
the electron number and compared with Monte Carlo expecta-
tions using specific hadronic interaction models for primaries
of different mass.

Charged particle vs muon number ratio(18): The total num-
ber of charged particles Nch and the total number of muons Nµ
of each recorded event are considered and the distribution of
Nµ/Nch is studied in different intervals of Nch (corresponding to
different energy intervals) and zenith angle. The experimental
distribution of the observable Nµ/Nch is taken into account and
fitted with a linear combination of elemental contributionsfrom
simulations, where we distinguish three groups: light, medium
and heavy primaries. By this way the means and the widths
of the distributions as two mass sensitive observables are taken
into account (see as an example in figure 7). The width of the
data distribution is in all ranges of Nch so large that always three
mass groups are needed to describe them. Using the Monte
Carlo simulations the corresponding energy of each mass group
and shower size bin is assigned to obtain the spectra of the in-
dividual mass groups.

The Y-cut method(19): Here, the shower ratio YCIC = log
Nµ/log Nch between the muon and the charged particle num-
bers, both corrected for atmospheric attenuation by the Con-
stant Intensity Cut method (CIC), is used as parameter to sep-
arate the KASCADE-Grande data into different mass groups.
MC simulations performed with CORSIKA on the framework
of FLUKA /QGSJET-II are employed to obtain the expected
YCIC distributions as a function of the energy for different cos-
mic ray primaries as a basis for the separation. Then the YCIC-
parameter is used to divide the KASCADE-Grande data into
electron-rich and electron-poor events, i.e. generated bylight
and heavy primaries.
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Figure 8: Evolution of thek parameter as a function of the reconstructed energy
for experimental data compared with pure primary spectra for the entire angular
range 0-40◦.

The Gold-unfolding method(20): This method is based on
the unfolding of the two-dimensional shower size spectrum in
a similar way as it was developed for the KASCADE data anal-
ysis (1). Due to the fact that the accuracy in reconstructingthe
shower sizes for KASCADE-Grande are not as high as in case
of KASCADE, the unfolding can be performed in three mass
groups, only. Nevertheless, the resulting individual massgroup
spectra can be combined to provide a solution for the entire en-
ergy range from 1 PeV to 1 EeV.

The k-parameter method: Fig. 8 shows, after averaging all
angular bins together, the evolution of thek parameter as a func-
tion of the reconstructed energy obtained by simulating with
QGSJet II-03 model pure H, He, C, Si, Fe primary spectra, as
well as for the experimental data. Similar behavior is obtained
if each angular bin is analyzed separately. The error bars in-
dicate the average dispersion of thek parameter among differ-
ent bins, which include statistical errors, and systematicuncer-
tainty of equations 3 in each angular bin. Fig. 8 shows also
two straight lines which are used to classify events into differ-
ent mass groups. The classification is done by defining specific
lines for each angular bin, independently, to avoid possible sys-
tematic effects among the bins. However, we explain in the
following the general concept, referring to Fig. 8. The top line
represents the separation between ‘heavy’ and ‘medium’ groups
and it is defined by fitting thekh(E) = (kS i(E)+kC(E))/2 points
which are obtained by averaging the values ofk for Si and C
components. In analogy, the bottom line represents the separa-
tion line between ‘medium’ and ‘light’ groups and it is defined
by fitting thekl(E) = (kC(E) + kHe(E))/2 points which are ob-
tained by averaging the values ofk for C and He components. In
the following, ‘heavy’ events will be defined as those havingak
value higher than the top line and ‘light’ events those withk be-
low the bottom line. The region in between, which is dominated
mainly by CNO and highly contaminated by Si and He, will be
defined as the ‘medium’ component. Such an assignment is,
therefore, chosen on an event-by-event basis. Naturally, the ab-
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solute abundances of the events in the three classes depend on
the location of the straight lines. However, the evolution of the
abundances as a function of energy will be retained by this ap-
proach, as the lines are defined through a fit to thek values.
The result that can be derived from fig. 8, is that in the frame-
work of the QGSJet II-03 model, the region between 1016 and
1018 eV shows an average value ofk compatible with ‘medium’
and ‘heavy’ candidates. The average value ofk is increasing as
a function of energy and reaches a plateau around 1017. This
plateau is located at the same place where a change in the spec-
tral index is observed in the all-particle spectrum (see also the
residual plot of the all-particle energy spectrum of KASCADE-
Grande in fig. 6).

6. Conclusions

The method employed in KASCADE-Grande to derive the
energy spectrum in the range 1016 - 1018 eV has been discussed
and results presented. The spectrum doesn’t show a unique
power law. In particular, a break around 1017 eV is observed.
In order to understand the origin of such feature it is impor-
tant to understand the evolution of the composition. The differ-
ent techniques employed by KASCADE-Grande to derive the
composition have been briefly discussed. A preliminary result
based on the evolution of thek parameter, which is sensitive to
the evolution of the average mass composition, has been shown
using QGSJet II-03 model. Such result indicate that the feature
at 1017 eV of the all-particle energy spectrum is reflected in the
evolution of thek parameter.
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